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Abstract

Extraterrestrial photonic integrated circuits (EPIC) offer potential solutions to relieve the global com-
munication bottleneck in the near future. This study focuses on the design of an important component
for an EPIC project at German Aerospace Center (DLR), namely integrated optical filter design. The
motivation behind this work is the promise of photonic integration that low loss, lightweight and flexi-
bly tunable filters can be realized for extraterrestrial communication. Furthermore, integrated optical
filters can significantly enhance the signal-to-noise ratio (SNR) of communication systems without the
need for electro-optical conversions.

Among different material platform options, the focus is mainly directed towards Indium Phosphide
(InP). Regarding the investigated optical filter types, mainly ring resonator and Mach-Zehnder In-
terferometer (MZI) geometries are studied in this thesis. After a detailed examination, the design is
finalized using a 2"¢ order MZI filter with 1.76 mm? footprint and 31.25 GHz (0.25 nm) full-width
at half-maximum (FWHM). Moreover, 137.5 GHz (1.10 nm) free spectral range (FSR), 25 dB on-off
extinction ratio (ER), <1 dB insertion loss (IL) and 18-25 dB power suppression at the centers of the
side channels are calculated with Beam Propagation Method (BPM) simulations, which are predicted
with the preliminary scattering matrix (S-matrix) analyses. This thesis elaborates on the theoretical
fundamentals of ring resonator and MZI filters, followed by the adopted methodology during the entire
filter design process. In this regard, it provides a comparative investigation between the two filter
types in the context of InP material platform. The performance of the finalized design with MZI is

also discussed at the end, including the tuning considerations of the filter.
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Chapter

Photonic Integration and Optical

Communications

1.1 Introduction to Photonic Integrated Circuits

Photonic integrated circuits (PIC) are the optical counterparts of the electronic integrated circuits (IC),
both of which operate to carry out certain logical operations through generation, manipulation and
detection of electromagnetic fields. In the case of electronic ICs, the main mean of signal transport is
the free electrons inside the metallic wires, whereas the light particles, so-called photons are employed
for the same purpose in the dielectric waveguides of PICs. The electronic IC’s are much more prevalent
due to their smaller sizes, lower costs and broader commercial availabilities. On the other hand, the
photonic integration offers the possibility to achieve larger bandwidths, reduced losses and energy
consumption and lower latency among its other advantages [2], [3]. Furthermore, when compared to
bulk optics, integrated photonics allows to remove the complexity of the optical setups and the related
stability problems [4]. This is also supported by the immense reduction of component and circuit sizes,

as well as weight and power consumptions [5], [6].

The current state of the photonic integration makes it possible to place thousands of optical com-
ponents on a single chip [5]. With the similarities to the development of electronic IC’s, it is estimated
that the exponential growth in the photonic integration would be continued in the coming several
decades [5]. Together with the aforementioned benefits, this promise plays as an important drive
behind the ongoing research in the field of PIC’s and the commercial applications in the fields of op-
tical sensing, telecommunications, metrology and microwave photonics [5], [7]. Since the main design
objective of this thesis is centered around the area of optical communications, the discussion will be

concentrated on the optical communication systems with their focus on PICs.
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1.2 Optical Communications and PICs

The transmission capacity of optical communication systems saw a significant enhancement over the
last 30 years [8]. Nevertheless, the upper limit for this capacity might be reached within the next
decade, which requires new solutions to be developed [8]. To this end, extraterrestrial optical systems
are being considered to improve the global connectivity, where optical fiber communications are re-
stricted in terms of infrastructure [9]. Toward this goal, various aspects of high throughput satellite
communication system development at the Institute of Communications and Navigation at German
Aerospace Center (DLR) is discussed in the conference paper by Calvo et. al. [9]. In the context of
extraterrestrial communications, photonic integration is a promising step to relieve the bottleneck of
data transfer with the increased bandwidth promise, compared to the currently utilized radio-frequency
(RF) systems [6]. In addition, with the reduced cost, size, weight and power (C-SWaP) consumption,

PIC’s are superior to the bulk optical setups for their use in satellite systems [6].

There are various methods that have been put forward to enhance the performance of the optical
communication systems. Some of these include the Space Division Multiplexing (SDM) and the Time
Division Multiplexing (TDM), where the goal is to increase the spatial or temporal effectiveness of
the available channels. Another such attempt is to increase the spectral efficiency of the communica-
tion channels through the Wavelength Division Multiplexing (WDM) method and/or coherent optical
communications. Being relatively more cost- and energy- efficient methods [10], they are used in the
system that will be mentioned shortly in this work. An interesting study published by Jgrgensen et. al.
demonstrates the combination of WDM and SDM in order to achieve quite remarkable transmission
rates by using photonic integration [11], which is a promising attempt in combining different signal

multiplexing methods with PIC’s.

In this study, the transceiver system under focus utilizes coherent communications, in which in-
formation can be extracted from both the amplitude and the phase of the modulated signal. This
adds a certain hardware complexity to the system, which is another motivation behind the research in
PIC’s for this purpose [10]. Alongside their main advantages mentioned before, such as reduced power
consumption and footprint, PIC’s also make it possible to perform many signal processing operations
in the optical domain without the need for optical-electronic conversions to implement such coherent
optical systems [10]. One example application of such an optical processing is frequency/wavelength
filtering, which is useful in increasing the signal-to-noise ratio (SNR) of a communication system by
suppressing the additional noise mixed into the original signal during its transfer. To this end, inte-
grated photonics enables the fabrication of filters that have low losses, are light weight and flexibly

tunable, which is not straightforward to realize with an electronic microwave filter [12]. This brings

T Optical Filter n Rx n

s s | wom High Power o S s Low Noise = .
| mux Amplifier Amplifier M| oOptical Filter 2 Rx 2

Figure 1.1: General model of the optical transceiver design for which filtering would be implemented
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up the topic of the thesis, namely the integrated optical filter design, which is aimed for in order to
carry out wavelength filtering in a purely optical domain in real-time.

The procedure of the design will be investigated in the context of an optical transceiver system, the
model of which can be seen in Figure 1.1. Using a WDM scheme with multiple separated wavelength
channels, the signals generated in the transmitter circuit are sent through the free space optical link
and collected at the receiver end after the demultiplexing into the individual channels. Mainly due
to the amplifiers in the system, which introduces additional noise to the optical signals, the received
signal quality could be lower than the requirements of the general transceiver system. To prevent or
diminish such unwanted additions to the signals in the WDM channels, an integrated optical filter is
intended to be designed for the receiver circuit. Moreover, it is desired that the designed filter can be
tunable and the central wavelength of it can be adjusted for the different channels.

Therefore, the main objective of this thesis is to study the possibilities for an integrated optical
filter design in terms of the choice of material platform and available filter types (Chapter 2), which
is followed by laying out the theoretical basis of the most promising filtering options (Chapter 3) and
the respective simulation methodologies that are utilized along the process (Chapter 4). The results
of the design procedure and the detailed analysis of the final design are then discussed (Chapter
5), together with further recommendations and conclusions that would be helpful in similar research

projects and/or theses (Chapter 6).
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Chapter

Initial Design Considerations

2.1 Key Performance Indicators of the Filter Design

The band-pass filter designed in this work needs to be compliant with certain criteria that are de-
termined in advance, such that the choices during the design process can be made according to fixed
guidelines. To this end, several key performance indicators (KPI) are determined to be met at the end
of the project, which concerns the free spectral range (FSR), full-width at half maximum (FWHM)
bandwidth, insertion loss (IL) and extinction ratio (ER) of the band-pass filter (see Figure 2.1). Re-
garding the FSR, it would be preferable to have as large value as possible, such that the consecutive
resonances of the filter would be separated by a spectral range greater than the span between the first
and the last communication channel frequencies. In case this is not possible and FSR cannot be made
arbitrarily large, it is at least desired that the neighboring channels are aligned with an off-resonance
of the filter by setting an appropriate FSR value. As a result, the remaining noise from the adjacent

channels would also be suppressed, which would improve the performance of the filter.

IL

FSR

ER FWHM

Output Power (dB)

Wavelength / Frequency (a.u.)

Figure 2.1: Example filter spectrum with determined KPIs of this work
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Table 2.1: Key Performance Indicators of the band-pass filter design

FWHM Bandwidth (GHz) | Insertion Loss (dB) | Extinction Ratio (dB)
Ideal 37.5 <1 >20
Good 30<FWHM<50 <3 >15
Acceptable 25<FWHM <100 <5 >10

Although at this point, the FSR criterion is left more of a qualitative indicator rather than being
defined quantitatively, a numerical example can be given to make it clearer. According to one of the
standard WDM channel frequency definitions of the International Telecommunication Union (ITU),
100 GHz separation ( 0.80 nm at A=1550 nm) between consecutive channels is considered [1]. If, due
to the limitations by the filter type or material choice, it would not be possible to reach an FSR value
that is higher than 100 GHz, then one of the feasible approaches would be to set the FSR of the
filter to 75 GHz in order to minimize the signal value at the neighboring channels. In this way, the
amplitude maxima of the filter would be aligned to the frequencies, whose separation from the design
frequency becomes 0, 75, 150, 225,... GHz. This would ensure that at least 6 adjacent higher and
lower frequency channels do not align with the resonances of the filter and the noise contributions
from those channels can be suppressed to an extent. Another way of circumventing the limited FSR,
values could be to utilize the so-called Vernier Effect by going to higher-order filtering, which is a nice

solution that will be discussed later.

For the other three indicators, namely FWHM, IL and ER, quantitative limits can be determined.
In this sense, the range of values that are acceptable, good or ideal for the project goals are listed
in Table 2.1. As will be discussed in the next chapters, meeting each criterion with an ideal scenario

might prove difficult and certain trade-offs should be made to reach the best possible design.

2.2 Material Platforms for PICs

For the photonic integration, there are numerous alternative material platforms available, such as
Silicon on Insulator (Sol), Silicon Nitride (SizNy4 or shortly SiN), Indium Phosphide (InP) and Lithium
Niobate (LiNbOg). In this work, the most commonly preferred three among these platforms, namely
Sol, SiN and InP will be investigated, regarding their advantages and disadvantages both in general
and also in the context of filter design. For the details of the current state of the photonic integration
on these platforms, the reader is referred to the publications of Thomson et. al. (Sol) [13], Blumenthal
et. al. (SiN) [14] and Smit et. al (InP) [5]. A general comparison of the available platforms is given
in Table 2.2. Comparison of the available material platforms, which provides an initial insight on the

investigation made in the next subsections.
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Table 2.2: Comparison of the available material platforms

Sol SiN InP
Index Contrast High Medium Low
Device Footprint Small Medium Large
CMOS Compatibility Yes Yes No
Waveguide Loss Medium Low High
Monolithic Photonic Integration No No Yes
Thermo-Optic Coefficient (dn/dT) | 107* K~1 | 1075 K-! | 1074 K!

2.2.1 Silicon on Insulator

At the design wavelength of 1550 nm, the refractive indices of the Silicon (Si) and Silica (SiO2) are
approximately around 3.47 [15] and 1.44 [16], respectively. This high index contrast between the core
and the cladding regions allows the Sol platform to ensure strong mode confinement in the waveguides.
Compared to its alternatives, this results in Sol to accommodate the smallest waveguide dimensions, as
well as having the smallest bending losses. Due to this feature, the component sizes can be made very
small in Sol, meaning small footprint devices and complex chips are best realizable with Silicon [2], [17].
The other significant advantage Sol offers is the availability of CMOS integration process, which is also
based on the Silicon platform [18], [19]. Hence, the already available electronic fabrication facilities,
the knowhow of which is already maturely developed during the past few decades, can be utilized for
fabricating the photonic circuits [2], [17], [18]. Despite these advantages, there are certain drawbacks
of choosing Sol as the material platform. The first of these reasons is the sensitivity to fabrication
processes with the high-index-contrast nature the platform possesses, which might not tolerate even
several nm-sized fabrication errors on the waveguide sidewalls by resulting in an increased loss in the
order of 1 dB/cm [17]. More importantly, it is a challenge to realize active devices using Silicon,
since it has an indirect bandgap with the transition energy of 1.12 eV and has negligible second order
nonlinearity [17], [18]. Especially at the telecom wavelengths, this renders the on-chip fabrication
of lasers, amplifiers, modulators and detectors, although not impossible, difficult to realize on this
platform, [20], [21].

2.2.2 Silicon Nitride

Certain similar characteristics to Sol can be observed with SiN, which is also a CMOS-compatible
platform, though it has certain advantages, making it worthy of consideration as an alternative to Sol
[12]. First and foremost, SiN offers much lower propagation losses, enabling it to be attractive in terms
of waveguiding and passive component designs in photonic circuits [17], [19]. This can be partially
attributed to the lower index contrast in the order of 0.55 between the core (SiN) and the cladding
(Si02), where the refractive index of SiN is approximately 2 [16], [19]. Compared to Sol platform,
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this offers fabrication tolerance and flexibility to the SiN circuits [19], [22], although the cost in this
case comes with increased device dimensions in SiN. Moreover, increased losses are encountered in
Sol at high powers due to the presence of the Two-Photon-Absorption (TPA) effect in Silicon [17],
[18]. Owing to the large bandgap of SiN, on the other hand, TPA does not pose any issues in SiN
across the wavelengths of telecommunication bands, as well as within the visible range [17], [18], [19],
[23]. Despite these interesting aspects of SiN, the alternative platforms offer better performance in
the case of tunability in optical filtering using the thermo-optic effect. This is mainly because the
thermo-optic coefficient of SiN (22 ~ 107° K1) is ten times lower than Silicon (42 ~ 10~* K1)
and Indium Phosphide (g—; ~ 107 K1), which requires longer or larger devices to achieve the same
level of tunability [24], [25], [26], [27].

2.2.3 Indium Phosphide

The third material platform that will be discussed, namely InP, is another important alternative to
previously mentioned Si-based platforms and is chosen for the filter design that will be investigated
in this thesis. InP is a popular commercial PIC platform that offers pure monolithic integration of all
optoelectronic circuit functionalities, where passive and active devices can be combined on a single chip
[6], [28]. Being a ITI-V semiconductor with direct bandgap and lack of inversion symmetry, InP allows
achieving optical gain and electro-optic modulation and thus inherent and simultaneous realization of
lasers, amplifiers and modulators, together with photodetectors and passive devices as opposed to Sol
and SiN [7], [18], [28].

The refractive index of InP cladding at 1550 nm is 3.16, whereas the InGaAsP core index depends
on the Arsenic ratio in the material that results in a relatively large range of values between 3.2 and
3.5 [29], [30]. Nevertheless, the highest Arsenic density yields around 0.3 index difference between
the core and the cladding, which is lower than Sol and SiN systems. A direct implication of this is
increased device dimensions in InP, proving to be a disadvantage when seeking for a small footprint
circuit design. Compared to the previous alternatives, there is also another downside of InP, which
is the increased linear losses in waveguides due to its higher absorption [18], [21]. Despite the CMOS
incompatibility, larger component sizes and higher losses, InP is a promising platform that is preferred

in the optical transceiver system of this study, for which the integrated filter design will be studied.

2.3 Integrated Optical Filter Types

There are several common filter types to choose from when integrated optical filter design is considered.
These can be listed as Bragg grating, ring resonator and Mach Zehnder interferometer (MZI) filters.
Each has its advantages and disadvantages; hence the determination of the filter type requires a
careful analysis of the possible trade-offs of each of them. In this sense, an initial examination and a
comparative study of the Bragg grating, ring resonator and MZI filters will be done, after which the

available options are narrowed down for more focused investigations.
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Figure 2.2: Bragg grating, ring resonator and Mach Zehnder interferometer filter structures

2.3.1 Bragg Grating Filter

The common property of all three filter types is that each work on interference and coupling mechanisms
to separate certain wavelengths from others, in order to achieve filtering. Differing from the other two,
coupling in Bragg grating filter takes place as contra-directional, rather than co-directional. In this
sense, Bragg grating acts as a band-stop filter, where the filtered spectral content is reflected and
travels in the opposite direction to the pass-band signal. This brings up the first disadvantage of
Bragg grating filters, which is the necessity of having additional optical elements at the input such
as a circulator or a multimode interferometer (MMI) coupler for separating the input and the filtered
signals [31], [32].

The physical mechanism of the filtering with a Bragg grating can be attributed to the grating con-
dition, which, when satisfied, enables a constructive interference of the reflected light from periodically
arranged varying effective index sections [33]. Reflection of light at the boundaries of different effec-
tive index regions follow the Fresnel equations. The effective index changes can be realized by actual
refractive index variation or also by corrugation of waveguide widths that alters the effective index of
the propagating light inside the waveguide [34]. Any wavelength of light experiences a non-zero value
of reflection at each interface, however only the wavelengths, A g, satisfying a certain condition can be
phase-matched and build up their intensities in the opposite propagation direction. This requirement

is imposed by the so-called grating condition:
m)\B = 2neff,m, * AB (21)

where the grating period is denoted by Ap, the average effective index by neff,q, and the diffraction
order by an integer m. Here, the value of the average effective index is between the effective indices of
the different sections and depends on the ratio of the respective section lengths.

While designing a Bragg grating filter, it is possible to modify the reflectivity spectrum and the
corresponding bandwidth of the filtered signal by changing the coupling coefficient. For example, by
decreasing the corrugation width or index difference, narrower bandwidths can be achieved with the
cost of lower maximum reflectivity value [33], [35]. As a counter measure to this, the usage of longer
gratings could be a solution, which indicates an increase in the device dimensions and might not be

always preferable depending on the design considerations [31], [33], [35].
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The main advantage of using a Bragg grating for filtering purposes, on the other hand, is the quasi
FSR-free operation it offers in a broad wavelength range [31]. This can be understood by inspecting
Eq. 2.1, the right-hand side of which is fixed with the physical parameters, effective index and grating
period. As an example, assuming a wavelength for the first order solution to the Eq. 2.1, (e.g. m=1,
Ap1=1550 nm), the second diffraction order solution (m=2) can be found at the half wavelength
(Ap2=T775 nm) and the increasing order of solutions divide the fundamental wavelength by the order
number. Hence, the nearest wavelength band that is also reflected with the Bragg grating would be
separated from the first reflection band by 775 nm in this example. Considering the WDM spectral grid
standards of the ITU, in which the channels are defined by sub-nanometer separations, Bragg grating
can therefore be considered to offer FSR-free-operation in effect [1]. Despite this very important merit
of Bragg grating filters, it is nevertheless very difficult to obtain sub-nanometer FWHM values with
this filter geometry, since it would require very small coupling strengths and hence nm-sized physical
corrugations, the fabrication of which is not a simple process [31], [36]. An example study on Sol
reported 0.80 nm filter bandwidth with a strip waveguide and sidewall corrugation widths of only 10
nm, the reproducibility of which was questioned by the authors themselves [37]. In general, many
reported waveguide Bragg gratings are in fact fabricated using electron beam lithography, which is
nevertheless not suitable for commercial applications [38]. Mainly due to possible fabrication difficulties
which are connected to these reasons, Bragg grating filter is not considered for the design that will be

followed in this thesis.

2.3.2 Ring Resonator Filter

Ring resonators are the most commonly used components in bandpass filters due to their compactness,
as well as their ease of fabrication [39]. Here as well, it is possible with ring resonator filters to
have the flexibility of bandwidth adjustment by changing the coupling strength, as it is the case in
Bragg grating filters [40]. The theoretical analysis of the ring resonator geometry will be done in the
next chapter. Nevertheless, for an introductory understanding and comparison purposes, the physical
filtering operation will be superficially provided at this point.

The structure in focus for this study is a so-called add-drop ring resonator filter, where a ring
waveguide is placed between two straight waveguides, which are called the input-pass and add-drop
bus waveguides. The input signal couples to the ring waveguide, when the coupling gap distance
is sufficiently small, the value of which depends on many factors, such as material properties and
waveguide geometries. After completing a half round trip inside the ring, the field couples to the drop
(output) port and the remaining field amplitude in the ring completes its full circle. Reaching the
input-ring coupling region, the field interferes with a time-shifted version of itself and depending on
the wavelength, the magnitude inside the ring can be enhanced or suppressed. After many periodic
interference events, the field inside the ring, as well as the output port field reaches a steady state, where
the wavelength determines how much power is coupled to the output port. The resonant wavelengths
would hence be filtered or separated from the rest of the signal and forwarded to a different waveguide

from the input-pass waveguide, in which the unfiltered signal content remains.

Coupling coefficient strength at coupling regions, as well as ring radius, effective index and losses
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in the resonator determine the properties of the filter response, which requires a certain design process
depending on the desired KPIs of the filter.

2.3.3 Mach Zehnder Interferometer Filter

As the name suggests, the simplest, first-order configuration of the MZI filter is constructed by a Mach
Zehnder interferometer which is placed between two coupling sections. The first coupling region is
responsible for splitting the input field into the two arms of the Mach Zehnder interferometer. The
wavelength and the effective index of the mode in the MZI arms determines the characteristics of the
interference event taking place at the second coupling region. Hence, the field gets separated into two
channels, where certain wavelengths are forwarded to the first port and the rest to the second port.
Thanks to the simple configuration of MZI and coupling sections, which are inherently low-loss devices,
it is easily possible to fabricate a low-loss filter with this structure [41]. From the design perspective, it
is also straightforward to adjust the FSR with a first-order MZI filter by only varying the arm length
differences, yet only with the cost of a non-adjustable FWHM, as mentioned previously.

The main difference of the MZI filter geometry from the ring resonator filter is that the field is
fed-forward in the system, as opposed to the feedback loop observed in the latter filter type [42]. This
has a direct implication on the pass-band characteristics of the filters, where a Lorentzian shape can
be seen in the first-order ring resonator filter spectrum and sinusoidal response is observed in the first-
order MZI filter outputs [43]. From the transfer function analysis perspective, this can be explained by
the pole creation in a feedback looped coupled system (ring resonator) and zero creation in a cascaded
feed-forward geometry (MZI) [42].

Leaving the further theoretical details to the next chapter, it can be shortly summarized that MZI
filter has an inverse characteristic spectrum compared to the ring resonator filter, which can be either
be preferable or not depending on the design criteria. In this thesis, since a flexibility in finesse of the
resonance is sought, ring resonator becomes advantageous in terms of the design goal and it is the first

geometry that is chosen to be investigated in the next chapter.

2.4 A General Discussion on the Filter Types in the Context
of Indium Phosphide

Having laid the fundamentals of the different options in terms of material platforms and integrated
filter types for the design in focus, the scope can be narrowed down and the inapplicable choices can
be eliminated. To this end, the decision on the material platform, as also indicated earlier, is made on
the InP, since the main priority is determined to be the monolithic integration of the filter with the
rest of the existing transceiver circuit design that is realized in InP.

In terms of the filter type, Bragg grating filter was disregarded as not being easily fabricable to
achieve the 37.5 GHz (0.30 nm) FWHM goal. Due to the compactness of the geometry and flexible
bandwidth /finesse features it offers, an initial consideration is made on the ring resonator filter. How-
ever, the relatively low field confinement in InP poses a limitation in the minimum achievable bending

radius. Compared to the Sol and SiN, this indicates having larger ring resonators with reduced band-

11



CHAPTER 2. INITIAL DESIGN CONSIDERATIONS

width and resonance spacings in InP. An example value from a commercial InP foundry, Fraunhofer
HHI, shows that bending radius value below 150 pm is not accessible, due to the exponentially in-
creasing bending losses after this limit [44]. At this point, the reader is referred to another study
on InP ring resonator filter design, in which a depiction of the relations between the ring radius and
FSR/bending losses are given quite intuitively [45]. On the other hand, although being structure-wise
not as compact as the ring resonator, MZI filter is also visited as the other promising alternative. In
contrast to the ring resonator, where the down-limited ring radius affects the characteristics of the
resonances, the main decisive parameter in the MZI filter geometry becomes the interferometer arm
length differences, which can be made arbitrarily small or large. Thus, the spectral response of the
MZI filter is not strictly restricted by the material platform. With these considerations, the theoretical
studies on both ring resonator and MZI filters are made in the beginning of the design process, which

can be found in the next chapter.
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Chapter

Theoretical Backgrounds of Ring Resonator
and MZI Filters with S-Matrix Analysis

The scattering matrix (S-matrix) model is a relatively simple but useful mean of representing the
steady-state response of resonator geometries [46]. It allows to extract the field relations between the
input and the output ports of a system by its internal parameters and it is a simple, yet relatively
accurate model in the case of ring resonators, which otherwise would require more sophisticated and
computationally heavy methods, such as Finite-Difference Time-Domain (FDTD) method. In this
sense, a framework for the ring resonator filter will be developed, which afterwards will be utilized for
the MZI filter as well. Furthermore, initial results of the theoretical derivations and the implications
of the chosen geometries on the filter design will be investigated by the analyses of the generated
MATLAB scripts and plots. This would enable the representation of the relations between the KPI
parameters, such as FSR, FWHM, IL and ER, on the internal parameters of the system, namely
coupling coefficients (x), loss coefficients («), effective index (n.sy), ring radius (R) and interferometer

arm lengths (L).

3.1 Add-Drop Ring Resonator Filter Theory

In this section, the main focus is on the derivation of the spectral characteristics of a 1st order double-
bus add-drop ring resonator filter. For the theoretical derivations on all-pass ring resonators with only
one bus waveguide, one can refer to the references [47], [48]. Nevertheless, most of the conceptual
derivations made for the add-drop filter are the same as in the all-pass filter, with slight changes
considering the device structure. The mathematics of the derivation can even further be adapted for
higher order geometries with multiple serially cascaded ring resonators. However, since the main idea
of this analysis is to understand the relations between the fundamental parameters of the system and
the spectral characteristics, an initial consideration is given to the 1st order geometry that is sufficient
for this purpose.

The schematic of the 1st order double-bus add-drop ring resonator filter is given in Figure 3.1a,

13



CHAPTER 3. THEORETICAL BACKGROUNDS OF RING RESONATOR AND MZI
FILTERS WITH S-MATRIX ANALYSIS

(a) A4 by (b) a, b,

drop s = m—add —

input pass

a, b,
Nt
input  e— » —)3SS

a; by

Figure 3.1: (a) 1" order double bus add-drop ring resonator filter model with (b) coupling and trans-
mission coefficient definitions, as well as (c) the related model for coupling mode theory analysis given
in Appendix A

including the field amplitude terms at the individual ports of the system. The input, pass, drop
(output) and add ports are denoted by a1, ag, by, ba, respectively. Starting with the first coupling

region, the relation between the outgoing fields (b;&bz) and the incoming fields (a;&as) can be written

()= o) (o) @)

In order to find the relations between the individual matrix elements, certain assumptions need

using S-matrix formalism [46]:

to be made, the first of which is taking the losses during the coupling process to be zero. Also, it is
convenient to assume that a single unidirectional mode of the resonator is excited [49] and no reflection
takes place in the system. Initially, the relation between the off-diagonal elements of the matrix can
be found by referring to the coupled mode theory, which is provided in Appendix A. Using the result
obtained there, the complete matrix is then expressed as (see also Figure 3.1b) [49]:

t —kr*
() s

Hence, the relation between the outgoing fields (b1&b2) and the incoming fields (a1&az) at the first

coupling region can be written using the S-matrix as:

b1 tl —I{{ ay
(o))

where the subscript 1 is used in the coupling and transmission coefficients, indicating the interactions

at the first coupling region. After a half round trip in the resonator, the complex field transforms to:

bg =V Oéseiebg (34)
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3.1. ADD-DROP RING RESONATOR FILTER THEORY

with a, being the single-pass amplitude transmission (also referred to as a loss coefficient in this
thesis), which scales down the field amplitude as a function of losses during a single round-trip in the
resonator and has a real value between 0 and 1. Since the definitions of as and 6 are made considering
the whole round-trip circulation, they taken inside a square root in the case of a half-round trip. Here,
a5 1s unitless and is related to the power attenuation coefficient, « [1/cm], and the power attenuation
coefficient in dB scale, agp [dB/cm], as [47]:

agplL

o =e ol = 10_( 10 ) (3.5)

In telecommunications, it is a common usage to express the power attenuation in dB scale with
regards to the propagation distance, hence the last expression proves to be important. The conversion
between the power attenuation coefficient and its dB-scale counterpart can be done with the formula:

10
Q4p = ———«Q 3.6
4B In(10) (36)
Getting back to the other term in Eq. 3.4; the phase accumulation after a full round trip, 6, is given

by the multiplication of the propagation constant, 5, and the circumference of the ring, L:

2TNef s .
Ao

Here, R,inq is the ring radius, Ag is the wavelength of the field in vacuum and n.ys¢ is the effective

0= BL = 4772neffR'ring _ 47T2neffRTing y

27TR”‘ng = (37)

Ao co

index of the waveguide. The matrix at the second coupling region on the add-drop waveguide has the

same form as the initial one and relates the outputs as and a4 to the inputs b3 and by:

as _ tg —:‘i; b3
)= 6)

Again, after another half round trip in the resonator, which is identical to the previous one, the field

inside the ring returns to the first coupling region, which allows to write:

as = vV asefag (3.9)

When the input at the add port (by = 0) is assumed to be zero, the port field amplitudes are found
with respect to the input port amplitude, a1, by solving the system of equations presented above. The
corresponding expressions for each port can be found in Appendix B.1. Narrowing the focus to the two
interesting ports of the system, namely the pass (by) and the drop (a4) ports, the respective powers
can be found by taking the absolute square of the field amplitudes from Appendix B.1:

t2 t22—2R tt*57i0
|b1|2:|a1|2 |1| +|2| Qg 6{12046v } (3'10)
1+ [t1te]?a2 — 2Re{t1tiase=0}

Ki1ka|2ay
|ag|* = |a1l2< 17| ) (3.11)

14 |t1t2|?a2 — 2Re{t1tiase~0}

with 6 = % and |t;|* + |k;|? = 1, where i € {1,2}.
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1%t Order Double-Bus Waveguide Ring Resonator - Drop Port Spectrum 15 Order Double-Bus Waveguide Ring Resonator - Drop Port Spectrum|
with o, =0.95, n (A ) = 3.20, Rring =150m

with £, =k, =0.30, n,(\) =320, R, =150um
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Figure 3.2: Drop power spectra as a function of (a) coupling coefficients and (b) single-pass transmission
coefficient

To give an initial insight on the response at the drop port, two example spectra are plotted in
Figure 3.2 between 1548.5 nm and 1551 nm with different coupling (k) and single-pass loss (ay)
coefficients. The waveguide effective index (ners = 3.20) is chosen to be between the refractive indices
of the InP cladding [29] and the InGaAsP core [30]. Ring radius is fixed to 150 um, considering the
lower achievable bend limit at our foundry, Fraunhofer HHI [44]. Furthermore, for referencing, the
single-pass transmission term value of 0.95 corresponds to 10% power loss in a single round-trip.

Since the characteristics of the transfer function at the drop and pass ports are of particular interest
for the filter design, the definitions of the port transfer functions are introduced at this point, which are

the ratio of the respective port powers to the input power as functions of wavelength (or frequency):

lag|? |k1k2 2o
T, = — 3.12
T Jal? 1+ [t1ta]?0? — 2|tits|a, cos(p — 6) (3.12)

(3.13)

_ P (Itll2 +[tal 0 — 2[tata|as 008(90—9)>
p

ag2 \ 1+ [tite]2a2 — 2|ty ta| o cos(p — 6)
where the relation tit5 = |tit2]e!? is defined, with ¢ denoting the phase of the multiplication of the
complex transmission terms. The subscript “p” is used to denote the pass port and “d” represents
the drop port. Inspecting the drop port transfer function allows to see the periodic behavior of the
spectral response that is observable in Figure 5, where the denominator attains the minimum value
at resonances with the cosine term having the value of 1 and the signal power at the drop (output)
port is maximized. In this case, the amount of power detected at the pass port is then minimized.
Furthermore, the power at the pass port at a resonance can drop to 0, when the so-called “critical

coupling condition” is satisfied [46]:

1] = [t2]o (t2is fized) (3.14)

lta] = |t1]avs (t1is fixzed) (3.15)
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The first condition (Eq. 3.14) is obtained by equating the derivative of Eq. 3.13 with respect to
K1 or t; to zero, whereas the second condition (Eq. 3.15) is found by minimizing the same equation
with respect to ko or to. Therefore, if one of the transmission coeflicients is fixed, setting the value of
the other transmission coefficient equal to the fixed one scaled by the single-pass loss coefficient (cs)
would maximize the transferred power to the drop port at resonance.

Because the ring resonator filter is a passive device, the power transmitted to the other ports are
always smaller than the input port power. The amount of energy reduction with the introduction of
the filter to the system is expressed with the term “Insertion Loss” (IL), which is partially due to
scattering, absorption and coupling losses that the optical signal experiences as it passes through the
filter. With the filter considered in this study, one can reach the mathematical expression for the IL
at the drop port in a logarithmic scale by evaluating the transfer function at a resonance, where the

cosine term is equal to 1 and the signal power at the drop (output) port is maximized:

K1ka|2a
ILg = —10log,o(Ty0) = —10log,, <(1|_1|t12t|2|a)2) (3.16)

Here, the subscript 0 is used to indicate the transfer function at resonance. Furthermore, the on-off

extinction ratio (ER) of the drop port (ERy), which is the ratio between the maximum power at the

respective port to the minimum power, can be written in the dB-scale as:

arg max(Ty)

(el 1)

=101 —_
o810 ((1 ~[tata]as)?

A
arg ;nin(Td)

The effects of changing the coupling and loss coeflicients on IL and ER are depicted as an example
in Figure 3.3, which are generated as the direct results of Eq. 3.16 and Eq. 3.17. Low coupling
strengths increase the value of IL and ER (Figure 3.3b and Figure 3.3d), whereas increasing internal
losses enhance the IL but at the same time reduce ER (Figure 3.3a and Figure 3.3c). Moreover, the
critical coupling condition can be seen to minimize the IL (Figure 3.3b), the significance of which
should be taken into account. Hence, for obtaining a filter with low IL and high ER, finding the right
balance regarding the coupling coefficients becomes crucial.

Returning back to the derivations of the other relevant terms of the system, it is previously men-
tioned that the resonance takes place when the cosine term adopts its maximum value, 1. The physical
explanation behind the resonance condition can be done by looking closely to the cosine term. At res-

h

onance, the phase accumulation, 8,,, of the m!"* resonant mode in the ring after a complete round trip

satisfies the following equation:
(O — ) = 27m, m €N (3.18)

47r2n€ffR”-ng _ 47r2neffRng

O = BmL = Um = (2mm+¢), meN (3.19)

)\m Co
Meeting the phase matching condition in Eq. 3.19 allows the field inside the ring resonator to
constructively interfere with itself at the coupling region after each round-trip. On the contrary, the

field is cancelled out if the interference happens destructively, which happens when a 7 phase shifted
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1% Order Double-Bus Waveguide Ring Resonator - IL (dB) 15! Order Double-Bus Waveguide Ring Resonator - IL (dB)

s, Coupling Coefficients and Single Pass-Loss Coefficient vs. Coupling Coefficients with a_=0.90
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Figure 3.3: Insertion loss (a)-(b) and extinction ratio (c)-(d) of the 1% order ring resonator as a
function of coupling coefficients and single pass-loss-coefficient

version of the field coincides with the initial field after travelling around the ring. Since the phase
term ¢ has a constant value between 0 and 27, it can be negligible if m is not small. In this case, the
resonance frequencies and respective wavelengths can be written as:

0 (3.20)

Vpyp =M % ————————
m 27rnefme-ng

m)\m = 27T'n,efermg (3.21)

An important filter parameter, the so-called free spectral range (FSR) expresses the spectral gap
between neighboring resonances, the formula of which in this case can be found by taking the frequency
difference between arbitrary consecutive resonances:

€o

FSR, = Vi1 — U (3.22)

2mngRring

A2 A2
FSRy~FSR,—* ~ —1 (3.23)
Co 2mngRying
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where ng is the group index, which takes the dispersion of the waveguide into account with its relation

to the effective index, nesy, [47]:

dneff
dA

The next term that has a major significance in the filter response is the FWHM. It is also known

Ng = Neff — )\0 (324)

as the 3-dB bandwidth, which expresses the frequency span outside of which the output power reduces
by 3 dB, as the name suggests. Requiring several steps of derivation, it expresses the spectrum region
where more than half of the resonance output power is present at the output port, which in this case

is the drop port. Starting with the transfer function at resonance:

|k1 ko)
Togo=|——"—"—7— 3.25
= (e (329)
This power is halved at the 3-dB bandwidth limits when the value in the denominator is doubled.
The phase accumulation term at the lower frequency limit is denoted as 6; and the higher limit as 6.

The doubling of the denominator value for these cases can be written as:

1 1+ |t1ta|?a? — 2|t1ta|as
1_ + [t1ta]? 0] |t1ta]a (3.26)
2 1+ [t1t2]?2a2 — 2|t1te|as cos(¢ — O1n)
1 — |tita]|ag)?
cos(p—0Opp)=1— (- latalas)” (3.27)

2|t1t2|0&s

It is important to note that there is no real solution to the equation above with high coupling, small
transmission values, where the right-hand side of the equation takes on values outside (-1,1). For very
high coupling cases, the 3-dB bandwidth definition cannot be used anymore since the off-resonance
signal level increases above 3 dB and the ER decreases below 3 dB. Therefore, care must be taken

while continuing with the steps below for deriving the FWHM.

(1-— \t1t2|ozs)2

0, =p— l1-— 3.28
| =  — arccos ( Strbalon (3.28)
0, = ¢ +arccos | 1 — M (3.29)

h=e 2ty ta|cs '

(1 — [tita|as)?

AOy =0, —0, =2 l1l-— 3.30
i h i arccos ( Strtalos ( )

Moreover, writing the initial formula for the phase accumulation terms containing the frequency
dependency and taking the difference allows to arrive at the 3-dB frequency bandwidth (FWHM,, =

vy, — vp) formula:

4 2 Rrv’n
AOp =6, — 0, = %(% —1) (3.31)
0
1 1 — |tita|as)?
v, —vy=FWHM, = L arccos <1 — (|12|a)) (3.32)
2mngRring ™ 2|t1ts|as
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This expression is valid for all coupling strengths and contain no approximations. Nevertheless, in
the weak coupling situations (small &, large t), a more compact form of the equation can be reached,

where it is possible to use the approximation, cos(®) = 1 — %2 => & ~ arccos ( — ‘}i):

2
Co 1-— |t1t2|0[5
FWHM, ~ 3.33
271—ngRring ( \/ |t1t2|as ( )

It is also possible to write the FWHM in terms of the wavelength:

A2 1 — [tita]as)?
FWHM)y ~ ——™—— arccos (1 — M) (3.34)
27TngRring 2|t1t2|0‘s
)\2 1-— |t1t2|0¢s
FWHM) =~ m 3.35
A 27Tnng'ng ( \/ |t1t2|0&s ( )

The final expressions of 3-dB bandwidth (FWHM) completes the list of necessary terms to be
defined for the analysis of the 1°¢ order add-drop ring resonator filter. In Figure 3.4, example FSR and

1%t Order Double-Bus Waveguide Ring Resonator - FSR (GHz) 1%t Order Double-Bus Waveguide Ring Resonator - FWHM (GHz)
a8 vs. Ring Radius and Group Index at A = 1.55:m vs. Ring Radius and Coupling Coefficients with n, = 3.50, a = 0.89
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Figure 3.4: Free spectral range (a) and full-width at half-maximum (b)-(c)-(d) of the 1% order ring
resonator as a function of group index, ring radius, coupling coefficients and single pass-loss-coefficient
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FWHM values for different parameters of the geometry are shown, which are quite useful in finding
the required parameter ranges to satisfy the pre-determined KPIs. For convenience in wavelength
interpretation of the values given in Figure 3.4, 0.20 nm bandwidth corresponds to 25 GHz. As a side
note, the group index is set to a higher value than the assumed effective index in the initial spectrum
analysis (see Figure 3.2).

A rough examination of Figure 3.4, as well as Eq. 3.22, Eq. 3.23, Eq. 3.33 and Eq. 3.35 shows
that ring radius has an inverse impact on FSR and FWHM, indicating the availability of a low range
of radius values to have sufficiently large bandwidth values. Strong couplings and higher losses appear
to increase the FWHM, where the former is shown in Figure 6 to decrease IL and ER. Therefore, a
care must be given to find a balance between the KPI values with the changes made on the system
parameters. Considering the 37.5 GHz (0.30 nm) FWHM criterion, 150 um ring radius becomes a strict
necessity, yet it would only be adequate if high coupling values (e.g. x > 0.8) can be reached. This is
the main encountered problem with the InP material platform when ring resonator filter is considered,
while having a bandwidth requirement that is relatively large. For example, it is significantly easier
in Sol to achieve much lower bend radii, owing to the larger index contrast of the platform. This
allows higher bandwidth values to be reached with Silicon, regarding the ring resonator geometry. In
this sense, InP ring resonator filters are limited below certain bandwidth range, which proves to be a
difficulty in this design process.

Nonetheless, with the results above, it is shown that tied to certain conditions, a ring resonator
filter can be theoretically designed in InP and with this aim, the study of this geometry is studied
further, the details of which are elucidated in Chapter 4. Furthermore, with the objective of increasing
the filter performance, a higher-order structure is considered and a similar analysis to the theoretical
derivations made for the first-order case is conducted in Appendix C.1. Allowing for a more uniform
pass-band, as well as higher ER [47], this alternative is visited in an analytical analysis. Also, in order
to enhance the FSR of the filter, the Vernier Effect is investigated as well, the details of which are
provided with a short study in Appendix C.1.

3.2 Mach Zehnder Interferometer Filter Theory

Similar to the previous section on the ring resonator, S-matrix analysis will be employed here for the
1%t order MZI Filter. Most of the initial equations of this section are the same as the equations from
the ring resonator theory and are repeated for the sake of completeness. Moreover, the further details
of the 2% order case is provided in Appendix C.2, which is the extended version of the study that is
carried out here.

The model of the 1% order MZI filter is depicted in Figure 3.5, for which the relation between the
outgoing fields (b1&bs2) and the incoming fields (a1&az) at the first coupling section can be written as

(ports are defined the other way around in comparison with Eq. 3.3):

b t1 —K} a
=t ) Y (3.36)
by K1 f{ az
where the subscript 1 denotes the coupling and transmission coefficients at the first coupling region.
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channel 1 (cross)

input channel 2 (bar)

Figure 3.5: 1% order MZI filter model

After travelling along the arms of the MZI, the field amplitudes are multiplied with amplitude trans-

mission and phase factors as:

a e~ (57t —i0) 0 b
3 == 1
<a4> - ( 0 o (22 _i92)> <b2> (3.37)

where the power attenuation coefficient, « [1/cm], which is defined in 3.5 is preferred here rather

than the single-pass transmission coefficient, «,, owing to the directional nature of the geometry.

Nevertheless, the logarithmic conversion, agp = ﬁa from Eq. 3.6 is still valid here and can be
made use of, if desired. The phase accumulation after a propagation on an interferometer arm, 6;, is

found by multiplying the propagation constant, 8, and the respective arm length, L;:

27T7?,eff Li
Ao

where \g is the wavelength of the field in vacuum and n.ss is the effective index of the waveguide.

0; = BL; = (3.38)

Having the same structure as Eq. 3.36, the matrix at the second coupling region expresses the relation

between the field amplitudes a3, a4 and bs, b4 as:

bs) [ 13 k2 (a3
)= (% ) ) o

Assuming an empty first port (a; = 0), the individual field amplitudes at the output channels
are found by solving the system of equations presented above. The equations for the channel spectra
are given in Eq. 3.40 and Eq. 3.41 as a function of the system parameters, namely being input
field amplitude, coupling coefficients, arm lengths, as well as wavelength and effective index of the

waveguides:
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al . al .
bs = aqka + asgts = aq (the—(Tz—wg) + Klt;e_(Tl_wl)) (3.40)

oLy . oLy .
by = ayts — aglﬁg = a9 (tltge_(%_z%) — ,%1/{36_( En _“91)) (341)

with 6; = BL; = 2”?7(’;& and |t;]? + |k;]? = 1, where i € {1,2}.
The field powers at the cross (channel 1) and the bar (channel 2) ports can be also written by

taking the absolute square of the respective field amplitudes, namely b3 and b4:

_ _ _a(li+Ly) (00—
Peross = |bg|? = |az|? (|tm|% olz | gity2em 1 4 2e 2 Re{w}ratitae’? 91)}) (3.42)

- — _ally+lLa)
Peross = |b3|” = |ag|? (|t1t2\26 *F2 4 |kikolPem* — 2e 2

Re{mfﬁgtltgei(er"_el)}) (3.43)
Here, the cross port refers to the output channel on the opposite side of the input port with respect
to the propagation axis, whereas the bar port is located on the same side as the input port. With the
assumed geometry in Figure 3.5, they are also denoted as channel 1 and 2, respectively. Rewriting
the output channel powers allow to obtain more compact forms, which are easier to interpret with the

cosine terms indicating the periodic nature of the spectra:

_ _ _a(Ly+Lg)

Perss = It = laaf? (Ima®e 5 4 rata®e 5 4 2esmatiile™ ™5 cost = 80)) 30
_ _ _a(Li+Ls)

Peross = |b?,|2 = \a2|2 (|t1t2|2e ala 4 |I€1l€2|26 ali _ 2|k1Katitale z cos(p — AH)) (3.45)

where the coupling and transmission terms are transformed to amplitude-phase form as kjkatits =
|k1Kat1t2|e’? and phase accumulation difference term between the arms, A0 = (0; — 62), is defined for
brevity.

Example cross and bar channel spectra with different coupling coefficients are plotted between 1548
nm and 1552 nm in Figure 3.6, where the effective index is chosen to has the same value as in the
ring resonator example, arm lengths are set arbitrarily and may not represent the actual design values.
The same is also valid for the loss coefficient, where the value is determined through estimation.

The first evident feature of the two channel responses is that the resonances are shifted by 7 radians
with respect to each other. This can also be observed from Eq. 3.44 and Eq. 3.45, where the cosine
terms have different signs in both equations. The equations also point out another distinctive character-
istic of two channel outputs in the first two amplitude terms, in which different coupling/transmission
coefficient combinations are present for the two ports, leading to a significant difference in the spec-

tral responses seen in Figure 3.6. The ER and pass-band width (FWHM) appear to be indifferent
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15 Order MZI Filter - Channel 1 (Cross) Spectrum with 15t Order MZI Filter - Channel 2 (Bar) Spectrum with
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Figure 3.6: Output power spectra of the (a) Cross and (b) Bar channels of the 15! order MZI filter

to changes in the coupling coefficients in the cross channel (Figure 3.6a), where the exact contrary
can be said for the bar channel (Figure 3.6b). On the other hand, the IL is sensitive to changes in
the cross port, which is not the case in the bar port of the MZI filter. For further investigation of
the channel characteristics, the equations for the IL and ER are derived, which requires the transfer

function definitions for the channels, that are found from Eq. 3.44 and 3.45:

b3|? a(L1+Ly)
T = |a3||2 = (|151/‘€2|267°‘L2 + |r1ta2e ™ + 2|kykatitale” " 2 cos(p — AH)) (3.46)
2
b 2 o )
T = |a4||2 = (|751752|2€7OCL2 + w1k Pe ™t — 2|ky Koty tale” R cos(p — A@)) (3.47)
2

Starting with the IL, Eq. 3.46 and Eq. 3.47 are calculated at resonance, where the cosine terms

take the value of 1 and -1 for channel 1 and 2, respectively.

a(L1+Ls)
ILy = —10log;((T1,0) = —101logy, (\t1K2|2670L2 + |rite]?e” "t 4 2k Kot itale” Eln ) (3.48)

a(L1+Ls)
IL; = —10log,((T2,0) = —101logy, (\tth\Qe_aLQ + |kika|?e ™"t 4+ 2|k1Katitale” E ) (3.49)

Figure 3.7 depicts how the different parameters of the system affect the IL of the individual channels.
When symmetrical coupling coefficients are used (k1 = k2), 3-dB power splitting (k; = ky = % ~
0.71) minimizes the IL of channel 1 (Figure 3.7a), whereas channel 2 IL decreases with smaller coupling
coefficients (Figure 3.7c). In both cases, having lower waveguide losses reduces the IL of the filter,

as would intuitively be expected. For non-symmetrical coupling coefficients, channel 2 is negatively
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Figure 3.7: Insertion loss (dB) of the 1% order MZI filter for channel 1 (a-b) and channel 2 (c-d) as a
function of coupling coefficients and propagation losses

affected with increasing IL as the separation between the coefficients increase (Figure 3.7d). This is,
however not necessarily the case for channel 1, where IL appears to attain its minimum values around
a band that makes the multiplications of the coefficients to be 0.5 (Figure 3.7b). Moreover, the same
As the

coeflicient configurations get further separated from this optimum range, IL values tend to increase as

minimum IL band for channel 1 contains also the symmetrical 3-dB power splitting case.

observed from the figure.
The on-off ER is the next term to be studied in the context of 15¢ order MZI filter, which is found
by taking the ratio of the on-resonance power to the off-resonance power. For channel 1 and channel

2, the corresponding expressions are found as:

arg max (7} a(Li+Ly)
g)\ ( 1) |t1/€2|2€_aL2 + |H,1t2|26_aL1 =+ 2|I€1I€2t1t2|6_ 2
ER, =10log,, remin(T) = 10log, OAESAY) (3.50)
arg;nln( 1) |t1/€2|26_°‘L2 + |I€1t2|2€_°‘L1 — 2|K)1Figt1t2|6_ 2
arg max (75 _ _ _a(Lij+Ly)
g)\ ( ) |'L’1t2|26 alz =+ |H1H2|2€ aly + 2|I€1I€2t1t2|6 2
ER2 =10 10g10 arTn(j_’) =10 loglo o(L1+L3) (351)
gA 2 |t1t2|267°‘L2 + |K1H2|2670‘L1 — 2|I€1I€2t1t2|67 2

25



CHAPTER 3. THEORETICAL BACKGROUNDS OF RING RESONATOR AND MZI
FILTERS WITH S-MATRIX ANALYSIS

1%t Order MZI Filter - Channel 1 (Cross) - ER (dB) vs. Coupling 1%t Order M2l Filter - Channel 1 (Cross) - ER (dB) vs. Coupling
Coefficients and Propagatlon Loss with L = 1000Mm, L =400um Coefficients with agg = 4.00dB/cm, L =1000.m, L =400um
8 60 09

~

@

o
~
3

5

=}

w
S]

N

o

Propagation Loss (« 4B (dB/cm))
_ >
g
Coupllng Coefficient 2 (nz)
o
o

60
50
4
3
2
_ ) |
0 0 3 0

0.3 04 05 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7

(a) Coupling Coefficients (x, = ) (b) Coupling Coefficient 1 (~1)
1%t Order MZI Filter - Channel 2 (Bar) - ER (dB) vs. Coupling 15! Order MZI Filter - Channel 2 (Bar) - ER (dB) vs. Coupling
Coefficients and Propagation Loss with L, = 1000m, L, = 400um Coefficients with o, =4.00dB/cm, L, =1000.m, L, =400xm
8 60 0.9 60
=7
g 50 -0 50
P~ <
g e 5,
™ 40 ] 40
=5 o
= o
8 4 30 E o6 30
© o
- o
3 o
"% ® 20 % 05 20
g 2 3 .
° 10 © 10
a
0 0
03 g k 1 7 0.8 0.9 0.4 0.5 8
(C) Coupling Coefficients (:\-1 = I\‘Z) (d Coupling CoefﬂmenH (h

Figure 3.8: Extinction ratio (dB) of the 1% order MZI filter for channel 1 (a-b) and channel 2 (c-d) as
a function of coupling coefficients and propagation losses

Although the equations may seem difficult to interpret upon initial observation, the resulting plots
in Figure 3.8 allow for easy understanding of the parameters’ effects on the ER for the two channels.
Different from before, plots are generated in colormap this time, since the values increase significantly
around certain values and demonstrating those steep changes proved to be difficult by using a contour

map as it was done with the IL plots in Figure 3.7.

The most obvious difference between the cross and bar ports can be seen from Figure 3.8a and
Figure 3.8¢c, where the ER is almost indifferent to the value of the coupling coefficients for channel 1,
as long as the coupling is symmetrical. On the contrary, only a small selection of coefficients ensures
the maximization of the ER in channel 2, the value of which corresponds to 3-dB coupling for a lossless
waveguide. Independent of the coupling values, loss decreases the ER for channel 1 as expected (Figure
3.8a). Yet not so intuitively, it slightly shifts the band of the optimum coupling values for channel 2
(Figure 3.8c). On the other hand, symmetrical coupling can be seen to enhance the ER for channel 1
considerably (Figure 3.8b), whereas the maximized value range for channel 2 seem to follow the trend
seen in Figure 3.7b for the IL, with the requirement of being in the vicinity of 0.5 in the multiplication
of the two coupling coefficients (Figure 3.8d). Surely here as well, the 3-dB power splitting is included
in this band. This condition can be attributed to the joint presences of the coupling coefficients in

the second amplitude term of the Eq. 3.51, as well as the transmission coeflicients in the first term,
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Likewise, the symmetrical coupling condition of channel 1 can be linked to the mixed terms in Eq.
3.50.

Continuing with the resonance condition as it was done in the ring resonator filter, the on-off
resonances in the channels take place when the last terms in the transfer functions (Eq. 3.46 and Eq.
3.47) attain the maximum-minimum value with the phase components being equal to an odd or even
multiples of 7w. This happens when the difference between the phase accumulations in the arms of the
MZI, 6, and 05, satisfies:

27rn€ffAL . QWneffAL

Channell: AbOp 1 = Pm1(L1 — Lo) = Um,1 = (2mm + ), méeN

A
ml © (3.52)
2mnep AL 2mnepp AL
Channel2:  AbOp.2 = Pm2(L1 — L2) = s = o Uma2=2mm+e+m), meN
m,

where m denotes the resonance number and AL = (L; — Lo) is defined as the length difference between
the arms of the interferometer. When the phase matching conditions in Eq. 3.52 are satisfied, it allows
the fields in the interferometer arms to constructively interfere at the coupling region. The phase term
o has a constant value between 0 and 2w, thus it can be negligible, if m is not small. Nevertheless,
it should not be disregarded when an accurate analysis is required. With this consideration, the

resonances for channel 1 can be written as:

€o

= mm (353)

MAy = Nefr AL (3.54)

In the case of channel 2, the 7 phase term shifts the resonance by half-wavelength, where the m in
Eq. 3.54 is replaced by m + 0.5. Following the resonance definitions, the FSR of the MZI filter can
be found easily from Eq. 3.53 and Eq. 3.54, which becomes the same for both channels, regardless of

their different exact resonance values:

€0

FSR, = Vm41 — Umt1 = m (3.55)
22 22

FSRy~ A o~ 3.56

A VFSR™ AL (3.56)

where n, is the group index, which was defined in Eq. 3.24.

The final term to be derived in this analysis for the MZI filter is the FWHM. For reasons of brevity,
the focus here will be on channel 2 but the expression for the channel 1 will be provided at the end as
well. Using Eq. 3.47, 3-dB bandwidth can be found by taking the ratio of the power at the bandwidth

limits to the resonance power and then equating to 1/2:

a(Li+Lg)

1 _ <|t1t2|26aL2 + |I€1/€2‘267O‘L1 — 2|H1/€2t1t2|67 2 COS((p — AG))

2 Itito|2e=L2 + |k1ko|2e=0Lr + 2Ky kotitale™ 22

(3.57)
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Figure 3.9: FSR (GHz) of the 15t order MZI filter as a function of group index and arm length difference

Finding the two solutions of Eq. 3.57 yields the lower frequency limit, A#;, and the higher limit,
AOh:

alLg alq
titale” "2 —3)?
NG — o — 7 — arceos [ 1 - Uat2le = + |’“’ff|e ) (3.58)
oLy +La)
4|I$1I€2t1t2|€7 2
aLog alq
titale™ "2 + |Kkikale 2 )?
Ab), = ¢ — 7+ arccos [ 1 — (Itato| | 1a(ﬂ+L2) ) (3.59)
4|:‘€1/€2t1t2|67 2
the difference of which is interesting for obtaining the FWHM:
_aly _aly .,
t1t
Afy, — AG; = 2arccos | 1 — (tatole™= + |R1I?f|iL )2 ) (3.60)
allg 2
4|/€1/€2t1t2|6_ 2

With this finding, initial formula (Eq. 3.52) for the phase accumulation term containing the
frequency dependency can be written for both limits, the difference of which results in the 3-dB
frequency bandwidth (FWHM, = vy, — v;):

2mngAL

Aehl = Aﬂh — Ael = o (Vh — l/l) (361)
aLo alq
Co <|751t2|€_T + |I$1I€2|€_T)2
(v —v) = FWHM,» = ——— arccos [ 1 — — (3.62)
anAL 4|H1K2t1t2|6_w

In terms of the wavelength, FWHM becomes:

A2 (titale™ 2> + |k kole™ "%)2
FWHMy o~ —"—arccos [ 1 — ey (3.63)
7T'I’L9AL 4|I€1/€2t1t2|67f
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Similar steps can be followed for channel 1 and the corresponding FWHM are found as:

aLsy aLq
t -z tale= 72 )2
FWHM,, = % arccos[1-— (farale™ > + |Ki(ﬂim)2 ) (3.64)
anAL 4|I€1K)2t1t2|6_f
aLog alq
A2 t -z tole™ 2 )2
FWHMy 1 ~ —m arceos [ 1 - Ufrzle” = + |“ijl‘;2f ) (3.65)
mngAL 4|k kotytale™ " 2

Example graphs for the relations between the system parameters (group index, MZI arm length
difference, coupling and loss coefficients) and FSR, as well as FWHM are generated for the cross and
bar ports of the 15 order MZI filter from the Eq. 3.55, Eq. 3.62 and Eq. 3.64 and summarized
in Figure 3.9 and Figure 3.10. Considering a relatively small range of possible values for the group
index, which is not necessarily a free parameter, the fundamental decisive factor on both FWHM and
FSR becomes the arm-length difference for the outputs that has an inverse effect due to being in the
denominator of the above-mentioned equations. Inspection of Figure 3.9 implies the 800-1000 nm

arm length difference range to be not convenient for the KPI criterion on the FSR, which actually
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Figure 3.10: FWHM (GHz) of the 1% order MZI filter for channel 1 (a-b) and channel 2 (c-d) as a
function of coupling coefficients and arm length differences
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should be different from 100 GHz (0.80 nm), so that neighboring channels do not coincide with the
side-resonances. In terms of the FWHM, the inflexibility of the MZI filter to the coupling coefficients
can be observed from Figure 3.10 in general, when a comparison is made to the ring resonator results
in Figure 3.4, where 10-fold FWHM increases could be seen in the same range of coupling values there.
This is especially obvious in Figure 3.10a, in which symmetrical coupling results in almost invariable
FWHM values for the cross channel. Nevertheless, bar channel shows a variation to the values of « in
Figure 3.10c, where the condition of the coefficient multiplications to be equal to 0.5 seems to minimize
the bandwidth, as can be also inferred from Eq. 3.62. This was not predicted from the initial literature
research, though the range of bandwidth adjustment is still relatively small. On the other hand, Figure
3.10b (channel 1) and Figure 3.10d (channel 2) shows another distinction between the two channel
responses, where one of the coupling coefficients (here denoted as k9,1 = 0.6) are fixed to a certain
value and the other is changed, as well as the MZI arm length difference. For channel 1, the minimum
bandwidth value is achieved for symmetrical coupling (when k1,2 = 0.6), yet channel 2 attains its

lowest bandwidth value when the previously mentioned coupling multiplication condition is satisfied

0.5
0.6

the bandwidths for each port, which is the reason why loss studies are not included in Figure 3.10.
To meet the 37.5 GHz (0.30 nm) FWHM criterion, at least mm-length arm length differences seem
to be necessary, which however would decrease FSR significantly. With the 1st order geometry, it is
difficult to flexibly adjust the ratio between FSR and FWHM, with nm-FSR and sub nm-FWHM filter
could be realized. For this purpose, Vernier Effect can be employed, which suggests the usage of a

(when K1or2 = ). Moreover, the effect of loss on bandwidth values are found to be negligible on

higher-order filter with different arm length differences. In the next chapter on the methodology used
with the MZI filter, 2" order structure would be considered for that reason, the theory of which can
be found in Appendix C.2. For the goal of introducing the theoretical foundations of the MZI filter,

the detailed 1%¢ order analysis of this section is considered sufficient at this point.
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Chapter

Methodology

4.1 Ring Resonator Filter Design Process

Having completed the theoretical investigation of the ring resonator filter with the S-matrix analysis,
KPI testing is initially carried out for checking the viability of the geometry. With the 1%¢ order ring
resonator, the minimum requirement for at least one of the three indicators (FWHM, IL or ER) could
not be satisfied for any combination of the coupling coefficients. Incrementing the filter order by one
(274 order filtering) resulted in promising spectra, yet only for relatively high coupling coefficients (e.g.
k > 0.8). Example comparison plots are generated and can be inspected in Figure 4.1. For both the
15t and 2"? order filters, 45% power transfer at each ring-bus coupling region (k1 = ko = 0.67) are
represented by the blue lines for both 1st and 2nd order filters. The intermediate coupling strengths
between the two rings of the 2"¢ order filter are chosen to yield flat-top responses (kint1 = 0.36 &
Kint,2 = 0.68). For more information on the model used for the 274 order case, Appendix C.1 provides
a detailed investigation. The radius for both rings is set to 150 um, in order to obtain the highest
possible FWHM. Moreover, green, yellow, orange and red colored backgrounds on the table below the
figures represent perfect, good, satisfactory and unsatisfactory values for each criterion (see Table 2.1).

With the initial parameters explained above and given in the figure, the 1%¢ order filter can be seen
to satisfy IL and ER requirements, whereas the FWHM remains unsatisfactory for the blue curve.
Increasing the coupling to result in 64% power transfer for both coefficients (k; = k2 = 0.80) allows
perfectly meeting the FWHM and IL, whereas this time ER falls below the minimum requirement of
10 dB. In the 2"? order filter, a similar trade-off can be observed. Attempting to satisfy the FWHM
by increasing the coupling coeflicients reduces the ER significantly. Nevertheless, it is possible to find
parameter combinations that satisfy all criteria (FWHM, IL and ER) at least on the satisfactory level,
one of which can be seen in the orange curve of Figure 4.1b.

With this motivation, the analytical study carried out until this point is followed by developing
a physical model and simulating the ring resonator geometry by referring to computational means of
calculation. For this purpose, a commercially available software called “Synopsys Photonic Solutions

— RSoft” (shortly will be called RSoft) is used. The tools package of the software incorporates dif-
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Figure 4.1: Drop port spectra for (a) 15* and (b) 2"¢ order ring resonators with example parameters

ferent simulation methods for solving electromagnetic equations, such as Beam Propagation Method
(BPM), Eigen-Mode Expansion (EME) and Finite-Difference Time-Domain (FDTD). In this sense,
each available option is considered for simulating the physics of the system. Since the BPM and the
EME methods are direction dependent, they are regarded as being unsuitable for the investigation
of the curved geometry of ring resonators. The alternative simulation method, namely FDTD, is a
versatile and robust method of calculating the electromagnetic equations in time-domain, which would
also be useful in following the transient response of the filter. However, it is a computationally heavy
method and the 3D simulations for a ring resonator with the minimum radius of 150 pum would require
significantly long computation times for sufficiently high spatial resolutions. This is primarily due to
the large central region in the ring resonator structure, which is included in the simulation domain but
not relevant for the simulation itself, which renders the computational burden unnecessarily large. Ap-
plying non-uniform meshing to the inner area of the ring also proved to be a nonviable solution against
this problem. Due to having the unused inner region sharing its two axes (except the height axis) with
the propagation axes of the ring waveguide, it is not possible to use separate spatial resolution grids

inside and along the ring waveguides for two dimensions.

Therefore, the main issue with utilizing FDTD in the context of ring resonator filter design on InP
initially emerged as the large dimensions of the structure due to the chosen material platform. As a
workaround, an alternative methodology is proposed and tested by combining S-matrix simulations in
MATLAB and 2D-FDTD simulations in RSoft. Having the potential of offering guidance to similar
studies, the idea behind this framework emerged by dividing the geometry in separate regions where
different physical phenomena take place. Outside the coupling regions, ring resonator only introduces
phase shifts which could be easily simulated and predicted by the S-matrix formalism. In this sense,

simulating the structure only at the coupling regions would allow for the extraction of the coupling
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Figure 4.2: Field profile comparison at a resonance between (a) Belarouci et. al. and (b) this study

coefficients. Likewise, calculating the effective index and losses of a waveguide for different wavelengths
and integrating these findings into the already developed S-matrix model should be sufficient for
simulating the physics of the ring resonator structure. With this method, the necessity of the FDTD

simulations for quite long times would be revoked and a computationally-efficient alternative can yield
the same result.

To this end, a reference study is first taken into consideration and used for comparison purposes,
which is focused on the 2D-FDTD simulations of a 10 um radius ring resonator [50]. The width and
coupling gap of the waveguides are set to 1 pm and 100 nm, respectively; while the core and the
cladding material indices are set as 1.6 and 1 for any wavelength. Figure 4.2 shows the y component of
the steady state electric field profile obtained at resonance in both studies, where input fields are excited
from the waveguide at the bottom left corner. A strong resemblance between the two results can be
seen, where the field profile in Figure 4.2b is generated by using 35 points per wavelength (ppw) grids
in x and z axes, although the spatial resolution in the reference study was not specified. Additionally,
the pass port power spectra comparison is carried out by using 60 nm of spatial resolution in both
axes, which also shows a well correspondence to the study of Belarouci et. al. [50] (see Figure 4.3a).
An inspection of the spectra comparison reveals different values of transmission power at resonances
between two studies, which can be explained by the simulation duration. As the fields are simulated
for higher number of round-trips, a better convergence in the ring resonator can be ensured, which
is assumed to be the reason behind the different power values calculated at resonances. Moreover, it
is necessary to mind the relation between the spatial resolution and the accuracy of the simulations.
That being said, different spatial resolution grids are simulated to see their effects on the resonance
wavelengths of the signal spectra. As shown in Figure 4.3b, the convergence of the results take place
after approximately 25 ppw resolution, below which the outputs show a wide range of variety in terms

of both the power values and the resonance wavelengths.

Confirming the validity of the initial FDTD simulations, the waveguide width is reduced to 600
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Figure 4.3: (a) Pass port power comparison between the study of Belarouci et.al. and this study - (b)
Drop port resonance wavelength comparison between different spatial resolutions in x and z axes using
2D-FDTD simulations

nm to have a single-mode supporting geometry. Because the waveguides with 1 pm width allowed for
the excitation of two modes, this resulted in different coupling coefficient strengths (from the input
to the ring waveguide and vice versa) at individual coupling regions, conflicting with one of the core
assumptions of the S-matrix model being used (Hin:>rmg = m,,mg:>m). The multi-mode nature of the
default waveguide can be seen from the oscillatory field behavior at the pass and drop ports in Figure
4.2. The generation of a centrally aligned slab mode at the input waveguide only excites a single mode,
due to the symmetrical interaction with the waveguide. However, when this mode couples to the ring
waveguide at the first interface, the lateral excitation allows for the energy transfer to first two modes
that the waveguide supports, which propagate through the ring and first couple to the drop port, then
back to the pass port after a full-round trip. Only a single waveguide mode couples to two modes
in the initial coupling from input to ring waveguide, whereas two modes of the ring waveguide excite
two modes of the pass waveguide. As a result of this difference between the input-ring and ring-pass
coupling, the assumption of the equal amplitude coupling coefficients (can be seen in Eq. 3.2 or Figure
3.1b) for both coupling directions in the S-matrix becomes insufficient in the physical representation
of this geometry. Hence, in order to have a single-mode supporting geometry that would be convenient
to work with and is also compatible with the developed S-matrix model, the waveguide width is set
to 600 nm and further simulations are carried out with a narrower waveguide version of the geometry

used in the work of Belarouci et. al. [50].

In order to model the existing ring resonator geometry successfully, it is necessary to include the
wavelength dependency of the effective index of the waveguide modes and the coupling coefficients at
the bus-ring coupling sections. Especially these two parameters play important role in the response of
the system and their dispersion need to be considered. A well representation of the coupling coefficients
and the phase accumulation of the fields would be mostly sufficient for these purposes, the proof of
which will be provided with the comparison results carried out below. Moreover, due to the strong

field confinement of the structure, losses in the idealized 2D simulation are found to be quite low.
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Figure 4.4: (a) Spectrum, (b) FSR and (c) FWHM comparison of the 1¢ order double bus waveguide
ring resonator drop port power between S-matrix and FDTD simulations, with (d) the wavelength
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Therefore, the wavelength dependencies of the losses were not considered here, although introducing
certain inaccuracy to the model. Nevertheless, it might act crucial for similar studies with lossy

waveguides and care must be taken in such cases.

The extraction of the coupling coefficients and the effective index of the fundamental mode are done
by 2D-FDTD simulations in RSoft (see Figure 4.4d) and the wavelength dependent values between
1500 nm and 1660 nm are integrated into the S-matrix model. The introduction of dispersion into the
S-matrix resulted in a significant correspondence of drop port spectrum with FDTD simulations as
shown in Figure 4.4a. The wavelength resolution of the FDTD simulations were 0.50 nm (=60 GHz)
and the spatial resolution of 30 ppw are chosen, which are found to provide an appropriate balance
between accuracy and simulation complexity. In both simulations, the frequency separation value from
the previous peak for each resonance are plotted in Figure 4.4b, where constant separation is found
between the analytical S-matrix resonances. The mean value of the 2D-FDTD resonance separations
is calculated and plotted as a constant line together with the individual separations calculated at each

peak. The deviation from the mean line is found to be within the 60 GHz wavelength resolution of the
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FDTD simulation, confirming the compliance of the results of the two models with each other, despite
the FSR difference of around 10 GHz between the 2D-FDTD line and the S-matrix resonances (see
Figure 4.4b). The reason behind calculating the resonance frequency separations in frequency domain,
rather than as a function of wavelength as in the case of the spectrum from Figure 4.4a, is to have
the constant separations of the S-matrix resonances as reference for interpreting the FDTD resonance
separations. Moreover, the FWHMSs are also found to be consistent in both cases, where an example

comparison is plotted in Figure 4.4c, which is focused at the resonance peak near 1555 nm.

The slight mismatches between the two models can be explained by the FDTD resolution limitations
and the main assumptions of S-matrix analysis. The spatial resolution limit affects the exact positions
of the resonance frequencies, which might introduce certain shifts in comparison to the actual spectrum.
Furthermore, the calculated FSR of different resonances is possibly affected by this limitation, another
cause of which can be linked to the wavelength resolution limit. The simulated spectral span is also
relatively wide, which might result in dispersion related imprecisions, stemming from the slight effective
index inaccuracies. The fundamental assumptions of the S-matrix model, such as having wavelength
independency of the losses (a(\) = ), as well as assuming no coupling losses (|k|? + [t|?> = 1) can be
put forward to explain the remaining mismatches of the two simulations.

Increasing the resolution of the simulations would therefore allow for more precise spectral repre-
sentations of the physical geometry, as well as diminishing the differences of the S-matrix with the
FDTD simulations. Nevertheless, the relatively simple S-matrix model already proves to be perform-
ing quite well, which can be used for larger geometries that cannot be easily simulated with FDTD.
That being said, a promising framework for overcoming the issue of InP ring resonator simulations
is proposed with this analysis on a relatively simple ring geometry. This allowed for continuing the
physical simulations of the actual geometry. As it was done for the previous ring example, the first
step is the effective index and coupling coefficient simulations in FDTD. For that, the investigation of

the waveguides in InP was required.

The main waveguide structure in InP material platform is the rib/ridge type of configuration [7],
where a slab layer of cladding material (InGaAsP) is laid between the substrate (InP) and the core
material (InP). Afterwards, the structure is etched from the sides to leave a rectangular area for
waveguiding at the top. Depending on the depth of the etching applied, the core can be fully confined
to the rectangular region (deep etch) or be partially etched, where it consists of an underneath slab
and a rectangular upper section (medium/shallow etch). There are mainly two waveguide geometries
considered for this work that are available for fabrication, one of which is deep etched and the other
is medium etched waveguides. The illustration given in Figure 4.5 depicts these geometries, where
non-zero sidewall angle is assumed due to possible fabrication limitations. Thanks to the better field
confinement offered by the deep etching, lower losses are present in this option, where down to 150 pum
bending radii are fabricable. On the other hand, fields are guided in the medium etched waveguide with
certain leakage from the sides of the slab region underneath. An example mode profile of the medium
etched waveguide in Figure 4.5¢ shows this reduced mode confinement in comparison with the deep
etched waveguide in Figure 4.5b. As a result of the increased losses with this structure, the minimum
achievable bending radius value is 450 pm. This directly indicates at least three-fold decrease in the

bandwidth of the ring resonator compared to the first option, when medium etched waveguides would
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Deep Etching Medium Etching

Figure 4.5: (a) Two waveguide structures considered in this work, as well as the corresponding funda-
mental mode comparison between (b) deep etched and (¢) medium etched waveguides

be utilized for the filter design. Despite the higher losses and higher minimum bending radii of the
medium etched waveguides, it is expected that higher coupling values could be achieved compared to
deep etched waveguides, due to lower field confinement. With this consideration, the effective index and
coupling strength simulations for both waveguide geometries are conducted using Beam Propagation
Method (BPM) in RSoft. The waveguide width and height are determined to be 2 um and 1 pm,

respectively, which supports single mode for deep and medium etching.

Initially, the fundamental modes of the waveguides are calculated, together with the wavelength
dependency of their effective indices and plotted in Figure 19a. For higher wavelengths, the ratio of
the waveguide width to the wavelength decreases, which can be seen to reduce the effective index value
and brings the waveguide away from being multimodal. Additionally, the normal dispersion (lower
indices at longer wavelengths) and the fact of having the values between the core and the cladding

indices are compatible results with the physical expectations.

Continuing with the directional coupling simulations, two straight waveguides are placed parallel in
the simulation domains for both etching of the waveguides. The chosen gap between the waveguides,
dcoupting = 1.5 um, is the minimum possible gap value determined by the fabrication limitation. The
deep etched waveguide is found to half couple (k & 0.71) to the parallel waveguide after approximately
171.5 mm at 1550 nm wavelength (see Figure 4.5b). With a ring geometry having a few hundred
pm bandwidth requirement, the circumference of the ring cannot exceed a few hundred mm’s, as
can be inferred from the analysis made in the previous chapter. Because of this necessity, several-
hundred-mm-long coupling sections with deep etched waveguides are not possible to realize with the
ring resonators studied in this work. That is despite the fact that the deep etching offers the advantage
of attaining relatively low bending radii (R, = 150 um), as well as being superior to the medium
etched waveguide with regard to the theoretically achievable lower bandwidth values. The simulations
with the medium etched waveguide, on the other hand, has shown to reduce the required half-coupling
length to approximately 1.534 mm, which is a significant improvement (see Figure 4.5b). Yet, this
value is still not sufficiently low for ring resonators. Furthermore, the coupling simulations given here
are carried out using straight directional waveguides. Without transforming the filter geometry to
racetrack resonator, it is not possible to have straight coupling sections and the resulting coupling

strengths would have even lower values with ring resonator due to the curved nature of the ring
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Figure 4.6: (a) Effective index and (b) coupling simulations for deep etched and medium etched InP
waveguides. Coupling simulations are carried out at 1550 nm wavelength with 1.5 um coupling gap

waveguide in the coupling region.

Recalling the theoretical indications of the last chapter, the minimum achievable radius of 150
wm is a necessity in terms of meeting the bandwidth criteria of this work with InP ring resonators.
Likewise, high coupling coefficients (k¢ > 0.8) need to be achieved to this end. Using directional
coupling, the simulations have shown that satisfying both at the same time is not possible with the
available waveguide geometries, where the deep etching can only enable the radius condition and the
medium etching offers the chance of attaining increased coupling strengths, although proving to be
still insufficient.

In addition, an interesting approach is also considered to enhance coupling strengths by integrating
MMI couplers instead of directional couplers, which however would transform the geometry into a
racetrack resonator with straight sections at the coupling regions. The result of this would be increased
circumference of the resonator, which again further reduces FSR and FWHM. Furthermore, compared
to the default waveguide sections, different effective indices and phase accumulations inside the MMI
sections would add more complexity in the integration of MMI couplers into the existing S-matrix model
with a fixed index and a wavevector along the entire geometry. Either the whole theoretical model
needed to be revised and improved, which would increase the complexity of the analysis, or another
framework for simplifying the MMI sections would be necessary. In any case, due to the projected
lower bandwidth result of this geometry, the idea of using MMI’s for coupling in ring resonators is not
investigated in this study. Nevertheless, it remains to be said that the integration of MMI couplers in
ring resonator filters is still a quite reasonable alternative option in general, when it is desired to have
sufficiently large coupling values in relatively short propagation lengths.

Moreover, buried heterostructure waveguide designs are also demonstrated to increase coupling
strengths, where the core sections of the waveguides are enclosed in the claddings from every direction in
the transverse plane [51]. Replacing air between the waveguides by the cladding material (for example
InP or a polymer), reduces field confinement in the waveguides and the slope of the evanescent field

amplitude in the cladding with lower index contrast. As a result, significantly higher coupling strengths
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with this waveguide configuration are achieved. This is another promising attempt in having small ring
circumferences, together with sufficient coupling values. Nevertheless, lower field confinement would
also indicate higher losses, which is one of the trade-offs that should be considered. This waveguide
structure is also disregarded here mainly due to the unavailability of the respective fabrication options
in the selected foundry. Still, the objective of mentioning this alternative in this work is to provide
another perspective to the general picture, which might prove helpful for similar design projects.

The final consideration regarding the design on ring resonators is regarding the tunability of the
filter. Although possible, it is found to be not quite convenient to apply thermo-optic tuning to the
filter with the curved nature of the ring resonator. Here, the reason is also fabrication related, where
the heaters available for use in this study consisted of straight sections, which does not fully comply
with the bent waveguides of the geometry. Compared to MZI filter, the design process of which will
be explained in the next section, ring resonator filter appears to be slightly disadvantageous in terms

of the tunability, due to this reason.

4.2 Mach Zehnder Interferometer Filter Design Process

Similar to the procedure followed with the ring resonator filter design, a preliminary viability check
on the MZI filter is done by an S-matrix analysis. Due to the limitations regarding the finesse of the
1t order MZI filter, preventing a flexible arrangement of FSR and FWHM, 2"? order filtering is also
considered here. For more information on the 2"¢ order geometry preference, the reader is referred to
Appendix C.2.

At first, two example parameter set are determined and the resulting spectra of the analytical
investigation with S-matrix are generated in Figure 4.7. All of the four coupling coefficients are set
to yield 3-dB coupling (k1 = Ky = K3 = kg = %) which are chosen to result in the highest ER and
lowest IL, as shown in the previous chapter. Moreover, the losses, as well as the effective index are
assumed to have the same value as in the analysis made for Figure 3.6. The 1% order filter spectra
are also plotted with blue curves to provide reference to the outputs of the 2"¢ order filter. For the
sake of readability of the figures, only the cross channel at the 2"¢ order filter and the bar channel
of the 1% order outputs are selected, which allow for a fair comparison between the spectra obtained
at each stage. Moreover, particular resonances near 1550 nm are marked with green vertical dashed
lines. According to the ITU dense WDM (DWDM) grid standard, the positions of the four nearest side
channels are also depicted in black with 100 GHz (0.80 nm) separation in between [1]. The 1** and the
274 stage arm length differences are chosen to have 1-to-2 ratio for both examples, which increases the
finesse of the filter while retaining the relatively periodic spectral shape. The main difference between
Figure 4.7a and Figure 4.7b can be seen in the arm length differences, which result in different FSR
and FWHM for both filter orders.

With the cost of slightly increasing the IL, the FWHM of the 1% order MZI filter with L; — Ly =
560 pm can be matched to the desired value of 37.5 GHz with the introduction of the 27? stage with
Ly— Ls = 1120 uwm (see Figure 4.7a). Better suppression of the neighboring four channels at two sides
is also achieved with the increase in the filter order. A similar scenario can be observed with the 15

order MZI filter, having the arm length difference, Ly — Ly = 700 um (see Figure 4.7b). However,
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Figure 4.7: 1% and 2"? order MZI filter spectra comparison with (a) 560 — 1120 ym (b) 700 — 1400 um
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resonances, as well as signal powers at the neighboring channels (£100 GHz or + 0.80nm)

in this case, the 2% order stage decreases the FWHM below the optimum value, while showing an
immense improvement in the signal suppression for the side channels. Hence, through abstaining from
having a perfect agreement with the bandwidth criteria, it is possible to align the positions of the side
channels to correspond to the minima of the filter spectrum by the adjustment of the FSR. This is a

quite promising finding in terms of the project goal, the idea of which is mentioned in Chapter 2.

The first step towards realizing the results of this preliminary investigation is taken by focusing
on the coupling sections of the design. As demonstrated with the directional coupler simulations,
the required length for half power coupling is practically not convenient for both waveguide etching
schemes. Another option is to refer to MMI couplers, which become more favorable in achieving
reduced coupling section lengths. Here, the attention of this study is not centered on the actual design
of MMI couplers, since the existence of previously designed couplers for 50-50 power splitting ratio
removed such a necessity. The indication of this was a significant gain on time and effort in the filter
design process, which could be directed towards other important design activities. With the present
MMI coupler model, 3-dB coupling could be achieved with sections shorter than 200 um with the deep
etched waveguide. The preference at this point is made towards the deep etching of the waveguide, in

order to have smaller device dimensions with the lower bend radius it offers.

An interesting remark to be made at this point is that utilizing MMI couplers in MZI filters has a
distinct physical implication in contrary to their use with ring resonator filters. The straight sections
introduced with MMI couplers do not affect bandwidth and FSR of MZI filters, which are essentially
defined by the phase accumulation differences in the interferometer arms. Since the phase change in

the coupling sections of ring resonators are still included in the full-round trip of the field, effective
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Table 4.1: Low and high frequency band channels considered for the design, that are compatible with
the definitions of the ITU [1]

Low Frequency Band | High Frequency Band
Channel 1 192.6 THz (1556.555 nm) | 194.9 THz (1538.186 nm)
Channel 2 192.5 THz (1557.363 nm) | 194.8 THz (1538.976 nm)
Channel 3 192.4 THz (1558.173 nm) | 194.7 THz (1539.766 nm)
Channel 4 192.3 THz (1558.983 nm) | 194.6 THz (1540.557 nm)

index and length of the coupling regions become important in ring resonator filter analysis. Other
than determining coupling ratio and introducing 90° phase difference between output channels, MMI
sections in MZI filter have no impact on output spectra. Hence, together with the relatively short
coupling length requirements, 2x2 MMI couplers are preferred in this work for achieving half power
splitting to attain the spectral response foreseen in Figure 4.7.

Having decided on the coupling section model, the other crucial parameter for the filter response,
namely the wavelength dependent effective index is obtained with BPM waveguide simulations. Imple-
menting the same methodology, the effective index model is created for two different frequency bands
below and above the central design wavelength, 1550 nm. Due to the bi-directional communication
planned to take place between satellites and ground stations that require two separate set of frequency
channels (see Table 4.1), different wavelength intervals are considered. 4 communication channels are
assumed for a single direction of data transfer, where the 2"¢ channels are chosen to be the central
reference channels. At first, the filter design is mainly planned for the channel 2 of each frequency
band.

By introducing an example modulated signal spectrum, the maxima of which are aligned with the
above defined channel frequencies, an overlap study is carried out between the filter response and the
side channel signal powers. While adhering to the 1-to-2 ratio between the two stages, overlap integral
is calculated for different MZI arm length differences of the 1% stage. By doing so, the overlap is sought
to be minimized, in order to achieve the maximized suppression of the side channels. The respective
results of this analysis are illustrated in Figure 4.8a for both frequency bands. An important remark
to be made here is that a prerequisite is put forward on the arm length differences for plotting the
side channel power suppression. In this regard, the 1°¢ stage difference values yielding non-optimal
alignment between the central channel and a filter resonance are disregarded. In other words, the
selected set of values for the horizontal axis perfectly aligns an on-resonance of the filter with the 274
channel of the respective frequency band, although the discontinuities of the curves are not observable
with the sub-um separations between consecutive axis values. Moreover, for a reasonable range of
filter bandwidth values aligned with the criteria of this study, the lower and upper limits of the 15¢
stage arm length differences to be swept in this investigation are determined as 400 pum and 800 pm.

The minimum overlap value for the low frequency band is achieved with 628 pum length difference
between the two interferometer arms of the 1°¢ stage and 1256 um of the 2"¢. The resulting filter

response is shown in Figure 4.8b, together with the example signal spectrum. On the figure, the
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Figure 4.8: Side channel overlap study between filter and modulated signal spectrum with different
15t stage MZI arm length differences and (b) the resulting filter spectrum at the overlap minimum for
the low frequency band

wavelength of the central channel is marked with green dashed line, whereas the other 3 channel
wavelengths are depicted with black dashed lines. Upon an initial observation, the spectral positionings
of the side channels are found to be similar to the initial investigation made in the beginning of this
section. The slightly broadened filter spectrum aligns the centers of the side channels not exactly to
the dips in the filter response but applies a certain shift towards the central channel, the reason of
which can be linked to the overall power overlap minimization. Noting that the obtained findings of
Figure 4.8 are still the outcomes of the analytical study, the analysis of the filter spectrum results
is left to the next chapter. A more detailed discussion is provided there with a verification study.
As the study on ring resonators demonstrated, the robustness of the analytical approach has already
been partially proven (see Figure 4.4). Though, supporting the investigation with physical simulations
is deemed to be preferable. In this sense, the validity of the final design is verified by referring to

numerical calculation methods using the commercial simulation software, RSoft.

The initial consideration is given to simulate the analytically designed structure by using FDTD
method. Different from ring resonator filter, where steady state is reached after numerous cycles,
converged MZI filter response can be obtained with a single pass of the field through the device. The
reason behind this fundamental difference is related to the feedback and the feed-forward mechanisms
of ring resonator and MZI geometries, where the details of this contrasting physics are elucidated
in Appendix B.2. As a result, FDTD simulations for MZI filter can in principle be completed in
relatively shorter computational times in comparison with ring resonator simulations. On the other
hand, MZI filters are not as compact as ring resonators mentioned in Chapter 2. This, in turn,
would increase the requirements on the simulation area and thus the computational burden. With
this consideration, complete 3D-device simulations with FDTD method are still estimated to be fairly
complicated. Another alternative, namely BPM, is also at first deemed to be a non-optimal choice
for the MZI geometry that comprises bends in the interferometer arms, since BPM is inherently a

directional field solving technique. In spite of this limitation, by applying certain transformations on
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straight waveguides, it is, in fact, possible to simulate bends with BPM. The “simulated bend” feature
of the software used in this work, RSoft, has been utilized for this purpose and the individual bends in
the system could be simulated. Another restraint at this point is found to be regarding the difficulty
of simultaneous simulation of interferometer arm pairs, due to the necessity of spatially matching the
start and end vertices of the different length arms. To overcome this, the simulations with BPM are
carried out by splitting the geometry and conducting consecutive simulations on separate parts of the
filter. The electric field phase and the respective power values at the end of each defined simulation
region is collected and are afterwards combined to yield the spectra at the output channels. In the next
chapter, the obtained simulation findings regarding the filter response with this proposed methodology
are gathered for the final analysis, where a comparison is made with respect to the estimations of the

analytical model given in this chapter.
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Chapter

Results and Discussion

The MZI filter to be simulated is initially designed as a whole, before carrying out individual segment
simulations. Since the structure configurations, such as arm positionings, necessary bend placements of
the arms and other related considerations would define the final model of the device, alternative options
are investigated. Regarding the bend radius that would be preferred in the design, the decision is made
towards 250 pum. The lower bending radius limit of 150 pm was not a necessity in the case of MZI
filter, since the bandwidth related performance metrics are not directly linked to the bending radius
as in ring resonator filter. Therefore, while aiming for a relatively small device size, the motivation is
given to have reduced waveguide losses around the bends of the design. That is why, 250 um bend
radius is found to provide the right balance in this regard. Furthermore, the two stages of the filter are
positioned “back-to-back” with respect to each other, rather than the common directional cascading
modeled in Appendix C.2 (see Figure 5.1). The motivation behind this choice was to save as much
space in the device area as possible and the resulting footprint is estimated to be approximately 1.76
mm? with 0.77x2.29 mm dimensions. The final device schematic is depicted in Figure 5.1, where the

shorter arms of each stage consists of only two 90° bends.

2x2 MMI —12x2 MMI

770 pm

2x2 MMIE=LP]

2x2 MMI

————

2.29mm

Figure 5.1: MZI filter final design schematic (not to scale)
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Figure 5.2: (a) Analytical and simulated spectra of the 2"¢ order MZI filter and (b) the analytical
filter response with modulated signal spectrum, showing the relative positioning of filter resonances
and signal channels

Having decided on the dimensions of the device, the design process is followed with the BPM
simulations of individual segments using 20 nm transversal and 100 nm longitudinal grids. In Figure
5.2a, the comparison between the cross and bar ports of the analytical filter response and the simulated
spectra is demonstrated. The resemblance of the theoretical expectation and simulation plots verifies
the viability of the ultimate design of the filter. It is worth noting that the propagation loss value of 3
dB/cm for the theory curve is not a systematically calculated value, rather it is determined to yield the
maximum similarity with the simulation results. That being said, it is an estimation that comprises
the propagation losses, bending losses and the losses at the MMI couplers. All the contributions from
different loss sources are, therefore, expressed as a single term, due to the single loss parameter model
of the analytical formalism. Moreover, since the wavelength dependency of the coupling coefficients of
MMI couplers is found to be negligible in the wavelength span of the simulations, they are taken to
be constant with k1 = ko = kg = Ky = % in the analytical results. These assumptions would provide

an explanation to the slight discrepancies between the two plots.

As Figure 5.2a indicates, all of the KPI’s determined in Chapter 2 have been met, some of which even
succeed in satisfying the most ideal case. IL of 0.81 dB, 18-25 dB power suppression at the centers of
the side channels and down to 25 dB maximum ER in the spectrum are the clearest verifications of this
statement. Increasing the spectral resolution of the simulations should allow for the demonstration of
even higher signal suppression values. With 31.25 GHz (0.25 nm) FWHM, the bandwidth requirement
also appears to be matched to a certain extent, although the most optimum value of 37.5GHz (0.30 nm)
is abandoned for the sake of achieving higher side channel power suppression. The main disadvantage
of the current design can be associated with the non-flat signal suppression that show frequent and
abrupt changes over the course of an FSR in the spectrum. For this reason, the edges of the nearest
two side channels in the modulated signal spectrum experience relatively low-suppression due to their
partial overlap with a filter resonance (see Figure 5.2b). This is not necessarily a significant problem,

since the majority of the side channel power under the central region is suppressed, which was the
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intended goal of the overlap study in the previous chapter. On the other hand, flat-top spectral
response on the resonances in Figure 5.2 cannot be observed, which is ideally favorable in band-pass
filter designs. One of the reasons for this can be attributed to the MZI geometry with single waveguide
connection between the two stages. The direct transfer function multiplication of each stages with this
design configuration prevents the flattening of the resonances, which is seen in the commonly used
lattice MZI filter [41] geometry. At this point, refraining from using the prevalent geometry allows for

increased signal suppression outside the resonances, being the main reason behind this design choice.

The FSR of the 2"? order MZI filter is measured to be approximately 1.10 nm (137.5 GHz), which
is slightly above the channel spacing value of 0.80 nm (37.5 GHz). From the tuning perspective,
having FSR to be slightly larger than the channel spacing can actually be perceived as a benefit. To
understand this clearly, Figure 5.3a can be inspected, which is the linear scale counterpart of the filter
response from Figure 5.2b. Focusing here on thermal tuning and assuming temperature increase to
reduce the effective index, heating the longer arms of the MZI filter causes the filter spectrum to shift
to the shorter wavelengths, i.e. to the left in Figure 5.2b. This means that channel 3 can be tuned to
the next filter resonance by applying a spectral shift that is equal to the difference between the FSR
and a channel spacing value, which in this case is around 0.30 nm (37.5 GHz). Further increasing
the temperature on the longer arms would tune channel 4 with 0.60 nm (75 GHz) and channel 1 with
0.80 nm (100 GHz) shift. The required tuning for every side channel is, therefore, actually below the
FSR of the filter spectrum and at most equal to a single channel spacing value. For an FSR-free filter
response, tuning to each side channel would require the amount of shift that is equal to the difference
between the respective channel wavelength and the central channel wavelength. Assuming also that
the heating is applied only to the longer MZI arms (for the device size considerations), the design needs
to be made for channel 4, which becomes the new central channel. The reason for this is simply the left
spectral shift happening with longer arm heating. In such a case, tuning to channel 1 would therefore
necessitate a 2.40 nm shift, which indicates approximately 4.367 extra phase addition on the longer 15
stage arm due to heating (and 8.727 for the longer 2"? stage arm, to retain the 1-to-2 stage ratio). As
opposed to that, the current design with limited and close-to-channel-spacing-FSR can be tuned for
every side channel with at most 1.4557 phase shift on the longer arm of the 15t stage. Increasing the
number of channels, however, might prove problematic in this case, since 1.10 nm FSR places every
4*h channel approximately to the same spectral positions with respect to the filter resonances. This
can be visually verified from the 1* and the 4" filter resonances in Figure 5.3a, which are separated

from their left neighboring channels by similar spectral shifts.

The device dimensions mentioned up to this point were determined for the low frequency band
(1556-1559 nm) channels. Keeping the same design, a filter resonance for the higher frequency band
(1538-1541 nm) also aligns with the respective central channel at 1538.976 nm (194.8 THz) almost
in perfect agreement. In that case, at most 0.03 nm tuning is necessary for a perfect alignment,
which is comparatively low with respect to the 1.10 nm of FSR. This is a significant advantage of
the designed filter, indicating the availability of its use for both frequency bands. Therefore, with
relatively small required tuning, a single design can function for both communication directions between
ground stations and satellites. For other MZI filter design projects, certain arm length differences can

be found that results in similar spectral resemblances between different wavelength ranges, allowing
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Figure 5.3: (a) Bar connected 2"% order MZI filter channel 1 (cross) output and (b) cross-connected
274 order MZI filter channel 2 (bar) output response with modulated signal spectra

the production of universal filters for various communication bands. The values determined for this
project are one among the many, that also happens to maximize the power suppression for the side
communication channels.

An alternative tuning option to only heating the longer MZI arms can be proposed with also heating
the shorter arms of the MZI stages. The filter spectrum in that case would be shifted to the higher
wavelengths, i.e. to the right in Figure 5.3a. This can be beneficial for tuning of channel 1, which
is the channel requiring the maximum shift when heating is applied to the longer arms. Changing
the direction of the spectral shift would reduce the necessary phase change from 1.4557 to 0.546m,
resulting in 62.5% power reduction for channel 1. This would, however, be possible if the length of
the interferometer arms could be increased, including the addition of straight sections to the shorter
arms. Leading to size expansion of the device, this solution might not always be favorable, depending
on the design choices.

In order to decrease the tuning power for certain channels, it is also worth considering the use of
another filter geometry. The spectrum in Figure 5.3a is obtained from the cross-channel output of
the “bar-connected” 27 order MZI filter (see Figure C.3). Here, the term “bar-connected” refer to
connecting the 15 and the 2"¢ stages via the bar ports and leaving the cross-port connection open.
Using the same device dimensions (e.g. arm lengths, bending radii), the bar-channel of the “cross-
connected” 2"¢ order MZI filter would, in turn, result in the spectrum seen in Figure 5.3b. Maintaining
the exact spectral response, a m-shift can be achieved only by reverting the position of the connection
waveguide for a specific channel design and measuring the power from the opposite output port. Hence,
by exploiting an inherent nature of the MZI geometry, the tuning of channel 1 and 4 can be done by
significant reduction in the additional phase shift requirements (see Figure 5.3b). The disadvantage
of this approach would be, however, losing the universality of the design that should be suitable for

every channel circuit in the system and can be inconvenient from the system design perspective.
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Chapter

Conclusions and Further Recommendations

This thesis focused on the design process of integrated optical filter for a transceiver system in InP.
The literature study demonstrated the advantages and disadvantages of various material platforms and
filter types available for the realization of the target device. With the developed theoretical background
on the filtering with add-drop ring resonators and MZI’s, in depth analysis is provided that sheds light
in the different physics and characteristics of both geometries. Especially for the simulation of large
optical filters, which could be relevant for similar studies, a useful framework with S-matrix and FDTD
simulations have been established. The computational burden is shown to be reduced significantly,
through preliminary dispersive modelling of effective index and coupling coefficients in ring resonator

filters. Moreover, the same procedure can be easily applicable for MZI filters.

During the course of the project, ring resonator filters in InP material platform are found to be
unsuitable for the implementation of the initial sub-nm bandwidth criteria. The difficulty of achieving
both relatively high coupling coefficients and keeping the ring circumference short at the same time
impeded the continuation of the filter design with ring resonators and the focus is directed towards the
other alternative geometry, namely MZI filter. Although it is left unexamined in this study, racetrack
resonator filter with MMI couplers is shown to be another potential filtering device in InP for studies
with more relaxed bandwidth requirements. In that case, the theory laid out in this thesis needs to be
expanded, in order to include the different effective indices of MMI couplers and resonator waveguides
in the modelling. Since both coupling and waveguiding sections would contribute to the exact phase
accumulation after every round trip of the resonator, the current model with single effective index
representation would be insufficient in that case.

Regarding the MZI filter order and geometry, certain considerations have been made in view of the
existing trade-offs. First of all, to improve the spectral performance, filter order is increased to 2 with
single port connection between the two stages. With the single-port connected 2"¢ order geometry,
flat-top response is sacrificed in order to increase the side channel signal suppression and decrease the
bandwidth of the filter. Further increasing the filter order is disregarded for the sake of keeping the
device dimensions as small as possible, since the 2" order filter area is already assessed to be relatively

large. If the area limitations are more flexible, increasing the filter order might be a reasonable choice
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that should further increase noise suppression. Nevertheless, the device complexity would also increase,
making the design process lengthier and more complicated than with a lower-order filter.

Concerning the coupling sections of the current design, 2x2 MMI couplers are preferred to achieve
the 3-dB power splitting between the waveguiding sections. As opposed to the wavelength-dependent
nature of directional couplers, MMI couplers allowed for relatively stable splitting ratios over the
entire investigated wavelength spectrum. Furthermore, MMI couplers also proved to be quite useful
in minimizing the size of the device by reducing the required coupling lengths. Another option, which
is not considered in this work, can offer further shortening of the device length, when device size
considerations are crucially important. This can be done by replacing the 2x2 MMI couplers at the
inputs of each filter stage with 1x2 MMI couplers. Since 3-dB coupling in 2x2 MMI couplers requires
longer lengths than 1x2 MMI couplers, this can be a slightly advantageous choice in terms of device
size. However, in this case, using the identical device dimensions would not yield the same spectrum
at the output, which is affected by the different geometry of the 1x2 MMI couplers. The coupling
equations given in this work are determined with respect to the physics of directional couplers and
are compatible with 2x2 MMI couplers. However, these equations are slightly changed for 1x2 MMI
couplers, due to the different positions of the input waveguides. For 50-50 power splitting geometry,
the phases of the electric fields at the output ports of a 1x2 MMI coupler adopt the same values, owing
to the symmetry of the device. On the contrary, directional couplers and 2x2 MMI couplers result
in 90° phase difference between the two output channels. This fundamental dissimilarity needs to be
considered when designing the MZI filter with different coupler geometries. The theoretical derivations
of this study can be applied to cover such a hybrid design with 1x2 and 2x2 MMTI’s. In this case, the
arm length differences of the design determined for the model with only 2x2 MMI couplers should be
slightly changed, if the goal is to attain the same spectral response at the output.

The final remark to be made about the designed filter is that the exact phase accumulation in the
MZI arms are fairly dependent on the true effective index of the waveguides. Consequently, it can
be predicted that the material model used in the simulations would not exactly match the fabricated
material properties. In the light of possible fabrication inaccuracies, the simulation estimations for
the exact resonance wavelengths and signal suppression values for the side channels are likely to be
different from the hardware results. The resulting IL, FSR and FWHM are not expected to deviate
significantly, yet the filter resonances and relative channel positionings might become crucial in the
fabricated device. Although it is difficult to prevent such simulation-fabrication mismatches, tuning
can be used to minimize the resulting spectral discrepancies. For that reason, and the fact that the
same design can be used for multiple wavelength channels, tuning is highly recommended for similar

MZI filter design projects.
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Appendix

Determination of the S-Matrix Parameter
Relations Through Coupled Mode Theory
Analysis

As previously mentioned, several assumptions are made to find the relations between the individual
elements of the S-matrix. These are namely the following: taking the losses during the coupling process
to be zero, the excitation of only a single unidirectional mode of the resonator and assuming that no
reflection takes place in the system. By referring to the coupled mode theory for the starting point,
the relations between the off-diagonal elements of the matrix will be found. It is also worth mentioning
that certain parts of the following derivations are adopted from the investigation in the PhD thesis of
Dr. Rohit Grover [52].

Here, the coupling region between the input-pass waveguide and the ring resonator will be taken
for the derivation, where the field through the input-pass waveguide is denoted with f and the field in

the ring resonator is given by g (see Figure 3.1c):
f(z,2,t) = F(2)e' @ =P f () (A1)

9(z,2,t) = G(2)e' =) g (x) (A.2)

In the definitions above, F and G are the complex amplitudes of the fields, which are functions of the
longitudinal position along the coupling region. The following relations are provided for the sake of

completeness, where the time and transversal field dependencies are omitted for reasons of brevity:

f(z,0)=a; fz=L)=bh (A.3)

9(2,0) = ay gz =1L)=by (A4)
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APPENDIX A. DETERMINATION OF THE S-MATRIX PARAMETER RELATIONS
THROUGH COUPLED MODE THEORY ANALYSIS

The coupled mode equations, relating the complex amplitudes of the fields are then written as [53]:

dF —1Az
E = K'/nge A (A5)
dG iAs
E = /inge A (A6)

where k¢4 and k4¢ are the coupling coefficients from the ring waveguide to the input waveguide and
vice versa, respectively. Az is the phase-mismatching constant, which is not of significant interest for
the purpose of this derivation. In the co-directional coupling case, the conservation of total power

along the longitudinal axis of the waveguides necessitates the following [53]:

d

—(FP+|G*) =0 AT

Z(FP +|GP) (A7)
As the next step, this expression is rearranged and the coupled wave equations are plugged in:

d dF dG*
—(FF* N =F*—
dz( +GGY) dz +G dz

+cc.=0 (A.8)

F*Ge ™ (kg + Kyp) +ee. =0 (A.9)

A non-trivial solution (F' # 0, G # 0) for this equation is found when:

Kfg = —FKgyf (A.10)

Since the coupling coefficients xr, and k4 ¢ represent the field transfer to an opposite waveguide, their

relation allows to relate the off-diagonal axis elements in the S-matrix that is defined previously:

S12 = 7831 (All)

Having acquired the first condition on the matrix elements, another derivation can be done by assuming

that no energy is lost during the coupling process due to the field interactions [52]:

b1 + [ba|* = |a1|? + [az|? (A.12)

This can be written in the compact matrix form and solved via matrix operations, where the initial

expression b = Sa is made use of:
bib = ata
b'b = (Sa)'Sa = a'STSa = a'a (A.13)
From the upper line, a useful relation is acquired:
STS =1 (A.14)
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which is then unwrapped to obtain further relations between the matrix terms:

gtg — <ST1 S§1> (511 512> _ ( Is11]® + [sa1]*  s1287; + 5225§1> _ <1 0) (A.15)
Sio S5y S91 S99 811870 + 821859 |812]% + |s22/ 0 1

[su? + [s21[* = 1 (A.16)

|s19]? + |20 =1 (A.17)

$12871 = —$2255; (A.18)

At this point, a switch from the S-parameters to the coupling parameters is done, with the introduction
of k and t terms, representing the coupling strength from the input to the opposite waveguide and

transmission along the input-pass waveguide, respectively.

t
S — S11 S12) 512 (A.19)
21 S22 Kk 522
Using the off-diagonal element relation (Eq. A.11) and the condition arising from the lossless

coupling (Eq. A.18), s12 and s99 are plugged in, which completes the matrix [49]:

t*
S92 = 7812 =t* (AQO)

l‘i*

t —k*
) -

As a final check, Eq. A.16 and Eq. A.17 are inspected, which serve to support the validity of the

obtained result by stating the matrix to be unitarity:

[t? + |k> =1 (A.22)
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THROUGH COUPLED MODE THEORY ANALYSIS
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Appendix

Further 1st Order Filter Considerations

B.1 Calculated 1st Order Ring Resonator Port Field Ampli-

tudes

The port field amplitude solutions to the geometry in Figure 4 are analytically calculated, the results

of which are provided below:

Table B.1: 1% order add-drop ring resonator port field amplitudes

a2:a1<

/ﬂtgasew
1—tftaaset®

blzal(

1—tftaase’?

t17t2a367’0 )

_ K1
b2 = a1 (l—t’l‘tgasew>

bgz&l(

K1\ aset?

1—titaase’?

)

&3:&1(

K1ta/ aset?

1—titoase’?

)

a4:a1(

k1koy/ aset?

1—titoase’?

)

B.2 Spectral Comparison of the 1st Order Ring Resonator
Filter and the 1st Order MZI Filter

It was introduced in Chapter 2.2.3 that ring resonator and MZI filters are inherently different with
respect to their spectral characteristics. Eq. 3.12 and Eq. 3.46/3.47 can be compared to identify this
fundamental distinction of the two geometries. The feedback loop in the ring resonator filter results
in such a response at the drop port that mainly rejects the signal transmission but allowing only for
particular wavelengths (poles in the denominator expression of Eq. 3.12) to pass. On the contrary,
with the feed-forward geometry of the MZI filter, the fundamental trend is to allow signal transmission
for most part of the spectrum but hindering only selected wavelengths (zeros of the expression in
Eq. 3.12) to propagate through the channels. This is depicted in Figure B.1 as example parameters

of the systems are chosen and a comparison plot is generated between 1549 nm and 1551 nm. In
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APPENDIX B. FURTHER 1ST ORDER FILTER CONSIDERATIONS

15! Order Ring Resonator Filter vs. MZI Filter - Output Power Spectrum

with K4 mzi = 0.60,x, .=044,L, =1242um,L, . =300pum
,mzi 2,mzi 1,mzi 2,mzi
=0.60, x =0.44,R. =150pm,n__=3.20, a _ =4.00dB/cm
ring eff dB

51 ,ring 2,ring

Output Power (dB)

= Ring Resonator Filter Drop Channel
e MZ| Filter Cross Channel (Ch. 1)

-20 '
1549 1549.5 1550 1550.5 1551
Wavelength (nm)

Figure B.1: 1% order ring resonator and MZI filters - output spectra comparison

both geometries, the two coupling coefficients are determined to be the same, which actually doesn’t
correspond to the same physical conditions. Nevertheless, it should suffice for the goal of the practice
here, as the idea is to have a mere comparison of the spectral behaviors of the two filters. Moreover,
the ring circumference and the arm length differences, as well as the effective indices for both cases
are chosen to be the same, in order to attain the same FSR and aligned resonance wavelengths on the
spectrum.

As previously pointed out, the two spectra can be seen to have an inverse characteristic with respect
to the other. This is because the drop channel of the ring resonator has Lorentzian type of resonance
curves with sharp peaks, outside of which reduced signal powers are present in the spectrum and the
cross channel of the MZI filter shows a direct sinusoidal output coming from Eq. 3.46/3.47, which
mostly allows for comparatively high signal powers outside of a selected small spectral span. This was
an interesting finding of the study on the two filters that affected the decisions made during the work

and proved to be a useful exercise, which is why it is decided to be documented in this thesis.
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Appendix

S-Matrix Analysis of the 27¢ Order Filters

C.1 Serially Cascaded 2" Order Add-Drop Ring Resonator
Filter

The serial cascaded 2" order double bus add-drop ring resonator filter model is sketched in Figure
C.1, which is the generalized version of the geometry, where ring radii can be equal to each other or
different. In the initial consideration, the focus is on the symmetrical structure with Ry = Ry = Rying
and the definitions for the port and the coupling parameters are in agreement with Figure 3.1, except
for having another ring between the first ring and the add-drop bus waveguide.

Having a coupled higher order arrangement significantly enhances the ER of the filter [54], with the
slight cost of increased IL. Due to the coupled nature of the system, the poles split when the resonance
frequencies of the two rings are the same, where the strength of the splitting can be controlled by
the adjustment of the inter-ring coupling coefficient [10], [54]. This way, achieving higher ER values
with still adjustable bandwidth and flat-topped bandpass shape [10] can be ensured with the 2"¢ order
geometry, which is an important advantage for the purposes of this work.

Here, the already introduced equations for the 1% order filter will be repeated without going to the
details of the derivations. The main addition is the inter-ring coupling and transmission coefficients,

which are denoted with the subscript “int”. The set of coupling equations for the first ring in S-matrix

by o t —/1’1" ai
<b2> N (%1 : ) ((12) (C.1)
(5)-=(. )
ay 0 1) \as
3 = tint _Kfnt b3
<a4> B <m‘m £ ) <b4> (C.3)

formalism read as:



APPENDIX C. S-MATRIX ANALYSIS OF THE 2¥? ORDER FILTERS

ag bg
add ey e drop

Figure C.1: 2" order double bus add-drop ring resonator filter model

Similar relations can be written for the case of the second ring;:

as - i 1 0 ag

(- )6
bs . to —Ii; as

o))

_ A nesi Rring _ A7 nesf Rring
A Co

with ag = 0 and:

0

(C.6)

Solving the set of equations with a procedure similar to the 1st order ring resonator yields the
port field amplitudes in Table C.1. The power at the drop (output) port, |bg|?, is of importance for
examining the filter response, which is plotted on top of a 1°¢ order filter output with the same x; and
Ko values and provided in Figure C.2a.

The most obvious difference between the two responses is the ER, which considerably improves
with the 2" order filtering. Another increase can be seen in the IL, which is the drawback of having
a larger and more complex geometry. Compared to the 1°¢ order filter, the 3-dB bandwidth of the 274
order filter is slightly narrower in this example with k;,; = 0.42. It can surely be increased by having
larger values of the intermediate coupling coefficient, which however would enhance the resonance

splitting and result in a non-flat-topped resonance behavior.

64



C.1. SERIALLY CASCADED 2¥? ORDER ADD-DROP RING RESONATOR FILTER

Table C.1: Port field amplitudes of the 2"? order ring resonator filter
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Returning to a more generalized case of the 2"? order ring resonator filter with different ring radii,

namely when Ry # R, an interesting effect can be observed. By inspecting Eq. 3.22/3.23, it can be

understood that the FSR of a ring resonator is inversely proportional to its circumference and having

two rings with differing radii results in the modification of the general response of the filter by the

so-called Vernier Effect [55]. The repetition of the resonance patterns in the spectrum extends due to

this effect and the FSR attains a value that satisfies the following relation [55]:

FSRnew = mlFSRl = mQFSRQ

where m, and mq are co-prime integers with the relation:

my Ry
ma R

(C.7)

(C.8)

Similar to the previous exercises, the generalized equations for the theoretical model of the 27¢

order ring resonator filter for different radii are given below (again assuming ag = 0). Here, since it

would not be realistic to define the same single-pass loss-coefficient for different ring circumferences,

the power attenuation coefficient in Eq. 3.5 is used, which describes the loss per unit distance and

modifies the equations slightly:
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1° and 2" Order Double-Bus Waveguide Ring Resonators - Drop Port Spectrun 2" Order Serial Cascaded Ring Resonators with Different Ring Radii
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Figure C.2: (a) Drop port spectra of the 1%t and 2" order double-bus add-drop ring resonator filters
and (b) the demonstration of the Vernier Effect with different radii ring resonators
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A A Co
The pass (b1) and the drop (bg) port field amplitude solutions to the above equations can be then

found as:
_ (a—2iB)Ly N _ (a—2if)Lo _ (a=2iB)(L1+Log)
by — t1 — tinte 2 — tthtth 2 + i€ 2 (C 15)
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As a result of the obtained theoretical expressions, the radius of the second ring is fixed to 240
pm and different example values for the radius of the first ring (160 pm, 180 pum, 200 pm, 240 pm)
are determined, which are then plotted for their corresponding drop port output powers in Figure
C.2b. When the two radii are the same (Ry = Ry = 240 um), the spectrum appears to be quite
periodic with the expected FSR between the resonances. For different common divisor ratios, the
spectral repetition periods become different, some of which even stretch out of the simulated range
of frequencies (1548-1552 nm). An important remark to be made here is that for small differences
between the ring radii, higher FSR values (a direct consequence of Eq. C.7) are obtained, yet the
suppression of the neighboring peaks is reduced at the same time. This can be easily observed by
comparing the plots for Ry = 160 um and R; = 180/200 pm, which needs to be considered when the

objective is to increase FSR but at the same time have good cancellation of side resonances.

C.2 Serially Cascaded 2" Order Mach Zehnder Interferometer
Filter

In this section, the derivations of the channel field amplitude formulas for the 2"? order MZI filter
are conducted, which relies on the findings of the 1%¢ order MZI filter analysis made in Chapter 3.2.
The structure of the extended filter and the port definitions can be found in Figure C.3. Slightly
different from the lattice filter configuration prevalently used in the literature [41], [56], the waveguide
connection between the cross port of the first MZI and the upper port of the second MZI is removed
in the considered model here (see Figure C.3). With the original model of the 2% order MZI filter,
the ER and the pass band shape are affected by the exact optical phase accumulations through the
interferometer arms in the system and the exact values of the coupling coefficients. This renders the
filter response quite sensitive to changes in these parameters [41]. By detaching one of the channels
between the two stages, the resulting effect becomes the simplification of the spectral response, where
the overall transfer function is expressed as the multiplication of the individual filter stages. Here, the

choice of connecting the bar or cross port of the first stage to the opposite port is arbitrary for 3-dB

channel 1 (cross)

channel 2 (bar)

Figure C.3: 2" order MZI filter model
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coupling, which is the interesting case with the highest ER. The only difference would be the phase
shifted responses with respect to the other alternative, as well as the switching of the port outputs.
The meaning of this is that the bar port power spectrum in of the configurations would be obtained
in the cross port of the other geometry with a w phase shift and vice versa. Preferring here the bar-
connected configuration seen in Figure C.3, the already calculated expressions for the output ports of

the 1%¢ order model, bs and b, are repeated here for convenience:

ol . al .

b3 = ayko + agt; = az (tllﬁgei(TZil(b) + Iiltsei(Tlizel)) (017)
alL . oL .

by = agty — agkl = a9 <t1t267<727192) — mn?—(%—uﬁ)) (C.18)

The additional equations for the newly introduced final section are written as:

(ZZ> - (8 (1)> <Zz> (C.19)
() =0 ) (%) o
()= (7 ) ()
()= () ()

with a5 = 0 and the phase accumulation terms for the interferometer arms defined as:

o 27T7”LeffLi

91’ = Lz )
p o

i€{1,2,3,4} (C.23)

The field amplitudes of the cross (b7) and bar (bg) channels can then be found as:

_(a(Lo+Ly) _(alLa+L3)
b7 = a2 (tltgtgli4€ ( 2 2(02+94)) + tltgﬁgtze ( 2 2(02+03))—

(C.24)
_(alli+Lly) _(alLy+Ly) .
K1k5tskae ( 2 7'(91+94)) — K1Kakgthe ( 3 1(91+93)>)
—(llatly) g, _(2ZatLz) .
bg = as (t1t2t3t4e ( P) z(02+«94)) — titarskle ( S 1(02+93))_
(C.25)

_<°‘(L12+L4)_7;(91+94 “(Ll;LB)_i(91+93)>)

K1katstse ) + /<;m§/<93/<;fie_(

Taking the absolute squares of the Eq. C.24 and Eq. C.25 allows to compare the output power
spectra of the 2™?% order filter with the 1°¢ order bar channel spectrum. In the first example, the

arm length differences of the two stages are set equally (see Figure C.4a) and in the second, the ratio
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C.2. SERIALLY CASCADED 2V ORDER MACH ZEHNDER INTERFEROMETER FILTER

(a) 1%t and 2" Order MZI Filter - Output Power Spectrum with (b) 1%t and 2" Order M2l Filter - Output Power Spectrum with

aug = 4.00dB/cm, Ky S Ky S hy =K, = 0.71, N (/\0) =3.20 agg = 4.00dB/cm, Ky S KyShy =K, = 0.71, L (,\0) =3.20

L, =800um, L, = 400um, L, = 400um, L, = 800xm L, =800um, L, = 400um, L, = 400um, L, = 1200xm
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Figure C.4: Output power spectra comparison between the 1% and the 2"¢ order MZI filter spectra -
(a) 1-to-1 and (b) 1-to-2 arm length difference ratio

between them are determined as 2, where the longer difference is used in the second MZI section (see

2
and the losses, as well as effective indices, are set in accordance with the value preferred in the analysis
of the 1%¢ order MZI filter from Figure 3.6. Figure C.4a shows the bandwidth reduction for both bar

and cross channels of the 2"¢ order filter in comparison with the 15¢ order filter output. This is even

Figure C.4b). Half-power transfer is considered for each coupling region (k1 = kg = k3 = K4 = %)

more improved when the 2"? stage arm difference is arranged to be the twice of the 1°¢ stage, as shown
in Figure C.4b. Although the finesse of MZI filters cannot be as flexibly and straightforwardly arranged
as in the case of ring resonator filters by the adjustment of coupling coefficients, the possibility still

exists, one example of which is shown here.
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