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Abstract
This dissertation presents theoretical and experimental results for silicon optical
ring resonator filters that meet many of the typical commercial specifications for
dense wavelength-division multiplexing (DWDM) filters. First, we theoretically
demonstrate a silicon quadruple Vernier racetrack resonator that meets 4-port filter
commercial specifications for a clear window of 0.08 nm and a channel spacing
of 0.8 nm while being tolerant to typical fabrication variations. Next, we experimentally demonstrate a silicon quadruple Vernier racetrack resonator that meets
many 3-port filter commercial specifications for a clear window of 0.048 nm and
a channel spacing of 0.8 nm. Then, enhanced resonant tuning range using the
Vernier effect is theoretically and experimentally demonstrated using a thermally
tunable silicon quadruple Vernier racetrack resonator. Also, we sent 12.5 Gbps
data through a thermally tunable silicon quadruple Vernier racetrack resonator and
show open eye diagrams in both the drop port and through port of the filter, even
within one of the minor through port notches. We then present theoretical and
experimental results on a high performance silicon double microring resonator filter using Mach-Zhender interferometer-based coupling that meets numerous 3-port
filter commercial specifications for a clear window of 8 GHz and a channel spacing of 200 GHz as well as having an FSR larger than the span of the C-band and
low through port passband dispersion. Next, we present a FSR-eliminated silicon
Vernier racetrack resonator filter. We demonstrate the performance of this filter
both theoretically and experimentally. The FSR of this filter is eliminated by using contra-directional grating couplers (contra-DCs) to suppress all but one of the
notches and peaks of the filter’s spectra. Lastly, a process calibration procedure
is demonstrated that accurately determines the coupling coefficients of fabricated
ii

contra-DCs and is used to design a FSR-eliminated silicon Vernier racetrack resonator filter that meets 3-port filter commercial specifications for a clear window
of 13 GHz and a channel spacing of 200 GHz. This filter also has low drop port
dispersion and low dispersion within the passbands of the through port.
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Chapter 1

Introduction
1.1

Silicon Photonics: Potential Disruptor for Optical
Interconnects Markets

Silicon photonics has emerged as an attractive alternative to on-chip copper interconnects as well as to currently used wavelength-division multiplexing (WDM)
components (see [1]). In 2013, the application that had the largest market for silicon photonics was telecommunications [2] and in 2015 the largest market is data
communications [1]. In 2014, WDM silicon photonic filters had the largest share
of the market as compared to other components, such as silicon modulators, and
the demand for these filters is expected to grow rapidly in the years to come [2].
Yole Développement has stated that the silicon photonics market sales are expected
to quadruple between 2010-2017 [3].
Due to the enormous potential that silicon photonics has to be a technology
disruptor, numerous companies are involved in the design and/or manufacturing of
silicon photonic devices and circuits, as well as selling software that can be used for
the modelling and layout of silicon photonic circuits for a variety of applications
that include telecommunications, data communications, and sensing, as listed in
Table 1.1. Figure 1.1(a) provides a break-down of the 77 companies involved in
silicon photonics that are listed in Table 1.1. The break-down is based on the
number of companies that are not publicly traded (private) as well as based on
the market capitalization (cap) of publicly traded companies (all sectors of each
1

company). The market cap is categorized as micro cap, small cap, mid cap, and
large cap [4]. Micro cap is defined as a market cap between 50 million dollars
and 300 million dollars, small cap is defined as a market cap between 300 million
dollars and 2 billion dollars, mid cap is defined as a market cap between 2 billion
dollars and 10 billion dollars, and large cap is defined as a market cap greater than
10 billion dollars [4]. Figure 1.1(a) shows that, currently, there are significantly
more private companies (52) involved in silicon photonics than publicly traded
companies (25). The market cap provides insight into the sentiment that investors
have with regards to a particular company [5, 6]. Figure 1.1(b) shows the market
cap of the 25 publicly traded companies involved in silicon photonics. The total
market cap of these companies, as of January 3, 2016, is about 1 trillion USD,
which indicates the overall, positive sentiment that investors have towards these
companies [5, 6]. Furthermore, this positive investor sentiment [5, 6] translates
into an advantageous situation with regard to the progress of this technology, as
it is desirable to have companies with excellent track records involved in silicon
photonics research and development.
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Table 1.1: List of companies involved in silicon photonics [1, 7–73].

3

Acacia Communications, Inc.
Accelink Technologies Co., Ltd.
Acorn Technologies
AEPONYX, Inc.
Alcatel-Lucent S. A.a
Analog Photonics LLC
APIC Corp.
Apollo Photonics, Inc.
Applied NanoTools, Inc.
Aurrion, Inc.
Avago Technologies
Ayar Labs
BrPhotonics Produtos Optoeletrônicos LTDAb
Caliopac
Centera Photonics, Inc.
Chiral Photonics, Inc.
Cisco Systems, Inc.
Compass-EOS
COMSOL, Inc.
Coriantd
DAS Photonics
DermaLumics S.L.
EM Photonics, Inc.
Ericsson
Etaphase, Inc.
Finisar Corp.

Fujitsu Ltd.e
Genalyte, Inc.
Hamamatsu Photonics K. K.
Hewlett-Packard Companyf
IBM
Infinera Corp.
Inphi Corp.
Innolume GmbH
Intel
JCMwave GmbH
Kaiam Corp.
Luceda Photonics
Lumerical Solutions, Inc.
Luxmux Technology Corp.
Luxtera, Inc.
M/A-COM Technology Solutions Holdings, Inc.
Magic Leap, Inc.
Maple Leaf Photonics LLC
Mellanox Technologies
Mentor Graphics Corp.
Morton Photonics, Inc.
NEC Corp.
NeoPhotonics Corp.
Novati Technologiesg
Oclaro, Inc.
Omega Optics, Inc.

One Silicon Chip Photonics, Inc.
Optic2Connect Pte. Ltd.
Optiwave Systems, Inc.
Oracle Corp.
PhoeniX B.V.
Photline Technologiesh
Photon Design, Inc.
PhotonIC Corp.
PLCC2 LLC
RANOVUS, Inc.
Rockley Photonics
Samsung Electronics Co., Ltd.
Samtec, Inc.
Sandia Corp.i
Shanghai Industrial µTechnology Research Institute Co., Ltd.
Sicoya GmbH
SiFive
SiFotonics Technologies Co., Ltd.
Skorpios Technologies, Inc.
STMicroelectronics
Synopsys, Inc.
TeraXion, Inc.
VLC Photonics S.L.
VPIphotonics Inc.
VTT Memsfab Ltd.

a Owns Bell Labs [50].
b Owned by CPqD, 51%, and GigOptix, Inc., 49% [73].
c Owned by Huawei Technologies Co. Ltd. [31].
d Founded by Marlin Equity Partners [74].
e Owns Fujitsu Laboratories Ltd. Fujitsu Laboratories of America, Inc., is owned by Fujitsu Laboratories Ltd.
f Has now split into two publicly traded companies: HP Inc. and Hewlett Packard Enterprise [75].
g Owned by Tezzaron Semiconductor Corp. [76].
h Now called iXBlue Photonics (originally two companies, Photline Technologies and iXFiber) and owned by
i Owned by Lockheed Martin Corp. [33].

[18].
iXBlue [77].

large cap

a)

14.29%

mid cap
10.39%
67.53%

private

Market cap (billion USD)

b)

6.49%
1.30%

small cap
micro cap
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Name of company

Figure 1.1: (a) The number of companies involved in silicon photonics based
on market cap categories. It should be noted that if a private company
is owned by a publicly traded company, only the publicly traded company is included in this chart. We have included HP, Inc., and Hewlett
Packard Enterprise as a single large cap entity. (b) The market cap values, as of January 3, 2016, for companies involved in silicon photonics
where: 1 = Samsung Electronics Co., Ltd., 2 = Intel, 3 = Oracle Corp.,
4 = Cisco Systems, Inc., 5 = IBM, 6 = Lockheed Martin Corp., 7 =
the combined market caps for HP, Inc., and Hewlett Packard Enterprise,
8 = Avago Technologies, 9 = Ericsson [American depositary receipt,
ADR], 10 = Alcatel-Lucent S. A., [ADR], 11 = Fujitsu Ltd. [ADR], 12
= NEC Corp., 13 = Synopsys, Inc., 14 = STMicroelectronics [ADR],
15 = Hamamatsu Photonics K. K., 16 = Infinera Corp., 17 = M/A-COM
Technology Solutions Holdings, Inc., 18 = Mentor Graphics Corp., 19
= Accelink Technologies Co., Ltd., 20 = Mellanox Technologies, 21 =
Finisar Corp., 22 = Inphi Corp., 23 = NeoPhotonics Corp., 24 = Oclaro,
Inc., and 25 = GigOptix, Inc. The market cap values were obtained from
https://www.google.com/finance and currency conversions to USD were
calculated using http://www.xe.com/currencyconverter/.
4

The on-chip integration of high-yield silicon photonics interconnect components such as lasers, modulators, WDM filters, and photodetectors is essential
for the deployment of this technology in telecommunications and data communications applications. Numerous companies have demonstrated integrated silicon
photonic chips, such as IBM [56], Intel [55], Oracle Corp. [78], Hewlett-Packard
Company [52], Luxtera, Inc. [65, 79], Aurrion, Inc. [56], and Acacia Communications, Inc., [80]. For example, recently, IBM in collaboration with Aurrion, Inc.,
have integrated tunable lasers, electro-absorption modulators, and multiplexers to
create a four channel silicon photonic transmitter where each channel had a data
rate of 28 Gbps [56]. Also, Hewlett-Packard Company in collaboration with Innolume GmbH have recently integrated silicon microring modulators with a quantum
dot-based comb laser for the creation of a five channel silicon photonic transmitter [52]. Intel has recently demonstrated the integration of hybrid silicon lasers,
modulators, multiplexer and demultiplexer filters, and SiGe photodetectors to create a coarse wavelength-division multiplexing (CWDM) four channel (12.5 Gbps
per channel) packaged silicon photonic transmitter and receiver [55]. Intel has also
demonstrated a 1310 nm silicon photonic transceiver operating at a data rate of 25
Gbps [55]. Oracle Corp. has demonstrated a packaged, eight channel (10 Gbps
per channel), WDM silicon photonic transceiver that included ring modulators,
demultiplexer ring resonators, and Ge photodiodes [78]. In 2012, Luxtera, Inc.,
announced that it had sold one million 10 Gbit channel silicon photonics products
[65] and they have recently demonstrated a packaged silicon photonic transceiver
operating at an aggregate data rate of 104 Gbps [79]. Acacia Communications,
Inc., have also demonstrated integrated silicon photonics by creating a 100 Gbps
coherent silicon photonic transceiver [80], and recently they announced their intention for an initial public offering in 2016 [81]. The fact that there are numerous
companies involved in various aspects of silicon photonics technology provides
clear evidence that silicon photonics is becoming widely accepted as the next technology for data interconnects as well as for the WDM filters currently deployed in
telecommunication applications.
Multiplexer/demultiplexer filters and modulators have been utilized in a number of the integrated silicon photonics chips mentioned above. There are a number
of waveguide-based structures that have been used by these companies to create
5

filters and/or modulators, such as ring resonators [52, 78] and Mach-Zehnder interferometers (MZIs) [53, 80]. Specifically, there are numerous companies currently
involved in research and development of ring resonator-based silicon photonics,
see for example, Oracle Corp. [54, 78], Coriant [49], Ericsson [82], HewlettPackard Company [52], Samsung Electronics Co., Ltd. [8], Alcatel-Lucent S. A.
[50], Sandia Corp. [33], RANOVUS [60], Chiral Photonics, Inc. [35], and Fujitsu Laboratories Ltd. [83]. The fact that numerous companies are involved in
silicon photonic ring resonator research provides concrete evidence that ring resonators are seen, from an industry perspective, as desirable components for next
generation data interconnects. Furthermore, the fact that WDM silicon photonic
filters had the largest share of the silicon photonics market in 2014 [2] provides
additional evidence that silicon photonic ring resonators are a promising area for
research and development, since one of the main components that can be created
using ring resonators are silicon photonic filters for WDM applications.
The focus of this dissertation is the design and experimental demonstration of
silicon photonic ring resonator-based filters for dense wavelength-division multiplexing (DWDM) applications. Therefore, it is important to know what the typical commercial filter specifications are to ensure that adequate filter operation in
DWDM applications is achieved. In Chapter 1.2, I will present the typical commercial specifications for DWDM 3-port optical filters and 4-port optical add-drop
filters, as well as the definition for each specification.

1.2
1

Optical DWDM Filters

There are three main types of optical filters used in DWDM applications, which

are optical multiplexer filters (MUXs), optical demultiplexer filters (DEMUXs),
and optical add-drop filters. The MUX consists of three ports which are the input
port, the add port, and the through port. The MUX allows signals to be merged
onto the same optical link by routing them from the add port to the through port.
The DEMUX consists of three ports which are the input port, the drop port, and the
through port. The DEMUX allows signals to be separated by routing them from
the input port to the drop port. The optical add-drop filter consists of four ports
1 Parts

of Chapter 1.2 are taken from [84, 85].
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which are the input port, the drop port, the add port, and the through port. Optical
add-drop filters function as both MUXs and as DEMUXs. It should be noted here
that some commercially available DWDM 4-port optical add-drop filters consist of
a 3-port DEMUX cascaded to a 3-port MUX to form a 4-port optical add-afterdrop filter as shown in Figure 1.2 [86, 87]. In the example shown in Figure 1.2, the
input has three different signals at three different wavelengths, l1 , l2 , and l3 . The
first 3-port filter passes the data at l2 and l3 to the through port and the data at l1
is routed to the drop port. The input to the second 3-port filter is now l2 and l3 .
New data at l1 is then routed from the add port to the through port of the second
three-port filter where it is combined with the data at l2 and l3 .
λ1 λ2 λ3
INPUT

λ2 λ3
DEMUX

λ1 λ2 λ3

DEMUX
THROUGH

3-Port Filter

MUX

MUX
THROUGH

3-Port Filter

DROP

ADD

λ1

λ1

Figure 1.2: Diagram of a commercial 4-port optical add-drop filter consisting
of two 3-port optical filters [86, 87].

1.2.1

Inter-Channel Cross-Talk and Intra-Channel Cross-Talk

Ideally, a DEMUX will drop one of the input wavelengths and pass it to its drop
port and a MUX will add a new wavelength and pass it to its through port (the
DEMUX through port is the input port of the MUX). In Figure 1.2, the signals to
be removed and added are at l1 . The rest of the signals pass through the filters
without any distortion. However, in reality a filter has a wavelength-dependent
spectral response which makes the selection of only one signal dependent on the
filter’s lineshape. In the following example shown in Figure 1.3, we use a 4-port
optical add-after-drop filter where each filter has a wavelength-dependent spectral
response. Here, the input has 5 signals at wavelengths l1 to l5 , and we wish to
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separate out the signal at l3 and route it to the drop port of the filter. However,
the filter will also route a small portion of the signals in the neighbouring channels
to the drop port, which will lead to inter-channel cross-talk at the photodetector
between the target signal at l3 and the small portions of the signals at l2 and l4
[88–90]. The rest of the signals that are passed to the through port will be affected
by the filter’s wavelength dependent spectral response as well, which can lead to
signal distortion. Here, we can see that the intensities of the signals at l2 and l4
are slightly reduced when they are passed to the DEMUX through port. Also, a
small portion of the signal at l3 will be routed to the DEMUX through port. If a
new signal at l3 is required to be routed to the MUX through port, the partially
passed signal at l3 will generate intra-channel cross-talk between it and the new
signal at l3 at the eventual photodetector [88–90].
DROP!

inter-channel
cross-talk!

ADD!

λ3

λ2 λ3 λ4

DEMUX!

MUX!
λ3

λ1 λ2 λ3 λ4 λ5
λ1 λ2 λ3 λ4 λ5

INPUT!

λ1 λ2 λ3 λ4 λ5
λ1 λ2 λ3 λ4 λ5

DEMUX
THROUGH!

intra-channel
cross-talk!

λ1 λ2 λ3 λ4 λ5

MUX!
THROUGH!
λ1 λ2 λ3 λ4 λ5

Figure 1.3: A diagram illustrating inter-channel cross-talk and intra-channel
cross-talk using a 4-port optical add-after-drop filter.

1.2.2

DWDM Filter Specifications

Filters used in DWDM applications have performance specifications listed within
their datasheets, which are provided by the telecommunication vendors. These
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performance specifications provide businesses with the information needed to determine whether the filters are suitable for integration within their infrastructure.
The performance specifications are determined within the clear windows of the
channels [91, 92]. Here, the clear window (which can be found in [91, 92]) is assumed to have the same definition as the channel wavelength range that is defined
by the International Telecommunication Union (ITU) [93, 94]; the clear window is
the necessary wavelength span that is needed for the signal to go through a filter
taking into account everything that affects the signal’s frequency/spectrum such as
transmitter temperature drift and data rate bandwidth [91, 94]. Since many filters
have a periodic spectral response, such as arrayed waveguide gratings, AWGs, [95]
and ring resonator filters, the period, or free spectral range (FSR), should be larger
than the span of wavelengths to be covered. For example, in a typical telecommunications application the C-band covers 35.09 nm from 1528.77 nm to 1563.86
nm [96]. Hence, we have chosen the specification for the FSR to be greater than
or equal to the span of the C-band plus one adjacent channel [96]. Since there are
45 channels within the C-band (100 GHz channel spacing), the number of channels to both the left and right of the desired channel is chosen to be 44, unless
otherwise specified. Here, we have defined the centre wavelength value (this is
the wavelength at which the clear window is centred) of the major peak within the
channel of interest to be the arithmetic mean wavelength between the -3 dB points
(referenced at the maximum transmission of the major peak).
Next, the definitions for the drop port performance specifications are provided.
The maximum drop port insertion loss, ILdrop , or maximum channel insertion loss,
is defined as the the minimum transmission within the clear window (the channel
wavelength range) of the desired channel with respect to 0 dB [92, 93, 97]. The
ripple, Rdepth , is defined as the difference between the maximum and minimum
drop port transmission within the clear window of the desired channel [92, 93, 97].
The adjacent channel isolation, Ai , is defined as the difference between the minimum and maximum drop port transmission within the clear window of the desired
channel and the adjacent channels, respectively [93, 97]. The non-adjacent channel isolation, nAi , is defined as the difference between the minimum and maximum
drop port transmission within the clear window of the desired channel and all nonadjacent channels (we have defined this for the 43 non-adjacent channels to the left
9

and right of the desired channel), respectively [93, 97]. The interstitial peak suppression (IPS) is defined as the difference between the minimum drop port transmission within the clear window of the desired channel and the maximum drop
port transmission of the largest interstitial peak to the left and right of the major
drop port peak at which another channel might be located. Devices with larger Ai ,
nAi , and IPS will have less inter-channel cross-talk.
Next, the definitions for the through port performance specifications are provided. The express channel isolation, ECi , or channel extinction, of the through
port is defined as the difference between the minimum and maximum transmission
within the clear windows of the adjacent channels and the non-adjacent channels
and the clear window of the desired channel, respectively [93, 97]. Here, ECi will
not include non-adjacent channels (which is how Alliance Fiber Optic Products,
Inc., [98] defined their specification that they named pass channel residual at express port) [97]. Devices with larger ECi will have less intra-channel cross-talk.
The minimum transmission within the adjacent and non-adjacent clear windows
(44 channels to the left and right of the desired channel) of the through port with
respect to 0 dB is defined as the maximum through port insertion loss, ILthru [97].
ILthru-m is the minimum through port transmission with respect to 0 dB at any wavelength within the passbands of the through port at which another channel might be
located.
Table 1.2 shows the performance specifications that need to be met for DWDM
3-port and 4-port optical filters with channel spacings of 100 GHz. The specifications used here are based on data sheets from telecom vendors for long-haul
applications. I have done this with the assumption that filters that can meet longhaul specifications will meet short-haul specifications.
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Table 1.2: Target specifications for 3-port and 4-port filters with channel
spacings of 100 GHz.
Parameter

3-Port Target

4-Port Target

FSR (nm)

35.89 [96]

35.89 [96]

Ai (dB)

25 [99, 100], 30 [101]

25 [87, 102]

nAi (dB)

35 [101], 40 [99, 100]

40 [87, 102]

IPS (dB)

35 [101], 40 [99, 100]

40 [87, 102]

ILdrop (dB)
Rdepth (dB)
ECi (dB)
ILthru (dB)
ILthru-m (dB)

 1.6 [101], 1.2 [99], 0.9 [100]
 0.5 [99]

10 [99], 12 [100]

 0.7 [101], 0.5 [99], 0.45 [100]
 0.7 [101], 0.5 [99], 0.45 [100]

 1.2 [87, 102]
 0.3 [102]

25 [87, 102]

 1.0 [87, 102]
 1.0 [87, 102]

As previously shown, the filter’s drop port spectral response leads to interchannel cross-talk between the partially selected signals at l2 and l4 and the signal at l3 . However, a filter’s through port and drop port spectra can be designed
to minimize intra-channel cross-talk and inter-channel cross-talk, respectively. For
example, inter-channel cross-talk can be reduced if a filter’s drop port spectral response has a faster transition from passband to stopband and a smaller bandwidth
as shown in Figure 1.4(a). Intra-channel cross-talk can be reduced if the difference, in dB, between the passband and the stopband of the through port response
is increased as shown in Figure 1.4(b). For more information on cross-talk and its
mitigation, see Chapters 2 to 6 and Refs. 88–90.
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Figure 1.4: Diagrams illustrating (a) a method to reduce inter-channel crosstalk by changing the filter’s drop port lineshape to have a faster transition
from passband to stopband and a smaller bandwidth and (b) a method
to reduce intra-channel cross-talk by changing the filter’s through port
lineshape to have a larger difference, in dB, between the passband and
the stopband.

1.2.3

Optical Filter Dispersion

For a specific optical link, there is a maximum dispersion that is acceptable [103].
For example, Ref. 103 states that for a 2.5 Gbps non-return-to-zero (NRZ) optical
link operating at 1550 nm with a power penalty of 1 dB the maximum dispersion
that can be tolerated is 18817 ps/nm [103]. If the data rate is increased to 10 Gbps
or 40 Gbps, then the maximum dispersion that can be tolerated is 1176 ps/nm or
12

73.5 ps/nm, respectively [103]. Also, for components used in an optical link, such
as an optical add-drop filter, there is an application-dependent maximum dispersion, for example, ±30 ps/nm [104]. Since the through port dispersions of some of
our designed filters are much larger than ±30 ps/nm [104], this will cause a reduc-

tion in the number of these devices that can be used in an optical link as well as a
reduction in the total length of the fibre that can be used. However, while some of
the filters presented in this dissertation may not be useful for long haul, they should
still be suitable for metro and on-chip applications. For example, let’s say that an
optical add-drop filter has a dispersion of 500 ps/nm and the maximum allowable
dispersion is 1176 ps/nm (for a data rate of 10 Gbps) [103] and the optical link
uses single-mode fibre with a dispersion coefficient of 17 ps/nm/km [103], then the
maximum optical fibre length that can be used is almost 40 km (for an example
that uses a filter dispersion of ±30 ps/nm, see Appendix II.2 in Ref. 104).

References 92 and 91 define dispersion as the maximum dispersion within the

clear window of any channel. Here, we will define the maximum drop port dispersion, Ddrop , as the maximum positive or negative dispersion within the desired
channel’s clear window [105]. The maximum through port dispersion, Dthru , is defined as the maximum positive or negative dispersion at the through port within any
of the clear windows of the adjacent and non-adjacent channels [105]. Dthru-m is
defined as the maximum positive or negative dispersion at any wavelength within
the passbands of the through port at which another channel might be located.

1.3
2

Methods to Extend the FSR of Ring Resonators

Silicon-on-insulator (SOI) ring resonator DWDM optical filters offer advantages

as compared to commercially available DWDM optical filters; ring resonators are
compact and CMOS-compatible [106]. Thus, there has been substantial research
into the design and fabrication of ring resonators, for example, see [8, 33, 35, 49,
50, 52, 54, 60, 78, 82, 83]. When using ring resonators for DWDM applications,
a single ring resonator can be used as a 4-port optical add-drop filter, as shown in
Figure 1.5(a). An example through port spectral response and drop port spectral
response are shown in Figure 1.5(b) for broadband illumination at the input port
2 Parts

of Chapter 1.3 are taken from [84, 85].
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with no other light injected into the device (total length of ring resonator is 45.416
µm [85], bus-to-ring field coupling factor is 0.2, and propagation loss is 3 dB/cm).
The transfer functions for a single ring resonator can be found in [107].
b) 0
input port

through port

Intensity (dB)

a)
10

FSR

Through
Drop

20
30

drop port

1530 1535 1540 1545 1550 1555 1560
Wavelength (nm)

add port

Figure 1.5: (a) Schematic diagram of a 4-port ring resonator optical add-drop
filter and (b) example through port and drop port spectra when light is
only injected into the input port.
Alternatively, one can use two sets of ring resonators, as shown in Figure 1.6,
to create a 4-port optical add-after-drop filter (see, for example, [108, 109]). The
benefit of using the add-after-drop configuration is that the ECi specification for
each individual filter (

10 dB [99], 12 dB [100]) is less than it would be if we

used just one filter (

25 dB [87, 102]) for the add-drop functionality. ECi is

defined within the clear window [85] and, therefore, it is possible to increase the
clear window for the add-after-drop configuration since the ECi specification is
less than for the 4-port add-drop filter (see Table 1.2). However, the add-after-drop
configuration is more complex and less compact since more ring resonators are
needed.
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Figure 1.6: Schematic diagram of two 3-port ring resonator filters cascaded
together to form a 4-port optical add-after-drop filter.
In DWDM applications that require 100 GHz channel spacings, the C-band
consists of 45 channels (191.7 THz to 196.1 THz with 100 GHz channel spacing)
that are utilized in data transmission [92, 96] and the centre frequency of each of
these channels is determined by the ITU [92, 110], as shown in Figure 1.7. If the
FSR of a ring resonator is smaller than or equal to the span of the C-band, then signals that are operating at frequencies within the C-band may also correspond to the
locations of the filter’s resonances that are within the C-band and, thus, the signals
will be multiplexed or demultiplexed by the same device [111]. Thus, the FSR of
a ring resonator should be larger than the span of the C-band [111], see Figure 1.7.
In Chapters 1.3.1 to 1.3.3, three methods to extend the FSRs of ring resonators
will be presented, which provide a desirable alternative to the conventional way of
increasing the FSR, i.e., the FSRs of ring resonators are inversely proportional to
the total lengths of the resonators [111].
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Figure 1.7: Diagram that shows the 45 channels within the C-band that are
used in DWDM applications for a channel spacing of 100 GHz (the location of each channel is taken from ITU-T Recommendation G.694.1
[92, 110]). The FSR of a ring resonator should be larger than the wavelength span between channel 1 and channel 45.
Some of the previous filters, such as [112–115], on the silicon photonics platform have met many of the current commercial telecom filter specifications that can
be found in vendor datasheets. However, no one has reported on fabricated silicon
photonic filters that meet all the specifications that can be found in current telecom
vendor datasheets (including FSRs larger than the span of the C-band) for a given
clear window and channel spacing. Due to my prior experience with silicon photonic resonators, I hypothesized that silicon photonic devices can meet commercial
specifications. In particular, my experience with extending the FSR by using multiple rings and the Vernier effect inspired me to explore this area more fully. Thus,
one of the main aspects of this dissertation is to theoretically demonstrate silicon
photonic filters that meet the current commercial specifications found in vendor
datasheets as well as provide experimental evidence that such performance is realizable on the silicon photonics platform. The main design features that are investigated in this dissertation to enable the creation of silicon photonics filters with
desirable performance are: FSR extension methods; resonant peak/notch suppression; through port dispersion analysis; and wavelength tuning methods. Focusing
on these design features as well as current fabrication technology constraints (e.g.,
minimum feature sizes, propagation losses, etc.), silicon photonic filters have been
both theoretically and experimentally demonstrated. The design methodology to
create these filters consisted of using analytic models to gain insight into the filters’ operation. This was followed by numerical design and optimization using
16

both compact models (MATLAB R ) and commercial models (MODE Solutions
and FDTD Solutions by Lumerical Solutions, Inc.).

1.3.1

Ring Resonators Exhibiting the Vernier Effect

Filters should be designed to meet typical commercial specifications within the
clear windows [91, 92] of the C-band channels. Popović et al. experimentally
demonstrated a quadruple microring resonator filter, in silicon, that meets telecom
specifications [115]. However, the FSR was only 16 nm [115]. Others have experimentally demonstrated series-coupled silicon ring resonators [116–125] that do not
exhibit the Vernier effect. The spectral response of a ring resonator filter is periodic
and the distance between two resonant peaks is defined as the FSR [126, 127]. If
we wish to have a large FSR (i.e., greater than the span of the C-band), then very
small microring resonators would be required [126–128]. The Vernier effect can
be used to extend the FSR to larger than the span of the C-band without needing to
use very small microring resonators, i.e., radii of about less than 3 µm [107]. The
extended FSR is achieved by using two coupled ring resonators in which the optical path lengths are not all the same, for example, in our Figure 1.8 “Ring 1” and
“Ring 2” do not have the same optical path lengths [107, 126–129]. The extended
FSR, FSRextend , occurs when FSRextend = m1 FSR1 = m2 FSR2 where m1 and m2 are
co-prime integers, FSR1 is the FSR of “Ring 1”, and FSR2 is the FSR of “Ring 2”
[107, 129].
Ring 1

Ring 2
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t1
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Through

gap 1

gap 2

gap 1

Drop

Figure 1.8: Schematic diagram of a double Vernier racetrack resonator (figure adapted from [85]).
Figure 1.9 shows the approximate number of publications (theses, conference
papers, journal papers, patents, and books) from 1986 to 2015 which discuss res17

onators exhibiting the Vernier effect, which clearly shows that research involving
the Vernier effect and resonators has increased substantially over the years. The
main three areas of research from 1986 to 2015 regarding Vernier resonators have
been filters for optical communications applications [96], tunable lasers [130], and
sensors [131]. Vernier resonators have been demonstrated in a variety of materials such as single-mode fibre [132], Ta2 O5 -SiO2 [133], Hydex [134], SiON [135],
Si3 N4 [136], and Si [137]. Popović demonstrated, theoretically, a high performance ring resonator-based filter exhibiting the Vernier effect [112, 138]. In 2008,
researchers at Pirelli Labs presented theoretical and experimental results on silicon Vernier microring resonators [113]. Socci et al. [114] have presented theoretical results showing that silicon series-coupled double Vernier ring resonators
cascaded together can be used to create high performance filters. There have been
two companies, Lambda Crossing [139] and Little Optics, Inc., [134, 139] that
have created Vernier filters using series-coupled double ring resonators cascaded
together and series-coupled quintuple ring resonators cascaded together, respectively. To achieve large bandwidths and large IPSs, four coupled ring resonators
in which the optical path lengths are not all the same can be used [96, 140–
143]. For example, in our Figure 1.10 “Ring 1” and “Ring 2” do not have the
same optical path lengths as “Ring 3” and “Ring 4” have [126–128]. Seriescoupled quadruple Vernier ring resonators have been demonstrated both theoretically [84, 85, 96, 126, 140–149] and experimentally [96, 149, 150], which includes
five publications [84, 85, 96, 149, 150] that are presented within this dissertation.
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Figure 1.9: The number of publications from 1986 to 2015 which discuss
resonators that exhibit the Vernier effect [84, 85, 96, 97, 107, 111–114,
126–429].
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Figure 1.10: Schematic diagram of a Vernier device consisting of four racetrack resonators (see Refs. 96, 126, 140–143, 149, 150 for results on
similar resonators). c SPIE, 2015, by permission [85].
To explain how the Vernier effect works we will model a double Vernier racetrack resonator. We chose “Ring 1” to have a total length, L1 , of 45.416 µm [85]
and “Ring 2” to have a total length, L2 , of 60.555 µm [85], such that m2 /m1 = L2 /L1
[107, 129] where m1 = 3 and m2 = 4. The propagation loss was chosen to be 3
dB/cm, the bus-to-ring field coupling factor is 0.6, the ring-to-ring field coupling
factor is 0.2, the strip waveguides have widths of 500 nm and heights of 220 nm,
and the waveguides have an oxide cladding. The transfer functions for a double
series-coupled ring resonator can be found in [107].
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Figure 1.11(b) shows the drop port spectral response for single ring resonators
“Ring 1” and “Ring 2” that are not coupled together in which we can see that, at
certain wavelengths, the peaks are aligned and at all other wavelengths the peaks
are not aligned. If “Ring 1” and “Ring 2” are coupled together, as shown in Figure 1.11(a), major peaks will occur where the individual peaks seen Figure 1.11(b)
are aligned and all the other peaks, minor peaks, will be suppressed as shown in
Figure 1.11(c). Also, the through port spectral response has an extended FSR due
to the suppressed minor notches located between the major notches, as shown in
Figure 1.11(d). The drop port dispersion within the wavelength region of one of
the major peaks is shown in Figure 1.11(e). Since within the through port passbands light will still resonate at certain wavelengths, as indicated by the minor
notches in Figure 1.11(d), there will be wavelength-dependent dispersions within
these locations [85], as shown in Figure 1.11(f).
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Figure 1.11: (a) Schematic diagram of a Vernier filter consisting of two racetrack resonators (figure adapted from [85]). (b) Drop port spectral responses for single silicon ring resonators, “Ring 1” and “Ring 2”, that
are not coupled together which show that their peaks are aligned at
certain wavelengths (indicated by the arrows) and at other wavelengths
their peaks are not aligned. (c) The drop port spectral response and (d)
the through port spectral response after serially coupling “Ring 1” and
“Ring 2” together (light only injected into the input port), which clearly
shows that the FSR is extended. The wavelength-dependent dispersion
at (e) the drop port within the wavelength region corresponding to the
location of one of the major peaks and at (f) the through port within
the wavelength region corresponding to the location of the through port
passband to the right of one of the major notches.
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It is desirable to be able to thermally tune a ring resonator filter to any channel
within the C-band [134, 430]. Such tuning can be achieved using ring resonators
that exhibit the Vernier effect and require smaller changes in temperature as compared to the temperature change required to tune across the C-band when using ring
resonators that do not exhibit the Vernier effect [134, 149, 301, 430]. To explain
how the Vernier effect can be used to increase the tuning range of a ring resonator
filter, the drop port spectral responses of single ring resonators “Ring 1” and “Ring
2” (using the relevant parameters found in [85, 149]) that are not coupled together
will be compared to the spectral response when a temperature change of 46 C
(dn/dT = 1.86⇥10-4 o C-1 [431]) is applied to “Ring 2”. Figure 1.12(a) shows the
drop port spectral responses for “Ring 1” (solid blue line) and for “Ring 2” (solid
red line) prior to changing the temperature of “Ring 2”. The resonances of the two
drop port spectral responses are aligned at l = 1544.824 nm. When a temperature change, DT2 , of 46 C is applied to “Ring 2”, the resonances of the two drop
port spectral responses are now aligned at l = 1557.497 nm. If both resonators
were tuned by 46 C the common peaks would only shift by about 3.2 nm whereas
by tuning only one ring the common peaks have jumped by about 12.7 nm. Figure 1.12(b) shows the drop port spectral responses when “Ring 1” and for “Ring
2” are serially coupled together, now exhibiting the Vernier effect. The drop port
spectral response prior to changing the temperature of “Ring 2” is shown by the
solid green line and the spectrum after changing the temperature of “Ring 2” by
46 C is shown by the solid blue line. The location of the major peak (i.e., the
common peak) is now centred at a new wavelength, which is about 12.7 nm away
from where the major peak was originally located. For comparison, the spectral
response when the temperature change applied to both rings is 46 C is given by
the dashed black line. This demonstrates the benefit of using the Vernier effect.
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Figure 1.12: (a) Drop port spectral responses for single silicon ring resonators, “Ring 1” and “Ring 2”, that are not coupled together when
DT1 = 0 C (solid blue line) and DT2 = 0 C (solid red line) as well as
when DT1 = 0 C and DT2 = 46 C (dashed blue line). The arrows indicate before and after changing the temperature applied to “Ring 2”.
(b) The drop port spectral responses after serially coupling “Ring 1”
and “Ring 2” together when DT1 = 0 C and DT2 = 0 C (solid green
line) as well as when DT1 = 0 C and DT2 = 46 C (solid blue line).
Also, the drop port spectral response when DT1 = 46 C and DT2 =
46 C (dashed black line) is provided, which clearly shows the limited
tuning range as compared to when the temperature change of 46 C is
applied to only “Ring 2”.
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1.3.2

Ring Resonators with Mach-Zehnder Interferometer-Based
Coupling

Another method to expand the FSR is to use identical series-coupled ring resonators with Mach-Zehnder interferometer-based coupling (MZI-BC) [105, 432,
433]. The amount of coupling from the bus waveguides to the ring resonators is
determined by the periodic responses of the input MZI [105, 432, 433]. If the difference in the branch lengths is equal to half the total length of the ring resonator
then the MZI has an FSR that is twice the FSR of the ring resonator [105, 432, 433].
Thus, it is possible to double the FSR of the ring resonator since the nulls of the
MZI couplers’ responses are located at some of the wavelengths at which the rings
resonate [105, 432, 433].
Next, an example is provided to show how an MZI coupler can be used to extend the FSR of ring resonators. The transfer functions can be found in Appendix
B. Figure 1.13(a) shows a schematic diagram of a series-coupled double ring resonator without MZI-BC. Figure 1.13(b) shows a schematic diagram of an MZI
coupler and Figure 1.13(c) shows a schematic diagram of a double ring resonator
filter that uses MZI-BC. In this example, the following parameters were used for
modelling: the propagation loss was chosen to be 3 dB/cm; the power coupling
factors and power transmission factors at l = 1550 nm have been modelled in 3D
FDTD and, thus, include coupling losses (the values were taken from [105]); the
silicon strip waveguide widths and heights are 500 nm and 220 nm, respectively,
and the waveguides have a top oxide cladding; the lengths of the microring resonators and branch lengths, Lmzi

1

and Lmzi 2 , of the MZIs were taken from [105].

In this example, the value of the bus-to-ring field coupling factor, kb , is equal to
the value of the MZI field coupling factor, kmzi .
Figure 1.14(a) shows the through port and drop port spectral responses of the
series-coupled double ring resonator filter. Figure 1.14(b) shows the MZI coupler
response from the input port, “In 1” to the output port, “Out 1”, as well as from the
input port, “In 1” to the output port “Out 2” [see Figure 1.13(b)] when no light is
injected into input port “In 2”. The responses are periodic and the MZI’s FSR is
twice that of the FSR shown in Figure 1.14(a). Figure 1.14(c) shows the through
port and drop port spectral response of a double ring resonator filter that uses MZIBC. The response has an extended FSR due to the suppression of the resonances
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that align with the nulls of the MZI coupler’s response [105, 432, 433]. This type
of device has been demonstrated in silicon [105, 433] (including one of our own
papers [105]) and silicon nitride [432]. These devices can be designed to also
have minimal dispersion within the passbands of the through port [105, 432] while
meeting numerous commercial 3-port filter specifications, as shown in Chapter 4.
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Figure 1.13: (a) Schematic diagram of a series-coupled double ring resonator,
(b) schematic diagram of a MZI coupler, and (c) schematic diagram of
a double ring resonator filter that uses MZI-BC (modified from [105]).
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Figure 1.14: (a) Example through port and drop port spectral response of a
series-coupled double ring resonator. (b) Example output responses of
an MZI coupler when light is only injected into input port “In 1”. (c)
Example through port and drop port spectral response of a double ring
resonator filter that uses MZI-BC.

1.3.3

Ring Resonators with Contra-Directional Grating Couplers

Vernier ring resonators typically consist of very broadband wavelength-dependent
directional couplers and, although MZI-BC directional couplers are highly wavelength dependent, both Vernier ring resonators and ring resonators with MZI-BC
still have (extended) FSRs [105]. However, there is another type of directional
coupler that is highly wavelength dependent which is the contra-directional grating
coupler (contra-DC) [97, 434]. A contra-DC can eliminate the FSR of a ring resonator when the maximum reflectivity of the contra-DC occurs at the same wavelength as one of the resonances of the ring resonator [97, 434]. Furthermore, the
extended FSRs of cascaded Vernier racetrack resonators can also be eliminated by
using contra-DCs [97], which will be presented in Chapter 5. However, a drawback in using grating-assisted Vernier racetrack resonators is the enhanced resonant
wavelength tuning range achievable by using the Vernier effect is not possible due
to the highly wavelength-dependent responses of contra-DCs.
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Contra-DCs can be created by adding corrugations to the inner sidewalls of
two waveguides that are in close proximity to one another [97, 434, 435], as shown
in Figure 1.15, and can be used as either 3-port couplers (only light injected into
the input ports) or as 4-port couplers (light injected into both the input ports and
the add ports). The amount of light that is reflected from the input port to the
drop port is highly wavelength dependent due to the presence of the corrugations
[97, 434, 435]. When the propagation constant mismatch equation equals zero,
m 2p
L = 0, where ba is the propagation constant of waveguide

i.e., Db = ba + bb

“a”, bb is the propagation constant of waveguide “b”, m is an integer (which here,
equals 1), and L is the grating period, there is maximum reflectivity at lD at the
drop port of the contra-DC [434].
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Figure 1.15: (a) Schematic diagram of a typical design of a contra-DC and
(b) a close-up view of a portion of a typical design of a contra-DC
(modified version from [435]).
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Besides the inter-waveguide reflections that occur using a contra-DC, each individual waveguide has intra-waveguide reflections [97, 434]. The intra-waveguide
reflections for waveguide “a” are centred at la which can be determined by solving
Eq. 1.2 for l [434],
ba (l ) + ba (l )
4pna (l )
l

2p
= 0,
L
2p
= 0,
L

(1.1)
(1.2)

where na is the effective index of waveguide “a”. The intra-waveguide reflections
for waveguide “b” are centred at lb which can be determined by solving Eq. 1.4
for l [434],
bb (l ) + bb (l )
4pnb (l )
l

2p
= 0,
L
2p
= 0,
L

(1.3)
(1.4)

where nb (l ) is the effective index of waveguide “b”. The inter-waveguide reflections are centred at lD which can be determined by solving Eq. 1.6 for l [434],
ba (l ) + bb (l )
2pna (l ) 2pnb (l )
+
l
l

2p
= 0,
L
2p
= 0.
L

(1.5)
(1.6)

Figure 1.16(a) shows an example of how to determine the centre wavelength location of the intra-waveguide reflections and the inter-waveguide reflections [434]
based on silicon dioxide cladded, silicon strip waveguides with heights of 220 nm
and with widths of 450 nm for waveguide “a” and 550 nm for waveguide “b” [435].
If light is only injected into the input port, the through port will see notches located
at la and lD . If light is only injected into the add port, the drop port will see notches
located at lb and lD . Since in Figure 1.15 we added anti-reflection gratings to the
external sidewalls of waveguides “a” and “b” [97, 435, 436], the intra-waveguide
reflections, located at la and lb in Figure 1.16(a), are suppressed. Figure 1.16(b)
shows the power coupling factor, |kc |2 , and power transmission factor, |tc |2 , versus
wavelength, when light is only injected into the input port, in which we can clearly
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see that the maximum intensity at the drop port occurs at the wavelength corresponding to lD in Figure 1.16(a). For the simulated spectra in Figure 1.16(b), the
coupling length is 159 µm, the propagation loss is 3 dB/cm, the period is 318 nm,
the period number is 500, and the coupling coefficient is 10000 m-1 . There have
been numerous publications on silicon contra-DCs from 2005 to 2015, as shown in
Figure 1.17, including theoretical and experimental demonstrations of integrating
contra-DCs into the coupling regions of ring resonators [97, 434, 437–441].
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Figure 1.16: (a) Effective index versus wavelength where the red line is the
effective index of waveguide “b”, the green line is the effective index
of waveguide “a”, and the blue line is the average effective index. (b)
Example of a through port power transmission factor response (red
line) and drop port power coupling factor response (green line) for a
silicon contra-DC.
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Figure 1.17: The number of publications from 2005 to 2015 which discuss
silicon contra-DCs [97, 434–471].
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1.4

Objectives

The objective of this dissertation is to demonstrate high performance silicon photonic filters that meet many typical commercial DWDM long-haul specifications
as well as demonstrate a new silicon photonic filter that has its FSR eliminated.
Specifically, my research explores a variety of methods that increase the number of
channels that can be multiplexed and/or demultiplexed for DWDM applications.
In Chapter 1, I have presented an overview of the current state of silicon photonics with regard to private and publicly-traded companies. I also provided an
overview of optical DWDM filters and their typical commercial specifications.
Then, I provided an overview of three methods to extend the FSR, which are
Vernier ring resonators, ring resonators with MZI-BC, and ring resonators with
contra-DCs. In Chapter 2, I present theoretical results for silicon quadruple Vernier
racetrack resonators that meet 4-port filter commercial specifications [84, 85]. I
also present our theoretical results for a silicon quadruple Vernier racetrack resonator that meets 4-port filter commercial specifications while being tolerant to
typical fabrication variations [84, 85]. Next, I discuss our theoretical and experimental results on a silicon quadruple Vernier racetrack resonator that meets many
3-port filter commercial specifications [96]. In Chapter 3, I present our results on
thermally tunable silicon Vernier racetrack resonators. Specifically, I present our
theoretical and experimental results on thermally tunable silicon quadruple Vernier
racetrack resonators [149, 150]. In Chapter 4, I discuss our theoretical and experimental results for a high performance silicon double microring filter using MZI-BC
that meets numerous 3-port filter commercial specifications and has an FSR larger
than the span of the C-band [105]. In Chapter 5, I discuss our theoretical and experimental results on cascaded grating-assisted silicon Vernier racetrack resonators
that have no FSRs due to the use of contra-DCs [97]. In Chapter 6, I present a new
process calibration technique to determine the coupling coefficients of fabricated
contra-DCs [435]. In Chapter 7, I present conclusions and suggestions for future
work.
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Chapter 2

Silicon-On-Insulator Quadruple
Vernier Racetrack Resonators
1 Ideally,

one would like a box-like drop port spectral response, which can be

achieved using series-coupled ring resonators [190]. Increasing the number of
series-coupled rings, allows one to increase the clear window (channel bandwidth)
and thus the data rate that the filter can handle. There have been a number of papers
that have discussed the benefits of increasing the number of ring resonators to four
to enable large IPSs, see, for example [140–143]. However, prior to our work, no
one has experimentally demonstrated the Vernier effect in more than three seriescoupled rings and no one has experimentally shown whether series-coupled Vernier
ring resonators can be used to meet many of the typical commercial DWDM filter specifications that can be found in vendor datasheets. Timotijevic et al. [137]
demonstrated double Vernier SOI series-coupled ring resonators which had an FSR
larger than the span of the C-band but minimal IPS. Fegadolli et al. [317] fabricated
thermally tunable double Vernier SOI series-coupled ring resonators exhibiting the
Vernier effect in the through port and drop port. Romagnoli et al. [113] experimentally demonstrated thermally tunable silicon double Vernier ring resonators,
however, their IPS does not meet its typical commercial specification. Mancinelli
et al. [290] used double Vernier SOI series-coupled resonators that had an extended
FSR of 20 nm. Prabhathan et al. [301] fabricated double SOI cascaded ring res1A

version of this paragraph has been published in [96].
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onators exhibiting the Vernier effect at the drop port for use as a thermally tunable
wavelength selective switch. The authors’ device had an FSR of approximately 50
nm and a drop port out-of-band extinction greater than 15 dB [301]. However, ring
resonators in cascaded configurations only exhibit the Vernier effect in the drop
port response and not the through port response [415]. Yanagase et al. [190] have
shown triple-ring resonators exhibiting the Vernier effect, where the coupling was
done vertically and the material used for the waveguides was Ta2 O5 -SiO2 . However, their devices show minimal IPS and their extended FSR was less than the span
of the C-band. Also, they do not show the through port responses. Previously published research, both experimental and theoretical, show the benefit (FSR expansion) of using the Vernier effect within series-coupled ring resonators, as compared
to the case where each resonator is identical. However, prior to our research results,
there have been only a few publications regarding Vernier ring resonators meeting
commercial specifications as regards to the IPS (see [112–114, 134, 141–143]).
Here, we theoretically and experimentally demonstrate that it is, in fact, possible to
meet many drop port and through port commercial filter specifications when using
silicon quadruple series-coupled racetrack resonators exhibiting the Vernier effect
including the necessary IPS and FSR.

2.1
2 The

Design of Silicon Quadruple Vernier Racetrack
Resonators
quadruple Vernier racetrack resonator has four racetrack resonators each with

a radius, r, of 5 µm and a coupling length, Lc , of 7 µm. The two larger racetrack
resonators, “Ring 3” and “Ring 4”, have additional straight segments, L, equal to
7.5693 µm (see Figure 2.1). The ratio of the total length of the smaller racetrack
resonator, “Ring 1” or “Ring 2”, to the total length of the larger racetrack resonator,
“Ring 3” or “Ring 4” is 3/4 (this ratio can also be found in Refs. 97, 126). The
nominal widths and heights of the SOI strip waveguides are 500 nm and 220 nm,
respectively. There is also a silicon dioxide cladding on top of the waveguides.
The propagation loss was chosen to be 2.4 dB/cm (losses of 2.4±0.3 dB/cm for
SOI channel waveguides are reported in Ref. 472). Also, some of these parameters
2A

version of Chapter 2.1 has been published in [84, 85].
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were taken from Refs. 96 and 149 and the through port and drop port transfer
functions can be found in Appendix A.
To determine the through port and drop port spectral responses of our modelled devices, we need to determine the real, wavelength dependent, point field
coupling factors, ks, and transmission factors, ts for each racetrack resonator’s
directional couplers. To simplify our modelling of the directional coupler, we
used straight waveguides to obtain k and t, on the assumption that changes in
k and t due to changes in the waveguide widths, heights, and gap occur, predominantly, in the straight waveguide sections of the couplers and that, to fabricate
the devices studied herein that meet the commercial specifications one could modify the gaps of the straight sections of the actual couplers to compensate for the
contributions of the bend regions. k and t were determined by calculating the
even and odd effective indices of the straight sections of the directional couplers
[96, 97, 107, 111, 129, 149, 470, 473] using MODE Solutions by Lumerical Solutions, Inc. The even and odd effective indices were then curve-fitted to third-order
polynomials in MATLAB R . Also, a third-order polynomial curve-fit was used for
the strip waveguide effective indices, which were calculated using MODE Solutions. Figure 2.1 shows the schematic of the Vernier filter.
In our simulations, the waveguide effective indices used are for the fundamental quasi-TE modes of the strip waveguides. If the polarization is changed, the
performance of the Vernier resonators will change. For quasi-TM polarization, the
mode is less confined within the waveguide core and, as a result, the effective index will be smaller as compared to the effective index for a quasi-TE mode [470].
Therefore, the resonance condition for a racetrack resonator will be polarization dependent. Since our Vernier filters consist of racetrack resonators, the wavelengths
at which the major and minor peaks and notches occur will be polarization dependent. With regards to the directional couplers, since quasi-TM modes are less
confined within the waveguide cores, the field coupling factors will be larger than
the field coupling factors for quasi-TE modes [474]. Since our Vernier filters include directional couplers, the spectra of our filters will be further affected by the
polarization dependence of the field coupling factors.
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Figure 2.1: Schematic of a Vernier filter consisting of four racetrack resonators (see Refs. 96, 126, 140–143, 149, 150 for results on similar
resonators). c SPIE, 2015, by permission [85].

2.2
3 We

Performance Optimization
set “gap 1” to be 150 nm (we have assumed that the minimum fabrication gap

distance is 150 nm) and then varied “gap 2” and “gap 3”. The spectral responses
shown in Figure 2.2 (where we inject light into the input port) in solid lines correspond to the device, D1, which has gap distances “gap 1”, “gap 2”, and “gap 3”
equal to 150 nm, 350 nm, and 390 nm, respectively. The spectral responses shown
in Figure 2.2 (where we inject light into the input port) in dashed lines correspond
to the device, D2, which has gap distances “gap 1”, “gap 2”, and “gap 3” equal to
150 nm, 360 nm, and 410 nm, respectively. These devices meet all of the 4-port
filter specifications listed in Table 1.2. The field coupling factors at 1550 nm (here,
to show the wavelength dependency of the field coupling factors we provide the
slopes, dk/dl , at l = 1550 nm) for gap distances of 150 nm, 350 nm, 360 nm, 390
nm, and 410 nm, are 0.44422 (dk/dl = 0.00158 nm-1 ), 0.07856 (dk/dl = 0.00047
nm-1 ), 0.07209 (dk/dl = 0.00044 nm-1 ), 0.05570 (dk/dl = 0.00036 nm-1 ), and
0.04692 (dk/dl = 0.00031 nm-1 ), respectively. Figure 2.2(a) shows that the FSR is
larger than the span of the C-band and that the IPS for each device is greater than
40 dB, which meets their performance specification. Figure 2.2(b) is a “zoom-in”
of the major resonant peaks that are located within the C-band. Figure 2.2(c) is a
zoom-in of the through port spectral responses to the left of the major notches. Fig3A

version of Chapter 2.2 has been published in [84, 85].
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ures 2.3(a) and 2.3(b) show the wavelength-dependent drop port dispersion within
the drop port passband region and the largest wavelength dependent through port
dispersion within one of the passbands, respectively, for D1 and D2. It is important
to note that the through port passbands have minor notches in their intensity spectra
[96, 112, 114, 126, 127, 138, 149, 150] and large dispersions within the wavelength
region where these minor notches are located [112, 138, 150, 231, 432]. These
minor notches are the result of coupling of ring resonators with different optical
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Figure 2.2: For light injected at the input port, (a) shows the theoretical
drop port and through port responses (solid lines correspond to D1 and
dashed lines correspond to D2) which show large IPSs and FSRs larger
than the span of the C-band, (b) shows flat drop port passbands and large
notches within the through port stopbands, and (c) shows minor notches
within the through port passbands. The two devices meet the 4-port filter specifications listed in Table 1.2. c SPIE, 2015, by permission [85].
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Figure 2.3: For light injected at the input port, (a) shows the drop port dispersions within the region of the passband, and (b) the largest through
port dispersions within one of through port passbands for devices D1
and D2. c SPIE, 2015, by permission [85].
For example, if we look at the device with gap distances “gap 1”, “gap 2”, and
“gap 3” that are 150 nm, 350 nm, and 390 nm, respectively, the modelling results
listed in Table 2.1 meet all of the 4-port filter specifications listed in Table 1.2. In
Table 2.1, there are two different FSR values listed. The reason we give two values
is that, provided that the group index of the waveguide forming a ring resonator
is constant, then the FSR is periodic in frequency but not in wavelength. When
measured against wavelength, the FSR depends on which resonant peaks are chosen for measuring it [107]. Here, we have chosen a resonant peak and give the
FSRs measured to both the adjacent shorter wavelength peak and to the adjacent
longer wavelength peak. It should be noted that, if we injected light into the add
port of our Vernier resonator, the spectrum measured at the through port due to this
light will be the same as if we injected light into the input port and measured the
spectrum at the drop port (see experimental results in Ref. 150). Therefore, the add
port to through port parameters are defined in a similar way as the input port to
drop port parameters (we will refer to both cases using the parameter symbols, Ai ,
nAi , IPS, ILdrop , Rdepth , and Ddrop ). However, if we injected light into the add port
of our Vernier resonator, the spectrum measured at the drop port due to this light
will not be the same as if we injected light into the input port and measured the
spectrum at the through port (see experimental results in Ref. 150). Thus, for light
injected at the add port, the parameters, ECd , ILd , ILd-m , Dd , and Dd-m are defined
in a similar way as ECi , ILthru , ILthru-m , Dthru , and Dthru-m are defined, respectively.
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Also, Minoli stated that the clear window is typically 25% of the channel spacing
[92]. However, in our modelling, the clear window (or channel wavelength range)
was chosen to be 10% of the channel spacing. The channel spacing was chosen
to be 0.8 nm, and hence, the clear window was chosen to be 0.08 nm (similar to
the numbers given in Ref. 475). Figures 2.4 and 2.5, respectively, show that the
spectral response and dispersion change depending on whether the light is injected
into the input port or injected into the add port. For light injected at the input port,
Dthru and Dthru-m are -150 ps/nm and -253 ps/nm, respectively. For light injected
at the add port, Dd and Dd-m are -247 ps/nm and +480 ps/nm, respectively. Ddrop
is ±26 ps/nm when light is injected into the input port as well as when light is
injected into the add port.

Table 2.1: One of our device’s modelled results as compared to the target
specifications. c SPIE, 2015, by permission [85].
Parameter

Modelling Result

FSR (nm)

36.85a /38.66b

35.89 [96]

Ai (dB)

54.0

25 [87, 102]

nAi (dB)

41.2

40 [87, 102]

IPS (dB)

41.2

40 [87, 102]

ILdrop (dB)

0.4

 1.2 [87, 102]

Rdepth (dB)

0.0

 0.3 [102]

ECi /ECd (dB)

28.0/29.1

ILthru /ILd (dB)

0.6/0.6

 1.0 [87, 102]

ILthru-m /ILd-m (dB)

0.6/0.8

 1.0 [87, 102]

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak
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Figure 2.4: (a) Spectral response at through port and drop port when light is
injected into the input port and the add port of the device, respectively.
(b) shows that the major notch within the stopband changes depending
on whether the light is injected into the input port or add port. (c) shows
that the passband spectrum changes depending on whether the light is
injected into the input port or add port. c SPIE, 2015, by permission
[85].
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Figure 2.5: Dispersion at the through port and the drop port when light is
injected into the input port and the add port of the device, respectively.
(b) A zoom-in of Figure 2.5(a) in the region of one of the passbands.
c SPIE, 2015, by permission [85].
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It is also important to understand that there are many unknown variables within
the fabrication process which make matching designed results to experimental results difficult. These unknowns include the heights and the widths of the waveguides [129] and optical proximity effects in the coupling regions causing the waveguide widths to change [476]. In the next section we will analyze the effects of
changing the waveguide widths and the corresponding gap distances for devices
D1 and D2. We will then analyze the effects of independently changing the waveguide height and the propagation loss for one of these quadruple Vernier racetrack
resonators.

2.3
4 The

Fabrication Sensitivity
sensitivity to fabrication errors is important in determining whether the ac-

tual device will, in fact, work as designed, given the inherent errors expected during
the fabrication process. There are numerous publications regarding the fabrication
sensitivities of silicon photonic devices [112, 472, 476–492]. Krishnamoorthy et
al. has stated that the inter-wafer silicon thickness variation on a SOI wafer can be
up to ±5 nm [481]. Recent advances in optical lithography have enabled improve-

ments in the waveguide width variations by using 193 nm immersion lithography
[488]. Selvaraja et al. [488] have demonstrated a “3s ” silicon waveguide width
variation of 7.95 nm. Hence, we have decided to vary the strip waveguide widths by
±10 nm to capture virtually all possible variations for devices D1 and D2. MODE

Solutions by Lumerical Solutions, Inc., was used to determine the effective index
for waveguide widths of 490 nm, 500 nm, and 510 nm with fixed heights of 220 nm
as well as the even and odd supermode effective indices of the straight portions of
the directional couplers. When calculating these supermode effective indices, we
allowed for the changes in gap distances resulting from the changes in the waveguide widths (we assume that the centre-to-centre distance between the waveguides
of the coupler regions remain constant). Tables 2.2 and 2.3 show the results for
waveguide widths of 490 nm, 500 nm, and 510 nm for devices D1 and D2, respectively, when the waveguide height is fixed at 220 nm and the propagation loss
is fixed at 2.4 dB/cm. The field coupling factors at 1550 nm (here, to show the
4A

version of Chapter 2.3 has been published in [84, 85].
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wavelength dependency of the field coupling factors we provide the slopes, dk/dl ,
at 1550 nm) for directional couplers with waveguide widths of 490 nm, heights of
220 nm, and nominal gap distances (gap distances prior to varying the waveguide
widths) of 150 nm, 350 nm, 360 nm, 390 nm, and 410 nm, are 0.43906 (dk/dl
= 0.00161 nm-1 ), 0.07939 (dk/dl = 0.00048 nm-1 ), 0.07290 (dk/dl = 0.00045
nm-1 ), 0.05648 (dk/dl = 0.00037 nm-1 ), and 0.04766 (dk/dl = 0.00032 nm-1 ), respectively. The field coupling factors at 1550 nm (as well as their slopes, dk/dl , at
1550 nm) for directional couplers with waveguide widths of 500 nm, heights of 220
nm, and nominal gap distances of 150 nm, 350 nm, 360 nm, 390 nm, and 410 nm,
are 0.44422 (dk/dl = 0.00158 nm-1 ), 0.07856 (dk/dl = 0.00047 nm-1 ), 0.07209
(dk/dl = 0.00044 nm-1 ), 0.05570 (dk/dl = 0.00036 nm-1 ), and 0.04692 (dk/dl =
0.00031 nm-1 ), respectively. The field coupling factors at 1550 nm (as well as their
slopes, dk/dl , at 1550 nm) for directional couplers with waveguide widths of 510
nm, heights of 220 nm, and nominal gap distances of 150 nm, 350 nm, 360 nm, 390
nm, and 410 nm, are 0.45162 (dk/dl = 0.00155 nm-1 ), 0.07813 (dk/dl = 0.00045
nm-1 ), 0.07163 (dk/dl = 0.00042 nm-1 ), 0.05521 (dk/dl = 0.00034 nm-1 ), and
0.04643 (dk/dl = 0.00030 nm-1 ), respectively. The ECi and ECd (indicated in the
tables with bold values) for all of the devices with widths of 490 nm do not meet
the commercial specification of 25 dB. However, all of the other commercial 4-port
filter specifications listed in Table 1.2 are still met. By inspection of Tables 2.2 and
2.3, we believe that Table 2.2 is the best choice since it shows the best combination
of ECi and ECd values for widths of 490 nm and 500 nm. Therefore, we believe
that the device from Table 2.2 is the best one. Having chosen this device, we then
looked to see what width variation it could tolerate. Table 2.4 shows the results for
this device when the waveguide widths are 494 nm, 502 nm, and 510 nm. The field
coupling factors at 1550 nm (as well as their slopes, dk/dl , at 1550 nm) for directional couplers with waveguide widths of 494 nm, heights of 220 nm, and nominal
gap distances of 150 nm, 350 nm, and 390 nm are 0.44081 (dk/dl = 0.00160
nm-1 ), 0.07900 (dk/dl = 0.00048 nm-1 ), and 0.05613 (dk/dl = 0.00036 nm-1 ),
respectively. The field coupling factors at 1550 nm (as well as their slopes, dk/dl ,
at 1550 nm) for directional couplers with waveguide widths of 502 nm, heights of
220 nm, and nominal gap distances of 150 nm, 350 nm, and 390 nm are 0.44546
(dk/dl = 0.00157 nm-1 ), 0.07844 (dk/dl = 0.00046 nm-1 ), and 0.05558 (dk/dl =
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0.00035 nm-1 ), respectively. We can clearly see that all commercial specifications
are met for this device with a width tolerance of ±8 nm when designed for widths
of 502 nm (i.e., this is approximately twice the 3s variation given above). Hence,

we chose waveguide widths of 502 nm for all subsequent modelling of this device.
Figure 2.6(a) shows the spectral results (where light was injected only into the input port), for the chosen device, for waveguide widths of 494 nm, 502 nm, and 510
nm. It can be clearly seen that a change in the waveguide width shifts the central
wavelength by a few nanometers due to the changes in the effective indices. Also,
it is interesting to note that the FSR increases when the waveguide width increases.
We now look at how the spectral characteristics are affected by changes in the
waveguide height. Table 2.5 shows the height variation analysis results for heights
of 210 nm, 220 nm, and 230 nm when the waveguide widths are 502 nm and the
propagation loss is 2.4 dB/cm. The field coupling factors at 1550 nm (as well as
their slopes, dk/dl , at 1550 nm) for directional couplers with waveguide widths
of 502 nm, heights of 210 nm, and nominal gap distances of 150 nm, 350 nm, and
390 nm are 0.47215 (dk/dl = 0.00166 nm-1 ), 0.08669 (dk/dl = 0.00052 nm-1 ),
and 0.06189 (dk/dl = 0.00040 nm-1 ), respectively. The field coupling factors at
1550 nm (as well as their slopes, dk/dl , at 1550 nm) for directional couplers with
waveguide widths of 502 nm, heights of 230 nm, and nominal gap distances of 150
nm, 350 nm, and 390 nm are 0.42229 (dk/dl = 0.00149 nm-1 ), 0.07160 (dk/dl
= 0.00042 nm-1 ), and 0.05038 (dk/dl = 0.00032 nm-1 ), respectively. The results
show that, even with a variance in height of ±10 nm, all of the commercial filter
specifications are still met (which is twice the ±5 nm variation given above). Close

inspection of Figures 2.6(a) and 2.6(b) shows that for the same change in height
or width, height changes cause greater shifts in the centre wavelength than width
changes. However, ECi is relatively insensitive to the chosen changes in height.
Upon analyzing the field coupling factor values presented in this chapter, the
field coupling factor is significantly more sensitive to a change in the waveguide
heights of the directional coupler as compared to changes in the waveguide widths
of the directional coupler. For example, if we change the waveguide widths from
490 nm to 510 nm for a directional coupler with a nominal gap distance of 150
nm, the field coupling factor would increase by 2.86% at a wavelength of 1550
nm. However, a change in the waveguide heights from 210 nm to 230 nm for a
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directional coupler with waveguide widths of 502 nm and a nominal gap distance
of 150 nm would result in the field coupling factor decreasing by 10.56% at a
wavelength of 1550 nm.
In the waveguide width and height analysis, we used a constant propagation
loss of 2.4 dB/cm. To account for variations in the propagation loss, Table 2.6
shows the propagation loss analysis results for losses of 1.4 dB/cm, 2.4 dB/cm,
and 3.4 dB/cm for waveguide widths and heights of 502 nm and 220 nm, respectively. The maximum propagation loss considered is 3.4 dB/cm, due to ILd being
equal to 1.0 dB (which is the maximum value for meeting its commercial specification). It should be noted, however, that ILd-m is 1.1 dB. If the spectrum were
to shift, it is possible that ILd might exceed the 1.0 dB specification as well were
the propagation loss to reach 3.4 dB/cm. Nevertheless, we note that reported loss
values for SOI channel waveguides are 2.4±0.3 dB/cm and 2.35±0.33 dB/cm in
Refs. 472 and 492, respectively, and that our calculations show that as long as the
propagation loss is less than or equal to 3.0 dB/cm, all the specifications will be
met. Figure 2.6(c) shows the sensitivity of ILthru-m to a change in propagation loss.
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Figure 2.6: For light injected at the input port, (a) shows the sensitivity of
the spectral response to changes in the waveguide width for a height of
220 nm and a loss of 2.4 dB/cm, (b) shows the sensitivity of the spectral
response to changes in the height for a width of 502 nm and a loss of 2.4
dB/cm, and (c) shows the sensitivity of the spectral response to changes
in loss for a width of 502 nm and a height of 220 nm. It should be noted
that some of these parameters were taken from Ref. 96 and Ref. 149.
c SPIE, 2015, by permission [85].
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Table 2.2: Width tolerance for (gap 1, gap 2, gap 3) = (150 nm, 350 nm, 390
nm). Bolded parameter values do not meet their commercial specifications. c SPIE, 2015, by permission [85].
Parameter

Width (nm) = 490

500

510

FSR (nm)

36.43a /38.20b

36.85a /38.66b

37.26a /39.11b

Ai (dB)

55.7

54.0

52.2

nAi (dB)

51.5

41.2

42.7

IPS (dB)

41.9

41.2

40.3

ILdrop (dB)

0.4

0.4

0.4

Rdepth (dB)

0.0

0.0

0.0

ECi /ECd (dB)

22.9/23.4

28.0/29.1

25.3/25.0

ILthru /ILd (dB)

0.2/0.8

0.6/0.6

0.4/0.7

ILthru-m /Ld-m (dB)

0.6/0.9

0.6/0.8

0.6/0.8

Ddrop (ps/nm)

±32

±26

-23

Dthru /Dd (ps/nm)

-119/+313

-150/-247

+177/-388

Dthru-m /Dd-m (ps/nm)

-297/+564

-253/+480

-215/+406

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak
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Table 2.3: Width tolerance for (gap 1, gap 2, gap 3) = (150 nm, 360 nm, 410
nm). Bolded parameter values do not meet their commercial specifications. c SPIE, 2015, by permission [85].
Parameter

Width (nm) = 490

500

510

FSR (nm)

36.43a /38.20b

36.85a /38.66b

37.26a /39.11b

Ai (dB)

58.7

57.0

55.3

nAi (dB)

54.6

42.7

44.2

IPS (dB)

43.4

42.7

41.8

ILdrop (dB)

0.4

0.4

0.4

Rdepth (dB)

0.0

0.0

0.0

ECi /ECd (dB)

22.4/23.4

25.3/25.7

25.9/25.0

ILthru /ILd (dB)

0.2/0.8

0.6/0.6

0.5/0.7

ILthru-m /ILd-m (dB)

0.7/0.9

0.6/0.8

0.6/0.8

Ddrop (ps/nm)

±48

±43

-41

Dthru /Dd (ps/nm)

-102/+255

-144/-261

+186/-409

Dthru-m /Dd-m (ps/nm)

-305/+578

-262/+496

-225/+425

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak
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Table 2.4: Width tolerance for (gap 1, gap 2, gap 3) = (150 nm, 350 nm, 390
nm). c SPIE, 2015, by permission [85].
Parameter

Width (nm) = 494

502

510

FSR (nm)

36.60a /38.38b

36.93a /38.75b

37.26a /39.11b

Ai (dB)

55.0

53.6

52.2

nAi (dB)

45.8

41.1

42.7

IPS (dB)

41.7

41.0

40.3

ILdrop (dB)

0.4

0.4

0.4

Rdepth (dB)

0.0

0.0

0.0

ECi /ECd (dB)

25.4/26.1

28.0/28.7

25.3/25.0

ILthru /ILd (dB)

0.4/0.8

0.5/0.7

0.4/0.7

ILthru-m /ILd-m (dB)

0.6/0.8

0.6/0.8

0.6/0.8

Ddrop (ps/nm)

-30

-26

-23

Dthru /Dd (ps/nm)

+216/-443

+146/+465

+177/-388

Dthru-m /Dd-m (ps/nm)

-279/+530

-245/+465

-215/+406

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak
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Table 2.5: Height tolerance for (gap 1, gap 2, gap 3) = (150 nm, 350 nm, 390
nm). c SPIE, 2015, by permission [85].
Parameter

Height (nm) = 210

220

230

FSR (nm)

36.36a /38.16b

36.93a /38.75b

37.49a /39.33b

Ai (dB)

53.6

53.6

53.6

nAi (dB)

50.8

41.1

43.7

IPS (dB)

40.7

41.0

41.3

ILdrop (dB)

0.4

0.4

0.4

Rdepth (dB)

0.0

0.0

0.0

ECi /ECd (dB)

27.9/28.4

28.0/28.7

28.1/28.9

ILthru /ILd (dB)

0.2/0.7

0.5/0.7

0.5/0.7

ILthru-m /ILd-m (dB)

0.6/0.8

0.6/0.8

0.6/0.8

Ddrop (ps/nm)

±25

-26

±26

Dthru /Dd (ps/nm)

-92/-219

+146/+465

+199/+280

Dthru-m /Dd-m (ps/nm)

-240/+456

-245/+465

-249/+472

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak

47

Table 2.6: Propagation loss tolerance for (gap 1, gap 2, gap 3) = (150 nm,
350 nm, 390 nm). Bolded parameter value does not meet its commercial
specification. c SPIE, 2015, by permission [85].
Parameter

Loss (dB/cm) = 1.4

2.4

3.4

FSR (nm)

36.93a /38.75b

36.93a /38.75b

36.93a /38.75b

Ai (dB)

53.8

53.6

53.5

nAi (dB)

41.1

41.1

41.0

IPS (dB)

41.1

41.0

41.0

ILdrop (dB)

0.2

0.4

0.5

Rdepth (dB)

0.0

0.0

0.0

ECi /ECd (dB)

28.0/ 28.4

28.0/28.7

28.0/29.0

ILthru /ILd (dB)

0.3/0.4

0.5/0.7

0.7/1.0

ILthru-m /ILd-m (dB)

0.3/0.5

0.6/0.8

0.8/1.1

Ddrop (ps/nm)

-26

-26

-26

Dthru /Dd (ps/nm)

+146/+464

+146/+465

+147/+466

Dthru-m /Dd-m (ps/nm)

-245/+464

-245/+465

-246/+466

a The

FSR to the left of the major peak

b The

FSR to the right of the major peak

We have presented silicon quadruple Vernier racetrack resonators designed to
meet typical 4-port filter commercial specifications. Also, we have shown that we
can design a device with a waveguide width of 502 nm and a height of 220 nm
that is tolerant to ±8 nm changes in the widths of the waveguides. This device
also has a Ddrop of -26 ps/nm and a Dd-m of +465 ps/nm. Then, one at a time, we

varied the waveguide height and propagation loss. The device was also tolerant
to a ±10 nm change in height as well as tolerant to changes in propagation loss.

Next, theoretical and experimental results on a silicon quadruple Vernier racetrack
resonator that meets numerous 3-port filter commercial specifications is presented.
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2.4
5A

Experimental Results

schematic of our quadruple series-coupled racetrack resonator exhibiting the

Vernier effect is shown in Figure 2.7 which is similar to that found in [126, 142,
143] (same arrangement of the resonators but different resonator lengths, field
transmission and coupling factors, and propagation loss). Here, L1 , L2 , L3 , and
L4 are the total lengths of racetrack resonators R1, R2, R3, and R4, respectively.
Lc is the length of the straight coupling regions, r is the radius of the racetrack
resonators, and L is the length of the straight sections (other than those in the coupling regions) for racetrack resonators R3 and R4. k1 , k2 , k3 , k4 , and k5 are the
symmetric (real) point field coupling factors. t1 , t2 , t3 , t4 , and t5 are the straight
through (real) point field transmission factors.
Through
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-jκ 4
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r
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r
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r
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Figure 2.7: Schematic of our quadruple series-coupled racetrack resonators
exhibiting the Vernier effect. c Optical Society of America, 2013, by
permission [96].
The following assumptions are made for the design: L1,2 = 2pr+2Lc and L3,4
= (4/3)L1,2 = 2pr+2L+2Lc , where r = 5 µm, Lc = 7 µm and L = 7.569 µm. k1 =
k5 , k2 = k4 , t1 = t5 , and t2 = t4 . The waveguides are SOI strip waveguides with a
top silicon dioxide cladding having widths and heights of 502 nm and 220 nm, respectively. The propagation loss for each ring was assumed to be 2.4 dB/cm [492].
The modelling and analysis of the quadruple Vernier racetrack resonator was done
using a mixture of numeric and analytic methods. Specifically, the effective index of the strip waveguides and the field coupling and transmission factors were
determined using MODE Solutions by Lumerical Solutions, Inc., and everything
else was done analytically. The gap distances are g1 = 125 nm, g2 = 350 nm, g3
5A

version of Chapter 2.4 has been published in [96].
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= 410 nm, g4 = 350 nm, and g5 = 125 nm, respectively. The value of their field
coupling and field transmission factors were determined by applying a third order
polynomial curve-fit to the wavelength dependent even and odd effective indices.
At 1550 nm, the field coupling factors are k1 = k5 = 0.5446, k2 = k4 = 0.0771, and
k3 = 0.0460 and their slopes are dk1 /dl = dk5 /dl = 1.72⇥10
dk4 /dl = 4.58⇥10

4

nm-1 , dk3 /dl = 3.03⇥10

fective index is 2.4464 and the slope is -1.12⇥10

4

3

nm-1 , dk2 /dl =

nm-1 . Also at 1550 nm, the ef-

3

nm-1 . The theoretical drop port

and through port responses are shown in Figures 2.8(a) and 2.8(b). The derivation
of the drop port and through port transfer functions can be found in Appendix A.
We choose a 0.8 nm channel spacing and a 0.048 nm clear window centred at a
desired wavelength. The spectral characteristics are determined within the clear
windows of the desired channel and the 44 clear windows to the left and right of
the desired channel. The FSR should be greater than or equal to 35.89 nm (the
span of the C-band, 1528.77 nm to 1563.86 nm [92], plus one adjacent channel).
The spectra (when light is only injected into the input port) shown in Figures 2.8(a)
and 2.8(b) meet the typical commercial values for the target 3-port filter specifications as shown in Table 2.7 (bolded values). It should be noted that there is some
variance in target values depending on the DWDM vendor. For example, [100]
specifies an ECi value of 12 dB whereas [99] specifies a value of 10 dB.
Table 2.7: Theoretical and target 3-port filter specifications [96].
Parameter

Theoretical

Target

FSR (nm)

36.93

35.89

Ai (dB)

52.7

25 [99, 100], 30 [101]

nAi (dB)

40.4

35 [101], 40 [99, 100]

IPS (dB)

38.5

35 [101], 40 [99, 100]

Rdepth (dB)

0.1

ECi (dB)

11.1

 0.5 [99]
10 [99], 12 [100]
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Figure 2.8: (a) Theoretical spectral response. (b) A “zoom-in” of the major
resonance. c Optical Society of America, 2013, by permission [96].
The device was fabricated at the University of Washington using electron beam
lithography, as described in [493]. Figures 2.9(a) and 2.9(b) show the experimental through port and drop port responses of one of our silicon quadruple Vernier
racetrack resonators. Figure 2.9(a) clearly shows significant IPS. The maximum
through port insertion loss [98] and the drop port insertion loss [92, 98, 494] have
not been included since we were unable to measure them accurately. The spectral characteristics meet numerous commercial 3-port filter specifications as shown
in Table 2.8 (bolded values). The ECi , Rdepth , nAi , and IPS are within 1.6 dB
of the theoretical results. The experimental Ai is 37.2 dB whereas the theoretical Ai is 52.7 dB, which is likely due to the experimental filter line shape being
asymmetric and to increased field coupling factors due to the bend regions of the
couplers. To be able to simultaneously drop and add signals using just one instance of the device shown in Figure 2.7, the target values shown in Table 1.2 for
4-port filters would be needed. Specifically, the ECi would need to be greater than
or equal to 25 dB [87, 102]. The much larger notches within the pass band of
the through port as compared to the theoretical results are possibly due to fabrication variations and coupling-induced frequency shifts (CIFSs) [124, 495], which
can be corrected by thermally tuning each racetrack resonator [124]. However,
the notches are not located within any of the adjacent or non-adjacent channels as
shown in Figures 2.9(c) and 2.9(d). The passband of the through port to the left of
the major peak shows that there are actually 4 notches (two small notches and two
large notches) as shown in Figure 5.7(c). However, our theoretical results showed
that there are only two small notches as shown in Figure 2.8(a). The likely rea51

sons for this difference between the theory and experimental results are fabrication
variations, in which the effective indices of the resonators are not all exactly the
same, and CIFS. For example, if the effective index of racetrack resonator R1 is
decreased by 0.003 [as shown in Figure 2.9(e)] each of the notches separates into
2 notches (one small and one large), where the larger notch is located to the right
of the smaller notch [as shown in Figure 2.9(f)], which is in agreement with the
experimental results. In addition to the device presented here, we fabricated 48
other devices in which the gap distances were varied. The device presented here
showed the best performance. However, future designs based on this device can be
made to be thermally tunable to compensate for fabrication variations and effects
such as CIFS.
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Figure 2.9: (a) Measured through port and drop port spectral response. (b)
zoom-in of the measured major resonance. (c) Zoom-in of the measured through port passband to the left of the major peak. (d) Zoom-in
of the measured through port passband to the right of the major peak.
(e) Zoom-in of the theoretical notch splitting when the effective index
of racetrack resonator R1 decreases and (f) zoom-out of Figure 2.9(e)
(showing the increase in notch depth as the effective index of racetrack
resonator R1 decreases). c Optical Society of America, 2013, by permission [96].
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Table 2.8: Experimental and target 3-port filter specifications [96].
Parameter

Experimental

Target

FSR (nm)

37.52

35.89

Ai (dB)

37.2

25 [99, 100], 30 [101]

nAi (dB)

39.7

35 [101], 40 [99, 100]

IPS (dB)

36.9

35 [101], 40 [99, 100]

Rdepth (dB)

0.2

ECi (dB)

10.2

 0.5 [99]
10 [99], 12 [100]

In summary, we have experimentally shown that it is possible to meet numerous 3-port DWDM filter commercial requirements using silicon quadruple seriescoupled racetrack resonators exhibiting the Vernier effect. We have demonstrated
a Vernier filter having a FSR greater than the span of the C-band (37.52 nm), a
ripple of 0.2 dB, an adjacent channel isolation of 37.2 dB, a non-adjacent channel
isolation of 39.7 dB, an interstitial peak suppression of 36.9 dB, and an express
channel isolation of 10.2 dB. Next, I will discuss our work on thermally tunable
silicon quadruple Vernier racetrack resonators.
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Chapter 3

Thermally Tunable
Silicon-On-Insulator Vernier
Racetrack Resonators
1

Thermal tuning of ring resonators is desirable since its effect on the effective

index is large [496] and there is no excess loss versus current [497]. Thermally
tunable identical series-coupled ring resonators have been fabricated [115, 124],
however, an increase in temperature tends to shift the resonant wavelength by approximately 0.07 nm/o C, therefore, to tune the resonant wavelength by the span of
the C-band (35.09 nm) would require a temperature change of several hundred degrees Celsius. Fortunately, the Vernier effect enables one to significantly enhance
the resonant wavelength tuning range as compared to the range capable when using
identical ring resonators [301]. Thermally tunable series [113, 212, 317] and cascaded [134, 301] coupled double ring resonator filters exhibiting the Vernier effect
have been achieved previously. However, these devices show unacceptable spectral characteristics for typical DWDM applications such as low IPS [113, 301, 317],
small extension of the FSR [212, 317], no extension of the FSR in the through port
[134, 301], and many do not use the SOI platform [134, 212].
In this chapter, I present our results on thermally tunable silicon quadruple
1A

version of this paragraph has been published in [149].
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Vernier racetrack resonators that exhibit an increased resonant wavelength tuning
range as compared to resonators that do not utilize the Vernier effect. We also show
that it is possible to transmit data through a silicon quadruple Vernier racetrack
resonator.

3.1
2

Thermally Tunable Silicon Quadruple Vernier
Racetrack Resonators

Here, we present theoretical and experimental results on a thermally tunable sil-

icon quadruple Vernier racetrack resonator. For the modelling and analysis of our
Vernier racetrack resonator, we have used SOI strip waveguides with heights of 220
nm and widths of 502 nm, as well as a top SiO2 cladding. The Si refractive index is
wavelength dependent and can be fitted to experimental data using a Lorentz model
[470]. Since the wavelength dependency of the refractive index of SiO2 is minimal, we have assumed a constant refractive index of 1.4435. Also, we have used
2.4 dB/cm propagation loss in our modelling. This is consistent with the value
of 2.35±0.33 dB/cm recently reported by [492], for SOI strip waveguides with
top SiO2 claddings. The schematic of the quadruple Vernier racetrack resonator
is shown in Figure 3.1(a), which has an asymmetric arrangement of resonators as
described in [96, 126, 142, 143]. The fabricated device is shown in Figure 3.1(b).
2A

version of Chapter 3.1 has been published in [149].
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Figure 3.1: (a) Shows the schematic of the quadruple Vernier racetrack resonator and (b) shows the fabricated device. c Optical Society of America, 2013, by permission [149].
L1,2,3,4 are the total lengths of the racetrack resonators, k1 and k5 are the symmetric (real) point field coupling factors to the bus waveguides, k2,3,4 are the interring symmetric (real) point field coupling factors, and t1,2,3,4,5 are the respective
(real) point field transmission factors. The derivations of the transfer functions can
be found in [96, 144] and Appendix A. The following simulations assume that L1
= L2 = 2pr+2Lc (where r = 5 µm and Lc = 7 µm), L3 = L4 = (4/3)L1 = 2pr+2Lc +2L
(where L = 7.569 µm), k1 = k5 , k2 = k4 , t1 = t5 , and t2 = t4 . The effective index
and field coupling and transmission factors are wavelength dependent and were determined using MODE Solutions software by Lumerical Solutions, Inc. The field
coupling and transmission factors were calculated by determining the even and odd
effective indices. At the major resonance wavelength (1545.96 nm), the effective
index for a single waveguide is 2.4509 and its slope is -0.0011 nm-1 . The gap
distances g1 , g2 , g3 , g4 , and g5 were chosen to be 148 nm, 348 nm, 388 nm, 348
nm, and 148 nm, respectively. At the major resonance wavelength, their respective
field coupling factors (and slopes) are 0.4392 (0.0016 nm-1 ), 0.0766 (0.0005 nm-1 ),
0.0542 (0.0003 nm-1 ), 0.0766 (0.0005 nm-1 ), and 0.4392 (0.0016 nm-1 ). We designed our device to have an ECi greater than or equal to 25 dB [87, 102] for a clear
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window of 0.1 nm at a centre wavelength of 1545.94 nm and a channel spacing of
0.8 nm, as shown in Figure 3.2(b), whereas our previous device had an ECi of 11.1
dB for a clear window of 0.048 nm [96]. Also, minimal notches within the passbands of the through port and a large IPS is required, as shown in Figure 3.2(a).
The 3-dB BW, IPS, FSR, and ECi are 0.34 nm, 41.0 dB, 36.93 nm, and 25.7 dB,
respectively, when light is only injected into the input port.
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Figure 3.2: (a) Shows the theoretical through port and drop port spectra and
(b) shows a major peak in the drop port response and a major notch
in the through port response. c Optical Society of America, 2013, by
permission [149].
The device fabricated consisted of multiple e-beam lithography [493] and Cl2
etch steps (to define the strip waveguides and shallow etch grating couplers), a 2
micron oxide deposition, followed by a 300 nm deposition of Al for the electrodes
and metal heaters (5 µm wide) above the waveguides. Figures 3.3(a) and 3.3(b)
show the experimental through port and drop port responses of the device when
no voltage is applied (light is only injected into the input port). The FSR (37.09
nm) is larger than the span of the C-band, the IPS is 24.5 dB for a clear window
of 0.1 nm centred at l = 1549.468 nm, and the 3-dB BW is 0.24 nm. It is also
clear that the through port response shows suppression of the resonances within
the passband. The minimum insertion loss (defined as the maximum transmission
at the through port) of the device is approximately 12 dB, which is mainly due to
the grating coupler loss (typically measured to be 10-12 dB), whereas other loss
mechanisms are minimal such as mode-mismatch loss at the interfaces between
straight sections and 90 degree bends of the racetrack resonators which, based on
our simulation results, is approximately 0.008 dB per interface. Also, one can
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clearly see that the major peak is much lower than the through port transmission
and the major notch shows worse performance as compared to the theory which are
likely due to fabrication variations and CIFSs which can be corrected for by finely
tuning each ring resonator [124]. However, here we have focussed on the discrete
wavelength tunability of our device (continuous tuning is possible as described in
[301]). We applied the same voltage to racetrack resonators R3 and R4 to enable
the Vernier effect switching mechanism. Figure 3.4(a) shows the theoretical results
when the temperature difference between resonators R3 and R4, as compared to
the temperature of resonators R1 and R2, is increased from 0 o C to 46 o C (dn/dT
= 1.86⇥10-4 o C-1 [431]). We can clearly see the discrete switching of the major
peak across a wavelength span of 12.70 nm, which corresponds to the FSR of
a single racetrack resonator with the dimensions of one of our small resonators
(i.e., resonator R1 or R2). If we changed the temperatures of all of the racetrack
resonators at the same time by 46 o C, the major peak would only shift by 3.17 nm.
Thus, we can see one of the benefits of using the Vernier effect to tune the resonant
wavelength. Figure 3.4(b) shows the experimental results in which we varied the
voltage applied to the heaters on top of both racetrack resonators R3 and R4 from 0
V to 10.5 V. The major peak shifts discretely by 15.54 nm. When 10.5 V is applied,
the major peak has an IPS of 32.7 dB for a clear window of 0.1 nm that is centred
at l = 1565.062 nm, a 3-dB BW of 0.45 nm, and an FSR of 37.66 nm. Except for
a 2.84 nm increase in the resonant shift, which is possibly due to thermal crosstalk
between the racetrack resonators [301] (resonators R1 and R2 are likely also being
heated), the experimental Vernier switching mechanism seen here is in agreement
with the theoretical results.
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Figure 3.3: (a) Shows the experimental through port and drop port spectra
and (b) shows a major peak of the drop port response and a major notch
of the through port response. c Optical Society of America, 2013, by
permission [149].
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Figure 3.4: (a) Shows the theoretical drop port spectral responses for various
temperature changes applied to racetrack resonators R3 and R4 and (b)
shows the experimental drop port spectral responses for various changes
in the voltage applied to the heaters on top of racetrack resonators R3
and R4. c Optical Society of America, 2013, by permission [149].
In summary, we have demonstrated a thermally tunable silicon quadruple Vernier
racetrack resonator. This device has an IPS of 32.7 dB, a 3-dB BW of 0.45 nm,
and an extended FSR of 37.66 nm when 10.5 V is applied to the heaters on top
of the two larger racetrack resonators. We were also able to shift the major peak
by 15.54 nm. Next, I discuss our experimental results that demonstrate that it is
possible to transmit data to the drop port of another one of our thermally tunable
silicon quadruple Vernier racetrack resonators as well as to the through port in the
location of one of the minor notches at a data rate of 12.5 Gbps.
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3.2
3 One

Silicon-On-Insulator Quadruple Vernier Racetrack
Resonators: Experimental Signal Quality
of the issues with using series-coupled Vernier ring resonators is that large

dispersion can occur in the region of the suppressed notches of the through port
[112, 231, 432]. Here, we experimentally demonstrate a thermally tunable silicon
quadruple series-coupled Vernier racetrack resonator filter (similar to [149]) and
show data transmission at 12.5 Gbps through the filter. Our results show that there
is degradation of the signal quality through our filter in the region of a suppressed
notch, however, the eye remained open.
A thermally tunable silicon quadruple series-coupled Vernier racetrack resonator filter was fabricated using optical lithography at the Institute of Microelectronics (IME) in Singapore. The filter had an oxide cladding and 3 µm wide TiN
heaters were fabricated on top of the racetracks for the purpose of thermal tuning.
The strip waveguides had widths of 500 nm and heights of 220 nm and the rest of
the parameters can be seen in Figure 3.5(a) (some of these parameters can also be
found in [84, 96, 149]). Figure 3.5(b) is an image of the fabricated filter. Fibre
grating couplers were used for coupling light in/out of the device [498].
3A

version of Chapter 3.2 has been published in [150].
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Figure 3.5: (a) Schematic diagram of the Vernier filter (see [84, 96, 127, 140–
142, 149]) and (b) a microscope image of the fabricated filter showing
the integrated heaters. c Optical Society of America, 2015, by permission [150].
Figure 3.6(a) shows the in-port-to-through-port and in-port-to-drop-port spectral responses before and after thermal tuning. For thermal tuning, we applied
voltages of V1 = 0.631 V, V2 = 0.795 V, V3 = 0.37 V, and V4 = 1.07 V [see Figure 3.5(b)]. The 3-dB BW after thermal tuning is 0.35 nm. Figure 3.6(b) shows a
zoom-out of the spectra after thermal tuning which exhibits a large FSR of 37.87
nm and significant IPS. Figure 3.6(c) shows that the in-port-to-drop-port spectral
response and the add-port-to-through-port spectral response are similar. In Figure 3.6(d) we can see that there are two relatively suppressed notches (the other
three notches are more suppressed and are not visible) within the passband of the
through port (in-port-to-through-port) and three relatively suppressed notches (the
other two notches are more suppressed and are not visible) within the passband of
the drop port (add-port-to-drop-port) which is consistent with the theoretical results in [84]. Figures 3.6(e) and 3.6(f) show the group delay and dispersion (see
[112, 114, 140, 144]), respectively, from the in port to the drop port and from the
add port to the through port. The group delay and dispersion were determined
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using the Hilbert transform method [112, 499] (we used the MATLAB R Hilbert
transform function [500]) and averaging was used to smooth the results.
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Figure 3.6: (a) Measured spectra from the in port to the drop port as well
as the in port to the through port of our filter in the region of the major peak/notch before and after thermal tuning and (b) spectra of the
filter after thermal tuning. (c) Shows the measured in-port-to-drop-port
spectrum as well as the measured add-port-to-through-port spectrum after tuning. (d) Shows the measured in-port-to-through-port spectrum as
well as the measured add-port-to-drop-port spectrum after tuning. (e)
and (f) show the group delay (zero set arbitrarily) and the dispersion,
respectively, from the in port to the drop port as well as from the add
port to the through port after tuning. c Optical Society of America,
2015, by permission [150].
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To determine if data can pass through our filter without significant distortion,
we performed eye diagram measurements (see [501]). Electrical data was generated using a bit pattern generator (data rate = 12.5 Gbps NRZ, PRBS 231 -1, mark
ratio = 1/4) which was then sent to a 10 GHz lithium niobate Mach-Zhender interferometer modulator and a polarization controller to modulate the light coming
from the laser and to control the polarization, respectively. After the data was
passed through the quadruple Vernier racetrack resonator, an optical amplifier was
used to amplify the signal and a tunable grating filter was used to minimize the
noise. After the data was sent through a photodetector, a digital communication
analyzer was used to measure the eye diagrams. The set-up is similar to the one
shown in [501]. Figure 3.7(a) shows an open eye diagram when data is passed from
the in port to the drop port of our device at a wavelength of 1532.636 nm. For the
through port spectral response, the most important wavelength regions of interest
are at the suppressed notches within the through port passband [see Figure 3.6(b)]
since large dispersion occurs here [112, 231, 432]. Figures 3.7(b)-3.7(d) show eye
diagrams when data is passed from the in port to the through port at different wavelengths within the through port passband. Figure 3.7(b) shows an open eye at a
wavelength of 1543.018 nm, which is to the left of one of the relatively suppressed
notches. Next we measured the eye at two different wavelengths, 1545.153 nm and
1545.247 nm, in the region of a relatively suppressed notch (i.e., near 1545.074
nm which is in the middle of one of the notches). Both Figures 3.7(c) and 3.7(d)
show signal degradation, as compared to Figure 3.7(b), however, both eyes are still
open. Also, we can see that by changing the laser wavelength within the region
of the suppressed notch we are able to obtain a more open eye at 1545.153 nm as
compared to 1545.247 nm, which demonstrates that the signal quality can be tuned
within the suppressed notch.
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Figure 3.7: (a) Eye diagram measured for data passing from the in port to
the drop port at a wavelength of 1532.636 nm. Eye diagrams for data
passing from the in port to the through port at (b) 1543.018 nm, (c)
1545.153 nm, and (d) 1545.247 nm. c Optical Society of America,
2015, by permission [150].
We have presented experimental results on a thermally tunable silicon quadruple series-coupled Vernier racetrack resonator filter. We have determined the group
delay and dispersion of our filter and have shown successful data transmission at
12.5 Gbps, with open eyes, at a through port suppressed notch. Also, we have
shown that the signal quality depends on where within the suppressed notch the
data is transmitted.
In the next chapter, another method to extend the FSR using two identical
series-coupled silicon microring resonators (MRRs) with MZI-BC will be presented, including improved resonant suppression exhibited by our fabricated device as compared to the suppression seen in [432]. The benefit of this approach to
extending the FSR is that very low dispersion within the through port passbands
can be achieved [432].
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Chapter 4

High Performance
Silicon-On-Insulator Double
Microring Filter Using
MZI-Based Coupling
1 One

component of interest in optical interconnects is the optical add-drop filter

for multiplexing and demultiplexing signals, which can be created using ring resonators [127]. Ring resonator-based filters have been shown to meet numerous
commercial specifications. For example, Popović et al. showed that telecom specifications can be met using four series-coupled silicon MRRs [115] and Boeck
et al. have shown that many key commercial specifications, for adding or dropping
signals, can be met using silicon quadruple series-coupled Vernier racetrack resonators [96]. However, the challenge encountered when using ring resonators is
that they have FSRs which limit the number of channels that can be used, thus, it
is desirable to have a large FSR in order to have a large number of usable channels [127]. One method to increase the FSR is to use double MRRs with MZI-BC
[432, 433] (see Figure 4.1).
Various configurations of series-coupled ring resonators that use MZI-BC have
1A

version of Chapter 4 has been published in [105].
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been studied [112, 141, 175, 432, 433]. Here, we are going to focus on double
MRRs with MZI-BC. Watts et al. demonstrated such a device using silicon nitride [432]. Their device had an FSR and resonant suppression of 40.8 nm and
19.5 dB, respectively [432]. Lira et al. experimentally demonstrated a thermally
tunable SOI double MRR with MZI-BC which had an FSR of 19.2 nm and a
resonant suppression of about 16 dB [433]. However, the suppressions demonstrated by [432] and [433] do not meet typical commercial specifications (e.g.,
35 dB [101]). While the Vernier effect can also be used to increase the FSR
[84, 96, 97, 107, 112, 127, 128, 141], a double MRR with MZI-BC also increases
the FSR while providing low through port dispersion near the suppressed through
port notch [432]. Here we experimentally demonstrate a double MRR with MZIBC for adding or dropping signals (i.e., a 3-port device) on SOI, which is a CMOS
compatible technology that is of considerable commercial interest, while giving
a similar FSR and an improved resonant suppression as compared to the silicon
nitride based device presented in [432]. Also, we show that our device meets
many 3-port filter commercial specifications. We also present theoretical results
on the maximum drop port dispersion, maximum drop port insertion loss, maximum through port dispersion, and maximum through port insertion loss. Also,
experimental drop port and through port dispersions are presented. While we focus on 3-port filters, we can create a 4-port optical add-drop multiplexer (OADM)
capable of simultaneously adding and dropping signals by cascading two 3-port filters together [108]. Therefore, one should be able to cascade two double MRR with
MZI-BC filters at the through port (see [109]) to meet commercial specifications
for adding and dropping signals.

4.1

Theory and Design

Our SOI device consists of two series-coupled MRRs and two sets of MZI couplers, as shown in Figure 4.1. The field coupling factor versus wavelength of a
co-directional coupler (such as the coupling between the two MRRs, kr , or the
coupling regions of the MZIs, kmzi ) is relatively broadband. However, the MZI
coupler enables the overall coupling to the ring to be periodic due to the length difference between the two MZI branches. It is possible to get resonant suppression
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when the nulls and the peaks of the MZI are aligned, alternately, with the resonances of the rings, provided that the FSRs of the MZIs are twice that of the ring
resonators’ (see [112, 432, 433]).
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mzi

Lmzi-2

Lmzi-1

r
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r

mzi

r
Input

Add

Figure 4.1: Schematic of the device (either the add port or the drop port
is used and the other is terminated when used as a 3-port device).
c Optical Society of America, 2015, by permission [105].
Using an initial design, we placed 17 devices on our mask in which the gap distances were varied. In this initial design, the MZI-ring gap distances were chosen
to be 150 nm and the gap distance between the rings was chosen to be 290 nm. We
have chosen a device that gave good experimental results, then, for the purpose of
comparing the measurement and design, we put the as-designed gap distances for
the measured device into our model. In the modelling, we used the following: the
SOI strip waveguide widths and heights are 500 nm and 220 nm, respectively, and
there is a silicon dioxide top cladding; the radius, r, to the centre of the waveguide
of each MRR is 4.9 µm; the MZI-ring gap distance is 130 nm and the gap distance
between the rings is 290 nm; the MZI-bus waveguide branch, Lmzi 1 , has a length
of 26.2037 µm and the MZI-ring branch, Lmzi

2

has a length of 10.8099 µm (these

lengths were chosen such that their difference is equal to half the circumference of
the MRR [112, 432, 433]); and the propagation loss is assumed to be 2.4 dB/cm
[84, 96]. Since the radius of each of the microring resonators is 4.9 µm, their FSRs
are larger than half the width of the C-band. Since every alternate peak/notch is
suppressed by the use of MZI-BC, the resulting spectra have FSRs greater than the
span of the C-band. The power coupling and transmission factors were determined
using 3-D FDTD and the effective indices were determined using a 2-D eigenmode
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solver, both by Lumerical Solutions, Inc. The angles f and q for the MZI branches,
which allow the device’s required gap distances, radii of the microring resonators,
and lengths of the MZI branches to be achieved, were determined using Eqs. 1 - 3
from [432] and are 18.2004 and 26.7996 , respectively.
The specifications of interest for the drop port response are ILdrop , Rdepth , Ai ,
nAi , IPS, and Ddrop . The specifications of interest for the through port response are
ECi , ILthru , ILthru-m , and Dthru . Also, our filter needs to have an FSR greater than
or equal to the width of the C-band plus one adjacent channel, i.e., 36.72 nm (see
[92, 110]). Some of the specifications that need to be met for adding or dropping
signals, for a 200 GHz channel spacing, are listed in Table 4.1. The bolded values
are the ones that the experimental results meet. The target specification for Ddrop is
-30 ps/nm  Ddrop  +30 ps/nm, which is based on the example parameter value

for a re-configurable OADM given in [104]. We have assumed that Dthru needs to
meet a target specification of -15 ps/nm  Dthru  +15 ps/nm, which is half of the
target specification for Ddrop , since our device is for adding or dropping signals.

Here, we chose a clear window of 8 GHz, based on our experimental results, and
we looked at the relevant channels when determining the nAi and ILthru in the
measured wavelength range (1520 nm to 1580 nm).
Table 4.1: Target specifications for 200 GHz optical filters [105].
Parameter

Target value

FSR (nm)

36.72

Ai (dB)

25 [502, 503], 30 [101]

nAi (dB)

35 [101], 40 [502, 503]

IPS (dB)

35 [101], 40 [502, 503]
 0.5 [502]

Rdepth (dB)

10 [502], 12 [503]

ECi (dB)

4.2

Theoretical Results

The simulated through port and drop port spectra were determined using transfer functions that were derived using Mason’s rule [128, 504] (see Appendix B).
Figure 4.2(a) shows the theoretical spectra of the drop port and through port and
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Figure 4.2(b) shows a zoom-in of the response in the location of the desired channel. We have increased the effective indices by a constant value of 0.01787, as
compared to the effective indices obtained using the 2-D eigenmode solver assuming 25 C, to align the theoretical drop port peak to that of the experimental drop
port peak (at 1529.551 nm). Table 4.2 shows that, as modelled, this device meets
at least one of the specifications for each parameter listed in Table 4.1. Also, this
device has a theoretical 3-dB BW of 0.30 nm. The 3-dB BW is dependent on the
the choice of the gap distances, the propagation losses, and the optical path lengths
of each of the microring resonators [107], as well as the overall coupling due to the
MZIs [433]. Figures 4.3(a) and 4.3(b) show the theoretical drop port dispersion
within the clear window of the desired channel and the largest through port dispersion located in the region of the suppressed notch near 1547.85 nm, respectively.
Ddrop is -21 ps/nm, which meets its target specification of -30 ps/nm  Ddrop  +30
ps/nm [104]. Dthru is ±0 ps/nm which meets its target specification of -15 ps/nm 
Dthru  +15 ps/nm (although there is no channel clear window in the region where

the through port notch is suppressed [see Figure 4.3(b)], the maximum and minimum dispersion is ±15 ps/nm). Our results are consistent with the statement in
[432] that low through port dispersion near the suppressed notch can be achieved
using this type of device. Also, the modelled value for ILdrop is 1.0 dB, ILthru is 0.0
dB, and ILthru-m is 0.0 dB which meets typical commercial specification of  1.2
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Figure 4.2: (a) Theoretical drop port and through port response and (b) zoomin of Figure 4.2(a). c Optical Society of America, 2015, by permission
[105].
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Table 4.2: Theoretical filter results [105].
Parameter

Modelling result

FSR (nm)

37.10

Ai (dB)

39.0

nAi (dB)

38.3

IPS (dB)

58.5

Rdepth (dB)

0.0

ECi (dB)

28.7

a)

b)
20

Dispersion (ps/nm)

Dispersion (ps/nm)

clear window
10
0
10
20

20
10
0
10
20
1547.7

1529.52 1529.54 1529.56 1529.58
Wavelength (nm)

1547.8
1547.9
Wavelength (nm)

1548

Figure 4.3: Dispersion of (a) the drop port within the passband region and (b)
the region near the suppressed through port notch. c Optical Society of
America, 2015, by permission.

4.3 Experimental Results
17 devices were fabricated using e-beam lithography (see [493] for fabrication process) with the gap distances being varied. Figures 4.4(a) and 4.4(b) show the experimental drop port and through port responses for a good device. The FSR is 37.23
nm due to the doubling of the FSR achieved by the MZIs which suppress intermediate peaks and the 3-dB BW is 0.29 nm. Also, our device has an Ai , a nAi and
an IPS of at least 41.0 dB, 38.6 dB, and 37.5 dB, respectively, since we are unable
to distinguish the filter shape within the noise floor. The clear window is 8 GHz
and the channel spacing is 200 GHz. The clear window is centred at 1529.490 nm.
The location and the width of the clear window were chosen to ensure that Rdepth
 0.5 dB [502] and ECi

10 dB [502]. The splitting of the major notch seen in
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Figure 4.4(b) is likely due to variations in the coupling factors and variations in
the resonant wavelength of each of the microring resonators. Since we are using
grating couplers to couple light into and out of our device [505], the shape of the
grating coupler response affects the measured filter spectrum. Therefore, some of
the parameter values can be difficult to determine accurately. In particular ILdrop ,
ILthru , and ILthru-m are three such parameters and are not included in our experimental results for this reason. The maximum and minimum total device insertion
loss measured at the through port, which includes two fibre grating couplers and
routing waveguides, within the clear windows of the adjacent and non-adjacent
channels are 27.9 dB and 22.8 dB, respectively. The maximum total device insertion loss measured at the drop port within the clear window of the desired channel
is 27.9 dB. We measured our device within the wavelength range 1520 nm to 1580
nm, therefore, we looked at the 5 non-adjacent clear windows to the left of the
major peak and the 21 non-adjacent clear windows to the right of the major peak
when measuring the nAi . Next, we measured the drop port dispersion (average of
200 measurements) within the region of the major peak as well as the through port
dispersion (average of 200 measurements) within the wavelength span corresponding to the through port passband to the right of the major notch as shown in Figures 4.5(a) and 4.5(b), respectively. An Optical Vector AnalyzerTM STe by Luna
Innovations, Inc., was used to measure the dispersion. The experimental through
port passband dispersion is minimal which is in agreement with the statements
made in [432] that low through port dispersion is possible using double MRR with
MZI-BC.
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Figure 4.4: (a) Experimental drop port and through port response and (b)
zoom-in of Figure 4.4(a). c Optical Society of America, 2015, by permission [105].
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Figure 4.5: (a) Experimental drop port dispersion (vertical dashed lines indicate width of clear window) and (b) experimental through port dispersion within the through port passband.
Table 4.3: Experimental filter results [105].
Parameter

Experimental result

FSR (nm)

37.23

Ai (dB)

41.0

nAi (dB)

38.6

IPS (dB)

37.5

Rdepth (dB)

0.5

ECi (dB)

10.0
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As compared to [432] and [433], the IPS of our device meets its typical commercial specification. Also, our device’s FSR, 37.23 nm, is comparable to the FSR
in [432], 40.8 nm, both larger than the C-band, and our device’s FSR is nearly
double the FSR of [433]. We have provided the theoretical and experimental dispersion of our device which [432] and [433] do not provide. Our device is more
compact (i.e., smaller radii) as compared to the devices in [432] and [433], and
our device is fabricated in 220 nm SOI, whereas the device in [432] is fabricated
in silicon nitride. Although we have not included heaters on top of our device, as
was done in [433], we varied the temperature of the entire chip that contained our
device and determined that the spectral response shifts by 0.069 nm/ C.
In conclusion, we have experimentally demonstrated a high performance silicon double MRR with MZI-BC that meets many key 3-port filter commercial specifications for a 200 GHz channel spacing and a clear window of 8 GHz, which will
be useful in DWDM and sensor applications. Even though the FSR can be extended
using MZI-BC, an FSR still exists. In the next chapter, I will discuss a method to
increase the IPS of cascaded Vernier ring resonators as well as eliminate the FSR
by the use of contra-DCs instead of co-directional couplers (i.e., couplers without
gratings).
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Chapter 5

FSR-Eliminated
Silicon-On-Insulator Vernier
Racetrack Resonators Using
Grating-Assisted Couplers
1 Cascaded

racetrack resonators exhibiting the Vernier effect have numerous ben-

efits compared to single racetrack resonators, including an extended FSR in the
drop port [134, 137, 216, 287, 301, 343, 415]. However, the through port spectral
response does not have an increased FSR [343, 415], which can be problematic for
certain DWDM applications. Fortunately, series-coupled racetrack resonators can
exhibit the Vernier effect in both the drop port and the through port [96, 317, 415].
Numerous papers have presented theoretical [126–128, 142–144] results as well as
experimental [96, 111, 129, 137, 157, 167, 190, 212, 290, 317] results for seriescoupled Vernier resonators consisting of two [111, 127–129, 137, 142, 143, 157,
167, 212, 290, 317], three [126–128, 143, 190], and four [96, 126, 142–144] rings.
Also, combinations of cascaded and series-coupled Vernier ring resonators have
been theoretically analyzed [114]. Recently, Yan et al. [331] presented a novel
configuration of microring resonators exhibiting the Vernier effect in which one
1A

version of Chapter 5 has been published in [97]. c 2013 IEEE, by permission.
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ring resonator is directly coupled to four smaller ring resonators. Also, Vernier ring
resonators have been used to create sensors [131, 286, 288, 416] and tunable lasers
[203, 260]. Due to fabrication variations, the performance of the ring resonators
may be significantly degraded. Thermal tuning of each individual ring resonator is
needed to correct for the fabrication variations. A benefit of the cascaded configuration of ring resonators, as compared to the series-coupled configuration, is that
the thermal cross-talk between resonators is reduced due to the increased distance
between the rings [301]. Recently, Shi et al. [439] designed and fabricated a new
single silicon racetrack resonator with contra-DCs within the coupling regions to
suppress all but a single resonance in the drop port and the through port, which
is due to the small bandwidth of the coupler. The suppression of minor peaks is
greater than 8 dB [439]. Orlandi et al. [437] presented experimental results on
a silicon racetrack resonator with gratings within the coupling regions but their
device showed minimal suppression of peaks in the drop port. Also, Orlandi et
al. [437] discussed and presented theoretical results on a modified version of their
grating coupled racetrack resonator in which the input coupler has gratings but the
output coupler does not. In this chapter, we demonstrate both theoretically and experimentally contra-directional grating-coupled cascaded racetrack resonators exhibiting the Vernier effect. The theoretical results show the elimination of the FSR
(in both the drop port and the through port) as well as the improvement in the IPS
at the drop port and the improvement in the through port insertion loss, ILthru , as
compared to the case in which no gratings were used. Our fabricated device shows
an improvement in the suppression of minor peaks in the drop port as compared to
the suppression shown by [439] and [437]. Our experimental results show an IPS
of 24.3 dB and the elimination of the FSR in the drop port and through port.

5.1

Theory

We have decided to use SOI strip waveguides with a top oxide cladding for the
FSR-eliminated grating-coupled cascaded Vernier racetrack resonator, since previous experimental results by Shi et al. [439] have shown promising results for
individual grating-coupled racetrack resonators. The waveguide heights are 220
nm and the bus waveguide widths, wb , and the racetrack resonator widths, wr , are
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450 nm and 550 nm, respectively. For the coupling regions that have co-directional
coupling (no gratings), wb and wr are 550 nm and the gap distance is 280 nm. The
gratings within the coupling regions are formed by corrugating the sidewalls as
shown in Figure 5.1(a). The corrugation depths, cb and cr , for waveguides with
widths of wb and wr , are defined as the extensions into the waveguides by cb /2
and cr /2 and into the gap by cb /2 and cr /2. The number of grating periods, P, is
110 and the perturbation period, L, is 311 nm, such that the drop port peak wavelength, lD , is very close to the resonance wavelength, lr , which corresponds to
the major peak within the drop port spectrum of the cascaded Vernier racetrack
resonator. The contra-DC was designed so that the value of the contra-directional
power coupling factor, |kc |2 , and the contra-directional power transmission factor,

|tc |2 , would be very close to the value of the co-directional power coupling factor,
|k|2 , and power transmission factor, |t|2 , at lD when the losses in the couplers are

taken into account. In order to suppress Bragg reflections back to the input port,
an anti-reflection grating structure has been used, where additional gratings are
formed on the external side-walls of the coupler [436] as shown in Figure 5.1(a).
These external grating are out of phase with respective to the gratings inside the
coupler region, which can significantly suppress back reflections through destructive interference [436].
The schematic of the grating-coupled cascaded Vernier racetrack resonator is
shown in Figure 5.1(b), where “a” is the first racetrack, “b” is the second (larger)
racetrack, and “tr” is the tapered routing section between the resonators, Za,b,tr (l ) =
exp( jba,b,tr (l )La,b,tr

aa,b,tr La,b,tr ), ba,b,tr (l ) = 2pne f f

a,b,tr (l )/l , ne f f a,b,tr (l )

is the appropriate waveguide effective index, La and Lb are the total lengths of the
racetrack resonators neglecting the lengths of the straight coupling regions, and aa
[m-1 ] and ab [m-1 ] are the total field loss coefficients. Ltr and atr are the length
and field loss coefficient of the tapered routing section between the two racetrack
resonators. k1 (l ) and k3 (l ) are the symmetric complex field contra-directional
coupling factors of the grating couplers of racetrack resonators “a” and “b”. t1 (l )
and t3 (l ) are the straight-through racetrack waveguide complex field transmission
factors of the grating couplers of racetrack resonators “a” and “b”. t1 (l ) is the
straight-through bus waveguide complex field transmission factor of the grating
coupler of racetrack resonator “a”. The propagation constant in the expression for
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t1 (l ) is different from that in the expression for t1 (l ) since the bus waveguide and
racetrack resonator widths are different. k2 (l ) and k4 (l ) are the symmetric complex field co-directional coupling factors of the waveguides. t2 (l ) and t4 (l ) are
the straight-through complex field transmission factors of the waveguides.
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Figure 5.1: (a) Schematic of a section of the contra-DC and (b) schematic
of the grating-coupled cascaded Vernier racetrack resonator. c 2013
IEEE, by permission [97].
The drop port and through port intensity responses of the grating-coupled cascaded Vernier racetrack resonator can be determined by multiplying Eq. 5.1 and
Eq. 5.2 by their respective complex conjugates,
T FDrop (l ) =

k1 (l )k2 (l )Za (l )1/2
k3 (l )k4 (l )Zb (l )1/2
⇥ Ztr (l ) ⇥
,
1 t1 (l )t2 (l )Za (l )
1 t3 (l )t4 (l )Zb (l )
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(5.1)

T FT hrough (l ) =

k1 (l )2t2 (l )Za (l ) + t1 (l )(1 t1 (l )t2 (l )Za (l ))
1 t1 (l )t2 (l )Za (l )

(5.2)

where,
k1 (l ) = k3 (l ) = kc (l ),
t1 (l ) = t3 (l ) = tc (l )e
t1 (l ) = tc (l )e

(5.3)
jba,b (l )Lc aa,b Lc

jba (l )Lc aa Lc

✓

,

◆

,

pLc
j sin
e jba,b (l )Lc aa,b Lc ,
2Lp (l )
✓
◆
pLc
t2 (l ) = t4 (l ) = cos
e jba,b (l )Lc aa,b Lc .
2Lp (l )

k2 (l ) = k4 (l ) =

(5.4)
(5.5)
(5.6)
(5.7)

The following design was chosen for all simulations: La = 2pr (total length of
the racetrack resonator not including the straight sections of the directional couplers), where r = 4.65 µm, and Lc = L⇥P where L and P are 311 nm and 110,
respectively, Lb = 2pr+2L, where L = 16.27 µm, ba and bb are for waveguide
widths of 550 nm, ba is for a waveguide width of 450 nm, and Lp (l ) is the crossover length. It should be noted that the ratio of the total length of resonator “b”
to the total length of resonator “a” was chosen to be 4/3. Also, we assume that
the propagation constants for the two racetrack resonators are identical (i.e., the
effective index is the same for all regions of each racetrack). The propagation loss
seen from the input port to the through port, aa [m-1 ], is 7.4 dB/cm [506], since
the waveguide width is 450 nm. Also, the propagation loss for each ring is assumed to be 2 dB/cm, since their waveguide widths are 550 nm. We assume the
optical attenuation due to the routing section between the two racetrack resonators
is minimal and therefore the routing section is not included in our calculations.
Finally, it is assumed that, since the waveguides within the coupling regions with
gratings have different propagation constants, the co-directional coupling is minimal and is neglected in the model. In other words, only contra-directional coupling
is considered within the regions with gratings.
To determine the complex field contra-directional coupling factors and the
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straight-through complex field transmission factors of the gratings, the modelling
method presented by Shi et al. was used [439, 461]. Here, we have chosen the
coupling coefficient to be 12551 m-1 so that the contra-directional power coupling
and power transmission factors are close to the values of the co-directional power
coupling and power transmission factors at lD , as shown in Figure 5.2. To determine the symmetric complex field co-directional coupling and transmission factors, Lp (l ) was determined using a numerical mode solver. The effective indices of
the co-directional couplers and the waveguides were calculated at 11 wavelengths
between 1500 nm and 1600 nm and curve-fitted to third-order polynomials from
which all effective indices were obtained. Figures 5.2(a) and 5.2(b) show the wavelength dependent contra-directional and co-directional power coupling factors and
the straight-through power transmission factors for the coupler with and without
gratings.
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Figure 5.2: (a) |k|2 versus wavelength for the contra-directional (blue-solid)
and co-directional (black-dash) couplers. (b) |t|2 versus wavelength for
the contra-directional (red-solid) and co-directional (black-dash) couplers. c 2013 IEEE, by permission [97].
Figure 5.3(a) shows the drop port responses for two independent single contradirectional grating-coupled racetrack resonators with lengths La (green-solid) and
Lb (red-dash). The limited suppression of the peaks to the left and to the right of
the major peaks for the single racetrack resonators are due to the bandwidth of the
contra-DCs. Figure 5.3(b) shows the drop port responses for the cascaded configuration of these two racetrack resonators with (blue-solid) and without (black-dash)
gratings. In the case where there are no gratings, we change the structure shown
in Figure 5.1(b) such that the input port and the through port are exchanged with
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each other as well as the drop port being placed at the spare output port. We
can clearly see that the grating-coupled cascaded Vernier racetrack resonator spectrum shows increased suppression of all minor peaks as compared to the spectra
of the other three devices. However, we also need to compare the response of the
grating-coupled cascaded Vernier racetrack resonator to that of a grating-coupled
cascaded identical racetrack resonator with lengths La as well as Lb . Figure 5.3(c)
shows the drop port responses for grating-coupled cascaded Vernier (blue-solid)
racetrack resonators as well as the response for identical (orange-dash) racetrack
resonators with lengths La . Figure 5.3(d) shows the drop port responses for gratingcoupled cascaded Vernier (blue-solid) racetrack resonators as well as the response
for identical (light blue-dash) racetrack resonators with lengths Lb . In both cases,
the Vernier effect causes an increase in suppression of all minor peaks as compared to the cases where identical racetrack resonators were used. The drop port
spectrum and phase in the vicinity of the clear window of our grating-coupled cascaded Vernier racetrack resonator are shown in Figure 5.4(a). The group delay
and the dispersion of our grating-coupled cascaded Vernier racetrack resonator are
shown in Figure 5.4(b). Next, we compare the through port response for cascaded
Vernier racetrack resonators with and without gratings, as shown in Figures 5.5(a)
and 5.5(b). We can clearly see that using gratings is beneficial, since it significantly
suppresses all but one of the resonances. The through port response for the gratingcoupled cascaded identical racetrack resonator has the same response as that of a
single contra-directional grating-coupled racetrack resonator when its dimensions
are the same as one of the racetrack resonators in the cascaded configuration. In
Figures 5.5(c) and 5.5(d), the through port responses for grating-coupled cascaded
(single) identical racetrack resonator with lengths La as well as Lb are shown. It
can be clearly seen that the response for the device with lengths La has more suppression of its minor notches as compared to the device with lengths Lb .
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Figure 5.3: (a) Drop port spectral response comparison between single
grating-coupled racetrack resonator with length La (green-solid) and
Lb (red-dash), (b) coupled racetrack resonators with (blue-solid) and
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by permission [97].
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All specifications are defined for a channel spacing of 0.8 nm, a clear window
of 0.048 nm, and within the clear window of the desired channel as well as the clear
windows of the 44 channels to the left and to the right of the desired channel (the
number of channels within the ITU grid for the C-band is 45 [92]). Here, the clear
window is centred at a wavelength value corresponding to the average wavelength
value of the major peak between its -3 dB points and -20 dB points (referenced at
the maximum intensity of the major peak) and of the major notch between its -3 dB
points and -20 dB points (referenced at the maximum intensity of the major notch).
Tables 5.1 and 5.2 show the spectral characteristics of the single grating-coupled
racetrack resonators with lengths La and Lb , the cascaded Vernier racetrack resonator with and without contra-directional gratings, and of the grating-coupled cascaded identical racetrack resonators. We can clearly see that the cascaded Vernier
racetrack resonator with gratings shows a significant improvement in its FSR (in
fact, there is no FSR), nAi , IPS, ILthru , and ILthru-m as compared to the response of
the cascaded racetrack resonator without gratings. In the case of the cascaded configuration without gratings, the drop port shows an extended FSR of 17.30 nm and
17.70 nm to the left and right of the major peak, respectively, whereas the through
port response only shows an FSR of 5.81 nm and 5.85 nm. However, the inclusion of the contra-directional gratings removes the FSR in both the drop port and
the through port. Also, the grating-coupled cascaded Vernier racetrack resonator
shows significant improvements in its Ai , nAi , and IPS as compared to both of
the single contra-directional grating-coupled racetrack resonator responses. Also,
the grating-coupled cascaded Vernier racetrack resonator shows an improvement in
the nAi and IPS as compared to the responses of grating-coupled cascaded identical
racetrack resonators. Thus, we can see the combined benefit of using contra-DCs
and the Vernier effect within coupled racetrack resonators.

84

Table 5.1: Drop port and through port insertion loss for single racetrack resonators with gratings, cascaded Vernier racetrack resonators with and without gratings, and grating-coupled cascaded identical racetrack resonators. c 2013
IEEE, by permission [97].
single
(La )
with gratings

single
(Lb )
with gratings

cascaded
Vernier w/o
gratings

cascaded identical (La ) with
gratings

cascaded identical (Lb ) with
gratings

cascaded
Vernier with
gratings

ILdrop (dB)

0.3

0.5

1.0

0.4

0.6

1.0

ILthru (dB)

0.3

0.3

8.8

0.3

0.2

0.3

ILthru-m (dB)

2.5

7.0

40.9

2.5

7.0

2.5
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Parameter

Table 5.2: Spectral characteristics for single racetrack resonators with gratings, cascaded Vernier racetrack resonators
with and without gratings, and grating-coupled cascaded identical racetrack resonators. c 2013 IEEE, by permission [97].
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Parameter

single
(La )
with gratings

single
(Lb )
with gratings

cascaded
Vernier w/o
gratings

cascaded identical (La ) with
gratings

cascaded identical (Lb ) with
gratings

cascaded
Vernier with
gratings

FSR (nm)

N/A

N/A

5.81, 5.85

N/A

N/A

N/A

Ai (dB)

12.9

15.1

27.8

26.0

30.3

27.9

nAi (dB)

11.3

12.5

0.1

23.6

25.8

33.9

IPS (dB)

3.4

0.6

N/Aa

7.1

1.6

22.1

Rdepth (dB)

0.2

0.3

0.6

0.2

0.3

0.6

ECi (dB)

12.8

11.1

13.7

16.5

14.4

13.8

a There

is no IPS since the wavelength range of the 44 channels to the left and right of the desired channel is larger than the filter’s
extended FSR.

5.2

Experimental Results

The device was fabricated using e-beam lithography [493] at the University of
Washington and aluminum (300 nm thick) metallization for the heaters (5 µm wide)
and electrodes was done at McMaster University. Figure 5.6 shows a microscope
image of our device. Heaters were placed on each contra-directional coupling region to enable resonance tuning to correct for fabrication variations. The top oxide
is 2 µm thick, the co-directional and contra-directional gap distances are 280 nm
and 220 nm, wb and wr are 450 nm and 550 nm, the corrugation depths, cb and
cr , for waveguides with widths of wb and wr are 30 nm and 40 nm, respectively.
The tapered routing waveguide between the two racetrack resonators has a length
of 74.912 µm.
Drop

34.21 μm

Input
Through

Figure 5.6: Optical microscope image of the fabricated device. c 2013 IEEE,
by permission [97].
Figure 5.7(a) shows the experimental drop port and through port responses for
applied voltages of 0 V, 4 V, 5.8 V, and 7 V to the contra-directional coupling
region of racetrack resonator “a”. We can clearly see that applying a voltage of 5.8
V significantly improves the major peak of the drop port response; the maximum
drop port peak intensity increases from -17.9 dB to -6.2 dB. Figure 5.7(b) shows the
through port and drop port responses for this case. The drop port response has one
major peak and all other peaks are suppressed and the through port response shows
one major notch and all other notches have smaller notch depths (less than 2 dB) as
compared to the depth of the major notch (5.9 dB). Thus we have experimentally
confirmed that it is possible to eliminate the FSR in the drop port and through
port. Next, we determine the Ai , nAi , IPS, Rdepth , and ECi for a clear window of
0.048 nm centred at a wavelength of 1528.846 nm and a channel spacing of 0.8
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nm. It should be noted that the minimum wavelength we measured the spectrum
for is 1500 nm so only 36 channels to the left and 44 channels to the right of the
desired channel were used in calculating the nAi . Figure 5.7(c) shows a “zoomin” of Figure 5.7(b) which includes vertical dashed lines that represent the clear
window and channel spacing as well as labels for Ai , nAi , IPS, and ECi . Table 5.3
shows the experimental spectral characteristics of the grating-coupled cascaded
Vernier racetrack resonator. The response of our device has no FSR in both the
drop port and through port, which is in agreement with the theoretical result shown
in Table 5.2 (we were unable to accurately determine the values for ILdrop , ILthru ,
and ILthru-m ). Also, the device has a large IPS of 24.3 dB. Our grating-coupled
cascaded Vernier racetrack resonator needs further improvement to give a value of
the ECi that is greater than or equal to 10 dB [99], of the Rdepth that is less than or
equal to 0.5 dB [99], of the nAi that is greater than or equal to 35 dB [101], and of
the IPS that is greater than or equal to 35 dB [101], so that this type of device can
be used in typical DWDM applications. It should be noted that our device has an
Ai of 30.5 dB (which is better than the 25 dB that can be found in data sheets for
some commercial products [99]).
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Figure 5.7: (a) Experimental drop port (solid) and through port (dashed) responses when the voltage to the heater for racetrack resonator “a” is 0
V (red), 4V (green), 5.8 V (black), and 7 V (blue). (b) the experimental
drop port (black) and through port (light blue) spectra when a voltage of
5.8 V is applied to the heater of racetrack resonator “a”. (c) a zoom-in of
Figure 5.7(b) with a 0.048 nm clear window and 0.8 nm channel spacing indicated by the dashed vertical lines. c 2013 IEEE, by permission
[97].
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Table 5.3: Experimental results of grating-coupled cascaded Vernier racetrack resonator. c 2013 IEEE, by permission [97].
Parameter

Measured value

FSR (nm)

N/A

Ai (dB)

30.5

nAi (dB)

29.3

IPS (dB)

24.3

Rdepth (dB)

1.2

ECi (dB)

5.2

In summary, we have shown that using contra-DCs in cascaded racetrack resonators exhibiting the Vernier effect provides numerous advantages as compared to
the responses of cascaded racetrack resonators exhibiting the Vernier effect without contra-DCs. The grating-coupled cascaded Vernier racetrack resonator studied
here has a theoretical IPS of 22.1 dB whereas without the gratings there is no IPS
since the wavelength range of the 44 channels to the left and right of the desired
channel is larger than the filter’s extended FSR. Also, the grating-coupled cascaded
Vernier racetrack resonator has a theoretical ILthru-m of 2.5 dB whereas without the
gratings ILthru-m is 40.9 dB. The reason why the ILthru-m is substantially improved
is due to the suppression of all but one of the resonances in the through port, which
is the result of the small bandwidth of the contra-DC. Also, there is no FSR in both
the drop port and through port for the grating-coupled cascaded Vernier racetrack
resonator whereas there is a 17.3 nm/17.7 nm extended FSR at the drop port and
an FSR of 5.8 nm at the through port for the case without gratings. Also, we have
presented experimental results which show that it is in fact possible to eliminate the
FSR in the drop port as well as the through port. Our fabricated device also shows
a large IPS of 24.3 dB. Thus, we are now able to use the cascaded configuration of
the Vernier effect and not be limited to applications that only require a large FSR
in the drop port.
The coupling coefficients of the contra-DCs are very important design param90

eters since they will have a major impact on the performance of the filter. Thus, it
is essential that the contra-DC-based filter designs are based on accurate modelling
which takes into account the impact of the fabrication process. In the next chapter,
I will present a process calibration method that can be used to extract the coupling
coefficients from fabricated contra-DCs, which can then be fed back into future
designs.
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Chapter 6

Process Calibration Method for
Designing Silicon-On-Insulator
Contra-Directional Grating
Couplers
1 In

communication applications that involve multiplexing and/or demultiplexing

optical signals, maximizing the number of usable channels is essential for creating high data-rate interconnects [106, 111, 129]. Silicon contra-DCs are particularly useful in optical filtering applications because they do not have periodic
spectral responses like ring resonator-based filters [97, 436, 439, 460–462, 466].
Silicon contra-DCs have been experimentally demonstrated in numerous publications [97, 434, 436–439, 459–468]. Although previous demonstrations of silicon
contra-DCs have shown good results, it remains challenging to design a contraDC’s bandwidth and have the “as-fabricated” device’s bandwidth, maximum power
coupling factor, and minimum power transmission factor correspond to the design
values, in the presence of lithography smoothing [470, 507]. Using a calibration
procedure for the design process, a filter designer would be able to design a contraDC such that the “as-designed” spectra closely matches the as-fabricated spectra.
1A

version of Chapter 6 has been published in [435].
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In this chapter, we present a process calibration method which can be used to determine the absolute value of the coupling coefficient, |k|, of a fabricated contra-DC
by measuring its full-width-at-half-maximum (FWHM) bandwidth, Dlbw . Once

|k| is known, the through port and drop port spectra can be simulated. We demonstrate the effectiveness of our FWHM method (similar to [457, 508]) by extracting
the |k|s of contra-DCs that were fabricated using electron beam lithography [493]
on three fabrication runs. Our FWHM method for extracting |k| provides more

consistent results as compared to using the null bandwidth (see [470, 507, 509–
511]) due to the fact that Dlbw can be more easily determined. Also, as compared
to using the null method, the |k|s extracted using our FWHM method are in general

agreement with the values extracted by curve-fitting the drop port spectra. We then
show that, using our FWHM method to extract |k|, the simulated spectra agree well

with the experimental spectra. Also, the simulated through port group delay and
dispersion responses of a particular device are calculated using the extracted |k|,

which agree well with the Hilbert transform-determined and the measured group
delay and dispersion responses. Using the process calibration method, we then
design a 3-port grating-assisted Vernier filter that meets 3-port filter commercial
specifications for a clear window of 13 GHz and a channel spacing of 200 GHz.

6.1 Contra-DC Theory and Process Calibration Method
First, we will discuss the theoretical aspects of contra-DCs and the contra-DC design we used in this chapter. The contra-DC design [Figures 6.1(a) and 6.1(b)]
has two strip waveguides, waveguide “a” and waveguide “b,” which have different
average waveguide widths, wa and wb , respectively [97]. The waveguides have
the same height and are separated from each other by an average gap distance, g
[97]. Each waveguide has periodic grating corrugations, with a grating period, L,
defined in Figure 6.1(b), on the sidewalls located within the gap region [97]. The
corrugation widths are labelled ca and cb for waveguide “a” and waveguide “b,” respectively [97]. The corrugations allow the coupler to act as a Bragg reflector with
the strength of the inter-waveguide coupling determined by the inter-waveguide
coupling coefficient, k [97, 434, 436]. We have also included anti-reflection gratings on the external sidewalls of the waveguides to suppress the intra-waveguide
Bragg reflections [97, 434, 436, 512].
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Figure 6.1: (a) Diagram of a contra-DC. (b) A close-up view of a portion
of a contra-DC (figure was adapted from [97]). c Optical Society of
America, 2015, by permission [435].
The power transferred from the input port to the drop port of a contra-DC is
given by the power coupling factor, |kc |2 , and the amount of power transferred
to the through port is given by the power transmission factor, |tc |2 , which can be
calculated using the following equations,
A2 (0)
A1 (0)

2

A1 (L)
|tc | =
A1 (0)

2

|kc |2 =
2

where s2 = |k|2

⇣

Db
2

⌘2

=

=

|k|2 sinh2 (sL)
⇣ ⌘2
s2 cosh2 (sL) + Db
sinh2 (sL)
2
s2 cosh2 (sL) +

, Db = ba + bb

s2
⇣

Db
2

⌘2

sinh2 (sL)

(6.1)

(6.2)

m 2p
L , ba and bb are the propagation con-

stants of waveguide “a” and waveguide “b” without corrugations with widths equal
to wa and wb , respectively, L is the length of the coupler, and m is the grating order
which equals 1 since we are using first-order gratings [513]. Equation 6.1 is the
same as Eq. 13.5-19 in [513] and Eq. 1 in [461] and Eq. 6.2 can be determined from
Eq. 13.5-16 in [513]. In this chapter, ba and bb are calculated by numerically determining the wavelength dependent effective indices of the waveguides using MODE
Solutions by Lumerical Solutions, Inc., and curve-fitting them to third-order poly94

nomials [97]. The material model that was used for silicon included dispersion
and was lossless [97, 111, 149, 470] and the refractive index for silicon dioxide
was fixed at 1.4435 [97, 111, 149]. The inter-waveguide coupling coefficient, k, is
defined as the strength of the coupling of light from waveguide “a” to waveguide
“b” within the contra-DC and traditionally has been calculated using the following
equation [434, 459, 461, 465, 467, 512, 513],
k=

w
4

ZZ

xa⇤ (x, y) · em (x, y)xb (x, y)dxdy

(6.3)

where w is the angular frequency, xa (x, y) is the transverse mode of waveguide “a,”
xb (x, y) is the transverse mode of waveguide “b,” and em (x, y) is the mth component of the Fourier series expansion of the dielectric perturbation. However, this
expression is appropriate for the weakly-guiding approximation and is not necessarily accurate for high-contrast nanophotonic waveguides. Using this equation,
two different methods have been used to calculate |k| [434, 512]. The first method

involves treating each waveguide as isolated [434, 461, 512–515]. In this method,
xa (x, y) and xb (x, y), correspond to the modes of the isolated unperturbed waveguides [434, 461, 512–515]. The second method involves calculating the first and
second-order transverse modes of the coupler (i.e., supermode theory) [434, 465–
467, 512, 514]. [507] and [470] have demonstrated that there is a large difference
between the modelled results and experimental results for SOI Bragg gratings (see
Figure 2.35 in [507] and Figure 4.43 in [470]). [461] showed good agreement between experimental results and simulated results for contra-DCs by using Eq. 6.3.
However, cross-sectional SEM images were needed for calibration. Recently, [511]
demonstrated a method to model Bragg gratings using 3-D FDTD simulations and
Bloch boundary conditions which showed good agreement between theoretical and
experimental results. However, the above-mentioned methods require knowledge
of the effects of the lithography on the shape of the grating. One method to significantly reduce the difference between the modelled results and the experimental results is to take into account how the fabrication process affects the design
of the device (e.g., lithography smoothing) by using lithography simulation software, such as Mentor Graphics Calibre, and then simulating the structure using 3-D
FDTD simulation software, such as FDTD Solutions by Lumerical Solutions, Inc.,
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[470, 507]. However, this process is more complex since knowledge of fabrication
process parameters are needed. In this chapter, we will demonstrate an experimental method to determine |k| by using Dlbw . With our experimental method, we
can extract |k| without having to measure the effects of lithography directly, nor
without resorting to the approximations in Equation 6.3.

There are three steps to extract |k|. The first step is to determine Dlbw , which

can be measured directly from the drop port spectrum. The second step is to determine the average propagation constant mismatch, d bavg . To obtain d bavg , we use
the propagation constant differences, d bH and d bL , where d bH is measured from
the frequency that corresponds to the centre of the main lobe to the high-frequency
half-maximum point and d bL is measured from the frequency that corresponds to

the centre of the main lobe to the low-frequency half-maximum point (for a complete mathematical description see Appendix C). The magnitude of d bH and the
magnitude of d bL are given in Eqs. 6.4 and 6.5, respectively, and defined graphically in Figure 6.2(a),
|d bH | =

|d bL | =

✓

2pD fH
c

✓

2pD fL
c

where D fH = fH

◆

◆

ng,a ( f0 ) + ng,b ( f0 ) =

ng,a ( f0 ) + ng,b ( f0 ) =

f0 , D fL = f0

✓

✓

2pDlL
lL l0

2pDlH
lH l0

fL , DlL = l0

◆

ng,a (l0 ) + ng,b (l0 )

◆

ng,a (l0 ) + ng,b (l0 )

(6.4)

lL , DlH = lH

(6.5)
l0 , f0 and

l0 are the frequency and wavelength corresponding to the centre frequency and
centre wavelength (middle point between the FWHM points), respectively, fH and
lL correspond to the higher frequency FWHM point and the lower wavelength
FWHM point, respectively, fL and lH correspond to the lower frequency FWHM
point and the higher wavelength FWHM point, respectively, ng,a and ng,b are the
group indices of waveguide “a” and waveguide “b,” respectively, and c is the speed
of light in a vacuum. Equations 6.4 and 6.5 are similar to Eq. 13.5-22 in [513] but
here we include the effects of dispersion and use the group indices, since dispersion
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affects the spectral response of contra-DCs (see [516]). To determine d bavg , we
take the average of Eqs. 6.4 and 6.5,
d bavg =
where Dlbw = lH

|d bH | + |d bL | pDlbw
=
ng,a (l0 ) + ng,b (l0 )
2
lL lH

(6.6)

lL . Here, for convenience, the wavelength dependent group in-

dices are numerically determined using MODE Solutions by Lumerical Solutions,
Inc., and curve-fitted to third-order polynomials. Equation 6.6 is similar to Eq. 31
in [508] but here we include the effects of dispersion and use the group indices.
Figure 6.2(b) shows the experimental drop port spectrum of one of our fabricated
contra-DCs, with a gap distance of 140 nm, as a function of Db . The FWHM becomes 2d bavg when the spectrum is plotted as a function of Db . By plotting our
spectral response as a function of Db , we are able to directly measure d bavg from
the spectral response without having to use Eq. 6.6. One may use either of these
methods to determine d bavg but we will focus on the method that utilizes Eq. 6.6.
b) 0
|

L|

|

H|

Insertion Loss (dB)

a)

Intensity (dB)

3 dB
2

( fL )

avg

( f0 )

2

5

10

15

5

( fH )

avg

0
(m 1)

5
x 10

4

Figure 6.2: (a) Diagram depicting some of the relevant contra-DC parameters
as functions of Db . (b) Experimental drop port spectrum of one of our
devices as a function of Db . c Optical Society of America, 2015, by
permission [435].
The third step is to extract |k| by using Eq. 6.1 and Eq. 6.6. We replace Db in

Eq. 6.1 with Eq. 6.6 as shown in the left-hand side of Eq. 6.7 where s2 = |k|2

(d bavg /2)2 . Since Eq. 6.1 reduces to tanh2 (|k|L) for Db = 0 [513], we can find the
FWHM intensity by dividing tanh2 (|k|L) by 2 and finding the value of |k| that will
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satisfy Eq. 6.7 for our value of d bavg . [457, 508] use a similar method to extract
the bandwidths of contra-DCs.
|k|2 sinh2 (sL)
1
= tanh2 (|k|L)
⇣
⌘2
2
d bavg
s2 cosh2 (sL) +
sinh2 (sL)
2

(6.7)

It should be noted that there can be multiple solutions to Eq. 6.7 when the sidebands
are greater than or equal to the half maximum intensity. The correct solution is the
value of |k| that is largest.

An alternative method, using the nulls to determine |k|, is to measure the band-

width at the first nulls to the left and to the right of the main lobe and to use Eq. 6.8
(similar to [470, 507, 509, 517] and is a re-arrangement of the equation found in
[510, 513]),
"

2
d bavg
|k| =
4

p2
L2

# 12

,

(6.8)

where d bavg is calculated using Eq. 6.6 but using the first null points instead of
the FWHM points. [470, 511] have also used the null bandwidth to extract |k|

but for SOI Bragg gratings. Also, another method to extract |k| is to curve-fit the
drop port spectrum of the contra-DC using a nonlinear least-squares method. As
we will show in the next section, the extracted |k|s from the curve-fit method and

from the FWHM method are in general agreement with each other as compared
to the values determined using the null method. However, the curve-fit method
relies on an accurate normalization of the measured drop port spectrum (an issue
which others have previously mentioned [518]) whereas the FWHM method does
not require that the measured data be normalized. Both the FWHM method and
the curve-fit method provide more consistent results than the null method does.
Also, provided that d bavg can be accurately obtained, our FWHM method should
be applicable to devices fabricated in other material platforms because the method
is not platform dependent.
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6.2

Experimental Results

Electron beam lithography was used to fabricate the SOI contra-DCs [493] and a
silicon dioxide cladding layer was deposited on top of the devices. The silicon
strip waveguide heights were all chosen to be 220 nm. The width of waveguide
“a” was 450 nm and the width of waveguide “b” was 550 nm. The corrugation
widths for waveguide “a” and “b” were 30 nm and 40 nm, respectively. These
dimensions were taken from [97]. The grating period was chosen to be 312 nm
and the number of periods was chosen to be 500. Therefore, the total length of
each contra-DC was 156 µm. The gap distances were varied between 120 nm and
400 nm in 20 nm increments for a total of 15 devices. Fibre grating couplers were
used for coupling light into and out of the devices [498, 505]. The contra-DCs
were fabricated on three separate fabrication runs, “run 1,” “run 2,” and “run 3” at
different times. Fully-etched fibre grating couplers [505] were used in “run 1” and
“run 3” and shallow-etched fibre grating couplers [498] were used in “run 2.” The
experimental drop port spectra of four of the devices from “run 1,” “run 2,” and “run
3” with gap distances equal to 140 nm, 220 nm, 340 nm, and 400 nm are shown
in Figures 6.3(a), 6.3(c), and 6.3(e), respectively. The experimental through port
spectra of four of the devices from “run 1,” “run 2,” and “run 3” with gap distances
equal to 140 nm, 220 nm, 340 nm, and 400 nm are shown in Figures 6.3(b), 6.3(d),
and 6.3(f), respectively. The fibre grating coupler response was removed from both
the through port and drop port spectral responses by normalizing the spectra to the
fibre grating response envelope in the through port spectral response.

99

40

1530

1540
1550
Wavelength (nm)

1560

10
gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

15

1520

1530

1540
1550
Wavelength (nm)

1560

d) 0

0
20
40

gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

60
1530

1540
1550
Wavelength (nm)

1560

20
40

gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

60
1530

1540
1550
Wavelength (nm)

5
10
gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

15
20

0

1520

5

20

Insertion Loss (dB)

Insertion Loss (dB)
Insertion Loss (dB)

gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

60

1520
e)

Insertion Loss (dB)

20

1520
c)

b) 0

0

1520
f)

0

Insertion Loss (dB)

Insertion Loss (dB)

a)

5

1530

1560

10
gap = 140 nm
gap = 220 nm
gap = 340 nm
gap = 400 nm

15
20

1560

1540
1550
Wavelength (nm)

1520

1530

1540
1550
Wavelength (nm)

1560

Figure 6.3: Experimental drop port spectra for the devices from (a) “run 1,”
(c) “run 2,” and (e) “run 3” with gap distances equal to 140 nm, 220 nm,
340 nm, and 400 nm. Experimental through port spectra for the devices
from (b) “run 1,” (d) “run 2,” and (f) “run 3” with gap distances equal to
140 nm, 220 nm, 340 nm, and 400 nm. c Optical Society of America,
2015, by permission [435].
The relationship between the bandwidths of contra-DCs and their gap distances
has been theoretically [459, 461] and experimentally [460, 461] demonstrated, and
shows that, as the gap distance increases, the bandwidth decreases. Also, the relationship between |k| and the gap distance has been theoretically demonstrated, and
shows that, as the gap distance increases, |k| exponentially decreases [466]. Here,

we also experimentally demonstrate the relationship between Dlbw and the gap
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distance, which is in agreement with previously published results. Also, we experimentally demonstrate the relationship between |k| and the gap distance, which is

in agreement with the theoretical results in [466]. Figures 6.4(a) and 6.4(b) show
Dlbw and the extracted |k| (extracted using our FWHM method) versus gap dis-

tance, respectively, for the contra-DCs fabricated on “run 1,” “run 2,” and “run 3.”
As the gap distance increases, Dlbw and |k| tend to decrease and Dlbw reaches a
minimum and for one of our devices, the device from “run 3” with a gap distance
of 400 nm, we are not able to obtain a value for |k| since it goes to zero. We also

fabricated contra-DCs on “run 1” with a fixed gap distance of 280 nm and varied
the corrugation widths of waveguide “a” and waveguide “b.” Figures 6.4(c) and
6.4(d) show Dlbw and the extracted |k| versus corrugation width, respectively, for

corrugation widths of 30 nm to 150 nm in 20 nm increments for waveguide “a” and
corrugation widths of 40 nm to 160 nm in 20 nm increments for waveguide “b.” As
the corrugation width increases, Dlbw [459, 461, 462] and |k| [466] increase.
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Figure 6.4: (a) Experimental bandwidth at FWHM versus gap distance and
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method. (c) Experimental bandwidth at FWHM versus corrugation
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for devices from “run 1” with a fixed gap distance of 280 nm using the
FWHM method. c Optical Society of America, 2015, by permission
[435].
Next, we provide a comparison between the |k|s extracted using the FWHM

method [using Eqs. 6.6 and 6.7], the null method [using Eqs. 6.6 and 6.8], and the
curve-fit method (using the lsqcurvefit function from MATLAB R [519]) from the
devices made in three fabrication runs. Figures 6.5(a), 6.5(b), and 6.5(c) show the
extracted |k|s using the three methods for “run 1,” “run 2,” and “run 3,” respectively. Upon inspection of Figures 6.5(a)-6.5(c), it is clear that the |k|s that were

determined using the FWHM method and the curve-fit method exhibit nearly exponential trends, as expected. The |k|s extracted using the FWHM method and the
curve-fit method are relatively close to each other as compared to the |k|s deter-

mined using the null method. The discrepancies seen in Figures 6.5(a)-6.5(c) using
the null method are due to the difficulty in determining the locations of the nulls
[e.g., see Figure 6.5(d)]. Also, we were unable to determine the |k|s for five of the

devices using the null method since there are no valid solutions to Eq. 6.8. For one
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of the devices using the FWHM method we could only extract a zero solution for
|k|. With the curve-fit method, we were able to extract a non-zero value for |k| for
each of the devices.
a)

b)
4

4

10
1

| | (m )

| | (m 1)

10

3

10

null method: run 1
FWHM method: run 1
curve fit method: run 1
150

3

10

200
250
300
Gap Distance (nm)

350

400

150

d)

c)

null method: run 2
FWHM method: run 2
curve fit method: run 2
200
250
300
Gap Distance (nm)

350

400

1545

1550

0

Insertion Loss (dB)

10
4

| | (m 1)

10

3

10

null method: run 3
FWHM method: run 3
curve fit method: run 3
150

20
30
40
50

200
250
300
Gap Distance (nm)

350

400

60

1525

1530

1535
1540
Wavelength (nm)

Figure 6.5: Comparison between the FWHM method, the null method, and
the curve-fit method to determine |k| for (a) “run 1,” (b) “run 2,” and
(c) “run 3.” (d) Drop port spectrum of a contra-DC with a gap distance
of 300 nm from “run 2,” which is chosen to illustrate that there can be
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c Optical Society of America, 2015, by permission [435].
Next, we demonstrate, for a given contra-DC with a fixed coupling length, that
Dlbw reaches a minimum value as |k| approaches zero ([517] also demonstrated

this trend in Bragg gratings). To determine the theoretical minimum bandwidth,
Dlbw

min ,

the following equation can be used (see Appendix D for the derivation),
Dlbw

min

⇡

2.783115l02
⇥
⇤
pL ng,a (l0 ) + ng,b (l0 )

(6.9)

which is similar to the minimum bandwidth equation in [520] except that their
equation is for a distributed Bragg reflector and does not account for dispersion.
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Figure 6.6 shows how Dlbw

min

changes as the coupling length increases (the group

indices were evaluated at 1535.33 nm). Dlbw

min

can be reduced by increasing the

coupling length [520]. The device from “run 3” with a gap distance of 400 nm
has a measured bandwidth below Dlbw

min

(due to the experimental results having

ripples likely caused by the grating couplers), which could be the reason that there
is no |k| solution other than zero for this device using the FWHM method.
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Figure 6.6: Theoretical predicted minimum bandwidth at FWHM versus coupling length including experimental data points from the devices with
gap distances of 400 nm from the three fabrication runs. c Optical Society of America, 2015, by permission [435].
Next, we show an example of using the extracted |k| (using the FWHM method)

to closely match the simulated spectra to the experimental spectra of one of our
contra-DCs. We have chosen one of our devices that showed a highly symmetric
spectral response to the left and right of the centre of the main lobe for the comparison between the simulated results (using the extracted |k| determined from the

FWHM method) and the experimental results. The device has a gap distance of
140 nm and is from “run 2.” The simulated spectra were plotted using Eqs. 6.1 and
6.2 and we have added 0.0147 to the modelled values of the effective indices for
spectral alignment purposes. Figure 6.7(a) shows that the simulated through port
and drop port spectra using the extracted |k| of 19882 m-1 from “run 2” closely

match the experimental spectra. Figure 6.7(b) shows a comparison between the
simulated spectra using the extracted |k| of 18466 m-1 from “run 1” and the ex-

perimental spectra from “run 2.” The results in Figure 6.7(b) show that, since there
is close agreement between the two fabrication runs, using a previously extracted
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|k| can be used to predict the spectral response of future fabricated devices with

the same as-designed dimensions. Figures 6.7(c) and 6.7(d) show a comparison
between the drop port spectra and through port spectra, respectively, from “run
1,” “run 2,” and “run 3” and the simulated spectra (we have aligned the measured
spectra from “run 1,” “run 2,” “run 3,” and the simulated spectra to their respective centre wavelengths) using the average |k| of 18856 m-1 , calculated using the
extracted |k|s from the three runs (i.e., 18466 m-1 , 19882 m-1 , and 18219 m-1 ).

Our method can also be used to predict the maximum power coupling factors,

MAX|kc |2 s, and the minimum power transmission factors, MIN|tc |2 s, of contra-

DCs. In Figures 6.8(a) and 6.8(b) we show a comparison between the experimental and simulated (using the extracted |k|s determined from the FWHM method)

MAX|kc |2 s and MIN|tc |2 s versus gap distance, respectively, for the devices from
“run 1,” “run 2,” and “run 3.” Experimental MIN|tc |2 s for the devices from “run

1” with gap distances of 320 nm, 380 nm, and 400 nm and for the devices from
“run 3” with gap distances of 380 nm and 400 nm are not shown in Figure 6.8(b)
since the main notches within their through port spectra were not visible. Simulated MAX|kc |2 and MIN|tc |2 for the device from “run 3” with a gap distance of

400 nm is not shown since we were unable to extract a value for |k| other than

zero. Also, the MAX|kc |2 s determined using the curve-fit method are closer to the
normalized measured results as compared to the MAX|kc |2 s determined using the

FWHM method. However, using the |k|s extracted by the FWHM method result in
many of the simulated MIN|tc |2 s being closer to the measured results as compared
to the MIN|tc |2 s determined using the curve-fit method. The likely reason that the
FWHM method gives better results for MIN|tc |2 , as compared to the values deter-

mined using the curve-fit method, is that the curve-fit method relies on an accurate
normalization of the drop port spectrum.
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using the FWHM method) drop port and through port spectra for a
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permission [435].
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[435].
The group delay and the dispersion of a contra-DC is of interest because they
give us an indication of the effect the contra-DC will have on a signal. Previously,
it has been shown that the phase (and, therefore, the group delay and dispersion) of
fibre Bragg gratings [499, 521, 522] and ring resonators [112, 501, 523, 524] can be
determined using the Hilbert transform method. Specifically, the Hilbert transform
method can be used to determine through port phase responses of Bragg gratings
because the through port response is minimum phase [499, 521, 522]. Here, we
use the Hilbert transform method [499] to determine the through port phase of a
contra-DC from “run 2” with a gap distance of 140 nm (we use the hilbert function
from MATLAB R [500]). Once the phase response is determined, the group delay
[97, 525] and dispersion [97, 525, 526] can be calculated. Figures 6.9(a) and 6.9(b)
show the group delay and dispersion responses, respectively, using the Hilbert
transform method on the experimental through port spectrum from Figure 6.7(a)
(the results shown were smoothed using moving averages) and are compared to the
simulated responses that were determined for the |k| extracted using the FWHM

method and the measured results (the average of 300 measurements) using an Optical Vector AnalyzerTM STe by Luna Innovations, Inc., (OVA). For the simulated
results, we added an additional phase to account for the transit time of the device.
The effective indices for this additional phase were calculated for a waveguide
width of 450 nm using MODE Solutions by Lumerical Solutions, Inc. Similarly,
we have added a 2.22 ps group delay offset to the Hilbert transform-determined
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group delay. Also, a constant group delay offset was subtracted from the measured group delay for alignment to the simulated result. The Hilbert transformdetermined through port group delay and dispersion results are in close agreement
with the simulated results using the extracted |k| and the measured results using

the OVA. Therefore, our FWHM method can also be used to predict the through
port group delay response and the dispersion response of contra-DCs.
simulated
Hilbert transform
measured
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Hilbert transform
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Figure 6.9: Comparison between the experimental through port (a) group delay response and (b) dispersion response that were determined using
the Hilbert transform method and the simulated results that were determined using the extracted |k| of 19882 m-1 as well as the measured
results using the OVA. c Optical Society of America, 2015, by permission [435].

6.3 Example of Using the Process Calibration Method in
the Filter Design Process
Here, a 3-port Vernier filter consisting of four silicon grating-assisted racetrack
resonators (similar to the filter in [97]), as shown in Figure 6.10, is demonstrated
theoretically. The arrangement of the racetrack resonators is similar to those found
in [85, 126, 142], however, the racetrack resonators presented here are cascaded.
The Vernier filter meets typical 3-port filter commercial specifications as well as
low drop port and through port dispersions. The process calibration method presented in this chapter can be used to accurately determine the coupling coefficients
of fabricated contra-DCs, and this method will be used to determine the gap distance that corresponds to the coupling coefficient of the contra-DC that is required
for the filter to operate as desired.
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Figure 6.10: Schematic diagram of an optimized 3-port grating-assisted
Vernier filter (figure has been adapted from [97]).
Simulation results for an optimized 3-port silicon grating-assisted Vernier racetrack resonator filter are presented. Figure 6.11(a) shows the theoretical spectra
at the drop port and at the through port of an optimized 3-port grating-assisted
Vernier filter that has the configuration shown in Figure 6.10. Figure 6.11(b) shows
a zoom-in within the wavelength region of the major peak/notch where the clear
window (indicated by the dashed vertical lines) is 13 GHz and the channel spacing
is 200 GHz. This filter meets the target specifications that are bolded in Table 6.1.
The drop port dispersion within the wavelength region near the desired channel’s
clear window is shown in Figure 6.11(c) and the through port dispersion within
the wavelength region corresponding to the through port passband to the left of the
major notch is shown in Figure 6.11(d). Ddrop is +15 ps/nm and Dthru-m is -4 ps/nm,
which meet their typical requirements of -30 ps/nm  Ddrop  +30 ps/nm [105] and

-15 ps/nm  Dthru-m  +15 ps/nm [105], respectively. The method to model this
grating-assisted Vernier racetrack resonator filter was based on [97]. The follow-

ing parameter values were used in the simulation of the filter: the grating period
was 312 nm [440]; the grating number was 182 [440]; the radius was 3 µm [440];
L = 22.07 µm; the routing length between each cascaded racetrack resonator was
20 µm; the propagation loss was set to 3 dB/cm; k was chosen to be 13000 m-1 ;
the co-directional couplers without gratings consisted of silicon strip waveguides
with widths of 550 nm and heights of 220 nm, a top oxide cladding, and gap distances of 280 nm [97]; the bend regions of the racetrack resonators had widths of
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550 nm, heights of 220 nm, and were not included in the calculations of the field
coupling factors and field transmission factors [97]; and the contra-DCs consisted
of strip waveguides with average widths of 450 nm and 550 nm and heights of
220 nm [97]. Based on the extracted |k|s, using the FWHM method, shown in
Figures 6.5(a)-6.5(c), the chosen k of 13000 m-1 corresponds to a gap distance of
about 170 nm.
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Figure 6.11: (a) Through port spectral response and drop port spectral response, (b) a zoom-in within the region of the major peak/notch, (c)
drop port dispersion within the wavelength region of the major peak,
and (d) through port dispersion within the wavelength region corresponding to the passband to the left of the major notch of an optimized
3-port grating-assisted Vernier filter.
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Table 6.1: Modelled results and target specifications for 200 GHz 3-port filters (table modified from [105]).
Parameter

Modelled result

Target value

FSR (nm)

N/A

36.72

Rdepth (dB)

0.5

Ai (dB)

47.9

 0.5 [502]

nAi (dB)

38.9

35 [101], 40 [502, 503]

IPS (dB)

35.4

35 [101], 40 [502, 503]

ILdrop (dB)

0.9

ECi (dB)

17.0

ILthru (dB)

0.3

ILthru-m (dB)

0.5

25 [502, 503], 30 [101]

 0.8 [503], 1.0 [502], 1.2 [101]
10 [502], 12 [503]

 0.4 [503], 0.5 [502], 0.6 [101]
 0.4 [503], 0.5 [502], 0.6 [101]

In the filter design process, the ability to predict the performance of contraDCs is invaluable. We have presented a method, the FWHM method, for determining the coupling coefficients of contra-DCs. To demonstrate the usefulness of
our method, we fabricated SOI contra-DCs on three separate fabrication runs. Our
FWHM method of extracting the coupling coefficient of contra-DCs can be used
to predict the spectral response, group delay, and dispersion of subsequently fabricated devices. The FWHM method provides more consistent extracted coupling
coefficient values as compared to the values extracted using the null method. Also,
the FWHM method provides extracted coupling coefficient values of fabricated devices that are relatively close, as compared to using the null method, to the values
extracted by curve-fitting the drop port spectra. However, the curve-fit method relies on the accurate normalization of the drop port spectrum whereas our FWHM
method does not require normalization of the data, and our method is generally
easier to implement. We have also shown that there is a minimum bandwidth that
can be obtained by reducing the coupling coefficient, which needs to be considered when designing a contra-DC-based filter. We have presented an equation for
this minimum bandwidth as a function of the length of the coupler. The method
presented in this chapter can be used to calibrate the design process, enabling designers to accurately predict the as-fabricated contra-DC response.
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Chapter 7

Conclusion and Future Work
7.1

Conclusion

The design of a variety of silicon photonic ring resonator filters for DWDM applications that allow for a large number of channels to be multiplexed and/or demultiplexed have been theoretically and experimentally demonstrated. Specifically,
three methods to increase the FSR and, thus, increase the channel count, have been
presented.
The first method utilized the Vernier effect to increase the FSR by coupling
non-identical ring resonators together. First, silicon quadruple series-coupled ring
resonators exhibiting the Vernier effect were theoretically shown to be able to meet
typical 4-port filter commercial specifications as well as have FSRs larger than the
span of the C-band. Also, experimental results on silicon quadruple series-coupled
ring resonators exhibiting the Vernier effect have shown that it is possible to meet
numerous 3-port commercial specifications, enhance the resonant tuning range, as
well as the ability to transmit data through the device at 12.5 Gbps. The next
method to increase the channel count is to use MZI-BC. Theoretical and experimental results on silicon series-coupled microring resonators with MZI-BC have
been presented which showed that it is possible to meet numerous 3-port filter
commercial specifications, have an FSR greater than the span of the C-band, and
have low dispersion within the through port passbands. Although the FSR can
be increased by using these two methods, ideally one would like to eliminate the
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FSR. The third method utilized contra-DCs, which are highly wavelength selective
couplers. Theoretical and experimental results on silicon cascaded Vernier racetrack resonators with integrated contra-DCs in the coupling regions have shown
that it is possible to not only eliminate the FSR but also to increase the IPS as
compared to the case in which co-directional couplers without gratings are used
within all the coupling regions of the cascaded racetrack resonator filter. When
using contra-DCs in the design of filters, it is important to accurately determine
the coupling coefficients and, thus, we presented a process calibration method to
determine the coupling coefficients of fabricated contra-DCs by measuring their
FWHM bandwidths. Then, this process calibration method was used to design
a silicon cascaded Vernier racetrack resonator with integrated contra-DCs, which
met 3-port filter commercial specifications.
The three methods used to extend the FSRs of ring resonators (series-coupled
Vernier ring resonators, MRRs with MZI-BCs, and cascaded Vernier ring resonators with contra-DCs) each have benefits and drawbacks, which are shown
in Table 7.1. The comparison shown in Table 7.1 is based on the following features: FSR, wavelength tunability, thermal cross-talk, minor notch dispersion, filter shape, and filter application [fixed wavelength filter applications, limited wavelength tuning range filter applications (i.e., less than C-band span), and C-band tuning range filter applications]. The benefits of series-coupled Vernier ring resonators
are extend FSRs, enhanced wavelength tuning ranges, and flat-topped responses
[149, 150]. However, series-coupled Vernier ring resonators typically have large
dispersions within their through port minor notches [105, 112, 432]. Fortunately,
low dispersion can be achieved using MRRs with MZI-BCs while extending the
FSR and providing a flat-topped response [105, 432]. However, the current design
within this dissertation cannot exhibit an enhanced wavelength tuning range. The
last method, cascaded Vernier ring resonators with contra-DCs, has the desirable
features that the FSRs are eliminated in the drop port and through port, reduced
thermal cross-talks due to the cascaded configurations [97], and low minor notch
dispersions. However, the drawbacks to this method are that the filters have no
enhanced wavelength tuning ranges, and the filter responses are not flat-topped.
With regard to the MZI-BC method, it may be possible to achieve the enhanced
wavelength tuning range feature by reducing the FSRs of the MZIs, and, thus, the
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Table 7.1: Comparison of FSR extension methods as implemented in dissertation (the benefits are bolded).
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*

Method

FSR

Thermal
cross-talk
standard

Minor notch
dispersion
large

Flat-topped
response
yes

Application

extended

Wavelength
tunability
enhanced

Vernier rings (series)
[105, 149, 150]
MRRs with MZI-BC
[105]
Vernier rings (cascade) with contraDCs [97]

extended

standard*

standard

minimal

yes

fixed, limited tuning*

eliminated

standard

reduced

minimal

no

fixed, limited tuning

Potential for enhanced wavelength tuning range.

fixed, C-band tuning

MZI-BC method would be the most desirable method, since it would be the only
method with, both, enhanced wavelength tuning ranges and minimal minor notch
dispersions.
Overall, I have shown a variety of silicon photonic filters that meet commercial
specifications including: first commercial specification-dependent sensitivity analysis of silicon Vernier ring resonators; first experimental demonstration of a silicon
quadruple series-coupled Vernier racetrack resonator; first experimental demonstration of thermally tunable silicon quadruple series-coupled Vernier racetrack
resonators; first experimental demonstration of a silicon MRR filter with MZI-BC
that meets many of the typical commercial specifications; and the first demonstration of silicon cascaded Vernier racetrack resonators with integrated contra-DCs.
Lastly, a superior process calibration method for contra-DC filter designs was presented.

7.2

Future Work

Experimental validation that silicon series-coupled Vernier racetrack resonators
can meet all of the 4-port filter specifications, especially the express channel isolation, is still needed and the starting point would be to take the 4-port Vernier filter
designs presented in Chapter 2 and model the directional couplers in 3-D FDTD;
the bend regions of the couplers will increase the values of the coupling factors
as compared to when the coupling factors are calculated using just the straight
sections of the couplers, and, thus, the gap distances will have to be modified to
achieve devices that exhibit similar performance to those presented in Chapter 2.
Also, waveguide offsets can be introduced between the bent and straight regions of
the racetrack resonators to reduce mode-mismatch losses [470]. The use of a fabrication process that results in lower waveguide losses would enable improvements
in the performance of Vernier resonators. For example, the minor through port
notches would be smaller since propagation losses can be dramatically reduced to
as low as 0.5 dB/cm [527]. If we take the 4-port Vernier filter design from Chapter
2 with nominal gap distances, “gap 1”, “gap 2”, and “gap 3” equal to 150 nm, 350
nm, and 390 nm and reduce the propagation loss from 2.4 dB/cm to 0.5 dB/cm,
then ILthru-m would reduce from 0.6 dB to 0.1 dB when light is injected into the
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input port and ILthru-m would reduce from 0.8 dB to 0.2 dB when light is injected
into the add port, as shown in Figures 7.1(a) and 7.1(b), respectively. An automated
tuning and optimization method, such as the ones presented in [430, 528], can be
used to create an automatically tunable silicon quadruple series-coupled Vernier
racetrack resonator.
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Figure 7.1: (a) Through port passband and (b) drop port passband comparison, when light is injected into the input port and when light is injected
into the add port, respectively, of a 4-port quadruple Vernier racetrack
resonator, for propagation losses of 2.4 dB/cm and 0.5 dB/cm.
With regard to the silicon double microring resonator with MZI-BC, adding
heaters on top of the MZI-bus branches, as well as to each microring resonator,
will enable it to operate as a wavelength tunable filter (as previously demonstrated
in [433]) while meeting numerous commercial specifications. The integration of
heaters will also help improve the performance of the device by enabling the ability to correct for fabrication variations. An automated tuning and optimization
method, such as the ones presented in [430, 528], could be used with the silicon
double microring resonator with MZI-BC.
With regard to the cascaded Vernier racetrack resonator that uses grating-assisted
couplers, experimentally demonstrating the improved filter design that was presented in Chapter 6.3 is needed since such a device would be a desirable component
in silicon photonic systems that require DWDM filters. To correct for fabrication
variations, heaters can be placed on top of the contra-DCs as well as the portions of
each of the racetrack resonators that are not within the coupling regions. Waveguide offsets can be introduced between the bent and straight regions of each racetrack resonator to reduce mode-mismatch losses [470]. Also, an automated tuning
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and optimization method, such as the ones presented in [430, 528], could be used
with the grating-assisted cascaded Vernier racetrack resonator.
Many of the filters presented in this dissertation have met numerous commercial filter specifications based on telecommunications vendor data sheets and, with
ever-increasing improvements in the fabrication process, such filters could be commercializable. Thus, the silicon photonic DWDM filters presented in this dissertation have provided additional evidence that silicon photonics has the real potential to be a disruptive technology that transforms the telecommunications and data
communications industries.
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http://brphotonics.com/en/, (Jan. 15, 2016).
123

[60] RANOVUS, Inc., [Online]. Available: http://ranovus.com/technology/,
(Jan. 15, 2016).
[61] Iris Dorbian, “Target Partners backs Sicoya,” [Online]. Available:
https://www.pehub.com/2015/11/target-partners-backs-sicoya/, (Jan. 15,
2016).
[62] SiFotonics Technologies Co., Ltd., [Online]. Available:
http://sifotonics.com/en/, (Jan. 15, 2016).
[63] Katherine Bourzac, “Magic Leap needs to engineer a miracle,” [Online].
Available: http://www.technologyreview.com/news/538146/
magic-leap-needs-to-engineer-a-miracle/, (Jan. 15, 2016).
[64] Acorn Technologies, [Online]. Available:
http://acorntech.com/applications/semiconductor/, (Jan. 15, 2016).
[65] Luxtera, Inc., “Luxtera Ships One-Millionth Silicon CMOS Photonics
Enabled 10Gbit Channel,” [Online]. Available:
http://www.luxtera.com/luxtera/201221LuxteraOneMillionthCMOS.pdf,
(Jan. 15, 2016).
[66] VPIphotonics Inc., [Online]. Available:
http://www.vpiphotonics.com/Tools/PhotonicCircuits/Applications/, (Jan.
15, 2016).
[67] PLCC2 LLC, [Online]. Available:
http://www.plcconnections.com/silicon.html, (Jan. 15, 2016).
[68] Genalyte, Inc., [Online]. Available:
http://www.genalyte.com/about-us/our-technology/, (Jan. 15, 2016).
[69] P. Brown, “Optoelectronics Deal Struck Between Two Chinese Firms,”
[Online]. Available: http://electronics360.globalspec.com/article/6132/
optoelectronics-deal-struck-between-two-chinese-firms, (Jan. 15, 2016).
[70] photonics.com, “Microprocessor Integrates Silicon Photonics,” [Online].
Available: http://www.photonics.com/Article.aspx?AID=58119, (Jan. 15,
2016).
[71] DermaLumics S.L., [Online]. Available:
http://www.dermalumics.com/integrated-optics/, (Jan. 15, 2016).

124

[72] JCMwave GmbH, “Simulation of an integrated optical (de)multiplexer /
SOI ring resonator,” [Online]. Available:
http://www.jcmwave.com/applications/287-add-drop-multiplexers, (Jan.
15, 2016).
[73] GigOptix, Inc., “GigOptix, Inc. and CPqD Announce Signing of Definitive
Agreements to Incept BrPhotonics Produtos Optoeletrônicos LTDA., a
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photonic interferometers,” Optics Letters, vol. 31, no. 18, pp. 2713–2715,
Aug. 2006.
[232] M. Ishizaka and H. Yamazaki, “Wavelength tunable laser using silica
double ring resonators,” Electronics and Communications in Japan (Part
II: Electronics), vol. 89, no. 3, pp. 34–41, Mar. 2006.
[233] B. D. Timotijevic, G. T. Reed, R. Jones, A. Michaeli, A. Liu, and G. Z.
Mashanovich, “Small optical filters in silicon-on-insulator,” in 3rd IEEE
International Conference on Group IV Photonics, 2006, Sept 2006, pp.
25–27.

140

[234] B. D. Timotijevic, D. Thomson, F. Y. Gardes, S. Howe, A. Michaeli, J. V.
Crnjanski, V. M. N. Passaro, G. Z. Mashanovich, G. T. Reed, and
D. Ikuesan, “Tailoring the response and temperature characteristics of
multiple serial-coupled resonators in silicon on insulator,” Proc. SPIE, vol.
6477, p. 64770B, 2007.
[235] O. Schwelb, “An overview of recent developments in microring resonator
based photonic circuits,” Mikrotalasna revija, vol. 13, no. 2, pp. 26–33,
Dec. 2007.
[236] Y. Kokubun, “High index contrast optical waveguides and their
applications to microring filter circuit and wavelength selective switch,”
IEICE TRANSACTIONS on Electronics, vol. E90-C, no. 5, pp. 1037–1045,
May 2007.
[237] D. G. Rabus, Integrated Ring Resonators - The Compendium.
Heidelberg: Springer-Verlag, 2007.

Berlin

[238] O. Schwelb, “Invariant resonance splitting in stand-alone multiring
resonators,” in Integrated Photonics and Nanophotonics Research and
Applications / Slow and Fast Light, ser. OSA Technical Digest (CD).
Optical Society of America, Jul. 2007, p. ITuA5.
[239] T. T. Le and L. W. Cahill, “Photonic signal processing using MMI
coupler-based microring resonators,” in The 20th Annual Meeting of the
IEEE Lasers and Electro-Optics Society, 2007. LEOS 2007, 2007, pp.
395–396.
[240] O. Schwelb, “Resonance splitting and its invariance in coupled optical
microring resonators,” Proc. SPIE, vol. 6796, p. 67962P, 2007.
[241] T. Kakitsuka, S. Matsuo, T. Segawa, and H. Suzuki, “Semiconductor
tunable lasers based on integrated waveguide filters for wavelength routing
applications,” in Integrated Photonics and Nanophotonics Research and
Applications / Slow and Fast Light, ser. OSA Technical Digest (CD).
Optical Society of America, Jul. 2007, p. IMA1.
[242] Z. Peng, “Coupled multiple micro-resonators design and active
semiconductor micro-resonator fabrication,” PhD thesis, University of
Southern California, 2007.
[243] R. Todt, S. Watanabe, Y. Deki, M. Takahashi, T. Takeuchi, S. Takaesu,
T. Miyazaki, M. Horie, H. Yamazaki, and H. Yamazaki, “Widely tunable
141

resonated-ring-reflector lasers covering C- and L-bands,” in 2007 33rd
European Conference and Exhibition of Optical Communication Post-Deadline Papers (published 2008), Sep. 2007, pp. 1–2.
[244] G. Sun, D. S. Moon, and Y. Chung, “Theoretical analysis of feedback high
birefringence fiber loop mirror with dramatically enhanced free spectral
range,” Proc. SPIE, vol. 6781, p. 678131, 2007.
[245] T. Segawa, S. Matsuo, T. Kakitsuka, T. Sato, Y. Kondo, and H. Suzuki,
“Tunable double-ring-resonator-coupled laser over full C-band with low
tuning current,” in IEEE 19th International Conference on Indium
Phosphide Related Materials, 2007. IPRM ’07, May 2007, pp. 598–601.
[246] M. Takahashi, T. Takeuchi, Y. Deki, S. Takaesu, M. Horie, T. Miyazaki,
M. Kurihara, S. Watanabe, K. Suzuki, N. Sakuma, A. Kawauchi, and
H. Yamazaki, “Tunable lasers based on silica waveguide ring resonators,” in
Conference on Optical Fiber Communication and the National Fiber Optic
Engineers Conference, 2007. OFC/NFOEC 2007, Mar. 2007, pp. 1–3.
[247] P. Saeung and P. P. Yupapin, “Vernier effect of multiple-ring resonator
filters modeling by a graphical approach,” Optical Engineering, vol. 46,
no. 7, p. 075005, Jul. 2007.
[248] Y. Deki, T. Hatanaka, M. Takahashi, T. Takeuchi, S. Watanabe, S. Takaesu,
T. Miyazaki, M. Horie, and H. Yamazaki, “Wide-wavelength tunable lasers
with 100 ghz fsr ring resonators,” Electronics Letters, vol. 43, no. 4, pp.
225–226, Feb. 2007.
[249] H. Lee, G.-W. Kim, J.-O. Park, S.-H. Kim, and Y.-C. Chung, “Widely
tunable wavelength-selective reflector using polymer waveguide
double-ring-resonator add/drop filter and loop-back mirror,” Journal of the
Optical Society of Korea, vol. 12, no. 3, pp. 157–161, Sept. 2008.
[250] L. Zhang, M. Song, T. Wu, L. Zou, R. G. Beausoleil, and A. E. Willner,
“Embedded ring resonators for microphotonic applications,” Optics Letters,
vol. 33, no. 17, pp. 1978–1980, Sep. 2008.
[251] L. Y. M. Tobing, D. C. S. Lim, P. Dumon, R. Baets, and M.-K. Chin,
“Experimental verification of finesse enhancement scheme in two-ring
resonator system,” Proc. SPIE, vol. 6996, p. 69960B, 2008.
[252] L. Y. M. Tobing, D. C. S. Lim, P. Dumon, R. Baets, and M.-K. Chin,
“Finesse enhancement in silicon-on-insulator two-ring resonator system,”
Applied Physics Letters, vol. 92, no. 10, p. 101122, Mar. 2008.
142

[253] J. E. Heebner, R. Grover, and T. Ibrahim, Optical microresonators: theory,
fabrication, and applications. Springer, 2008.
[254] Y.-W. Choi and D.-G. Kim, “Micro resonator sensor,” U.S. Patent
Application US 2008/0 266 573 A1, Oct. 30, 2008.
[255] T. Segawa, S. Matsuo, T. Kakitsuka, Y. Shibata, T. Sato, Y. Kondo, and
R. Takahashi, “Monolithically integrated filter-free wavelength converter
with widely tunable double-ring resonator coupled laser,” in 20th
International Conference on Indium Phosphide and Related Materials,
2008. IPRM 2008, May 2008, pp. 1–4.
[256] L. Y. M. A. L. Tobing and M.-K. Chin, “Optical buffering scheme based on
two-ring resonator system,” Proc. SPIE, vol. 6996, p. 69961G, 2008.
[257] L. Y. Mario, S. Darmawan, P. Dumon, R. Baets, and M.-K. Chin,
“Transmission properties and application of a two-ring one-bus building
block,” in 2nd IEEE International Nanoelectronics Conference, 2008.
INEC 2008., Mar. 2008, pp. 217–221.
[258] J. Park, T. Lee, D. Lee, S. Kim, W. Hwang, and Y. Chung, “Widely tunable
coupled-ring-reflector filter based on planar polymer waveguide,” IEEE
Photonics Technology Letters, vol. 20, no. 12, pp. 988–990, Jun. 2008.
[259] T. Chu, N. Fujioka, S. Nakamura, M. Tokushima, and M. Ishizaka,
“Compact, low power consumption wavelength tunable laser with silicon
photonic-wire waveguide micro-ring resonators,” in 35th European
Conference on Optical Communication, 2009. ECOC ’09, Sep. 2009, pp.
1–2.
[260] T. Chu, N. Fujioka, and M. Ishizaka, “Compact, lower-power-consumption
wavelength tunable laser fabricated with silicon photonic-wire waveguide
micro-ring resonators,” Optics Express, vol. 17, no. 16, pp. 14 063–14 068,
Jul. 2009.
[261] T. Segawa, S. Matsuo, T. Kakitsuka, Y. Shibata, T. Sato, Y. Kawaguchi,
Y. Kondo, and R. Takahashi, “Dynamic operation of a monolithic
wavelength-routing switch using double-ring-resonator-coupled tunable
laser diodes,” in International Conference on Photonics in Switching, 2009.
PS ’09, Sep. 2009, pp. 1–2.
[262] D. Dai, “Highly sensitive digital optical sensor based on cascaded high-Q
ring-resonators,” Optics Express, vol. 17, no. 26, pp. 23 817–23 822, Dec.
2009.
143

[263] L. Jin, M. Li, and J.-J. He, “Highly-sensitive optical sensor using two
cascaded-microring resonators with Vernier effect,” in 2009 Asia
Communications and Photonics Conference and Exhibition (ACP), Nov.
2009, p. AS4E.2.
[264] S. Matsuo and T. Segawa, “Microring-resonator-based widely tunable
lasers,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 15,
no. 3, pp. 545–554, May 2009.
[265] H. Lee, G. Kim, S. Kim, and Y. Chung, “Widely tunable PLC-based
polymer double-ring-resonator add/drop reflection filter,” in Conference on
Lasers Electro Optics The Pacific Rim Conference on Lasers and
Electro-Optics, 2009. CLEO/PACIFIC RIM ’09., Aug. 2009, pp. 1–2.
[266] T. Segawa, S. Matsuo, T. Kakitsuka, T. Sato, Y. Kondo, and R. Takahashi,
“Semiconductor double-ring-resonator-coupled tunable laser for
wavelength routing,” IEEE Journal of Quantum Electronics, vol. 45, no. 7,
pp. 892–899, Jul. 2009.
[267] A. Kapsalis, D. Syvridis, M. Hamacher, and H. Heidrich, “Broadly tunable
laser using double-rings vertically coupled to a passive waveguide,” IEEE
Journal of Quantum Electronics, vol. 46, no. 3, pp. 306–312, Mar. 2010.
[268] T. Chu, N. Fujioka, M. Tokushima, S. Nakamura, and M. Ishizaka, “C and
L bands wavelength tunable laser with silicon photonic-wire waveguide
micro-ring resonators,” in Integrated Photonics Research, Silicon and
Nanophotonics and Photonics in Switching, ser. OSA Technical Digest
(CD). Optical Society of America, Jul. 2010, p. IME1.
[269] N. Fujioka, T. Chu, and M. Ishizaka, “Compact and low power
consumption hybrid integrated wavelength tunable laser module using
silicon waveguide resonators,” Journal of Lightwave Technology, vol. 28,
no. 21, pp. 3115–3120, Nov. 2010.
[270] R. Boeck, N. A. F. Jaeger, and L. Chrostowski, “Experimental
demonstration of the Vernier effect using series-coupled racetrack
resonators,” 2010 International Conference on Optical MEMS and
Nanophotonics (OPT MEMS), pp. 1–2, 2010.
[271] L. Jin, M. Li, and J.-J. He, “Experimental investigation of waveguide
sensor based on cascaded-microring resonators with Vernier effect,” in
Conference on Lasers and Electro-Optics 2010, ser. OSA Technical Digest
(CD). Optical Society of America, May 2010, p. JWA84.
144

[272] T. Chu, N. Fujioka, M. Tokushima, S. Nakamura, and M. Ishizaka, “Full C
and L bands wavelength tunable laser module with silicon micro-ring
resonators,” in 2010 15th OptoElectronics and Communications
Conference (OECC), July 2010, pp. 866–867.
[273] M. Popovic and M. R. Watts, “Hitless tuning and switching of optical
resonator amplitude and phase responses,” U.S. Patent Application
US20 100 209 038 A1, Aug. 19, 2010.
[274] T. Okamoto, K. Mizutani, K. Tsuruoka, S. Sudo, M. Sato, K. Kudo,
T. Kato, and K. Sato, “Monolithic integration of a 10 Gb/s Mach-Zehnder
modulator and a widely tunable laser based on a 2-ring loop-filter,” in 2010
International Conference on Indium Phosphide Related Materials (IPRM),
May 2010, pp. 1–4.
[275] T. Segawa and S. Matsuo, “Monolithically integrated wavelength-routing
switch with double-ring-resonator-coupled tunable lasers,” in Integrated
Photonics Research, Silicon and Nanophotonics and Photonics in
Switching, ser. OSA Technical Digest (CD). Optical Society of America,
Jul. 2010, p. ITuC2.
[276] T. Matsumoto, A. Suzuki, M. Takahashi, S. Watanabe, S. Ishii, K. Suzuki,
T. Kaneko, H. Yamazaki, and N. Sakuma, “Narrow spectral linewidth full
band tunable laser based on waveguide ring resonators with low power
consumption,” in Optical Fiber Communication Conference, ser. OSA
Technical Digest (CD). Optical Society of America, Mar. 2010, p.
OThQ5.
[277] K. Lee, S. D. Lim, C. H. Kim, J. H. Lee, Y.-G. Han, and S. B. Lee, “Noise
reduction in multiwavelength SOA-based ring laser by coupled dual
cavities for WDM applications,” Journal of Lightwave Technology, vol. 28,
no. 5, pp. 739–745, Mar. 2010.
[278] W. Li and J. Sun, “Optical vernier filter with cascaded double-coupler
compound fiber loop resonators,” Optik - International Journal for Light
and Electron Optics, vol. 121, no. 15, pp. 1370–1375, Sep. 2010.
[279] K. S. Hyun, “Single mode lasing in MMI coupled square semiconductor
ring resonators,” in 2010 12th International Conference on Transparent
Optical Networks (ICTON), Jun. 2010, pp. 1–4.
[280] G. Sun, Y. Zhou, Y. Hu, and Y. Chung, “Theoretical analysis of Sagnac
loop mirror with an inline high birefringence fiber ring resonator:
145

Application in single-frequency fiber lasers,” Optical Fiber Technology,
vol. 16, no. 2, pp. 86–89, Mar. 2010.
[281] H. Yamazaki, “Tunable laser with multiple ring resonator and mode filter,”
European Patent EP1 708 323 B1, Jan. 6, 2010.
[282] K. Suzuki and H. Yamazaki, “Tunable resonator, tunable light source using
the same, and method for tuning wavelength of multiple resonator,” U.S.
Patent US7 701 983 B2, Apr. 20, 2010.
[283] H. Lee, Y. Lee, G. Kim, S. Kim, and Y. Chung, “Widely tunable
double-ring resonator add/drop reflection filter based on polymer PLC,”
Microwave and Optical Technology Letters, vol. 52, no. 4, pp. 852–855,
Apr. 2010.
[284] A. Sayarath and A. W. Poon, “Proposed high-speed electro-optical hitless
reconfigurable demultiplexer using feedback-waveguides coupled to
microring resonators,” The 12th IEEE Photonics Society Hong Kong
Chapter Postgraduate Conference, pp. 1–3, 2011.
[285] K. Kasai, M. Nakazawa, and H. Yamazaki, “Absolute frequency
stabilization of a laser diode based on triple ring resonators to an C2H2
absorption line,” in 17th Microopics Conference (MOC), Oct. 2011, pp.
1–2.
[286] J. Hu and D. Dai, “Cascaded-ring optical sensor with enhanced sensitivity
by using suspended Si-nanowires,” IEEE Photonics Technology Letters,
vol. 23, no. 13, pp. 842–844, Jul. 2011.
[287] G. Ren, T. Cao, and S. Chen, “Design and analysis of a cascaded microring
resonator-based thermo-optical tunable filter with ultralarge free spectrum
range and low power consumption,” Optical Engineering, vol. 50, no. 7, p.
074601, Jul. 2011.
[288] L. Jin, M. Li, and J.-J. He, “Highly-sensitive silicon-on-insulator sensor
based on two cascaded micro-ring resonators with vernier effect,” Optics
Communications, vol. 284, no. 1, pp. 156–159, Jan. 2011.
[289] L. S. Stewart and P. D. Dapkus, “In-plane thermally tuned silicon on
insulator wavelength selective reflector,” in 2011 IEEE Winter Topicals
(WTM), Jan. 2011, pp. 123–124.

146

[290] M. Mancinelli, R. Guider, P. Bettotti, M. Masi, M. R. Vanacharla, J. Fedeli,
D. V. Thourhout, and L. Pavesi, “Optical characterization of
silicon-on-insulator-based single and coupled racetrack resonators,”
Journal of Nanophotonics, vol. 5, no. 1, p. 051705, Jun. 2011.
[291] L. Jin, M. Li, and J.-J. He, “Optical waveguide double-ring sensor using
intensity interrogation with a low-cost broadband source,” Optics Letters,
vol. 36, no. 7, pp. 1128–1130, Mar. 2011.
[292] J.-J. He, L. Jin, and M. Li, “The ‘Lord of the Rings’ of optical biosensors,”
SPIE Newsroom, Sep. 2011.
[293] T. Claes, W. Bogaerts, and P. Bienstman, “Vernier-cascade silicon photonic
label-free biosensor with very large sensitivity and low-cost interrogation,”
Proc. SPIE, vol. 8099, p. 80990R, 2011.
[294] Y. Lee, H. Lee, G. Kim, S. Lee, and Y. Chung, “Widely tunable optical
source hybrid-integrated with wavelength-selective double-ring-resonator
reflector,” Microwave and Optical Technology Letters, vol. 53, no. 4, pp.
924–927, Apr. 2011.
[295] Y. Li and A. W. Poon, “Analytical methods of strong-coupled microring
coupled-resonator optical waveguides,” The 12th IEEE Photonics Society
Hong Kong Chapter Postgraduate Conference, pp. 1–2, 2011.
[296] V. M. N. Passaro, B. Troia, and F. De Leonardis, “A generalized approach
for design of photonic gas sensors based on Vernier-effect in mid-IR,”
Sensors and Actuators B: Chemical, vol. 168, pp. 402–420, Jun. 2012.
[297] T. Segawa, T. Sato, R. Iga, S. Matsuo, and R. Takahashi, “A novel tunable
laser with flat-output wideband tuning based on parallel ring resonators,” in
2012 International Conference on Photonics in Switching (PS), Sep. 2012,
pp. 1–3.
[298] L. Jin, M. Li, and J.-J. He, “Analysis of wavelength and intensity
interrogation methods in cascaded double-ring sensors,” Journal of
Lightwave Technology, vol. 30, no. 12, pp. 1994–2002, Jun. 2012.
[299] C. Sirawattananon, M. Bahadoran, J. Ali, S. Mitatha, and P. P. Yupapin,
“Analytical Vernier effects of a PANDA ring resonator for microforce
sensing application,” IEEE Transactions on Nanotechnology, vol. 11, no. 4,
pp. 707–712, Jul. 2012.

147

[300] B. Troia, V. M. N. Passaro, F. D. Leonardis, and A. V. Tsarev, “Design of
efficient photonic sensors based on vernier effect in near-IR,” 16th
European Conference on Integrated Optics (ECIO 2012), 2012.
[301] P. Prabhathan, Z. Jing, V. M. Murukeshan, Z. Huijuan, and C. Shiyi,
“Discrete and fine wavelength tunable thermo-optic WSS for low power
consumption C+L band tunability,” IEEE Photonics Technology Letters,
vol. 24, no. 2, pp. 152–154, Jan. 2012.
[302] S. B. Dey, S. Mandal, and N. N. Jana, “Enhancement of free spectral range
using pentuple microresonator,” Applied Optics, vol. 51, no. 29, pp.
6901–6912, Oct. 2012.
[303] R. Xu, S. Liu, Q. Sun, P. Lu, and D. Liu, “Experimental characterization of
a Vernier strain sensor using cascaded fiber rings,” IEEE Photonics
Technology Letters, vol. 24, no. 23, pp. 2125–2128, Dec. 2012.
[304] K. Kulrod, C. Sirawattananon, S. Mitatha, K. Srinuanjan, and P. P. Yupapin,
“Force sensing device design using a modified add-drop filter,” Procedia
Engineering, vol. 32, pp. 291–298, Mar. 2012.
[305] S. Dey and S. Mandal, “Enhancement of free spectral range in optical triple
ring resonator: A Vernier principle approach,” 1st International Conference
on Recent Advances in Information Technology (RAIT), pp. 246–250, 2012.
[306] X. Jiang, J. Song, L. Jin, and J.-J. He, “High-sensitivity silicon photonic
biosensors based on cascaded resonators,” Proc. SPIE, vol. 8564, p.
85640Y, 2012.
[307] J.-J. He, “Intensity interrogated planar waveguide biosensors,” in
International Photonics and Optoelectronics Meetings, ser. OSA Technical
Digest (online). Optical Society of America, Nov. 2012, p. IF3B.1.
[308] J. Song, L. Wang, L. Jin, X. Xia, Q. Kou, S. Bouchoule, and J.-J. He,
“Intensity-interrogated sensor based on cascaded Fabry Perot laser and
microring resonator,” Journal of Lightwave Technology, vol. 30, no. 17, pp.
2901–2906, Sep. 2012.
[309] B. Troia, V. M. N. Passaro, and F. D. Leonardis, “Investigation of
wide-FSR SOI optical filters operating in C and L bands,” Telfor Journal,
vol. 4, no. 1, pp. 37–42, 2012.

148

[310] B. Troia, F. D. Leonardis, and V. M. N. Passaro, “Design of integrated
photonic sensor based on Vernier effect for very sensitive chemical surface
sensing,” in Proceedings of the 2012 Annual Symposium of the IEEE
Photonics Society Benelux Chapter, Nov. 2012, pp. 1–4.
[311] S. Mandal and S. Dey, “Modeling and analysis of multiple ring resonator
performance as optical filter,” Proc. SPIE, vol. 8264, p. 82640J, 2012.
[312] K. Nemoto, T. Kita, and H. Yamada, “Narrow spectral linewidth
wavelength tunable laser with Si photonic-wire waveguide ring resonators,”
in 2012 IEEE 9th International Conference on Group IV Photonics (GFP),
Aug. 2012, pp. 216–218.
[313] J.-J. He, L. Jin, and M. Li, “Optical sensor based on a broadband light
source and cascaded waveguide filters,” U.S. Patent Application
US2012/0 298 849 A1, Nov. 29, 2012.
[314] L. Qin, L. Wang, M. Li, and J.-J. He, “Optical sensor based on
Vernier-cascade of ring resonator and echelle diffraction grating,” IEEE
Photonics Technology Letters, vol. 24, no. 11, pp. 954–956, Jun. 2012.
[315] T. Segawa, W. Kobayashi, S. Matsuo, T. Sato, R. Iga, and R. Takahashi,
“Parallel-ring-resonator tunable laser integrated with electroabsorption
modulator for 100-Gb/s (25-Gb/s x 4) optical packet switching,” in
European Conference and Exhibition on Optical Communication, ser. OSA
Technical Digest (online). Optical Society of America, Sep. 2012, p.
Mo.1.E.1.
[316] I. Khan, “Design consideration analysis of optical filters based on multiple
ring resonator,” International Journal of Electronics & Informatics, vol. 1,
no. 1, pp. 8–13, Aug. 2012.
[317] W. S. Fegadolli, G. Vargas, X. Wang, F. Valini, L. A. M. Barea, J. E. B.
Oliveira, N. Frateschi, A. Scherer, V. R. Almeida, and R. R. Panepucci,
“Reconfigurable silicon thermo-optical ring resonator switch based on
Vernier effect control,” Optics Express, vol. 20, no. 13, pp. 14 722–14 733,
Jun. 2012.
[318] Y. Lu, C. Hao, B. Lu, X. Huang, B. Wu, and J. Yao, “Transmission and
group delay in a double microring resonator reflector,” Optics
Communications, vol. 285, no. 21-22, pp. 4567–4570, Oct. 2012.

149

[319] R. D. Mansoor, H. Sasse, and A. P. Duffy, “Analysis of optical ring
resonator add/drop filters,” Proc. of the 62nd IWCS Conference, pp.
471–475, 2013.
[320] V. Zamora, P. Lutzow, M. Weiland, and D. Pergande, “A highly sensitive
refractometric sensor based on cascaded SiN microring resonators,”
Sensors, vol. 13, no. 11, pp. 14 601–14 610, Oct. 2013.
[321] V. Zamora, P. Lutzow, D. Pergande, and H. Heidrich, “Cascaded microring
resonators for biomedical applications: improved sensitivity at large tuning
range,” Proc. SPIE, vol. 8570, p. 857002, 2013.
[322] X. Jiang, J. Ye, J. Zou, M. Li, and J.-J. He, “Cascaded silicon-on-insulator
double-ring sensors operating in high-sensitivity transverse-magnetic
mode,” Optics Letters, vol. 38, no. 8, pp. 1349–1351, Apr. 2013.
[323] V. Raghunathan, “Athermal Photonic Devices and Circuits on a Silicon
Platform,” PhD thesis, Massachusetts Institute of Technology, 2013.
[324] J. C. Hulme, J. K. Doylend, and J. E. Bowers, “Widely tunable Vernier ring
laser on hybrid silicon,” Optics Express, vol. 21, no. 17, pp. 19 718–19 722,
2013.
[325] J. Dong, L. Liu, D. Gao, Y. Yu, A. Zheng, T. Yang, and X. Zhang,
“Compact notch microwave photonic filters using on-chip integrated
microring resonators,” IEEE Photonics Journal, vol. 5, no. 2, p. 5500307,
Apr. 2013.
[326] H. Yan, X. Feng, D. Zhang, K. Cui, F. Liu, and Y. Huang, “Compact optical
add-drop multiplexers with parent-sub ring resonators on SOI substrates,”
IEEE Photonics Technology Letters, vol. 25, no. 15, pp. 1462–1465, Aug.
2013.
[327] C. Gentry and M. Popovic, “Dark state lasers,” in CLEO: 2013, ser. OSA
Technical Digest (online). Optical Society of America, Jun. 2013, p.
CM3F.1.
[328] R. Dey, J. Doylend, J. Ackert, A. Evans, P. Jessop, and A. Knights,
“Demonstration of a wavelength monitor comprised of racetrack-ring
resonators with defect mediated photodiodes operating in the C-band,”
Optics Express, vol. 21, no. 20, pp. 23 450–23 458, Sep. 2013.

150

[329] M. Bahadoran, J. Ali, and P. P. Yupapin, “Graphical approach for nonlinear
optical switching by PANDA Vernier filter,” IEEE Photonics Technology
Letters, vol. 25, no. 15, pp. 1470–1473, Aug. 2013.
[330] S. Tan, L. Xiang, J. Zou, Q. Zhang, Z. Wu, Y. Yu, J. Dong, and X. Zhang,
“High-order all-optical differential equation solver based on microring
resonators,” Optics Letters, vol. 38, no. 19, pp. 3735–3738, Oct. 2013.
[331] H. Yan, X. Feng, D. Zhang, and Y. Huang, “Integrated optical add-drop
multiplexer based on a compact parent-sub microring-resonator structure,”
Optics Communications, vol. 289, pp. 53–59, Feb. 2013.
[332] V. Zamora, P. Lutzow, M. Weiland, and D. Pergande, “Investigation of
cascaded SiN microring resonators at 1.3 µm and 1.5 µm,” Optics Express,
vol. 21, no. 23, pp. 27 550–27 557, Nov. 2013.
[333] S. Qin, P. Cho, D. H. Park, V. Yun, Y. Leng, P.-T. Ho, J. Goldhar, W. N.
Herman, and J. T. Fourkas, “MAP-fabricated acrylic double ring resonators
(DRRs) with expanded free spectral range (FSR),” 2013 Conference on
Lasers and Electro-Optics (CLEO), p. CF2I.3, 2013.
[334] T. Kita, K. Nemoto, and H. Yamada, “Narrow spectral linewidth and high
output power Si photonic wavelength tunable laser diode,” in 2013 IEEE
10th International Conference on Group IV Photonics (GFP), Aug. 2013,
pp. 152–153.
[335] E. H. W. Chan, “Noise investigation of a large free spectral range
high-resolution microwave photonic signal processor,” IEEE Photonics
Journal, vol. 5, no. 6, pp. 5 502 109–5 502 109, 2013.
[336] D. Bachman, Z. Chen, R. Fedosejevs, Y. Y. Tsui, and V. Van, “Permanent
fine tuning of silicon microring devices by femtosecond laser surface
amorphization and ablation,” Optics Express, vol. 21, no. 9, pp.
11 048–11 056, Apr. 2013.
[337] D. Bachman, Z. Chen, R. Fedosejevs, Y. Y. Tsui, and V. Van, “Permanent
tuning of high-Q silicon microring resonators by Fs laser surface
modification,” in 2013 Conference on Lasers and Electro-Optics Pacific
Rim (CLEO-PR), Jun. 2013, pp. TuPM–8.
[338] M. H. M. Salleh, A. Glidle, M. Sorel, J. Reboud, and J. M. Cooper,
“Polymer dual ring resonators for label-free optical biosensing using
microfluidics,” Chemical Communications, vol. 49, no. 30, pp. 3095–3097,
Apr. 2013.
151

[339] Z. Huang and Y. Wang, “Selectable heterogeneous integrated III-V /SOI
single mode laser based on Vernier effect,” in 2013 Conference on Lasers
and Electro-Optics Pacific Rim (CLEO-PR), Jun. 2013, pp. TuPM–3.
[340] T. Kita, K. Nemoto, K. Watanabe, H. Yamazaki, and H. Yamada, “Si
photonic wavelength tunable laser diode for digital coherent optical
communication,” in 2013 18th OptoElectronics and Communications
Conference held jointly with 2013 International Conference on Photonics
in Switching (OECC/PS), Jun. 2013, pp. WM1–3.
[341] C. Ciminelli, C. E. Campanella, F. Dell’Olio, C. M. Campanella, and M. N.
Armenise, “Theoretical investigation on the scale factor of a triple ring
cavity to be used in frequency sensitive resonant gyroscopes,” Journal of
the European Optical Society Rapid Publications, vol. 8, p. 13050, Jul.
2013.
[342] L. Ding, X. Jiang, C. Yang, and J.-J. He, “Thermally-tuned silicon double
ring resonator for external cavity tunable laser,” in PIERS Proceedings,
Aug. 2014, pp. 822–825.
[343] X. Zhang, L. Zhou, L. Lu, J. Xie, X. Sun, X. Li, and J. Chen, “Tunable
Vernier microring optical filters using p-i-p resistor-based micro-heaters,”
Optical Fiber Communication Conference/National Fiber Optic Engineers
Conference, p. OTu3C.7, 2013.
[344] L. Zhou, X. Zhang, L. Lu, and J. Chen, “Tunable Vernier microring optical
filters with p-i-p-type microheaters,” IEEE Photonics Journal, vol. 5, no. 4,
p. 6601211, Aug. 2013.
[345] M. La Notte and V. M. N. Passaro, “Ultra high sensitivity chemical
photonic sensing by Mach-Zehnder interferometer enhanced
Vernier-effect,” Sensors and Actuators B: Chemical, vol. 176, pp.
994–1007, Jan. 2013.
[346] “Vernier effect based dual-micro-ring resonator optical biochemical sensing
chip,” Patent Application CN103 308 476 A, Sep. 18, 2013. [Online].
Available: http://www.google.com/patents/CN103308476A?cl=en
[347] S. Chiangga, S. Pitakwongsaporn, T. D. Frank, and P. P. Yupapin, “Optical
bistability investigation in a nonlinear silicon microring circuit,” Journal of
Lightwave Technology, vol. 31, no. 7, pp. 1101–1105, Apr. 2013.

152

[348] P. Bienstman, T. Claes, and W. Bogaerts, “Vernier photonic sensor
data-analysis,” U.S. Patent Application US20 130 094 029 A1, Apr. 18,
2013.
[349] X. Zhang, Z. quan Li, and K. Tong, “A compact cascaded microring filter
with two master rings and two slave rings for sensing application,”
Optoelectronics Letters, vol. 10, no. 1, pp. 16–20, Jan. 2014.
[350] M. Ren, H. Cai, Y. D. Gu, P. Kropelnicki, A. B. Randles, and A. Q. Liu, “A
tunable laser based on nano-opto-mechanical system,” in 2014 IEEE 27th
International Conference on Micro Electro Mechanical Systems (MEMS),
Jan. 2014, pp. 1143–1146.
[351] L. Liu, J. Dong, T. Yang, X. Zhang, and D. Gao, “Comparison analysis of
microwave photonic filter using SOI microring and microdisk resonators,”
Proc. SPIE, vol. 8985, p. 898515, 2014.
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Appendix A

Derivation of the Transfer
Functions of a Quadruple
Series-Coupled Racetrack
Resonator Filter
1 Here, we will derive the drop port and through port transfer functions of quadruple

series-coupled racetrack resonators using Mason’s rule [504]. In [144], Dey et
al. derived the drop port transfer function using Mason’s rule [504] but did not
derive nor present the through port transfer function. For completeness, here we
have re-derived the drop port transfer function as well as derived the through port
transfer function. Since in our configuration, there are four racetrack resonators
coupled in series, there are 33 loop gains. There are 10 loop gains of the 10 possible
1A

version of Appendix A has been published in [96].
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combinations of 1 non-touching loop,
P11 = t1t2 Xa ,

(A.1)

P21 = t2t3 Xb ,

(A.2)

P31 = t3t4 Xc ,

(A.3)

P41 = t4t5 Xd ,

(A.4)

P51 = k22 k32t1t4 Xa Xb Xc ,

(A.5)

P61 = k32 k42t2t5 Xb Xc Xd ,

(A.6)

P71 = k32t2t4 Xb Xc ,

(A.7)

P81 =

k42t3t5 Xc Xd ,

(A.8)

P91 =

k22 k32 k42t1t5 Xa Xb Xc Xd ,

(A.9)

P101 = k22t1t3 Xa Xb
where Xa,b,c,d = exp( jba,b,c,d La,b,c,d

(A.10)

aa,b,c,d La,b,c,d ), where the field loss coef-

ficients and propagations constants for the racetrack resonators are represented by
aa,b,c,d , and ba,b,c,d , respectively. k1 , k2 , k3 , k4 , and k5 are the symmetric (real)
point field coupling factors. t1 , t2 , t3 , t4 , and t5 are the straight through (real) point
field transmission factors. There are 15 loop gains of the 15 possible combinations
of 2 non-touching loops,
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P12 = P11 P21 ,

(A.11)

P22 = P21 P31 ,

(A.12)

P32 = P31 P41 ,

(A.13)

P42 = P11 P31 ,

(A.14)

P52 = P11 P41 ,

(A.15)

P62 = P21 P41 ,

(A.16)

P72 = P41 P51 ,

(A.17)

P82 = P11 P71 ,

(A.18)

P92 = P41 P71 ,

(A.19)

P102 = P81 P101 ,

(A.20)

P112 = P31 P101 ,

(A.21)

P122 = P41 P101 ,

(A.22)

P132 = P11 P81 ,

(A.23)

P142 = P21 P81 ,

(A.24)

P152 = P11 P61 .

(A.25)

There are 7 loop gains of the 7 possible combinations of 3 non-touching loops,
P13 = P11 P21 P31 ,

(A.26)

P23 = P21 P31 P41 ,

(A.27)

P33 = P31 P41 P101 ,

(A.28)

P43 = P11 P41 P71 ,

(A.29)

P53 = P11 P21 P81 ,

(A.30)

P63 = P11 P21 P41 ,

(A.31)

P73 = P11 P31 P41 .

(A.32)
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There is 1 loop gain of the 1 possible combination of 4 non-touching loops,
P14 = P11 P21 P31 P41 .

(A.33)

The gain and co-factor of the first forward path that is used to determine the drop
port transfer function is,
G1 =

jk1 k2 k3 k4 k5

D1 = 1.

p
Xa Xb Xc Xd ,

(A.34)
(A.35)

The determinant for the entire system is given by,
D = 1 (P11 + P21 + P31 + P41 + P51 + P61 + P71 + P81 + P91 + P101 )+
(P12 + P22 + P32 + P42 + P52 + P62 +
P72 + P82 + P92 + P102 + P112 + P122 + P132 + P142 + P152 )
(P13 + P23 + P33 + P43 + P53 + P63 + P73 ) + P14 .

(A.36)

Thus, the transfer function for the drop port is given by [144],
T Fdrop =

G1 D1
.
D

(A.37)

The gains of the second to sixth forward path that are used to determine the through
port transfer function are,
G2 = t1 ,

(A.38)

G3 = k12t2 Xa ,

(A.39)

G4 = k12 k22t3 Xa Xb ,

(A.40)

G5 = k12 k22 k32t4 Xa Xb Xc ,

(A.41)

G6 =

k12 k22 k32 k42t5 Xa Xb Xc Xd ,
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(A.42)

and the corresponding co-factors are,
D2 = D,
D3 = 1

(A.43)
(P21 + P31 + P41 + P61 + P71 + P81 )

+ (P22 + P32 + P62 + P92 + P142 )

P23 ,

(A.44)

D4 = 1

(P31 + P41 + P81 ) + P32 ,

(A.45)

D5 = 1

P41 ,

(A.46)

D6 = 1.

(A.47)

Thus, the transfer function for the through port is given by,
T Fthrough =

G2 D2 + G3 D3 + G4 D4 + G5 D5 + G6 D6
.
D
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(A.48)

Appendix B

Derivation of the Transfer
Functions of a Double Microring
Resonator Filter with MZI-Based
Coupling
The drop port and through port transfer functions of a double microring resonator
filter with MZI-based coupling (which are used in [105]) are determined using the
same method used in Appendix A, which is Mason’s rule [96, 107, 504]. There are
8 loop gains of the 8 possible combinations of 1 non-touching loops,
2
P11 = tmzi
tr Xr Xmzi 2 ,

(B.1)

2
P21 = tmzi
tr Xr Xmzi 2 ,

(B.2)

4
2
P31 = tmzi
kr2 Xr2 Xmzi
2,

(B.3)

2
P41 = tr kmzi
Xr Xmzi 1 ,

(B.4)

2
P51 = tr kmzi
Xr Xmzi 1 ,

(B.5)

2 2
kmzi
tmzi kr2 Xmzi 1 Xr2 Xmzi 2 ,

(B.6)

2
2
P71 = tmzi
kr2 kmzi
Xmzi 2 Xr2 Xmzi 1 ,

(B.7)

4
2
P81 = kmzi
kr2 Xr2 Xmzi
1,

(B.8)

P61 =
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where
Xr = e

jbr Lr aLr

Xmzi

2

=e

jbr Lmzi

Xmzi

1

=e

jbr Lmzi

(B.9)

,

2

aLmzi

2

,

(B.10)

1

aLmzi

1

,

(B.11)

a is the field propagation loss coefficient, Lr is the length of the microring resonator
that does not include the portion within the MZI section. br is the propagation
constant of the microring resonator and the MZI-bus waveguide branch. The length
Lmzi

2

is the MZI-ring waveguide branch length [105]. The length Lmzi

1

is the

total length of the MZI-bus waveguide branch [105]. kr and tr are the inter-ring
real point field coupling factor and transmission factor, respectively, kmzi and tmzi
are the real point field coupling factor and transmission factor for the MZI regions,
respectively [105]. There are 4 loop gains of the 4 possible combinations of 2
non-touching loops,
P12 = P11 P21 ,

(B.12)

P22 = P41 P21 ,

(B.13)

P32 = P41 P51 ,

(B.14)

P42 = P51 P11 ,

(B.15)

The determinant, D, for the filter is,
D=1

(P11 + P21 + P31 + P41 + P51 + P61 + P71 + P81 ) + (P12 + P22 + P32 + P42 ).
(B.16)
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The forward path gains and their, respective, co-factors for the drop port transfer
function are,
2 2
G1 = jkr kmzi
tmzi Xr Xmzi 1 Xmzi 2 ,

(B.17)

D1 = 1,

(B.18)

G2 =

2 2
jkr kmzi
tmzi Xr Xmzi 1 Xmzi 2 ,

(B.19)

D2 = 1,

(B.20)

2 2
2
G3 = jkr kmzi
tmzi Xr Xmzi
2,

(B.21)

D3 = 1,

(B.22)

2 2
2
G4 = jkr kmzi
tmzi Xr Xmzi
1,

(B.23)

D4 = 1.

(B.24)

Therefore, the drop port transfer function is,
T Fdrop =

G1 D1 + G2 D2 + G3 D3 + G4 D4
.
D
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(B.25)

The forward path gains and their, respective, co-factors for the through port transfer
function are,
2
G5 = tmzi
Xmzi 1 ,

(B.26)

D5 = 1

(B.27)

G6 =

(P11 + P21 + P31 + P41 + P61 ) + (P12 + P22 ),
2
kmzi
Xmzi 2 ,

D6 = 1

(B.28)

(P11 + P41 + P51 + P71 + P81 ) + (P32 + P42 ),

(B.29)

2 4
2
G7 = kr2 kmzi
tmzi Xr2 Xmzi 1 Xmzi
2,

(B.30)

D7 = 1,

(B.31)

2
2
G8 = kmzi
tr tmzi
Xr Xmzi 1 Xmzi 2 ,

(B.32)

D8 = 1

(B.33)

G9 =

(P11 + P41 ),
2
2
kmzi
tr tmzi
Xr Xmzi 1 Xmzi 2 ,

D9 = 1

(P11 + P41 ),

(B.34)
(B.35)

4 2
2
G10 = kr2 kmzi
tmzi Xr2 Xmzi
1 Xmzi 2 ,

(B.36)

D10 = 1,

(B.37)

4 2
2
G11 = kr2 kmzi
tmzi Xr2 Xmzi
1 Xmzi 2 ,

(B.38)

D11 = 1,

(B.39)

2 4
2
G12 = kr2 kmzi
tmzi Xr2 Xmzi 1 Xmzi
2,

(B.40)

D12 = 1.

(B.41)

Therefore, the through port transfer function is,
T Fthrough =

G5 D5 + G6 D6 + G7 D7 + G8 D8 + G9 D9 + G10 D10 + G11 D11 + G12 D12
.
D
(B.42)
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Appendix C

Derivation of the Average
Propagation Constant Mismatch
of a Contra-Directional Grating
Coupler
1 Here,

we will derive the equation for the average propagation constant mismatch,

d bavg . The first step in determining d bavg is to calculate the propagation constant
difference, d bH , which is defined as the difference between the propagation constant mismatch, Db ( fH ), at the frequency, fH , corresponding to the intensity at
FWHM at the higher frequency and the propagation constant mismatch, Db ( f0 ), at
the centre frequency, f0 , (see Figure C.1) as shown in Eq. C.1.
d bH = Db ( fH )

Db ( f0 )

(C.1)

Next, we substitute into Eq. C.1 the propagation constant mismatch equation, Db =
ba + bb

m 2p
L , where ba and bb are the propagation constants of waveguide “a”

and waveguide “b” in isolation, respectively, m is the grating order which is equal
to 1 for our first-order contra-DCs, and L is the grating period [513] as shown in
1A

version of Appendix C has been published in [435].
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Eq. C.2.
2p
L

d bH = ba ( fH ) + bb ( fH )

ba ( f0 )

bb ( f0 ) +

2p
L

(C.2)

The next steps involve simplifying Eq. C.2, substitutions for the propagation constants, and rearrangements of the terms,
d bH = ba ( fH ) + bb ( fH ) ba ( f0 ) bb ( f0 )
✓ ◆
2p
=
(na ( fH ) fH + nb ( fH ) fH na ( f0 ) f0
c
✓ ◆
2p
=
(na ( fH ) fH na ( f0 ) f0 + nb ( fH ) fH
c

(C.3)
nb ( f 0 ) f 0 )

(C.4)

nb ( f 0 ) f 0 )

(C.5)

where na and nb are the effective indices of waveguide “a” and waveguide “b”,
respectively, and c is the speed of light in a vacuum. Since the effective indices
are frequency dependent due to dispersion, we will express na ( fH ) as na ( f0 ) +
a
D fH dn
df

f0

and nb ( fH ) as nb ( f0 ) + D fH

dnb
df f
0

where D fH = fH

f0 [107]. After

simplification by grouping terms, d bH becomes,
d bH =

✓

2pD fH
c

◆

dna
na ( f 0 ) + f H
df

In Eq. C.6, the terms, na ( f0 ) + fH

dna
df f
0

dnb
+ nb ( f 0 ) + f H
df
f0

and nb ( f0 ) + fH

dnb
df f
0

f0

!

.

(C.6)

correspond approx-

imately to the group indices of waveguide “a” and waveguide “b,” respectively,
since D fH << f0 [107]. Therefore, the final equation for d bH is,
d bH =

✓

2pD fH
c

◆

ng,a ( f0 ) + ng,b ( f0 )

(C.7)

where ng,a and ng,b are the group indices of waveguide “a” and waveguide “b”,
respectively.
Next, we show the equation for the propagation constant difference, d bL , [see
Eq. C.8 where D fL = f0

fL ] which is defined as the difference between the prop-

agation constant mismatch, Db ( fL ), at the frequency, fL , corresponding to the intensity at FWHM at the lower frequency and the propagation constant mismatch,
182

Db ( f0 ), at the center frequency, f0 (see Figure C.1). d bL was derived using the
same procedure as used to derive d bH .
d bL =

✓

2pD fL
c

◆

ng,a ( f0 ) + ng,b ( f0 )

(C.8)

We are now able to determine d bavg ,
|d bH | + |d bL |
✓ ◆2
2p
d bavg =
ng,a ( f0 ) + ng,b ( f0 ) (D fH + D fL )
2c
⇣p ⌘
d bavg =
ng,a ( f0 ) + ng,b ( f0 ) ( fH fL )
c
✓
◆
⇣p ⌘
c
c
d bavg =
ng,a ( f0 ) + ng,b ( f0 )
c
lL lH
pDlbw
d bavg =
ng,a (l0 ) + ng,b (l0 )
lL lH
d bavg =

(C.9)
(C.10)
(C.11)
(C.12)
(C.13)

where the wavelengths l0 , lL , and lH correspond to the frequencies f0 , fH , and fL ,
respectively, and Dlbw = lH

lL . Equations C.7 and C.8 are similar to Eq. 13.5-

22 in [513] and Eq. C.13 is similar to Eq. 31 in [508] except that we have taken
dispersion into account.
|

L|

|

H|

3 dB

Intensity (dB)

2

( fL )

avg

( f0 )

( fH )

Figure C.1: Diagram depicting some of the relevant parameters used in our
derivation. c Optical Society of America, 2015, by permission [435].

183

Appendix D

Derivation of the Minimum
Bandwidth of a
Contra-Directional Grating
Coupler
1 Here,

Dlbw

we present the derivation for the minimum bandwidth of a contra-DC,

min

below,

as |k| goes to zero. First, we rearrange the terms in Eq. 6.7 as shown
✓
◆
d bavg 2
2|k|2 sinh2 (sL)
2
2
= s cosh (sL) +
sinh2 (sL).
2
tanh2 (|k|L)

1A

version of Appendix D has been published in [435].
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(D.1)

Next, we take the limit of the left side and the right side of Eq. D.1,
"
#
✓
◆2
d
b
2|k|2 sinh2 (sL)
avg
lim
= lim s2 cosh2 (sL) +
sinh2 (sL)
k!0 tanh2 (|k|L)
k!0
2

(D.2)

cos(d bavg L)
L2
(d bavg L)2
cos(d bavg L) +
4

1

=

2
d bavg

4

1 = 0.

(D.3)
(D.4)

The numerically determined solution to Eq. D.4 is d bavg L = 2.783115 (we neglect the trivial solution which is zero). Therefore, for a contra-DC with a given
L, d bavg L needs to be greater than 2.783115. Therefore, substituting d bavg L =
2.783115 into Eq. C.13, we get (similar to [520]),
Dlbw

min

=

which is approximately equal to,
Dlbw

min

⇡

2.783115lL lH
⇥
⇤
pL ng,a (l0 ) + ng,b (l0 )
2.783115l02
⇥
⇤.
pL ng,a (l0 ) + ng,b (l0 )
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(D.5)

(D.6)

