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ABSTRACT
Distributed Meandering Resonator Add-Drop Filters
in Silicon Photonic Integrated Circuits
Design, Fabrication and Analysis
Suat Kurt
Doctor of Philosophy in Electrical and Electronics Engineering
August 12, 2024

Add-drop filters (ADF) based on meandering loop mirrors (MLMs) and resonators based
on MLMs are designed, fabricated, and analyzed using silicon integrated photonics circuit
(Si-PIC) technology for operation in the standard near-infrared (near-1R) telecommunication
band. Optical waveguides, directional couplers, MLMs, meandering resonators (MRS),
antisymmetric meandering resonators (AMRs), and symmetric meandering resonators
(SMRs) with symmetric and antisymmetric directional couplers are utilized as a function of
the directional coupler length to scan the desired near-IR telecommunication band.
Asilicon on insulator (SOI) platform is used to realize strip waveguides in transverse electric
(TE) mode polarized single mode configuration. The structures’ design is based on numerical
simulations using a photonics design kit and resulting geometry of the structures were
incorporated into the photonics layout for fabrication by e-beam lithography. After the
writing of the silicon strip waveguide, and before oxide deposition, the photonic structures
were imaged with scanning electron microscopy (SEM) to physically characterize the
fabricated devices.

Surface gratings are used to couple in and out of these photonic structures with single mode
optical fibers. The excitation source for the spectral measurement of the device transmission
is a tunable laser operating in the 1500 — 1580 nm wavelength range. The transmission
signals in logarithmic (dB) scale are detected in the same experimental region using
calibrated near-IR photodetectors. The data is acquired by a control and data acquisition
compulter.

The experimentally measured transmission spectra are analyzed. To make the results more
reader friendly, the spectra are color coded: port number 1,2,3 are utilized as outputs and

colored as green, blue, and red, respectively. The reflection and transmission intensities are
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plotted in logarithmic (dB) scale. The free spectral range (FSR), quality factor (Q-factor),
mode split, insertion loss (IL), extinction ratio (ER), and slope rate (SR) are deduced from
experimentally measured spectra.

To understand the actual spectral response, we first analyzed the spectra. Since the input and
outputs of the devices had to be connected to the grating couplers, to couple in and out from
the optical fibers, the measurement responses are always modulated by the grating coupler
responses.

First, we analyzed the wavelength dependence of a DC, one of the basic elements used in our
designs. Then we look at the MLM spectral response, which incorporates a directional
coupler. After developing the understanding of directional coupler and the MLM, we moved
to the analysis of the spectral responses of more complex structures with ADF, MLM, DC-
MR, DC-SMR, DC-RMR, SC-MR, and DC-AMR.

The general response of a tunable mirror is observed for the MLMs. DC-MR shows the
behavior of a Fabry-Pérot resonator with power distributed according to the coupling
constants. DC-RMR shows the behavior of RE-MZI. SC-MRs show the typical Fabry-Pérot
response. The DC-AMRs show the typical spectra like the coupled resonator induced
transparency (CRIT), the analogue of the electromagnetically induced transparency (EIT)
spectral responses. Whereas the DC-SMRs show the mode split Fano resonance spectral
responses.

The figures of merits (FOMSs) are given as the best result achieved for each design. The
devices themselves have almost no insertion loss and the loss mechanism almost directly
comes from the surface grating couplers -in and out- for all structures. SC-MR has an FSR
of 1.6 nm with a best Q-factor of 19000, has an extinction ratio of 23 dB and a slope rate of
163 dB/nm. SC-MR has an FSR of 1.1 nm with a best Q-factor of 12000, has an extinction
ratio of 30 dB and a slope rate of 307 dB/nm. DC-SMR has an FSR of 2.05 nm with a best
Q-factor of 10000, a mode split of 1.1 nm, has an extinction ratio of 27 dB and a slope rate
of 450 dB/nm. DC-AMR has an FSR of 1.83 nm with a best Q-factor of 40000, a mode split
of 0.1 nm, has an extinction ratio of 33 dB and a slope rate of 872 dB/nm. DC-RMR has an
FSR of 3.6 nm with a best Q-factor of 8000, a mode split of 1.1 nm, has an extinction ratio
of 29 dB and a slope rate of 183 dB/nm.

In all of our designs we introduced a subsection of a waveguide with a specific length, if the
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round-trip optical path length is increased by increasing the length of the subsection, these
devices can even be used for dense wavelength division multiplexing (DWDM) applications,
which should have a spacing of 0.2 nm at 1550 nm. These results show that proposed devices,
ADF-MLM, ADF resonators are good candidates for WDM applications, but still further
modifications are required to be used as novel integrated photonic elements for optical

communication, computation, and sensing.
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OZETCE
Silisyum Tiimlesik Fotonik Devrelerde
Dagitilmis Kivrimh Cinla¢ Ekleme-Diisiirme Siizgecleri
Tasarim, Uretim ile Inceleme
Suat Kurt
Elektrik ve Elektronik Miihendisligi, Doktora
12 Agustos 2024
Kivrimli dongii aynalarina (MLM'ler) dayali ekleme-birakma filtreleri (ADF) ve MLM'lere
dayali c¢inlaglar, standart yakin kizilétesi (yakin-IR) telekomiinikasyon bandinda calismak
iizere silikon biitiinlesik fotonik devre (Si-PIC) teknolojisi kullanilarak tasarlanmas, tiretilmis
ve incelenmigtir. Optik dalga kilavuzlari, yonlii baglastiricilar, MLM'ler, kivrimli ¢inlaglar
(MR'ler), asimetrik kivrimli ¢inlaglar (AMR'ler) ve simetrik ve asimetrik yonli
baglastiricilara  sahip simetrik kivrimli  ¢inlaglar (SMR'ler), istenen yakin-IR
telekomiinikasyon bandini taramak ic¢in yonlii baglastirict uzunlugunun bir fonksiyonu
olarak incelenmistir.
Enine elektrik (TE) kutuplanmis tek kipli serit dalga kilavuzlarini tiretmek i¢in silikon tizeri
yalitkan (SOI) yapilar kullanilmistir. Yapilarin tasarimi, fotonik tasarim yazilimi kullanilarak
yapilan sayisal incelemelere dayanmaktadir ve yapilarin ortaya ¢ikan geometrisi, elektron-
151n yazim yontemi ile iiretilmistir. Silisyum fotonik yapilarin liretiminden sonra, bu yapilari
incelemek i¢in taramali elektron mikroskobu (SEM) ile goriintiileme yapilmistir.
Yiizey 1zgaralari, bu fotonik yapilar1 tek kipli optik fiberlerle baglastirmak i¢in kullanilir.
Cihaz iletiminin izgesel 6l¢limii i¢in kullanilan 1s1k kaynagi, 1500-1580 nm dalga boyu
araliginda ¢alisan ayarlanabilir bir lazerdir. Logaritmik (dB) dl¢ekteki iletim sinyalleri, yakin
kizilotesi bandda ¢alisan 151k algilayicilar kullanilarak oSlgiiliir. Veriler, yonetim ve veri
toplama bilgisayar tarafindan toplanir.
Deneysel olarak oSlgiilen iletim izgeleri incelenir. Sonuglar1 daha okunabilir hale getirmek
icin izgeler renk kodlu olarak verilmektedir: 1,2,3 numarali kapilar ¢ikt1 olarak kullanilir ve
sirastyla yesil, mavi ve kirmizi olarak renklendirilir. Yansima ve iletim yogunluklari
logaritmik (dB) dlgekte ¢izilir. Serbest izgesel aralik (FSR), nitelik katsayis1 (Q faktorii), kip

boliinmesi, baglastirma kaybi (IL), soniim oran1 (ER) ve egim oran1 (SR) deneysel olarak
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Olciilen izgelerden tiiretilmistir.

Izgesel tepkiyi anlamak igin énce sonug izgeleri incelenmis, bu izgelerin hepsinde yapilarin
giris ve cikislarinin optik fiberlere girip ¢ikmak i¢in ylizey 1zgaralarina baglanmasi
gerektiginden, dl¢iimlerin ylizey 1zgaralari tarafindan kiplendigi goriilmiistiir.

Oncelikle tasarimlarimizda kullanilan temel unsurlardan biri olan yénlii baglastiricilarin
dalga boyu bagimliligini incelenmis, daha sonra yonlii bir baglastirici igeren MLM izgesi
incelenmistir. Yonlii baglastirici ve MLM yapilarinin incelenmesinden sonra ekleme
birakma siizgegli (ADF), MLM, DC-MR, DC-SMR, DC-RMR, SC-MR ve DC-AMR gibi
daha karmasik yapilarin izgesel sonuglar1 degerlendirilmistir.

MLM'ler i¢in ayarlanabilir bir aynanin genel tepkisi gézlemlenmis, DC-MR yapisinda ise,
baglastirici katsayilarina gore dagitilan gilice sahip bir Fabry-Pérot ¢inlact davranisi
goriilmiistiir. DC-RMR, ¢inlama ile giiclendirilmis Mach-Zehnder girisimolgeri davranisini
gosterirken, SC-MR'lerde olagan Fabry-Pérot davranisi goézlemlenmistir. DC-AMR'ler,
elektromanyetik irkitilmis saydamlik (EIT) izgesel tepkilerinin benzeri olan baglagmis ¢inlag
irkitilmis saydamlik (CRIT) gibi olagan izgeleri gostermistir. DC-SMR'ler ise kip bdliinmiis
Fano ¢inlag izgesel davranigin1 gostermistir.

Basarim olgiitleri her tasarim icin elde edilen en iyi sonug¢ olarak verilmistir. Yapilarin
kendisi neredeyse hi¢ ekleme kaybina sahip degildir ve olusan kayip neredeyse dogrudan,
tim yapilar i¢in, yiizey 1zgara bagdastiricilarindan -ice veya disa dogru- gelir. SC-MR,
19000'lik en iyi Q-katsayisi ile 1.6 nm'lik bir FSR'ye, 23 dB'lik bir séniim oranina ve 163
dB/nm'lik bir egim oranina sahiptir. SC-MR, 12000'lik en iyi Q-katsayisiyla, 1.1 nm'lik bir
FSR'ye, 30 dB'lik bir s6nlim oranina ve 307 dB/nm'lik bir egim oranina sahiptir. DC-SMR,
10000'lik en iyi Q-katsayisiyla, 2.05 nm'lik bir FSR'ye, 1.1 nm'lik bir kip boliinmesine, 27
dB'lik bir soniim oranina ve 450 dB/nm'lik bir egim oranina sahiptir. DC-AMR, 40000'lik en
Iyi Q-katsayisi, 0.1 nm'lik Kip boliinmesi, 33 dB'lik soniim orani ve 872 dB/nm'lik egim orani
ile 1.83 nm'lik bir FSR'ye sahiptir. DC-RMR, 8000'lik en iyi Q-katsayisi, 1.1 nm'lik kip
boliinmesi, 29 dB'lik soniim oran1 ve 183 dB/nm'lik egim orani ile 3.6 nm'lik bir FSR'ye
sahiptir.

Tim tasarimlarimizda, bagdastiricilar arasina belirli uzunlukta bir dalga kilavuzu
eklenmistir; bu dalga kilavuzunun uzunlugu artirilarak gidis-doniis optik yol uzunlugu

artirilirsa, bu cihazlar 1550 nm'de 0.2 nm'lik bir FSR’ye sahip olmasi gereken yogun dalga
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boyu bélmeli ¢ogullama (DWDM) uygulamalari i¢in bile kullanilabilir. Bu sonuglar 6nerilen
cihazlarin, ADF-MLM, ADF c¢inlaglarin WDM uygulamalart i¢in iyi adaylar oldugunu
gostermektedir, ancak optik iletisim, hesaplama ve algilama alaninda yeni tiimlesik fotonik

bilesen olarak kullanilabilmeleri i¢in bu yapilar daha fazla degisiklige ihtiya¢c duymaktadir.
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Chapter 1

INTRODUCTION

Communication systems have an important place in the development of the world and
different systems are being developed to meet these communication needs [1]. In modern
systems, photonics is a key enabler of high-speed data transmission, which can be divided
into unguided (free space) photonics and guided photonics. Unguided photonics include
applications of light manipulation without using a guiding media other than free space, this
includes applications such as Lidar [2] and Li-Fi [3]. Guided waves on the other hand,
confines the light into a media other than free space or air, these confinement technologies

include optical fibers [4] and integrated photonics [5,6].

1.1.  Fiber Optics

Along with today's wireless communication systems [7], fiber optic communication systems
are among the most effective for carrying fast, and high-capacity data [8]. Since the invention
of the first fiber optic cable [5], demand in the communications industry has significantly
increased. This breakthrough revolutionized communications technology, followed by the
development of the first lasers, fiber optic cables, and erbium-doped fiber lasers [9]. Optical
communication has since become one of the backbones of modern communication
technology due to its ability to offer high-speed data transmitting and receiving especially
for long distances [10,11].

Today, in addition to communication, fiber optic cables find applications in high-power
lasers for industrial production [12,13], medicine [14], and sensing [15]. Furthermore, fiber
optic cables are laid even under the oceans, creating a vast global network of optical fibers
[16], which has enabled the development of long-distance communication systems.

In summary, optical fibers have revolutionized the communications industry, especially for
high data rate communications, and beyond communication, optical fibers have a wide range

of applications in numerous fields.

1.2.  Fiber Optics and Integrated Photonics

Fiber optic cables are typically used in long-distance communication due to their capabilities
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such as low power loss, handling high power, transmitting data at high speeds, and all optical
amplification [17]. These features allow the signal to travel over long distances without
significant loss. On the other hand, due to sidewall roughness and sensitivity to fabrication
errors, which are intrinsic challenges at the nanoscale, photonic integrated circuits (PICs)
experience higher propagation losses [18] compared to fiber optic cables [19]. As a result,
PICs are less suitable for long-distance data transmission, which makes fiber optics the
preferred solution for long distance applications.

Nevertheless, PICs offer certain advantages. These include compatibility with the existing
CMOS manufacturing processes, low production costs, high confinement of light, robustness
for monolithic and mass production, as well as properties such as high refractive index
contrast and small bending radius [20,21,22,23]. These characteristics make PICs attractive
for use in optical systems.

Due to these benefits, PICs are preferred in applications where short-distance, high-speed
data processing and signal transmission are required [24,25,26], rather than long-distance
communication. They are particularly prominent in data centers, high-performance
computing systems, and various communication infrastructures, where CMOS-compatible

PICs solutions are favored [27,28].

1.3. Integrated Photonics

Photonics today is pervasive across individual and corporate use, and it is rapidly advancing
[29,30,31,32] after the first introduction of PICs in 1985 [33] and the first implementation of
SOl process in 1992 [34,35]. The receivers and transmitters used in these data centers are
only one of the components that require high speed due to today's data processing demand
in data centers, and PICs emerge as the solution here [36]. Today's high data rates demand
with applications such as Al, cloud computing, streaming are one of the biggest reasons for
the rapid development of silicon PICs, which is a rapidly maturing technology due to their
compatibility with the existing CMOS infrastructure. Alongside with these properties, PIC
technology has applications in the fields of communication [37], switching [38], photonic

processing [39,40,41], lasers [42], and sensing [43].
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1.4, Silicon Based Integrated Photonics

Although silicon is not a direct band-gap material, resulting in very low emission efficiency
[44], its compatibility with the existing CMOS technology, suitability for mass production,
and low-cost fabrication have made silicon photonics the most widely used SOI (Silicon-On-
Insulator) platform [45] since their first introduction by Soref [46]. One of the main reasons
for the rapid development of silicon photonics is that these devices can be produced using
existing complementary metal oxide semiconductor (CMOS) technology [47,48], a crucial
advantage as the industry was already facing high demand when this new technology
emerged as a solution, particularly for the heat issues in data centers [49].

The heat problem in data centers is primarily caused by the data lines between processors
and memory units [50], and silicon photonics addresses this by offering a low loss alternative
[51]. Silicon photonic devices are especially useful in data centers, where cooling
mechanisms are essential for managing heat dissipation [52]. This thermal issue arises from
the intrinsic properties of electrons, which, when they collide, generate heat—something that
Si-PIC interconnects can help mitigate. Silicon photonics has applications in fields such as
sensing, communication, and computation [53,54,55] due to its low cost, low power
consumption, and compactness [56,57,58].

Especially in the era of big data and Al applications, the demand for high-speed data transfer
is increasing tremendously [59]. As a result, several High-Performance Computing (HPC)
and data center companies are already implementing silicon photonic-based interconnects.
The main reason behind this shift is that, compared to their electronic counterparts, silicon
interconnects offer a significantly lower cost—Iless than $1/Gbps—while providing high-
density integration and wavelength division multiplexing (WDM) capabilities. Furthermore,
YOLE anticipates that silicon interconnects will outperform both electronic and fiber
interconnects in several fields [60].

In summary, silicon photonics is a promising candidate for addressing the increasing demand
for higher quality, speed, and data rates in communications, owing to its unique qualities that
other technologies cannot match.

Silicon photonics integration can be categorized into several key functional blocks, such as
lasers, modulators, photonic signaling, photonic processing, and photodetection. Photonic
signaling, in turn, can be further classified into communication, interconnects, wavelength
conversion, and related processes. Additionally, photonic processing encompasses

operations such as optical filtering, switching, multiplexing, and demultiplexing [61, 62].
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Figure-1.4-1: Main modules and applications of silicon photonics integration [61].

In a silicon-integrated platform, the process begins with the generation of light using a light
source, typically a laser. This can be achieved by incorporating I11-V materials onto silicon
through methods such as heterogeneous integration, epitaxial growth [63,64,65]. Once the
light is generated, it must be coupled into a bus waveguide via optical interconnects [66].
The transmitted light can then be modulated, and, to increase data capacity, multiple
wavelengths can be combined using wavelength division multiplexing (WDM) to carry more
information through the silicon-on-insulator (SOI) waveguide. Finally, the modulated data
is transferred to an optical waveguide using structures such as surface grating couplers [67]
or inverse tapered SOI waveguides [68]. One of the critical components for photonic
processing in this integration scheme is WDM, which allows efficient use of multiple
wavelengths to enhance bandwidth and communication efficiency.

Silicon photonics SOI platforms can utilize different types of waveguides such as ridge, strip
waveguides or sub-wavelength gratings and slit waveguides.

Silicon photonics is widely utilized previously in applications such as modulators [69], high-
speed transceivers as shipping products by Intel [70]. Silicon photonics devices with their
high bandwidth capabilities, can also be utilized as wavelength division multiplexers
(WDMs) [71,72,73,74,75].

Figure-1.4-2 below shows the illustration of the ridge and strip SOI waveguides, which is a

commonly used structure for WDMs.
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Figure-1.4-2: Representation of SOl waveguides, (a) ridge waveguide, (b) strip waveguide.

One of the most widely used structure in SOI platforms is the ring resonators due to their
easy fabrication process [76]. Combination of different photonic integrated structures can
reduce the size weight and power consumption of the devices [77]. Meandering resonators
with their monolithic fabrication process and better footprint compared to the ring resonators
are introduced before [78,79,80]. After the theoretical introduction, several different designs
are also fabricated and analyzed around the world by different research groups [81]. Our
proposed meandering resonators’ measurement results were analyzed previously by our
research group. In the scope of the thesis, we used these proposed MLM resonators and
combined them to design more complex structures as add-drop filters, get them fabricated
and analyzed the measurement result with several performance parameters which will be

shown in the following chapters.

1.5.  11I-V Based Integrated Photonics

Photonic Integrated Circuits (PICs) are gaining increasing attention from the researchers due
to their ability to provide high bandwidth at a low cost per Gbps, along with their potential
for large-scale integration capabilities [82]. Silicon has emerged as the dominant platform
for PICs, largely due to its compatibility with mature CMOS manufacturing technologies
[83], however, despite these advantages, silicon-based platforms face a critical limitation in
producing efficient on-chip light sources, especially when compared to other silicon-on-
insulator (SOI) devices such as modulators, detectors, and multiplexers [84,85,86,87]. The
underlying issue stems from silicon’s intrinsic emission inefficiency, which arises from its
indirect bandgap structure, making it difficult to generate light efficiently [88]. This
limitation represents the primary bottleneck to achieving fully integrated optical systems on
a silicon-based platform [89,90].

To address this challenge, a suitable on-chip laser must possess several key characteristics:

5



Chapter 1: Introduction 6

it must lase within the optical communication bands, specifically at 1310 nm or 1550 nm, for
direct integration with optical fiber systems; it must deliver sufficient output power; and it
must do so with a low cost per bit, all while being manufacturable using existing CMOS
processes [91]. Integration of I11-V materials into silicon is one of the promising solutions,
as these materials have direct bandgaps that allow for more efficient light emission [92]. In
this context, 111-V doped silicon lasers have previously been reported [93,94,95,96]. Despite
this progress, the most significant challenge remains the integration of I11-V elements into
the silicon platform.

In addition to material integration challenges, ongoing efforts in the field are focused on
improving the efficiency, reliability, and cost-effectiveness of such systems, as well as
addressing issues related to coupling light into and out of optical fibers. Although these
challenges persist, advancements in hybrid integration techniques and material systems
continue to drive rapid progress in integrated photonics, bringing the vision of fully

integrated photonic systems closer to realization [97].

1.6.  Silicon Nitride Based Integrated Photonics

Silicon Nitride (Si3N4) has emerged as a critical platform in silicon photonics, known for its

compatibility with standard CMOS fabrication processes [98]. The SizN4 platform offers a
unique combination of low attenuation, broad transmission range, and minimal propagation
loss, positioning it as a superior alternative in specific photonic applications [99]. Due to its
refractive index of 1.98 (dependent on the silicon content) compared to 1.45 for SiO> at
1550 nm, SizN4-based photonic circuits requires wider bend radii than conventional silicon
photonics. However, with its ability to provide exceptionally low propagation losses, with
values ranging from 0.3 dB/m to 1.0 dB/cm over a wavelength range of 400 nm to 2350 nm,
making it suitable for applications from the visible to mid-IR spectrum.

Compared to InP and SOI platforms, SizN4 not only offers a broader wavelength range but
also delivers reduced propagation losses while maintaining moderate bending radii. It also
has properties such as ultra-low nonlinear absorption loss, low thermo-optic coefficients, and
enhanced dispersion engineering capabilities [100,101,102]. These features enable the
platform to excel in applications requiring ultra-low loss waveguides, especially in nonlinear

photonics, highly reliable microwave photonic systems, and ultra-wideband integrated
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photonic systems [103,104,105]. Additionally, SizsN4 plays a pivotal role in the development
of advanced photonic devices such as waveguides, modulators, detectors, and lasers
[106,107]. SizN4 has also enabled the realization of on-chip optical frequency comb
generators [108,109], an essential component in optical communications and precision
measurements.

Due to these attributes, silicon nitride platforms continue to expand their influence across a
broad range of high-performance photonic applications, particularly in areas that demand

both high bandwidth and low loss [110]. Its flexibility, coupled with the capability to operate
over a wide spectral range, ensures that SizN4 remains a cornerstone in the field of integrated

photonics, making it a preferred material in next-generation photonic devices and systems.

1.7. This Work

Add-drop filters (ADF) based on meandering loop mirrors (MLMs) and resonators based on
MLMs are designed, fabricated, and analyzed using silicon integrated photonics circuit (Si-
PIC) technology for operation in the telecommunication band. An SOI platform is used to
realize strip waveguides in transverse electric (TE) mode polarized single mode
configuration. The geometry of the structures was incorporated into the photonics layout for
fabrication by e-beam lithography. After the writing of the silicon strip waveguide, and
before oxide deposition, the photonic structures were imaged with scanning electron
microscopy (SEM) to physically characterize the fabricated devices.

Surface gratings are used to couple in and out of these photonic structures with single mode
optical fibers. The excitation source for the spectral measurement of the device transmission
is a tunable laser operating in the 1500 — 1580 nm wavelength range. The transmission
signals in logarithmic (dB) scale are detected in the same experimental region using
calibrated near-IR photodetectors. The data is acquired by a control and data acquisition
computer.

The experimentally measured transmission spectra are analyzed and the free spectral range
(FSR), quality factor (Q-factor), mode split, insertion loss (IL), extinction ratio (ER), and
slope rate (SR) are deduced from experimentally measured spectra. First, we analyzed the
wavelength dependence of a DC, one of the basic elements used in our designs. Then we

look at the MLM spectral response, which incorporates a directional coupler. After
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developing the understanding of directional couplers and the MLM, we moved to the analysis
of the spectral responses of more complex structures with ADF, MLM, DC-MR, DC-SMR,
DC-RMR, SC-MR, and DC-AMR.

As a result, ADF-MLM and ADF resonators show promise as a novel integrated photonics

platform for Si-PIC elements for optical communication, computation, and sensing.
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Chapter 2

Design, Fabrication and Characterization

2.1.  Design

We used LUMERICAL MODE, FDTD and INTERCONECT and KLayout software to
design the waveguides. Waveguide structure size is 500 nm width and 220 nm height as
shown in Figure 2.1-1. The main building block for our fabricated structures is the MLM
add-drop filter (ADF) and the main part that results to resonance is the 1C or the CC couplers
that we used in our designs. Figure 2.1-2 shows the structure of the IC couplers with a
bending radius of 5 um, and Figure 2.1-3 shows the CC coupler illustration with bend radius
of 5 um, in the illustrations L¢=15 um is chosen and it can be changed to get the desired
coupling constant for the structure. These couplers in SOI platform can be utilized for
applications of wavelength division multiplexing (WDM). MLM add-drop filter, and the

representation of the designed structures are shown in the following chapters.

add drop
s,
s
s
’,
&
227
Q;a
’,
4
’,
1 ——————————— : ::::::::::::::::::::::::::::::'!FZUU"'“
500 nm 1
’1 """""" 1
D — —_—
input : Lec=15 ym through
1
1
1

Figure 2.1-1: The illustration of the IC coupler used in photonic integrated circuits (PICs). The IC coupler
utilizes a silicon-on-insulator (SOI) strip waveguide with dimensions of 500 nm in width and 220 nm in

height, the bending radius is 5 pm, the gap between the waveguides in the coupling point is g=200 nm.
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add
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through input

Figure 2.1-2: The representation of the CC coupler used in photonic integrated circuits (PICs). The CC
coupler utilizes a silicon-on-insulator (SOI) strip waveguide with dimensions of 500 nm in width and 220 nm

in height, the bending radius is 5 um, the gap between the waveguides in the coupling point is g=200 nm.

In the following section the coupling constant analysis for the couplers is given, when the
coupling length LC changes it also changes the coupling constant which specifies where the
reflection and transmission will make a peak. As you can see from the figures below, the
reflection and transmission 50-50 coupling point for the IC coupler is Lc=17 pm.
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Figure 2.1-3: Coupling constant C vs. coupling length LC for IC directional couplers, through port
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Figure 2.1-4: Coupling constant C vs. coupling length LC for IC directional couplers, drop port

Table 2.1-1 shows the directional coupler and IC coupler coupling constants with respect to

the coupling length Lc.

Table 2.1-1: Coupling constant C vs.

coupling length LC for the DC and IC type directional coupler

Coupling length Lc | Directional coupler | Directional coupler
(um) (DC) coupling constant | (IC) coupling
constant
00 0.006 0.01
15 0.40 0.44
16 0.41 0.48
17 0.45 0.52
18 0.49 0.56
19 0.53 0.60
20 0.58 0.64

11
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(@ ____ (b) (c)
(d) (e) (f)
Figure 2.1-5: The illustration of the designed and fabricated SOI waveguide structures a) MLM Add-Drop

Filter, b) Double Coupled MR, c) Double Coupled SMR, d) Double Coupled Rev-MR, €) SC Add-Drop MR,
f) DC AMR.

The first device proposed here is an MLM (meandering loop mirror) add drop filter (ADF)
which utilizes meandering loop mirrors (MLMSs). These MLM structures, gives the device
compactness and monolithographic fabrication property [79]. Add-drop MLM filter can be
used in communication applications such as wavelength division multiplexing, all optical
switches, and biomedical sensing [29]. The proposed structures show Fano lineshapes and
Lorentzian peaks according to the device design parameters such as the coupling length (Lc)
which results in a coupling coefficient and the round-trip path length which specifies the Free
Spectral Range (FSR) of the structure.

The structures show Lorentzian and Fano lineshapes with Rabi splitting, electromagnetically
induced transparency (EIT) like peaks and coupled resonator induced transparency (CRIT)

spectral behaviors.

2.2. Fabrication

Applied Nanotools manufactured the structures using the NanoSOI multi-project wafer
(MPW) process. This process utilizes 100 KeV electron beam lithography on silicon-on-
insulator (SOI) wafers with a diameter of 200 mm. The resulting structures have a cross-

section of 220 nm in height, consisting of silicon on a silicon oxide (SiO2) buffer layer,

12
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which is 2 um thick, serving as the base material. [111,112].

The process steps are given as following:

Step 1: Predicing the 200 mm wafer into 25 mm x 25 mm dimensions square substrates by
inscribing a line on the backside so that the separation into smaller chips is easier after the
completion of fabrication.

Step 2: Wafer cleaning for 15 minutes using of piranha, 3 to 1 ratio H2SO4 to hydrogen
peroxide H202, solution.

Step 3: Isopropyl alcohol (IPA) or water rinse.

Step 4: Spin coating the wafer by electron-beam lithography hydrogen silsesquioxane (HSQ)
resist.

Step 5: The wafer is heated to evaporate the solvent in the resist.

Step 6: Raith EBPG 5000+ high performance, high precision, 100 keV, electron-beam
lithography tool [100] was used to pattern the structures using a raster scan. The dosage for
the exposure is corrected for proximity effects of the design, which result from the electrons,
that backscatter due to exposure of nearby features. Efficient patterning and minimal beam
drift are obtained by optimizing the shape writing order.

Step 7: Development of the wafer is done by tetramethylammonium sulfate solution
(TMAH), and the structures are optically inspected for residues or defects.

Step 8: Wafer is mounted on a 4-inch handling wafer.

Step 9: Anisotropic inductively coupled plasma - reactive ion etching (ICP-RIE) process is
performed using chlorine, after qualification of the etch rate.

Step 10: Removal of the resist is done using 10 to 1 ratio buffer oxide wet etch.

Step 11: Inspection of the structures and verification of patterning and etch quality is done
using a scanning electron microscope (SEM).

Step 12: Plasma enhanced chemical vapor deposition (PECVD) process is done to deposit a
2.2 um silicon oxide (Si02) cladding using tetraethyl orthosilicate (TEOS) at 300 °C.

Step 13: Verification of cladding thickness, structure layer, and buffer oxide is done using

reflectometry measurements.

2.3.  Characterization

In this section the properties such as the size and dimensions, the figures of merits (FOMs),

representations and the experimental measurement setups of the of the utilized designs will

13
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be addressed.

Surface Grating Coupler

Applied Nanotools (ANT) replaces these GCs with their own propriety GCs before
fabrication. Figure 2.3-1 shows the representation of the de-embedded structure, and the
experimental transmission spectra of two fabricated GCs connected by a 110 pm waveguide
with two 5 um bends for a TEgo mode is shown in Figure 2.3-2. There is an insertion loss of
-32.6 dB at 1515 nm, and an insertion loss of -21.7 dB at 1550 nm in this experimental

transmission spectrum, which is averaged over 10 measured spectra, and smoothed.

127 um »!

1
€
1

Figure 2.3-1: Two GCs spaced at 127 um connected with 110 um waveguide with 5 um
bends.
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Figure 2.3-2: Experimental transmission spectrum of a two GCs connected by a 110 um waveguide with two

5 um bends for a TEgo mode shows an insertion loss of -23.6 dB at 1550 nm.

Figures of Merits

The definitions of the figures of merits for the analyzed devices such as free spectral range,

Q-factor, extinction ratio (ER), Slope rate (SR) is given in the following section.

Q-factor

The Q-factor is a measure that quantifies the balance between the energy stored in a
resonating or an oscillating system and the energy it loses or dissipates. Mathematically, it
reflects how efficiently an oscillatory system maintains its oscillations by relating the
system’s total energy to its energy losses over time.

Q factor is defined as the central wavelength of a peak, divided by the 3 dB point which the

intensity halves from both left and right sides which is shown below for a Fabry-Pérot etalon.

_Ym
Q_S

v

Here m represents the mode number, which v,,, means the frequency of the m™ mode, §,, IS

known as the linewidth, which is half of the maxima, or the 3 dB point from the both sides
of the central peak.
Q-factor in the wavelength domain can also be represented as which is Acenter/d:. in wavelength

domain, this approximation is valid for values of high Q-factor, which at the same time

15
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requires the 3 dB difference [Full width at half maxima (FWHM)] of the peak to be narrow.

Figure 2.3-3 below shows the representation of the Q-factor for a Fabry-Pérot etalon.

I B 3

’ n AA .
z :
2L 52 é
E 5= —— — ]
E 2 :
l

-I 1 1 I | 1 1 1 1 | 1 1 |I| | 1 1 1 1 | 1 |-

Am+1 Am
Wavelength

Figure 2.3-3: Representation of the Q-factor for a Fabry-Pérot etalon.
Free Spectral Range (FSR)

Free Spectral Range is defined as the frequency or wavelength difference between the m™
and m+1™ peaks of the same mode.

FSR is calculated as the following,

FSR = Av = —— =
VT RIPL T T,
RTPL=nL

In here c is the speed of light in vacuum, Av is the frequency difference of two consecutive
modes, RTPL is the round-trip path length, L is the total length of the resonator and nL gives
the RTPL in the resonator itself, and Tr is the round-trip time.
FSR can also be calculated for high Q-factors as following,

A? A?
RTPL Ty

FSR = AX =

Figure 2.3-4 shows the illustration of the FSR for a Fabry-Pérot etalon.

16
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Figure 2.3-4: Representation of the free spectral range (FSR) with respect to frequency.

Mode Split

Mode split is the frequency/wavelength difference between two split/distinct modes with the
same mode number. In optical resonator mod split occurs due to the coupling perturbations
in the cavity often caused from coupling points inside the cavity itself or coupling with the
other elements, backscattering, and defects. This phenomenon occurs when there is more
than one optical round-trip path length in the cavity, such as clockwise and counterclockwise
modes in the cavity may follow different paths and creates peaks with different FSR and thus
with different central wavelength/frequency. Mode splitting is commonly observed in
whispering gallery modes which modes with different path lengths can occur, and micro
resonators. Figure 2.3-5 shows the representation for mode split in a cavity with two split

modes.

17
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Figure 2.3-5: The representation of mode split in a resonator with two cavity modes.

Extinction Ratio

Extinction ratio is defined as the difference level between high (1) and low (0) levels of a
system.

ER = Ihigh

Ilow
Figure 2.3-6 shows the representation of the extinction ratio for a Fabry-Pérot Etalon.
Slope Rate

The slope rate is defined as the amount of change for a peak or dip per frequency/or
wavelength unit change in resonators. Figure 2.3-6 shows the representation of the slope rate

for a Fabry-Pérot Etalon.

Insertion Loss

Insertion loss is defined as the experienced loss when coupling from one system to another.

Figure 2.3-6 shows the illustration of IL for a Fabry-Pérot Etalon.

18
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Figure 2.3-6: Representation of figures of merits (FOMSs), ER (Extinction Ratio), slope rate (SR), Q-factor,

free spectral range (FSR), insertion loss (IL), and their illustrations for a Fabry-Pérot resonator.
2.4. Measurement Setup

Experimental measurement spectra are achieved with an automated setup in the University
of British Columbia, the light is injected with an Agilent tunable laser from 1480 nm to
1580 nm. Experimental transmission spectra are acquired by a custom-built automated setup
[113], which is controlled by a Python automated control open-sourced software [114].
Inputs and outputs are obtained by a polarization maintaining four fiber ribbon arrays [115],
containing optical fibers placed 127 um apart. Input is provided at the second fiber in the
array, by an Agilent 81600B tunable laser source, swept between 1500 to 1580 nm with
10 pm steps. The optical structures on the silicon photonic integrated chip (Si-PIC) have four
grating couplers 127 um apart to match the spacing of the fiber ribbon array. The fibers are
polished with an 8° angle to match the surface grating couplers. The outputs are obtained at
fibers 1, 3, and 4 in the fiber ribbon array connected to Agilent 81635A detectors to detect
the output light. Figure 2.4-1 shows the schematic of the experimental setup which the
measurements are taken. Extension on the right side of Figure 2.4-1 shows the magnified
schematic of the Si-PIC interface for one structure the, with the four grating couplers and the
corresponding input and output fibers angled at 8°. A typical distance between the fiber
ribbon array and the PIC is 5 um to 50 um. The device under test is changed for all of the

structures and the measurements are repeated.
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Figure 2.4-1:Schematic of the experimental setup used to take the measurements. The structures are designed
to have 4 grating couplers spaced at 127 um, with the fibers at 8° angle to couple light in or out of the
structures. Input is given by an Agilent tunable laser 81600B scanned from 1500 nm to 1580 nm connected to
the 2nd fiber, and the outputs are taken from first, third, and fourth fiber of the ribbon array connected to

Agilent 81635A detectors. (Diagram with permission from Syed Sultan Shah Bukhari)
Figure 2.4-2 shows the experimental measurement setup with addressing and the KLayout

schematics of the proposed MLM structure with a magnified image of the device on the right
side. The mentioned measurement procedure is repeated for SC-MR, DC-MR, DC-SMR,
DC-AMR, DC-RMR.
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Figure 2.4-2: The experimental measurement setup with addressing of MLM, the same procedure is repeated
for the other proposed structures.
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Chapter 3

MEASUREMENTS AND ANALYSIS

3.1.  Single Coupled MLM

The Meandering Loop Mirror (MLM) add-drop filter serves as the fundamental component
of the other resonators. The MLM's architecture includes coupling points essential for
generating resonances. All other structures are composed of two or more MLM add-drop
filters and can be enhanced with more MLMs. Despite its integral role in configurations such
as Double-MR, Reversed MR, Single Coupled MR, SMR, and AMR, the MLM add-drop
filter alone cannot establish a resonant path. Figure 3.1-1 depicts the MLM add-drop filter's
schematic and the Figure 3.1-2 shows its corresponding SEM image. Figure 3.1-3 shows the
illustration of clockwise (CW) and counterclockwise (CCW) paths in MLM ADF. The output
port numbering is given as the following, ports are numbered as 1,2,3,4 and a prefix is added
if the port is used as an output port. For example, the input is always the port 2 and it is not
numbered in the figures/text and mentioned only as input. On the other hand, output 1 means
the first (upper most) grating coupler which is utilized as an output port, and the same is valid
for output 3 and output 4. Figure 3.1-4 shows the KLayout design of the MLM ADF with the
corresponding coupling dimensions and bend radii with their corresponding positions. The
input and output ports of MLM ADF is shown in the same diagram with input in black, while
output 1,2 and 3 is shown in green, blue, and red, respectively. The IC coupler has a coupling
length of Lc1=10.7 um and the CC coupler has a coupling length of Lc2=17 um (specific to
chosen design). The waveguides have a bending radius of 5 um while the couplers’ bending
radius is 10 um, the gap between the bus waveguides in the couplers is shown as g=200 nm.
The coupler bending radius of 10 um, the waveguide bending radius of 5 pm and the gap
between the coupler waveguides g=200 nm is constant in all designs. In the figures of MLM
response spectra the grating coupler response and the back reflections are visible. Figure
3.1-5 to Figure 3.1-14 shows the spectral response of the MLM, first figures of the MLM
with the same coupling length shows the spectral range from 1500 nm to 1580 nm and the

second figures of the same MLM shows the range from 1510 nm to 1520 nm.
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Figure 3.1-1: MLM add drop filter representation.
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Figure 3.1-2: The SEM image of the fabricated MLM add-drop filter
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W

Figure 3.1-3: Representation of clockwise and counterclockwise paths in MLM add-drop filter in blue, and

red, respectively.

Output 1 T
* Input

Lc=10.7 ym

g=200nm

Lc=17 pm

Output3  Output 2
Figure 3.1-4: Representation of MLM ADF with input in black, output 1,2 and 3 is shown in green, blue, and
red, respectively. The IC coupler has a coupling length of Lc1-10.7 pm and the CC coupler has L¢-17 um
(specific to chosen design), waveguides have a bending radius of 5 um while the couplers’ bending radius is

10 pm, the gap between the bus waveguides in the couplers is g=200 nm.
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Figure 3.1-5: The experimentally measured spectra of MLM from 1500 nm to 1580 nm with Lc;=10.7 pm

and Lc,=5 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-6: The experimentally measured spectra of MLM from 1510 nm to 1520 nm with L¢;=10.7 um

and Lc,=5 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.

24



Chapter 3: Measurements and Analysis 25

~———output1
—output3| -
—output4

_70 1 1 1 1 1 1

1500 1510 1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 3.1-7: The experimentally measured spectra of MLM from 1500 nm to 1580 nm with Lc;=10.7 pm

and Lc,=10 pum. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-8: The experimentally measured spectra of MLM from 1510 nm to 1520 nm with Lc¢;=10.7 um

and Lc,=10 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-9: The experimentally measured spectra of MLM from 1500 nm to 1580 nm with L¢;=10.7 pm

and Lc,=20 pum. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-10: The experimentally measured spectra of MLM from 1510 nm to 1520 nm with L¢;=10.7 pm

and Lc,=20 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-11 The experimentally measured spectra of MLM from 1500 nm to 1580 nm with Lc;=10.7 um

and Lc,=30 pum. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-12: The experimentally measured spectra of MLM from 1510 nm to 1520 nm with L¢;=10.7 pm

and Lc,=30 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-13: The experimentally measured spectra of MLM from 1500 nm to 1580 nm with Lc,=10.7 um

and Lc,=40 pum. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.1-14: The experimentally measured spectra of MLM from 1510 nm to 1520 nm with L¢;=10.7 pm

and Lc,=5 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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3.2.  Single Coupled MR ADF

The single coupled MR (SC-MR) add-drop filter (ADF) is fabricated to see the effect of the
second meandering resonator in the optical path by adding one more coupling point coming
from the second MLM which is reversed to increase the layout efficiency due to the size
limitations. The coupling length L of the (SC-MR) IC coupler is 10.7 um and the IC coupler
length is kept constant in all designs of SC-MR ADF and the FSR of the resonator can be

2
calculated with FSR = % Figure 3.2-1 shows the representation of SC-MR ADF and Figure
g

3.2-2 shows the SEM image of the SC-MR ADF. Figure 3.2-3 shows the KLayout design of
the SC-MR ADF given with the corresponding coupling dimensions and bend radii with the
positions of the input and output ports, Single Coupled MR with input shown in black, output
1,2 and 3 is shown in green, blue, and red, respectively. The IC coupler has a coupling length
of Lc1=10.7 pm and the CC coupler has a coupling length of Lc2=17 um (specific to chosen
design), waveguides have a bending radius of 5 um while the couplers’ bending radius is
10 um, the gap between the bus waveguides in the couplers is g=200 nm. The coupler
bending radius of 10 um, the waveguide bending radius of 5 um and the gap between the

coupler waveguides g=200 nm is constant in all designs.

Figure 3.2-1: Representation of SC-MR ADF.
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Figure 3.2-2: SEM image of the fabricated Single Coupled MR add-drop filter
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Figure 3.2-3 Representation of Single Coupled MR with output input in black, output 1,2 and 3 is shown in
green, blue, and red, respectively. The IC coupler has a coupling length of Lc1=10.7 um and the CC coupler
has Lc,-17 pum (specific to chosen design), waveguides have a bending radius of 5 pm while the couplers’

bending radius is 10 um, the gap between the bus waveguides in the couplers is g=200 nm.

30



Chapter 3: Measurements and Analysis 31

SC-MR ADF with Lcz=17 pm

Figure 3.2-4 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=17 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-5 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=17 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.78 nm.
Figure 3.2-6 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc2=17 um. The spectra have IL=17 dB,
FSR=1.78 nm, the spectra show weak inverse Lorentzian lineshapes, hence the ER, SR and
Q-factor calculation is not made for the output 1. Figure 3.2-7 shows the experimentally
measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm with Lc1=10.7 um
and Lco=17 um. The spectra have Lorentzian lineshapes with IL=11 dB, FSR=1.78 nm, best
Q-factor of 9-10%, ER=12 dB and SR=38 dB/nm. Figure 3.2-8 shows the experimentally
measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling
lengths of Lci=10.7 um and Lc,=17 um. The spectra have IL=11 dB, FSR=1.78 nm,
ER=5.6 dB, SR= 23 dB/nm.
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Figure 3.2-4: The experimentally measured SC-MR spectra from 1500 nm to 1580 nm with coupling lengths

of L¢;=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.2-5 The experimentally measured SC-MR spectra from 1510 nm to 1520 nm with coupling lengths
of Lci=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
The FSR of the spectra is 1.78 nm.

SC-MR 17

'41 T T T

A
o
T
1

output1

_50 1 1 1 1 1 1 1
1516 1516.5 1517 1517.5 1518 1518.5 1519 1519.5 1520

Wavelength (nm)

Figure 3.2-6 The experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 nm with
Lc1=10.7 um and Lc,=17 pm. The spectra have IL=17 dB, FSR=1.78 nm.
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Figure 3.2-7: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=17 um. The spectra have 1L=11 dB, FSR= 1.78 nm, best Q-factor of 9-103,
ER=12 dB and SR=38 dB/nm.
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Figure 3.2-8: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc>=17 pm. The spectra have IL=11 dB, FSR=1.78 nm,
ER=5.6 dB, SR= 23 dB/nm
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SC-MR ADF with Lc2=18 pm

Figure 3.2-9 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=18 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-10 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=18 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.75 nm.
Figure 3.2-11 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lci1=10.7 um and Lc>=18 um. The spectra have IL=11dB,
FSR=1.75nm, ER=4.2 dB, SR=18 dB/nm, the spectra show weak inverse Lorentzian
lineshapes, hence the Q-factor calculation is not made for the output 1. Figure 3.2-12 shows
the experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 pm and Lc2=18 pum. The spectra have IL=6 dB, FSR= 1.75 nm, best Q-factor
of 1.08-10%, ER=15dB and SR=36 dB/nm. Figure 3.2-13 shows the experimentally
measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling
lengths of Lc1=10.7 um and Lc>=18 um. The spectra have IL=9 dB, FSR=1.75nm,
ER=7.8 dB, SR=17 dB/nm.
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Figure 3.2-9: The resonant spectra for SC-MR structure Lci=-10.7 um and L¢,=18 um. The output ports 1, 3

and 4 are shown in green, blue, and red, respectively.
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Figure 3.2-10: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=18 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.75 nm.
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Figure 3.2-11: The experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 hm with
Lc1=10.7 um and Lc,=18 pm. The spectra have IL=11 dB, FSR = 1.75nm, ER = 4.2 dB, SR =18 dB/nm.
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Figure 3.2-12: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lcy = 10.7 um and Lcz = 18 pum. The spectra have IL = 11 dB, FSR = 1.75 nm, best Q-factor of 1.08-10%,
ER =15 dB, SR= 36 dB/nm.
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Figure 3.2-13: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lc;=10.7 um and Lc;=18 pm. The spectra have IL=9 dB, FSR=1.75 nm,
ER=7.8 dB, SR=17 dB/nm
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SC-MR ADF with Lc2=19 pm

Figure 3.2-14 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=18 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-15 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=19 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.74 nm.
Figure 3.2-16 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc:=10.7 um and Lc2=19 um. The spectra have I1L=13 dB,
FSR=1.74 nm, ER=3 dB, SR=17 dB/nm, the spectra show weak inverse Lorentzian
lineshapes, hence the Q-factor calculation is not made for the output 1. Figure 3.2-17 shows
the experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;1=10.7 um and Lc2=19 pum. The spectra have Lorentzian lineshapes with IL=19 dB,
FSR= 1.74 nm, best Q-factor of 1.27-10%, ER=20 dB and SR=45 dB/nm. Figure 3.2-18
shows the experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to
1520 nm with coupling lengths of Lci=10.7 um and Lc2=19 pm. The spectra have IL=9 dB,
FSR=1.74 nm, ER=8 dB, SR= 22 dB/nm.
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Figure 3.2-14: shows the experimentally measured spectra of SC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 pm and Lc,=18 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.2-15: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with Lc¢;=10.7
um and Lc,=19 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of
the spectra is 1.74 nm.
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Figure 3.2-16: The experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 hm with
Lc1=10.7 um and Lc,=19 pm. The spectra have IL=13 dB, FSR=1.74 nm, ER=3 dB, SR=17 dB/nm
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Figure 3.2-17: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 pum and Lc,=19 pum. The spectra have Lorentzian lineshapes with IL=19 dB, FSR= 1.74 nm,
best Q-factor of 1.27-10% ER=20 dB and SR=45 dB/nm.
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Figure 3.2-18: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc>=19 pm. The spectra have IL=9 dB, FSR=1.74 nm, ER=8 dB,
SR= 22 dB/nm.
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SC-MR ADF with Lcz=20 pm

Figure 3.2-19 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc1=10.7 um and Lc,=20 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-20 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=20 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.7 nm.
Figure 3.2-21 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc2=20 um. The spectra have IL=21 dB,
FSR=1.7 nm, ER=2.9 dB, SR=26 dB/nm, the spectra show weak inverse Lorentzian
lineshapes, hence the Q-factor calculation is not made for the output 1. Figure 3.2-22 shows
the experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 pm and Lc2=20 pum. The spectra have IL=17 dB, FSR= 1.7 nm, best Q-factor
of 1.7-10% ER=20 dB and SR=49 dB/nm. Figure 3.2-23 shows the experimentally measured
SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lci=10.7 um and Lc2=20 um. The spectra have IL=10dB, FSR=1.7 nm, ER=8dB,
SR= 37 dB/nm.
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Figure 3.2-19: The experimentally measured spectra of SC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 pm and Lc,=20 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.

40



Chapter 3: Measurements and Analysis 41

SC-MR 20
-30 T T T T
—— output1
output3
— output4
40 F i
i
A
£ ‘ ’ P ‘ | ’
2]
=
o 50 T
o
=
O
o
-60 .
_70 1 1 1 1
1510 1512 1514 1516 1518 1520

Wavelength (nm)

Figure 3.2-20: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=20 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The

FSR of the spectra is 1.7 nm.
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Figure 3.2-21: the experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 nm with
Lc1=10.7 pm and Lc,=20 pm. The spectra have IL=21 dB, FSR=1.7 nm, ER=2.9 dB, SR=26 dB/nm.
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Figure 3.2-22: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lcz=20 pm. The spectra have IL=17 dB, FSR= 1.7 nm, best Q-factor of 1.7-10%,
ER=20 dB and SR=49 dB/nm.
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Figure 3.2-23: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc,=20 pm. The spectra have IL=10 dB, FSR=1.7 nm, ER=8 dB,
SR= 37 dB/nm.
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SC-MR ADF with Lc2=21 pm

Figure 3.2-24 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=21 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-25 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=21 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.68 nm.
Figure 3.2-26 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lci1=10.7 um and Lc;=21 um. The spectra have 1L=19 dB,
FSR=1.68 nm, best eff-Q=3-10% ER=6.37 dB, SR=63.64 dB/nm. Figure 3.2-27 shows the
experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 um and Lc,=21 um. The spectra have 1L=25 dB, FSR= 1.68 nm, best Q-factor
of 1.89-10% ER=27dB and SR=79 dB/nm. Figure 3.2-28 shows the experimentally
measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling
lengths of Lci=10.7 um and Lc;=21 um. The spectra have IL=11 dB, FSR=1.68 nm,
ER=6.5 dB, SR= 32 dB/nm.
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Figure 3.2-24: The experimentally measured spectra of SC-MR ADF from 1500 hm to 1580 nm with

Lc1=10.7 um and Lc2=21 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.2-25: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=21 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.68 nm.
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Figure 3.2-26: The experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 hm with
Lc:=10.7 um and Lc;=21 pm. The spectra have IL=19 dB, FSR=1.68 nm, best eff-Q=3-10% ER=6.37 dB,
SR=63.64 dB/nm.
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Figure 3.2-27: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=21 pm. The spectra have IL=25 dB, FSR= 1.68 nm, best Q-factor of 1.89-10%,
ER=27 dB and SR=79 dB/nm.
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Figure 3.2-28: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of L¢1=10.7 um and Lc,=21 um. The spectra have IL=11 dB, FSR=1.68 nm,
ER=6.5 dB, SR= 32 dB/nm.
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SC-MR ADF with Lc2=23 pm

Figure 3.2-29 shows the experimentally measured spectra of SC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=23 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.2-30 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=23 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.65 nm.
Figure 3.2-31 shows the experimentally measured SC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lci1=10.7 um and Lc>=23 um. The spectra have IL=17 dB,
FSR=1.65 nm, best eff-Q=7.6-10%, ER=12 dB, SR=151 dB/nm. Figure 3.2-32 shows the
experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 um and Lc,=23 um. The spectra have 1L=20 dB, FSR= 1.65 nm, best Q-factor
of 2.5-10% ER=13dB and SR=163 dB/nm. Figure 3.2-33 shows the experimentally
measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling
lengths of Lci=10.7 um and Lco=23 pm. The spectra have IL=12 dB, FSR=1.65 nm, best Q-
factor of 1.2-10* ER=6.2 dB, SR= 13.5 dB/nm.
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Figure 3.2-29: The experimentally measured spectra of SC-MR ADF from 1500 hm to 1580 nm with
Lc1=10.7 um and Lc;=23 pm
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Figure 3.2-30: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=23 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.65 nm.
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Figure 3.2-31: The experimentally measured SC-MR ADF spectra of output 1 from 1516 nm to 1520 hm with
Lc:=10.7 um and Lc;=23 pum. The spectra have IL=30 dB, FSR=1.65 nm, best eff-Q=7.6-10%, ER=12 dB,
SR=151 dB/nm.
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Figure 3.2-32: The experimentally measured SC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=23 pm. The spectra have IL=32 dB, FSR= 1.65 nm, best Q-factor of 2.5-10%,
ER=13 dB and SR=163 dB/nm.
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Figure 3.2-33: The experimentally measured SC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lc;=10.7 um and Lc;=23 pm. The spectra have IL=11 dB, FSR=1.65 nm, best Q-
factor of 1.2-10* ER=6.2 dB, SR=13.5 dB/nm.
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3.3.  Double Coupled MR ADF

Double Coupled Meandering Resonator (DC-MR) filter consists of two MLM add-drop filter
(ADF) connected to each other with a distance between. There are two resonant optical paths
in DC-MR and the structure shows Fano and Lorentzian lineshapes. The coupling length of
Lc. is changed to investigate the effect of coupling constant in the structure design. The
distance of the optical path determines the FSR of the structure. The DC-MR spectra show
Lorentzian peaks with power distributed to each port according to the coupling constants
which is specified by the coupling length. Figure 3.3-1 shows the representation of the DC-
MR ADF. Figure 3.3-2 shows the SEM image of DC-MR ADF. MR add-drop filter spectrum
shows Fano, Lorentzian and inverse Lorentzian lineshapes with a Q- factor figure of merit
on the order of 10%, and the FSR changes from 1.12 nm to 1.54 nm dependent on the round-
trip path length, at 1510 nm. Figure 3.3-3 shows the KLayout design of the DC-MR ADF
given with the corresponding coupling dimensions and bend radii with the positions of the
input and output ports, DC-MR with input shown in black, output 1, 2 and 3 is shown in
green, blue, and red, respectively. The IC coupler has a coupling length of Lc1=10.7 um and
the CC coupler has a coupling length of Lc2=17 pum (specific to chosen design), waveguides
have a bending radius of 5 um while the couplers’ bending radius is 10 um, the gap between
the bus waveguides in the couplers is g=200 nm. The coupler bending radius of 10 um, the
waveguide bending radius of 5 um and the gap between the coupler waveguides g=200 nm
is constant in all designs.

Figure 3.3-1: MR add drop filter representation.
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Figure 3.3-2: The SEM image of DC-MR ADF.
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Figure 3.3-3: Representation of DC-MR with output input in black, output 1,2 and 3 is shown in green, blue,
and red, respectively. The IC coupler has a coupling length of L=10.7 pm and the CC coupler has L¢=17 pm
(specific to chosen design), waveguides have a bending radius of 5 um while the couplers’ bending radius is

10 pm, the gap between the bus waveguides in the couplers is g=200 nm.
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MR-ADF with Lcz=16 pm

Figure 3.3-4 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=16 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.3-5 shows the experimentally measured DC-MR
ADF spectra from 1510 nm to 1520 nm with Lc;=10.7 pm and Lc2=16 pum. The output ports
1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.38 nm.
Figure 3.3-6 shows the experimentally measured DC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lci1=10.7 um and Lc>=16 um. The spectra have 1L=20 dB,
FSR=1.38 nm, best Q-factor=6.1-10%, ER=7 dB, SR=54.76 dB/nm. Figure 3.3-7 shows the
experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 ym and Lco=16 um. The spectra have IL=18 dB, FSR=1.38 nm, best Q-factor
of 6-10°, ER=13.7 dB and SR=31 dB/nm. Figure 3.3-8 shows the experimentally measured
DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lci=10.7 um and Lc>=16 pm. The spectra have 1L=14 dB, FSR=1.38 nm, ER=5.8 dB,
SR=12 dB/nm.
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Figure 3.3-4: The experimentally measured graph of DC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc,=16 um. The outputs 1,2 and 3 are shown in green, blue, and red, respectively.
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Figure 3.3-5: The experimentally measured DC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=16 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.38 nm.
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Figure 3.3-6: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm with
Lcy=10.7 um and Lc,=16 um. The spectra have IL=20 dB, FSR=1.38 nm, best Q-factor=6.1-103, ER=7 dB,
SR=54.76 dB/nm.
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Figure 3.3-7: The experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc,=16 um. The spectra have 1L=18 dB, FSR=1.38 nm, best Q-factor of 6-10%,
ER=13.7 dB and SR=31 dB/nm.
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Figure 3.3-8: The experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc>=16 pm. The spectra have IL=14 dB, FSR=1.38 nm,
ER=5.8 dB, SR=12 dB/nm.
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MR-ADF with Lcz=17 pm

Figure 3.3-9 shows the experimentally measured spectra of DC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=17 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.3-10 shows the experimentally measured DC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=17 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.35 nm.
Figure 3.3-11 shows the experimentally measured DC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc,=17 um. The spectra have 1L=20 dB,
FSR=1.35 nm, best eff-Q=2.1-10*, ER=15 dB, SR=92 dB/nm. Figure 3.3-12 shows the
experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 um and Lco=17 um. The spectra have Lorentzian lineshapes with 1L=12 dB,
FSR=1.35 nm, best Q-factor of 1.1-10%, ER=12 dB and SR=36 dB/nm. Figure 3.3-13 shows
the experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc,=17 um. The spectra have 1L=16 dB,
FSR=1.35 nm, ER=4.1 dB, SR= 51 dB/nm.
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Figure 3.3-9: The experimentally measured spectra of DC-MR ADF from 1500 nm to 1580 nm with
Lc1=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.3-10: the experimentally measured DC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.35 nm.
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Figure 3.3-11: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc;=17 um. The spectra have 1L=20 dB, FSR=1.35 nm, best eff-Q=2.1-10*% ER=15
dB, SR=92 dB/nm.
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Figure 3.3-12: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=17 pm. The spectra have IL=12 dB, FSR=1.35 nm, best eff-Q=2.1-10% ER=11
dB, SR=92 dB/nm.
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Figure 3.3-13: The experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lci=10.7 pm and Lc>=17 pm. The spectra have IL=16 dB, FSR=1.35 nm,
ER=4.1 dB, SR=51 dB/nm.
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MR-ADF with Lcz=18 pm

Figure 3.3-14 shows the experimentally measured spectra of DC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=18 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.3-15 shows the experimentally measured SC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=18 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.33 nm.
Figure 3.3-16 shows the experimentally measured DC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lci1=10.7 um and Lc>=18 um. The spectra have IL=17 dB,
FSR=1.33 nm, best eff-Q=1.3-10* ER=26 dB, SR=242 dB/nm. Figure 3.3-17 shows the
experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 um and Lc,=18 um. The spectra have IL=17 dB, FSR=1.33 nm, best Q-factor
of 7.2-10°%, ER=20 dB and SR=79 dB/nm. Figure 3.3-18 shows the experimentally measured
DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lci=10.7 um and Lco=18 pm. The spectra have IL=15 dB, FSR=1.34 nm, best Q factor of
6.9-10%, ER=6.5 dB, SR= 100 dB/nm.
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Figure 3.3-14: the experimentally measured spectra of DC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc,=18 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.3-15: The experimentally measured SC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=18 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.33 nm.
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Figure 3.3-16: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=18 um. The spectra have IL=17 dB, FSR=1.32 nm, best eff-Q=2.16-10% ER=8.8
dB, SR=62 dB/nm.
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Figure 3.3-17: The experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc,=18 um. The spectra have IL=17 dB, FSR= 1.33 nm, best Q-factor of 7.2-103,
ER=20 dB and SR=79 dB/nm.
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Figure 3.3-18: The experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lc;=10.7 um and Lc,=18 pm. The spectra have IL=15 dB, FSR=1.34 nm, best Q
factor of 6.9-10%, ER=6.5 dB, SR= 100 dB/nm.

59



Chapter 3: Measurements and Analysis 60

MR-ADF with Lcz=19 pm

Figure 3.3-19 shows the experimentally measured spectra of DC-MR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=19 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.3-20 shows the experimentally measured DC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 pm and Lc2=19 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.33 nm.
Figure 3.3-21 shows the experimentally measured DC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc2=19 um. The spectra have 1L=18 dB,
FSR=1.32 nm, best eff-Q=1.2-10%, ER=8.8 dB, SR=42 dB/nm. Figure 3.3-22 shows the
experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc1=10.7 um and Lc,=19 um. The spectra have 1L=20 dB, FSR= 1.33 nm, best Q-factor
of 9-10%, ER=16 dB and SR=64 dB/nm. Figure 3.3-23 shows the experimentally measured
DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lci=10.7 um and Lco=19 pm. The spectra have IL=13 dB, FSR=1.34 nm, best Q factor of
7.2-10% ER=6.6 dB, SR= 31 dB/nm.
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Figure 3.3-19: The experimentally measured spectra of DC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc2=19 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.3-20: The experimentally measured DC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=19 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.33 nm.
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Figure 3.3-21: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=19 um. The spectra have 1L=18 dB, FSR=1.32 nm, best eff-Q=1.2-10* ER=8.8
dB, SR=42 dB/nm.
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Figure 3.3-22: The experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc,=19 um. The spectra have 1L=20 dB, FSR= 1.33 nm, best Q-factor of 9-103,
ER=16 dB and SR=64 dB/nm.
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Figure 3.3-23: The experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm

with coupling lengths of Lc;=10.7 um and Lc>=19 pm. The spectra have IL=13 dB, FSR=1.34 nm, best Q
factor of 7.2-10%, ER=6.6 dB, SR= 31 dB/nm.
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MR-ADF with Lc2=20 pm

Figure 3.3-24 shows the experimentally measured spectra of DC-MR ADF from 1500 nm to
1580 nm with Lc1=10.7 um and Lc,=20 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.3-25 shows the experimentally measured DC-MR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=20 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.32 nm.
Figure 3.3-26 shows the experimentally measured DC-MR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc2=20 um. The spectra have IL=11 dB,
FSR=1.32 nm, best eff-Q=2.2-10% ER=8.7 dB, SR=62 dB/nm. Figure 3.3-27 shows the
experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=20 pum. The spectra have IL=11 dB, FSR=1.32 nm, best Q-factor
of 1-10%, ER=17 dB and SR=39 dB/nm. Figure 3.3-28 shows the experimentally measured
DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lc1=10.7 um and Lco=20 pm. The spectra have IL=15 dB, FSR=1.32 nm, best Q-factor of
7.2-10%, ER=6.5 dB, SR= 30 dB/nm.
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Figure 3.3-24: The experimentally measured spectra of DC-MR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc2=20 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.3-25: The experimentally measured DC-MR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=20 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.32 nm.
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Figure 3.3-26: The experimentally measured DC-MR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=20 um. The spectra have 1L=11 dB, FSR=1.32 nm, best eff-Q=2.2-10* ER=8.7
dB, SR=62 dB/nm.
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Figure 3.3-27: The experimentally measured DC-MR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=20 pm. The spectra have IL=11 dB, FSR= 1.32 nm, best Q-factor of 1-10%,
ER=17 dB and SR=39 dB/nm.
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Figure 3.3-28: The experimentally measured DC-MR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lc;=10.7 um and Lc;=20 pm. The spectra have IL=15 dB, FSR=1.32 nm, best Q-
factor of 7.2-10%, ER=6.5 dB, SR= 30 dB/nm.
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3.4. Double Coupled SMR ADF

The double coupled SMR (DC-SMR) add-drop filter (ADF) is fabricated to see the effect of
the second meandering resonator in the optical path by adding one more coupling point
coming from the second MLM which is reversed to increase the layout efficiency due to the
size limitations. The coupling length L. of the (DC-SMR) IC coupler is 10.7 um and the IC
coupler length is kept constant in all designs of DC-SMR ADF. The FSR can be calculated

2
with the formula FSR = nA—L Figure 3.4-1 shows the representation of DC-SMR ADF and
g

Figure 3.4-2 shows the SEM image of DC-SMR ADF. Figure 3.4-3 shows the KLayout
design of the DC-SMR with the corresponding coupling dimensions and bend radii with the
positions of the input and output ports, which the ports are numbered as 1,2,3,4 and a prefix
is added if the port is used as output. For example, the input is always the port 2 and it is not
numbered, and mentioned only as input while the output 1, meaning the first (upper most)
grating coupler) which is utilized as an output port. The coupler bending radius of 10 um and
the waveguide bending radius of 5 um and the gap between the coupler waveguides g=200

nm is constant in all designs.

Figure 3.4-1: The representation of SMR ADF.
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Figure 3.4-2: SEM image of the fabricated DC-SMR add-drop filter

*Input

T Output 1

R=5 pm Lc=17 pm
Lc=10.7 pm i

/)

R=5 pm Lc=17 pm
A
\’0.((
%
¢ Output 3 tOutput 2

Figure 3.4-3 Representation of DC-SMR with output shown in black, output 1,2 and 3 is shown in green,
blue, and red, respectively. The IC coupler has a coupling length of L,=10.7 pm and the CC coupler has
Lc=17 pm (specific to chosen design), waveguides have a bending radius of 5 um while the couplers’ bending

radius is 10 um, the gap between the bus waveguides in the couplers is g=200 nm
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DC-SMR ADF with Lcz=10 pm

Figure 3.4-4 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=10 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.4-5 shows the experimentally measured DC-SMR ADF
spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=10 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 2.77 nm.
Figure 3.4-6 shows the experimentally measured DC-SMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc1=10.7 um and Lc>=10 um. The spectra have IL=15 dB,
FSR=2.77 nm, best eff-Q=4.4-10%, ER=15.2 dB, SR=35 dB/nm. Figure 3.4-7 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc1=10.7 um and Lc2=10 um. The spectra have IL=11 dB, FSR= 2.77 nm, best eff-
Q=4.4-10%, ER=30 dB and SR=8 dB/nm. Figure 3.4-8 shows the experimentally measured
DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling lengths of
Lci=10.7 um and Lc>=10 pm. The spectra have 1L=9 dB, FSR=2.77 nm, ER=10.3 dB,
SR= 14 dB/nm.

-20 T
—— output1
-25F |—output3 ' | i

30t o . i | J( \ ‘ -
| |H’ il

‘f*
\"'Ald"

-70 1 1 1 1 1 1 1
1500 1510 1520 1530 1540 15650 1560 1570 1580

Wavelength (nm)

D
|l

Figure 3.4-4: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc2=10 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-5: The experimentally measured DC-SMR ADF spectra from 1545 nm to 1555 nm with
Lc1=10.7 um and Lc,=10 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.77 nm.
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Figure 3.4-6: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with LC1=10.7 um and LC2=10 pum. The spectra have IL=15 dB, FSR=2.77 nm, best eff-Q=4.4-10%, ER=15.2
dB, SR=35 dB/nm.

69



Chapter 3: Measurements and Analysis 70

SMR 10

30F 4
E 401 .
Z
o
3
s}
o

50 F 4

_60 1 L 1 1

1547 1548 1549 1550 1551 1552

Wavelength (nm)

Figure 3.4-7: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc;=10.7 um and Lc;=10 pm. The spectra have IL=11 dB, FSR= 2.77 nm, best eff-Q=4.4-103,
ER=30 dB and SR=8 dB/nm.
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Figure 3.4-8: The experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc;=10.7 um and Lc;=10 pm. The spectra have IL=9 dB, FSR=2.77 nm,
ER=10.3 dB, SR= 14 dB/nm.
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DC-SMR ADF with Lcz=15 pm

Figure 3.4-9 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=15 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.4-10 shows the experimentally measured DC-SMR ADF
spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=15 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 2.51 nm.
Figure 3.4-11 shows the experimentally measured DC-SMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc:1=10.7 um and Lcp=15 um. The spectra have IL=2 dB,
FSR=2.52 nm, best eff-Q=8.6-10%, ER=7.5 dB, SR=27 dB/nm. Figure 3.4-12 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc;=10.7 um and Lcp=15 um. The spectra have IL=2 dB, FSR= 2.51 nm, best eff-
Q=1.1-10* ER=24 dB and SR=9 dB/nm. Figure 3.4-13 shows the experimentally measured
DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling lengths of
Lci=10.7 pm and Lca=15 um. The spectra have IL=1 dB, FSR=2.52 nm, best eff-Q=6.1" 103,
ER=9.5 dB, SR= 18 dB/nm.
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Figure 3.4-9: the experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc,=15 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-10: The experimentally measured DC-SMR ADF spectra from 1545 nm to 1555 nm with
Lc1=10.7 um and Lc,=15 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.51 nm.
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Figure 3.4-11: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=10.7 um and Lc,=15 um. The spectra have 1L=2 dB, FSR=2.52 nm, best eff-Q=8.6-10%, ER=7.5 dB,
SR=27 dB/nm.
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Figure 3.4-12: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢;=10.7 pm and Lcz=15 um. The spectra have IL=2 dB, FSR= 2.51 nm, best eff-Q=1.1-10%,
ER=24 dB and SR=9 dB/nm.
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Figure 3.4-13: The experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc;=10.7 um and Lc;=15 pum. The spectra have IL=1 dB, FSR=2.52 nm,
best eff-Q=6.1-10%, ER=9.5 dB, SR= 18 dB/nm.
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DC-SMR ADF with Lcz=17 pm

Figure 3.4-14 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=17 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.4-15 shows the experimentally measured DC-
SMR ADF spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=17 um. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
2.42 nm. Figure 3.4-16 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1547 nm to 1552 nm with Lc1=10.7 um and Lco=17 um. The spectra have IL=3 dB,
FSR=2.43 nm, best eff-Q=9.1-10%, ER=13 dB, SR=59 dB/nm. Figure 3.4-17 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc;=10.7 um and Lc,=17 um. The spectra have IL=1 dB, FSR= 2.42 nm, best eff-
Q=3-10%, ER=13.5dB and SR=5.4 dB/nm. Figure 3.4-18 shows the experimentally
measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling
lengths of Lc1=10.7 pm and Lcz=17 pm. The spectra have IL=2 dB, FSR=2.42 nm, best eff-
Q=1.1-10* ER=13 dB, SR= 110 dB/nm.
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Figure 3.4-14: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with
Lc1=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-15: The experimentally measured DC-SMR ADF spectra from 1545 nm to 1555 nm with
Lc1=10.7 um and Lc,=17 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.42 nm.
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Figure 3.4-16: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=10.7 wm and Lc;=17 um. The spectra have 1L=3 dB, FSR=2.43 nm, best eff-Q=9.1-10%, ER=13 dB,
SR=59 dB/nm.

75



Chapter 3: Measurements and Analysis 76

SMR 17

output 3

Power (dBm)

_38 1 1 1 1
1547 1548 1549 1550 1551 1552

Wavelength (nm)

Figure 3.4-17: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢;=10.7 pm and Lcz=17 um. The spectra have IL=1 dB, FSR= 2.42 nm, best eff-Q=3-10%,
ER=13.5 dB and SR=5.4 dB/nm.
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Figure 3.4-18: The experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lci=10.7 pm and Lc>=17 pm. The spectra have IL=2 dB, FSR=2.42 nm, best eff-
Q=11.1-10% ER=13 dB, SR= 110 dB/nm.
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DC-SMR ADF with Lc2=20 pm

Figure 3.4-19 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=20 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.4-20 shows the experimentally measured DC-
SMR ADF spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=20 pum. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
2.32 nm. Figure 3.4-21 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1547 nm to 1552 nm with Lc1=10.7 um and Lc2=20 um. The spectra have IL=3 dB,
FSR=2.32 nm, best eff-Q=1.03-10% ER=13 dB, SR=222 dB/nm. Figure 3.4-22 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc;=10.7 pm and Lc,=20 um. The spectra have IL=1 dB, FSR= 2.31 nm, best eff-
Q=3.87-10%, ER=15.4dB and SR=330 dB/nm. Figure 3.4-23 shows the experimentally
measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling
lengths of Lc1=10.7 pm and Lc2=20 pm. The spectra have IL=3 dB, FSR=2.32 nm, best eff-
Q=9.1-10%, ER=26 dB, SR= 69.6 dB/nm.
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Figure 3.4-19: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc2=20 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-20: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=20 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.32 nm.
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Figure 3.4-21: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with L¢;=10.7 um and Lc;=20 um. The spectra have 1L=3 dB, FSR=2.32 nm, best eff-Q=1.03-10*% ER=13 dB,
SR=222 dB/nm.
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Figure 3.4-22: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc1=10.7 um and Lc;=20 pm. The spectra have IL=1 dB, FSR= 2.31 nm, best eff-Q=3.87-10%,
ER=15.4 dB and SR=330 dB/nm.
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Figure 3.4-23: The experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lci=10.7 pm and Lc>=20 pm. The spectra have IL=3 dB, FSR=2.32 nm, best eff-
Q=9.1-10% ER=26 dB, SR= 69.6 dB/nm.
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DC-SMR ADF with Lc2=24 pm

Figure 3.4-24 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=24 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.4-25 shows the experimentally measured DC-
SMR ADF spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=24 pum. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
2.17 nm. Figure 3.4-26 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1547 nm to 1552 nm with Lc1=10.7 um and Lco=24 um. The spectra have IL=2 dB,
FSR=2.17 nm, best eff-Q=3.8-10%, ER=18.1 dB, SR=453 dB/nm. Figure 3.4-27Figure 2.1-3
shows the experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to
1552 nm with Lc1=10.7 um and Lco=24 um. The spectra have IL=1 dB, FSR=2.17 nm, best
eff-Q=3.87-10% ER=15.4 dB and SR=330 dB/nm. Figure 3.4-28 shows the experimentally
measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling
lengths of Lc1=10.7 pm and Lc2=24 pm. The spectra have IL=2 dB, FSR=2.17 nm, best eff-
Q=9.1-10%, ER=13 dB, SR= 367 dB/nm.
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Figure 3.4-24: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc2=24 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-25: The experimentally measured DC-SMR ADF spectra from 1545 nm to 1555 nm with
Lc1=10.7 um and Lc,=24 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.17 nm.
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Figure 3.4-26: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=10.7 um and Lc;=24 um. The spectra have 1L=2 dB, FSR=2.17 nm, best eff-Q=3.8-10% ER=18.1
dB, SR=453 dB/nm.
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Figure 3.4-27: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢1=10.7 pm and Lcz=24 um. The spectra have IL=1 dB, FSR= 2.17 nm, best eff-Q=3.87-10%,
ER=15.4 dB and SR=330 dB/nm.
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Figure 3.4-28: The experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc;=10.7 um and Lc;=24 pum. The spectra have IL=2 dB, FSR=2.17 nm,
best eff-Q=9.1-10%, ER=13 dB, SR= 367 dB/nm.
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DC-SMR ADF with Lc2=28 pm

Figure 3.4-29 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=28 um. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.4-30 shows the experimentally measured DC-
SMR ADF spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=28 pum. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
2.06 nm. Figure 3.4-31 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1547 nm to 1552 nm with Lc1=10.7 um and Lc2=28 um. The spectra have IL=3 dB,
FSR=2.05 nm, best eff-Q=1.55-10*, ER=9 dB, SR=92.5 dB/nm. Figure 3.4-32 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc;=10.7 pm and Lc,=28 um. The spectra have IL=1 dB, FSR= 2.06 nm, best eff-
Q=9.7-10%, ER=18.7dB and SR=89 dB/nm. Figure 3.4-33 shows the experimentally
measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm with coupling
lengths of Lc1=10.7 pm and Lc2=28 pm. The spectra have IL=2 dB, FSR=2.06 nm, best eff-
Q=5-10%, ER=16.3 dB, SR= 34.6 dB/nm.
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Figure 3.4-29: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with
Lc1=10.7 um and Lc;=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.4-30: The experimentally measured DC-SMR ADF spectra from 1545 nm to 1555 nm with
Lc1=10.7 um and Lc,=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.06 nm.
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Figure 3.4-31: The experimentally measured DC-SMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=10.7 wm and Lc;=28 um. The spectra have 1L=3 dB, FSR=2.05 nm, best eff-Q=1.55-10* ER=9 dB,
SR=92.5 dB/nm.
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Figure 3.4-32: The experimentally measured DC-SMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢;=10.7 pm and Lc,=28 um. The spectra have IL=1 dB, FSR= 2.06 nm, best eff-Q=9.7-10%,
ER=18.7 dB and SR=89 dB/nm.
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Figure 3.4-33: the experimentally measured DC-SMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc;=10.7 um and Lc;=28 pm. The spectra have IL=2 dB, FSR=2.06 nm, best eff-
Q=5-10%, ER=16.3 dB, SR= 34.6 dB/nm.
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3.5.  Double Coupled AMR

DC-AMR spectra show EIT-like Lorentzian peaks in output 3 between the relatively flat top
filter response of the AMR. Fano spectral lineshapes can be observed in output 4 at the points
where the output 3 shows Lorentzian spectral response. Figure 3.5-1 shows the representation
of the DC-AMR ADF, Figure 3.5-2 shows the SEM image of DC-MR ADF. MR add-drop
filter spectrum shows Fano, Lorentzian with EIT like peaks and coupled resonator induced
transparency (CRIT) behaviors. Figure 3.5-3 shows the KLayout design of the DC-AMR
ADF given with the corresponding coupling dimensions and bend radii with the positions of
the input and output ports, DC-AMR with input shown in black, output 1,2 and 3 is shown
in green, blue, and red, respectively. The IC coupler has a coupling length of Lc1=10.7 um
and the CC coupler has a coupling length of Lco=17 um (specific to chosen design),
waveguides have a bending radius of 5 pum while the couplers’ bending radius is 10 um, the
gap between the bus waveguides in the couplers is g=200 nm. The coupler bending radius of
10 pum, the waveguide bending radius of 5 pm and the gap between the coupler waveguides

g=200 nm is constant in all designs.

Figure 3.5-1: The representation of the DC-AMR ADF
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Figure 3.5-2: The SEM image of DC-MR ADF
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Figure 3.5-3: Representation of Double Coupled SMR with output shown in black, output 1,2 and 3 is shown
in green, blue, and red, respectively. The IC coupler has a coupling length of L=10.7 pm and the CC coupler
has Lc=17 pm (specific to chosen design), waveguides have a bending radius of 5 um while the couplers’

bending radius is 10 um, the gap between the bus waveguides in the couplers is g=200 nm.
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DC-AMR ADF with Lc2=28 pm

Figure 3.5-4 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc;=8.7 um and Lc2=28 pm. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.5-5 shows the experimentally measured DC-AMR ADF
spectra from 1545 nm to 1555 nm with Lc1=10.7 um and Lc2=28 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 2.02 nm.
Figure 3.5-6 shows the experimentally measured DC-AMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc:=10.7 um and Lc=28 um. The spectra have IL=2 dB,
FSR=2.02 nm, best eff-Q=1.5-10% ER=11.8 dB, SR=29 dB/nm, split=0.25 nm. Figure 3.5-7
shows the experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with Lc1=10.7 um and Lco=28 um. The spectra have IL=1 dB, FSR=2.02 nm, best
Q=1.3-10*, ER=28dB and SR=214 dB/nm, split=0.32 nm. Figure 3.5-8 shows the
experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lci=10.7 um and Lc>=28 um. The spectra have IL=2dB,
FSR=2.06 nm, best eff-Q=5-10%, ER=16.3 dB, SR= 34.6 dB/nm.
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Figure 3.5-4: The experimentally measured spectra of DC-AMR ADF from 1500 nm to 1580 nm with

Lc1=8.7 um and Lc,=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.5-5: The experimentally measured DC-AMR ADF spectra from 1545 nm to 1555 nm with
Lc1=8.7 pm and Lc;=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 2.02 nm.
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Figure 3.5-6: The experimentally measured DC-AMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=8.7 pm and Lc;=28 pum. The spectra have IL=2 dB, FSR=2.02 nm, best eff-Q=1.5-104, ER=11.8
dB, SR=29 dB/nm, split=0.25 nm
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Figure 3.5-7: The experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to 1552 nm
with Lc1=8.7 um and Lc,=28 pm. The spectra have IL=1 dB, FSR= 2.02 nm, best Q=1.3-104, ER=28 dB and
SR=214 dB/nm, split=0.32 nm.
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Figure 3.5-8: The experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lcy=8.7 um and Lc,=28 pm. The spectra have IL=2 dB, FSR=2.06 nm, best eff-
Q=5-103, ER=16.3 dB, SR=34.6 dB/nm.
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DC-AMR ADF with Lc2=30 pm

Figure 3.5-9 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc1=8.7 um and Lc2=30 pm. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.5-10 shows the experimentally measured DC-AMR
ADF spectra from 1545 nm to 1555 nm with Lc1=8.7 pm and Lc,=30 um. The output ports
1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.99 nm.
Figure 3.5-11 shows the experimentally measured DC-AMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc1=8.7 um and Lc>=30 um. The spectra have IL=5 dB,
FSR=1.99 nm, best eff-Q=2.5-10%, ER=12.8dB, SR=17 dB/nm, split=0.16 nm. Figure
3.5-12 shows the experimentally measured DC-AMR ADF spectra of the output 3 from 1547
nm to 1552 nm with Lc1=8.7 um and Lc2=30 pum. The spectra have IL=1 dB, FSR=2.02 nm,
best Q=9.1-10%, ER=22 dB and SR=229 dB/nm, split=0.38 nm. Figure 3.5-13 shows the
experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc1=8.7 pm and Lc>=30 pm. The spectra have IL=2dB,
FSR=1.99 nm, best eff-Q=8.6-10%, ER=36 dB, SR= 113 dB/nm.

AMR 30
_20 T T 1 T 1 T T
' Y N
-30 & 1
\|| \
40 F \ J
€
m
Z
« -50
o
b=
5
-60 |
-or output1 i
—output3
— output4
-80 ! ! . ! ! ! !

1500 1510 1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 3.5-9: The experimentally measured spectra of DC-AMR ADF from 1500 nm to 1580 nm with

Lc1=8.7 um and Lc,=30 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.5-10: The experimentally measured DC-AMR ADF spectra from 1545 nm to 1555 nm with

Lc1=8.7 pm and Lc;=30 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.99 nm.
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Figure 3.5-11: The experimentally measured DC-AMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc1=8.7 um and Lc;=30 um. The spectra have IL=5 dB, FSR=1.99 nm, best eff-Q=2.5-10%, ER=12.8 dB,
SR=17 dB/nm, split=0.16 nm.
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Figure 3.5-12: The experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with Lc;=8.7 pm and Lc,=30 pum. The spectra have IL=1 dB, FSR= 2.02 nm, best Q=9.1-10%,
ER=22 dB and SR=229 dB/nm, split=0.38 nm.
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Figure 3.5-13: The experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc1=8.7 pm and Lc;=30 pm. The spectra have IL=2 dB, FSR=1.99 nm,
best eff-Q=8.6-10%, ER=36 dB, SR= 113 dB/nm.
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DC-AMR ADF with Lc2=32 pm

Figure 3.5-14 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc;=8.7 um and Lc2=32 pm. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.5-15 shows the experimentally measured DC-AMR
ADF spectra from 1545 nm to 1555 nm with Lc1=8.7 um and Lc2=32 um. The output ports
1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.94 nm.
Figure 3.5-16 shows the experimentally measured DC-AMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc1=8.7 um and Lc>=32 um. The spectra have IL=5dB,
FSR=1.94 nm, best eff-Q=3.1-10*, ER=18.5dB, SR=60 dB/nm, split=0.17 nm. Figure
3.5-17 shows the experimentally measured DC-AMR ADF spectra of the output 3 from 1547
nm to 1552 nm with Lc;=8.7 um and Lc2=32 pum. The spectra have IL=1 dB, FSR=1.94 nm,
best Q=1.9-10%, ER=21dB and SR=213 dB/nm, split=0.28 nm. Figure 3.5-18 shows the
experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc1=8.7 um and Lc>=32 um. The spectra have IL=2dB,
FSR=1.94 nm, best eff-Q=9.7-10%, ER=33 dB, SR= 211 dB/nm.
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Figure 3.5-14: The experimentally measured spectra of DC-AMR ADF from 1500 nm to 1580 nm with
Lc1=8.7 um and Lc,=32 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.5-15: The experimentally measured DC-AMR ADF spectra from 1545 nm to 1555 nm with
Lc1=8.7 pm and Lc;=32 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.94 nm
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Figure 3.5-16: The experimentally measured DC-AMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=8.7 um and Lc;=32 pm. The spectra have IL=5 dB, FSR=1.94 nm, best eff-Q=3.1-10% ER=18.5 dB,
SR=60 dB/nm, split=0.17 nm.
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Figure 3.5-17: The experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢1=8.7 pm and Lc;=32 pum. The spectra have IL=1 dB, FSR= 1.94 nm, best Q=1.9-10%,
ER=21 dB and SR=213 dB/nm, split=0.28 nm.
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Figure 3.5-18: The experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc1=8.7 pm and Lc;=32 pm. The spectra have IL=2 dB, FSR=1.94 nm,
best eff-Q=9.7-10%, ER=33 dB, SR= 211 dB/nm.
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DC-AMR ADF with Lc2=34 pm

Figure 3.5-19 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc1=8.7 um and Lc2=34 pm. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.5-20 shows the experimentally measured DC-AMR
ADF spectra from 1545 nm to 1555 nm with Lc1=8.7 pm and Lc,=34 um. The output ports
1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.88 nm.
Figure 3.5-21 shows the experimentally measured DC-AMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc1=8.7 um and Lc>=34 um. The spectra have IL=5 dB,
FSR=1.88 nm, best eff-Q=3.1-10* ER=12 dB, SR=167 dB/nm, split=0.15 nm. Figure 3.5-22
shows the experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with Lc3=8.7 um and Lc2=34 pum. The spectra have IL=1 dB, FSR= 1.88 nm, best
Q=3.1-10*, ER=16dB and SR=253 dB/nm, split=0.2 nm. Figure 3.5-23 shows the
experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc1=8.7 pm and Lc>=34 pm. The spectra have IL=2dB,
FSR=1.88 nm, best eff-Q=9.6-10%, ER=33 dB, SR= 211 dB/nm.
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Figure 3.5-19: The experimentally measured spectra of DC-AMR ADF from 1500 nm to 1580 nm with

Lc1=8.7 um and Lc,=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.5-20: The experimentally measured DC-AMR ADF spectra from 1545 nm to 1555 nm with
Lc1=8.7 pm and Lc;=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.88 nm.
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Figure 3.5-21: The experimentally measured DC-AMR ADF spectra of output 1 from 1547 nm to 1552 nm
with Lc;=8.7 pm and Lc;=34 pum. The spectra have IL=5 dB, FSR=1.88 nm, best eff-Q=3.1-10% ER=12 dB,
SR=167 dB/nm, split=0.15 nm.
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Figure 3.5-22: The experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢1=8.7 pm and Lc;=34 um. The spectra have IL=1 dB, FSR= 1.88 nm, best Q=3.1-10%,
ER=16 dB and SR=253 dB/nm, split=0.2 nm.
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Figure 3.5-23: The experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc1=8.7 pm and Lc;=34 pm. The spectra have IL=2 dB, FSR=1.88 nm,
best eff-Q=9.6-10% ER=33 dB, SR= 211 dB/nm.
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DC-AMR ADF with Lc2=36 pm

Figure 3.5-24 shows the experimentally measured spectra of DC-AMR ADF from 1500 nm
to 1580 nm with Lc1=8.7 um and Lc2=36 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.5-25 shows the experimentally measured DC-AMR
ADF spectra from 1545 nm to 1555 nm with Lc1=8.7 um and Lc2=36 um. The output ports
1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 1.83 nm.
Figure 3.5-26 shows the experimentally measured DC-AMR ADF spectra of output 1 from
1547 nm to 1552 nm with Lc1=8.7 um and Lc»=36 um. The spectra have IL=5 dB,
FSR=1.84 nm, best eff-Q=3.1-10* ER=13 dB, SR=273 dB/nm, split=0.1 nm. Figure 3.5-27
shows the experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with Lc1=8.7 um and Lc2=36 um. The spectra have IL=1 dB, FSR=1.83 nm, best
Q=1.1-10%, ER=10.1dB and SR=118.6 dB/nm, split=0.18 nm. Figure 3.5-28 shows the
experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to 1552 nm
with coupling lengths of Lc1=8.7 um and Lc>=36 um. The spectra have IL=2dB,
FSR=1.84 nm, best eff-Q=1.4-10* ER=25 dB, SR= 229 dB/nm.
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Figure 3.5-24: The experimentally measured spectra of DC-AMR ADF from 1500 nm to 1580 nm with

Lc1=8.7 um and Lc,=36 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.5-25: The experimentally measured DC-AMR ADF spectra from 1545 nm to 1555 nm with
Lc1=8.7 pm and Lc;=36 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 1.83 nm.
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Figure 3.5-26: The experimentally measured DC-AMR ADF spectra of output 1 from 1547 nm to 1552 nm
with L¢;=8.7 um and Lc;=36 pm. The spectra have IL=5 dB, FSR=1.84 nm, best eff-Q=3.1-104, ER=13 dB,
SR=273 dB/nm, split=0.1 nm.
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Figure 3.5-27: The experimentally measured DC-AMR ADF spectra of the output 3 from 1547 nm to
1552 nm with L¢;=8.7 pm and Lc;=36 um. The spectra have IL=1 dB, FSR=1.83 nm, best Q=1.1-10%,
ER=10.1 dB and SR=118.6 dB/nm, split=0.18 nm.

AMR 36

30k {\
B
oM
°
w40 r -
2
s

50 7

1547 1548 1549 1550 1551 1552

Wavelength (nm)

Figure 3.5-28: The experimentally measured DC-AMR ADF spectra of the output 4 from 1547 nm to
1552 nm with coupling lengths of Lc1=8.7 pm and Lc;=36 pum. The spectra have IL=2 dB, FSR=1.84 nm,
best eff-Q=1.4-10% ER=25 dB, SR= 229 dB/nm.

102



Chapter 3: Measurements and Analysis 103

3.6. Double Coupled Reverse MR

The double coupled reverse MR is designed and fabricated to see the effect of the reversed
second MLM. The reversed MLM in the design introduces a Mach-Zehnder interferometer
FSR to the spectra. The coupling length L. of the (DC-RMR) IC coupler is 10.7 um and the
IC coupler length is kept constant in all designs of SC-MR ADF and the FSR can be

calculated with FSR = nA—ZL which the ports are numbered as 1,2,3,4 and a prefix is added if
g

the port is used as output. The ports are named as follows, the input is always the port 2 and
it is not numbered, and mentioned only as input while the output 1, 3 or 4 meaning the first
(upper most), third or the fourth grating coupler which is utilized as an output port. Figure
3.6-1 shows the representation of the DC-RMR structure. Figure 3.6-2 shows the KLayout
design of the DC-RMR ADF is given with the corresponding coupling dimensions and bend
radii with the positions of the input and output ports. The coupler bending radius of 10 um,
the waveguide bending radius of 5 um and the gap between the coupler waveguides g=200
nm is constant in all designs. The spectra of the DC-RMR have strong Fano and Lorentzian

lineshapes with Q factors on the order of 10,

Figure 3.6-1: The representation of the DC-RMR ADF.
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Figure 3.6-2: Representation of DC-SMR with output shown in black, output 1,2 and 3 is shown in green,
blue, and red, respectively. The IC coupler has a coupling length of L;=10.7 um and the CC coupler has
Lc=17 um (specific to chosen design), waveguides have a bending radius of 5 um while the couplers’ bending

radius is 10 um, the gap between the bus waveguides in the couplers is g=200 nm
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DC-RMR ADF with Lc2=28 pm

Figure 3.6-3 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm to
1580 nm with Lc¢1=10.7 um and Lc>=28 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.6-4 shows the experimentally measured DC-SMR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=28 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 3.43 nm.
Figure 3.6-5 shows the experimentally measured DC-SMR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc>=28 um. The spectra have IL=15dB,
FSR=3.43 nm, best eff-Q=4-10°, ER=23 dB, SR=59 dB/nm. Figure 3.6-6 shows the
experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc2=28 pum. The spectra have IL=21 dB, FSR= 3.43 nm, best Q factor
of 9.4-10°, ER=9 dB and SR=68 dB/nm. Figure 3.6-7 shows the experimentally measured
DC-SMR ADF spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of
Lci=10.7 um and Lco=28 um. The spectra have IL=31 dB, FSR=3.43 nm, best eff-Q=3-10°,
ER=7.7 dB, SR= 70 dB/nm.
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Figure 3.6-3: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with
Lc1=10.7 um and Lc;=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.6-4: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=28 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 3.43 nm.
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Figure 3.6-5: The experimentally measured DC-SMR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc;=28 pm. The spectra have IL=15 dB, FSR=3.43 nm, best eff-Q=4-10%, ER=23 dB,
SR=59 dB/nm.
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Figure 3.6-6: The experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc,=28 um. The spectra have IL=21 dB, FSR= 3.43 nm, best Q factor of 9.4-10%,
ER=9 dB and SR=68 dB/nm.
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Figure 3.6-7: The experimentally measured DC-SMR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of Lc;=10.7 um and Lc,=28 pm. The spectra have IL=31 dB, FSR=3.43 nm, best eff-
Q=3-10% ER=7.7 dB, SR= 70 dB/nm.
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DC-RMR ADF with Lc2=30 pm

Figure 3.6-8 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm to
1580 nm with Lc1=10.7 um and Lc2=30 um. The output ports 1, 3 and 4 are shown in green,
blue, and red, respectively. Figure 3.6-9 shows the experimentally measured DC-SMR ADF
spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=30 um. The output ports 1, 3
and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is 3.38 nm.
Figure 3.6-10 shows the experimentally measured DC-SMR ADF spectra of output 1 from
1516 nm to 1520 nm with Lc1=10.7 um and Lc>=30 um. The spectra have IL=15 dB,
FSR=3.38 nm. Figure 3.6-11 shows the experimentally measured DC-SMR ADF spectra of
the output 3 from 1516 nm to 1520 nm with Lc:=10.7 pm and Lc2=30 um. The spectra have
IL=19 dB, FSR=3.38 nm. Figure 3.6-12 shows the experimentally measured DC-SMR ADF
spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of Lc1=10.7 um and
Lc2=30 um. The spectra have IL=27 dB, FSR=3.38 nm.
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Figure 3.6-8: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc,=30 pm. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively
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Figure 3.6-9: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=30 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The

FSR of the spectra is 3.38 nm.
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Figure 3.6-10: The experimentally measured DC-SMR ADF spectra of output 1 from 1516 nm to 1520 nm
with L¢;=10.7 um and Lc,=30 pum. The spectra have 1L=15 dB, FSR=3.38 nm.
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Figure 3.6-11: The experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to
1520 nm with Lc1=10.7 pm and Lc;=30 pum. The spectra have IL=19 dB, FSR= 3.38 nm.

RMR 30

-75
1516 1516.5 1517 1517.5 1518 15185 1519 1519.5 1520

Wavelength (nm)

Figure 3.6-12: The experimentally measured DC-SMR ADF spectra of the output 4 from 1516 nm to
1520 nm with coupling lengths of Lc;=10.7 pm and Lc,=30 pum. The spectra have IL=27 dB, FSR=3.38 nm.
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DC-RMR ADF with Lc2=32 pm

Figure 3.6-13 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=32 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.6-14 shows the experimentally measured DC-
SMR ADF spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=32 pum. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
3.33 nm. Figure 3.6-15 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1516 nm to 1520 nm with Lc;=10.7 um and Lc,=32 um. The spectra have IL=13 dB,
FSR=3.33 nm. Figure 3.6-16 shows the experimentally measured DC-SMR ADF spectra of
the output 3 from 1516 nm to 1520 nm with Lc1=10.7 pm and Lc2=32 um. The spectra have
IL=17 dB, FSR=3.33 nm. Figure 3.6-17 shows the experimentally measured DC-SMR ADF
spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of Lc1=10.7 um and
Lc2=32 um. The spectra have IL=28 dB, FSR=3.33 nm.
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Figure 3.6-13: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 pm and Lc,=32 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.6-14: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=32 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 3.33 nm.
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Figure 3.6-15: The experimentally measured DC-SMR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=32 pum. The spectra have 1L=13 dB, FSR=3.33 nm.
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Figure 3.6-16: The experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to
1520 nm with Lc1=10.7 pm and Lc;=32 pm. The spectra have IL=17 dB, FSR= 3.33 nm.

RMR 32

-75
1516 1516.5 1517 1517.5 1518 15185 1519 1519.5 1520

Wavelength (nm)

Figure 3.6-17: The experimentally measured DC-SMR ADF spectra of the output 4 from 1516 nm to
1520 nm with coupling lengths of Lc;=10.7 pm and Lc;=32 pm. The spectra have IL=28 dB, FSR=3.33 nm.
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DC-RMR ADF with Lc2=34 pm

Figure 3.6-18 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=34 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.6-19 shows the experimentally measured DC-
SMR ADF spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=34 um. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
3.28 nm. Figure 3.6-20 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1516 nm to 1520 nm with Lc;=10.7 um and Lc,=34 um. The spectra have IL=12 dB,
FSR=3.28 nm. Figure 3.6-21 shows the experimentally measured DC-SMR ADF spectra of
the output 3 from 1516 nm to 1520 nm with Lc:=10.7 pm and Lc2=34 um. The spectra have
IL=16 dB, FSR=3.28 nm. Figure 3.6-22 shows the experimentally measured DC-SMR ADF
spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of Lc1=10.7 um and
Lco=34 um. The spectra have IL=24 dB, FSR=3.28 nm.
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Figure 3.6-18: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc;=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.6-19: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc,=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 3.28 nm.
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Figure 3.6-20: The experimentally measured DC-SMR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=34 pum. The spectra have 1L=12 dB, FSR=3.28 nm.
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Figure 3.6-21: The experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to
1520 nm with Lc1=10.7 pm and Lc;=34 pm. The spectra have IL=16 dB, FSR= 3.28 nm.
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Figure 3.6-22: The experimentally measured DC-SMR ADF spectra of the output 4 from 1516 nm to
1520 nm with coupling lengths of LC1=10.7 um and L.C2=34 um. The spectra have IL=24 dB, FSR=3.28 nm.
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DC-RMR ADF with Lc2=36 pm

Figure 3.6-23 shows the experimentally measured spectra of DC-SMR ADF from 1500 nm
to 1580 nm with Lc1=10.7 um and Lc2=34 pm. The output ports 1, 3 and 4 are shown in
green, blue, and red, respectively. Figure 3.6-24 shows the experimentally measured DC-
SMR ADF spectra from 1510 nm to 1520 nm with Lc1=10.7 um and Lc2=34 um. The output
ports 1, 3 and 4 are shown in green, blue, and red, respectively. The FSR of the spectra is
3.24 nm. Figure 3.6-25 shows the experimentally measured DC-SMR ADF spectra of output
1 from 1516 nm to 1520 nm with Lc;=10.7 um and Lc,=34 um. The spectra have IL=12 dB,
FSR=3.24 nm. Figure 3.6-26 shows the experimentally measured DC-SMR ADF spectra of
the output 3 from 1516 nm to 1520 nm with Lc1=10.7 pm and Lc2=34 um. The spectra have
IL=16 dB, FSR=3.24 nm. Figure 3.6-27 shows the experimentally measured DC-SMR ADF
spectra of the output 4 from 1516 nm to 1520 nm with coupling lengths of Lc1=10.7 um and
Lco=34 um. The spectra have IL=24 dB, FSR=3.24 nm.
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Figure 3.6-23: The experimentally measured spectra of DC-SMR ADF from 1500 nm to 1580 nm with

Lc1=10.7 um and Lc;=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively.
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Figure 3.6-24: The experimentally measured DC-SMR ADF spectra from 1510 nm to 1520 nm with
Lc1=10.7 um and Lc;=34 um. The output ports 1, 3 and 4 are shown in green, blue, and red, respectively. The
FSR of the spectra is 3.24 nm.
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Figure 3.6-25: The experimentally measured DC-SMR ADF spectra of output 1 from 1516 nm to 1520 nm
with Lc;=10.7 um and Lc,=34 pum. The spectra have 1L=12 dB, FSR=3.24 nm.
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Figure 3.6-26: The experimentally measured DC-SMR ADF spectra of the output 3 from 1516 nm to
1520 nm with Lc1=10.7 pm and Lc;=34 pum. The spectra have IL=16 dB, FSR= 3.24 nm.
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Figure 3.6-27: The experimentally measured DC-SMR ADF spectra of the output 4 from 1516 nm to 1520 nm
with coupling lengths of LC1=10.7 um and L.C2=34 pum. The spectra have IL=24 dB, FSR=3.24 nm.
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3.7.  Summary

The figures of merits (FOMSs) are given as the best result achieved for each design. The
devices themselves have almost no insertion loss and the loss mechanism almost directly
comes from the surface grating couplers -in and out- for all structures. SC-MR has an FSR
of 1.6 nm with a best Q-factor of 19000, has an extinction ratio of 23 dB and a slope rate of
163 dB/nm. SC-MR has an FSR of 1.1 nm with a best Q-factor of 12000, has an extinction
ratio of 30 dB and a slope rate of 307 dB/nm. DC-SMR has an FSR of 2.05 nm with a best
Q-factor of 10000, a mode split of 1.1 nm, has an extinction ratio of 27 dB and a slope rate
of 450 dB/nm. DC-AMR has an FSR of 1.83 nm with a best Q-factor of 40000, a mode split
of 0.1 nm, has an extinction ratio of 33 dB and a slope rate of 872 dB/nm. DC-RMR has an
FSR of 3.6 nm with a best Q-factor of 8000, a mode split of 1.1 nm, has an extinction ratio
of 29 dB and a slope rate of 183 dB/nm.

In all of our designs we introduced a subsection of a waveguide with a specific length, if the
round-trip optical path length is increased by increasing the length of the subsection, these
devices can even be used for dense wavelength division multiplexing (DWDM) applications,
which should have a spacing of 0.2 nm at 1550 nm. These results show that proposed devices,
ADF-MLM, ADF resonators are good candidates for WDM applications, but still further
modifications are required to be used as novel integrated photonic elements for optical

communication, computation, and sensing.
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Chapter 4

CONCLUSION

Add-drop filters (ADFs) based on Meandering Loop Mirrors (MLMSs) and resonators based
on MLMs are designed, fabricated, and analyzed using silicon integrated photonics
technology for operation in the standard near-infrared (near-IR) telecommunication band.
Optical waveguides, directional couplers (DCs), MLMs, single and double coupled
meandering resonators (MRs), antisymmetric meandering resonators (AMRs), symmetric
meandering resonators (SMRs), and reverse meandering resonators (RMRs) with symmetric
and antisymmetric DCs were designed, fabricated, and analyzed as a function of the DC
length to scan the desired near-infrared (near-IR) telecommunication band.

The reflection and transmission intensities are plotted in logarithmic (dB) scale. The free
spectral range (FSR), quality factor (Q-factor), mode split, insertion loss (IL), extinction ratio
(ER), and slope rate (SR) are deduced from experimentally measured spectra.

We analyzed the wavelength dependence of meandering loop mirrors (MLMSs), MLMs the
coup is one of the basic elements used in our designs. We looked at the coupled and the
transmitted port intensities and compared them with the measurement results. These DCs
were chosen for designing the meandering elements because the wavelength sweep would
correspond to the tuning due to coupling of the devices. Then we studied the MLM spectral
response, which incorporates a directional coupler. After developing the basic understanding
of directional coupler and the MLM, we analyzed the spectral responses of more complex
structures with ADF, e.g., MLM, DC-MR, DC-SMR, SC-MR, DC-AMR, and DC-RMR.
The general response of a tunable mirror was observed for the MLMs, where the dip
corresponds to the maximum reflectivity of the mirror. The dip position shifted, when the
coupling length of the DC was varied. The resonance observed in the spectrum of de-
embedding structure is due to the FP effect created by the reflections from the input and the
output grating couplers. The spectral behavior of the MR structures showed a Fabry-Pérot
like behavior. At the maximum reflectance points of the MLM, the Q-factor was observed to
be maximum. Maximum Q-factors of around 5x10* was observed in MRs, Extinction ratios
are sensitive to the reflectance of the MLMs and become worse at the high reflectance values

of the mirror. The FSR is on the order of 1 nm for our fabricated MR devices.
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We have designed and analyzed the DC-AMRs, and the structure showed a typical response
which is similar to the coupled resonator induced transparency (CRIT), the analogue of the
electromagnetically induced transparency (EIT), spectral response. The resonance peaks
move towards higher quality factor values as the coupling is increased.

We plotted the intensities of AMR connected to the input and output grating couplers, for
different coupling lengths, where Lc is varied from 20 to 36 um. The FSR of the structure is
on the order of 1-2 nm. The transmission spectra of DC-AMR can achieve different line
shapes at different coupling values, these effects in the transmission spectra of AMR devices
can be explored in sensing and communication applications to achieve bandwidths of
operations which are not limited by the FSR value.

The DC-SMR has a richer spectrum with mode splitting of tunable Fano and Lorentzian
lineshapes. These responses make the SMR an ideal candidate for designing optical filters.
The DC-RMR has resonator enhanced Mach-Zehnder interferometer (REMZI) behavior. The
interference in DC-RMR creates a pattern with an FSR on the order of 3 nm.

The figures of merits (FOMSs) are given as the best result achieved for each design. The
devices themselves have almost no insertion loss and the loss mechanism almost directly
comes from the surface grating couplers -in and out- for all structures. SC-MR has an FSR
of 1.6 nm with a best Q-factor of 19000, has an extinction ratio of 23 dB and a slope rate of
163 dB/nm. SC-MR has an FSR of 1.1 nm with a best Q-factor of 12000, has an extinction
ratio of 30 dB and a slope rate of 307 dB/nm. DC-SMR has an FSR of 2.05 nm with a best
Q-factor of 10000, a mode split of 1.1 nm, has an extinction ratio of 27 dB and a slope rate
of 450 dB/nm. DC-AMR has an FSR of 1.83 nm with a best Q-factor of 40000, a mode split
of 0.1 nm, has an extinction ratio of 33 dB and a slope rate of 872 dB/nm. DC-RMR has an
FSR of 3.6 nm with a best Q-factor of 8000, a mode split of 1.1 nm, has an extinction ratio
of 29 dB and a slope rate of 183 dB/nm.

In all of our designs we introduced a subsection of a waveguide with a specific length, if the
round-trip optical path length is increased by increasing the length of the subsection, these
devices can even be used for dense wavelength division multiplexing (DWDM) applications,
which should have a spacing of 0.2 nm at 1550 nm. These results show that proposed devices,
ADF-MLM, ADF resonators are good candidates for WDM applications, but still further
modifications are required to be used as novel integrated photonic elements for optical

communication, computation, and sensing.
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