DESIGN OF HYBRID (DE)YMULTIPLEXERS FOR
OPTICAL INTERCONNECTS ON SOI PLATFORM

A
Thesis submitted
in partial fulfilment of the requirements

for the dual degree of

Master of Science (Eng.) and Doctor of Philosophy

by

Manoranjan Minz

Department of Electronics and Electrical Engineering
Indian Institute of Technology Guwahati
Guwahati - 781039, Assam, India
November 2021

TH-2857_156302009



TH-2857_156302009



TH-2857_156302009

Dedicated to

My Beloved Parents
Mrs. Fagni Minz & Mr. Baiju Minz
My Teachers, Friends
and
My Loving Wife

Mrs. Prerana Priyadarshini Minz



TH-2857_156302009



Certificate

This is to certify that the thesis entitled “Design of hybrid (de)multiplexers for optical
interconnects on SOI Platform", submitted by Manoranjan Minz (Registration Number:
156302009), a research scholar in the Department of Electronics and Electrical Engineering,
Indian Institute of Technology Guwahati, for the award of the dual degree of Master of Science
(Eng.) and Doctor of Philosophy, is a record of an original research work carried out by him
under my supervision and guidance. The thesis has fulfilled all requirements as per the regula-
tions of the institute and in my opinion has reached the standard needed for submission. The
results embodied in this thesis have not been submitted to any other University or Institute for

the award of any degree or diploma.

Date: Dr. Ramesh Kumar Sonkar
Place: Guwahati Associate Professor
Dept. of Electronics and Electrical Engg.
Indian Institute of Technology Guwahati

Guwahati - 781039, Assam, India.

TH-2857_156302009



TH-2857_156302009



Acknowledgements

First and foremost, I would like to extend my deepest and most sincere gratitude to my
supervisor Dr. Ramesh Kumar Sonkar, for the continuous support during my Ph.D. research,
for his patience, motivation, enthusiasm, and guidance. His kindness, dedication, hard work,
and attention to detail helped me enormously in publishing research papers as well as writing
of this thesis. I could not have imagined having a better advisor and mentor for my Ph.D. study.
Besides my supervisor, I am also thankful to my doctoral committee members Prof. Rakhesh
Singh Kshetrimayum, Dr. Tamarapalli Venkatesh, and Dr. Arun Tej Mallajosyula for their
encouragement, suggestions, and valuable feedback.

My sincere thanks also go to the Head of the Department and other faculty members in-
cluding all the members of the research and technical staff of the department for providing all
the necessary facilities to carry out the research work. I thank my fellow labmates Dr. Darpan
Mishra, Dr. Jitendra Prajapati, Dr. Niladri Das, Dr. Dibyajyoti Das, Dr. Dhiman Kakati, Dr.
Mrinmoy Bhardwaj, Dr. Gaurav Kumar Bharti, Aruna, Mansoor Sir, Manish, Sumanth, Man-
ish Gour, and Aayushi for maintaining a suitable research atmosphere in the lab. 1 would also
like to thank my friends Darpan, Bikash, Chandan, Prabhakar, Vineeta, Atanu, Birjit, Mohit,
Rahul, Satyajit, and Pralay for making my stay in the campus joyous and playful. I express
gratitude to all the members of Research Scholar Forum EEE (2017-18 and 2018-19) and SPIE
IIT Guwahati Student Chapter (2017-18) which I was a part of.

I extend my utmost gratitude to my parents and my wife for supporting me in every step
of this journey and bearing all the pain which may have ensued due to my prolonged absence.
This thesis would not have been completed without their love, support, and blessings. It is
impossible for me to address every individual who has helped me directly or indirectly during

my Ph.D., and for that, I apologize.

MMOY a.?;wn Mnt_’

(Manoranjan Minz)

TH-2857_156302009



TH-2857_156302009



Abstract

The ever increasing data traffic due to technological advancements as well as increase in
the number of users has ignited tremendous interest in the research and development of high
performing computing systems. However, the performance increase is limited by the usage of
electrical interconnects, as it suffers from high power dissipation and propagation delay. To
overcome these issues optical interconnect has emerged as a viable solution owing to its low
power consumption and potential for link capacity improvement by employing various mul-
tiplexing techniques such as wavelength division multiplexing (WDM), polarization division
multiplexing (PDM), and mode-division multiplexing (MDM). Silicon photonics platform has
attracted a lot of attention as it has enabled monolithic integration of photonics and microelec-
tronics due to its compatibility with the standard complementary metal oxide semiconductor
technology. Considering the demands of high-link capacity in the future, research is in progress
to combine multiple multiplexing schemes to realize a multi-dimensional hybrid multiplexing
technology. This thesis explores the design of such hybrid (de)multiplexers, which are based
on the contra-directional coupling principle using periodic grating structures. To the best of our
knowledge, for the first time, a grating assisted collaterally contra-directional coupled TE and
TM MDMs are introduced using silicon slab waveguides. Then by cascading the TE and TM
MDMs, a hybrid MDM-PDM device has been reported on silicon-on-insulator platform. The
theory of supermodes has been utilized to determine a suitable gap between the waveguides
such that contra-directional coupling occurs with low reflection at the input. Mathematical
models of the proposed devices are presented with coupled-mode equations and their solutions.
A hybrid MDM-WDM device is demonstrated using the buried strip waveguides and silicon
grating structures by integrating the wavelength and mode division multiplexing schemes. To
further increase the link capacity, PDM is combined with the MDM-WDM structure to realize a
hybrid MDM-PDM-WDM device. The devices are designed and analyzed using the numerical

finite-difference time-domain method.
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1. Introduction

1.1 Silicon Photonics

Silicon is considered to be the workhorse of the semiconductor industry because of its ver-
satility and availability in abundance. When a material or process is not compatible with the
standard practices involved in the semiconductor industry, the total cost of the fabrication pro-
cess becomes huge [ 1]]. The compatibility of silicon photonics with the standard complementary
metal-oxide-semiconductor (CMOS) technology enables monolithic integration of photonics
and microelectronics [2-4]. With years of development in the microprocessor industry, mass
production cost has been minimized. Since the first introduction of silicon photonics platform in
1985 by Soref and Lorenzo [5]], a phenomenal progress has been made in developing various in-
tegrated optoelectronic devices which include modulators [[6-11]], photodetectors [[12-15], light
sources [[16-H20], optical amplifiers [21-24], biosensors [25-29], optical filters [30-34], multi-
plexers [35-38]], etc. This is made possible due to the advantages offered by silicon photonics
which are absent in other photonic platforms.

The silicon-on-insulator (SOI) platform has high refractive index contrast between the sil-
icon core (ng; = 3.473 at 1550 nm) and the silicon dioxide cladding (ng,0, = 1.444 at 1550
nm) [39]. This high index contrast provides better confinement of the guided optical modes,
which makes it possible to have tighter waveguide bends and hence smaller device footprint
is achievable. Moreover, its birefringence property helps in developing polarization handling
devices. Silicon has high third-order optical nonlinear properties and high thermo-optic co-
efficient of 1.8 x 107*/°C, which makes it a suitable material for implementation in photonic
devices. The Kerr effect in silicon is about 100 times stronger than that of silica fiber, whereas
the Raman effect is about 1000 times stronger [40,/41]]. These nonlinear optical interactions
in chip-scale devices enable optical amplification, lasing action, and wavelength conversion,
which were thought to be beyond the reach of silicon until recently. Silicon shows low-loss
characteristic in the wavelength window extending from 1.1 to 7 um. Silicon is not only lim-
ited to the near-infrared (IR) telecommunication band of 1.3 to 1.55 um but also an excellent

material for being used in mid-IR range [42]. Silicon photonics offers a promising platform for
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1.2 Motivation

developing high-performance optoelectronic devices which hold the potential to be a genuinely
disruptive technology, and it is entering into a phase of increased commercialization in the data

center and high-performance computing systems.

1.2 Motivation

In the year of 1946, Electronic Numerical Integrator And Computer (ENIAC), the first elec-
tronic general-purpose computer was introduced, which contained about 7200 crystal diodes,
20,000 vacuum tubes, 1500 relays, 10,000 capacitors, 70,000 resistors, and approximately
5,000,000 hand-soldered joints (see Fig. . It could execute 50,000 instructions per sec-
ond, and it used to take the space of a large room [43]. Whereas in 1971, the first general-
purpose commercial microprocessor, i.e., Intel 4004 built with 2300 transistors, was of a fin-
gernail size (see Fig. [I.I(b)), which was used in a pocket-sized calculator and had the same
computing power as the ENIAC [44]. It is all because of the transistors that revolutionized the
whole electronics industry. As the semiconductor fabrication facilities were improved, the com-
puting performance of the computing systems was also increased. It can be noted that devices

started becoming more compact and more powerful at the same time.

’.QAAA

(b)
Fig. 1.1: (a) ENIAC, the first electronic general-purpose computer [45]]; (b) Intel 4004, the first general-
purpose commercial microprocessor [46].

As per Moore’s law the number of transistors in the electronic integrated circuit doubles
in every 18-24 months [47]. For the processor to perform more computation per second or to

achieve higher clock frequency, the minimum feature size has been decreasing. Due to a de-
TH-2857_156302009




1. Introduction

crease in the minimum feature size and dense packing of wires, the parasitic resistance and ca-
pacitance increase, causing propagation delay which is known as interconnect bottleneck [48].
Higher clock frequency also results in more power dissipation, which creates a practical limit
on clock frequency to be used without an advanced cooling system. Furthermore, the scaling of
clock frequency and the growth in the number of transistors made designing, developing, and
debugging such systems more challenging.

To overcome these challenges and continue performance improvement, attention was shifted
to multi-threaded and multi-core processors since parallel code execution via multiple cores
increased the number of computations [49]. This is still continuing to be the case; for exam-
ple, the Corona architecture, which consists of 256 cores, requires a bandwidth of 10 TBps
for on-chip/off-chip communication [S0]. The only viable solution to meet such bandwidth
requirements and avoid the electrical interconnect issues is to use optical interconnect net-
works [51,52]. Optical interconnects provide bandwidth transparency and low power consump-
tion per bit or per distance as compared to their electrical counterpart [53]]. Taking into account
the trend of increase in number of cores, it is expected that in the coming years, the number
of cores will increase to more than 1000. Thus the link capacity of the optical interconnect
must be improved further, which can be achieved by utilizing different multiplexing technolo-
gies, including mode-division multiplexing (MDM) [54-57|], polarization-division multiplexing
(PDM) [58,59], and wavelength-division multiplexing (WDM) [60-60].

WDM technology enables the transmission of optical signals on multiple channels with dif-
ferent wavelengths in long-haul optical communication systems and data centers. However,
in a WDM system, multiple light sources of different wavelengths require precise alignment,
tuning, and stabilization with temperature control, making the device costlier and more power-
consuming. Such expense is justified for data center application and long-haul communication;
however, it is highly expensive and power-hungry for on-chip optical networks. That is why
researchers started focusing their attention on enhancing the link capacity even with a single
wavelength light source. In such cases, PDM and MDM technologies are found to be very use-

ful. These two techniques require only one source of a particular wavelength where different
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data are transmitted on different polarizations or waveguide eigenmodes. Research is going on
to improve WDM, MDM, and PDM technologies; however, as the demand for high-link capac-
ity is growing exponentially, each multiplexing technology individually will not be sufficient to
meet the high demands in the future. One solution is to combine different multiplexing schemes
to actualize a multi-dimensional hybrid multiplexer for significant improvement in the total ca-
pacity (up to peta-bits per second) [[52,67,68]. Although considerable research efforts have been
taken to enhance the above individual technologies in the past decades, at present, developing
hybrid multiplexing technology is still in its early stage. Hybrid multiplexers have become
highly crucial for faster optical interconnects, and thus the motivation of this thesis work is to
explore different multiplexing techniques, design hybrid (de)multiplexers, and establish their

analytical and numerical models.

1.3 Grating Assisted Couplers

/ Co-directional

7
_. __J B
/|

Fig. 1.2: Composite structure with grating structures and two waveguides

Contra-directional

The grating structures are periodic variations of dielectric media in only one direction, which
may cause energy transfer between the unperturbed waveguide modes of a composite structure,
provided the required phase-matching conditions are satisfied. When energy transfer can occur
between two modes, the modes are said to be coupled. Figure [I.2] shows a composite structure
consisting of two waveguides and grating structures. The fundamental mode (MODE 1) of the
first waveguide and first-order mode (MODE 2) of the second waveguide are assumed to be

coupled. Let the two coupled modes are represented as E|(x,y)e/“ 12 and E,(x,y)e/ @529,
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The governing coupled-mode equations can be written as [69]:

dA ;
T = g (1.1
dA -
=g e (-1
where
2r . .
AB=p1—-B— mX’ m 18 an integer (1.2)

where Ay, A, (B1, B,) are the field amplitudes (propagation constants) of the two coupled
modes, A is the period of the perturbation, « is the coupling coefficient, and z is the propagation
direction.

Energy exchange between two modes is possible if the phase-matching condition is satisfied
and there is physical overlapping between the mode field profiles. Depending on the direction
of the propagation of the modes, it can be categorized as co-directional coupling or contra-

directional coupling. The phase-matching conditions for both categories are shown below [69]].

2
Co-directional coupling: B1— B = Xﬂ (1.3a)
. . 2n
Contra-directional coupling: B1+B= x (1.3b)

The coupling coefficient is a measure of the coupling strength between the two coupled

modes, which is defined as:

wey

K= ffET(x,y) AP (x,) Ex(x,y) dx dy (1.4)

where w is the optical frequency of operation, ¢ is the permittivity of vacuum, and E;, E, are
the electric field mode profiles. An? denotes the refractive index profile of the grating structure.
The coupling coefficient reflects the magnitude of the coupling. Higher the value of coupling

coefficient, the lesser length will be required for complete power transfer.
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The grating-assisted silicon photonic devices show promising coupling characteristics, which
have played a pivotal role in developing many novel applications. In [[70], an integrated grating-
assisted coupler based tunable optical delay line is demonstrated with an ultra-compact reflec-
tor. A phase-modulated grating-assisted coupler based narrow-band add-drop filter is proposed
in [71]]. Grating-assisted contra-directional couplers have been utilized in SiN rib waveguides
to realize on-chip pump rejection filter with high free spectral range [72]. A grating-assisted
compact hybrid silicon photonic multimode resonator has been presented in [73]], where the

proposed device is resonant at the fundamental and first-order guided TE modes.

1.4 Subwavelength Grating Waveguides

Subwavelength gratings (SWGs) have gained a lot of interest recently for developing com-
pact and high-performance photonic integrated devices for optical interconnect applications
[74]. Figure [I.3] shows the structure of a subwavelength grating based waveguide structure,
which consists of periodic high (n;) and low (n,) refractive index media, where the grating pe-
riod is very small compared to the operating wavelength (A << A). Due to this, the diffraction
effect is suppressed, and the grating structures can be treated as a homogeneous medium with
an equivalent refractive index. The refractive index can be engineered by changing the period
and duty cycle of the gratings. Rytov has given an equivalent refractive index formula for the

subwavelength grating structures, which is given as [75]

a a
ny = o (1- X)ng (1.5a)
<A> n,
> y
' v l_>

z X

Equivalent waveguide

Fig. 1.3: Subwavelength grating waveguide structure
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1
where || indicates that the field polarization is along z-direction and L corresponds to x-directed
field. The demerit of the above expression is that it is only applicable when the gratings are
infinite along y- and z-direction. So to find the supported Bloch modes of the subwavelength
grating waveguide, numerical tools such as Lumerical FDTD or OptiFDTD can be used. The
numerical tools help in analyzing the band structure, and the necessary frequency versus wave
vector plots can be obtained for different supported modes.

Due to the delocalized field and substantial penetration of the evanescent field in the cladding
region, the coupling strength increases, and hence low coupling length is required, resulting in
less device footprint [76]]. In addition, reduced sidewall field interaction in SWG results in better
loss performance than the channel waveguides. The above advantages have led to the realiza-
tion of SWG-based asymmetric directional couplers (ADCs), which have much lower coupling
lengths than the conventional strip waveguide-based ADCs [76]. Thus SWG-based waveguides
show great potential for the realization of compact multiplexers. SWG structures have been
employed in many different applications such as waveguide crossing [77], fiber-to-chip cou-

pler [[78]], polarization splitter and rotator [79], MMI coupler [80], filter [81]], and directional

coupler [82].
1.5 Thesis Organization

The thesis has been organized in seven chapters. The content of the individual chapters are
as follows:

Chapter 1 introduces to the field of silicon photonics and its applications. The motivation be-
hind this thesis work has been discussed along with the basic theory of grating assisted couplers
and subwavelength grating waveguides.

Chapter 2 discusses various multiplexing techniques utilized in optical interconnect appli-
cations. A literature review on optical multiplexer is presented including the current national

and international research scenario.
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Chapter 3 presents two MDMs, one based on TE polarization and the other based on TM
polarization. The TE and TM MDMs are designed using silicon slab waveguides and gratings.
The devices are analyzed using the 2D FDTD simulation method. The aspect of supermodes for
determining the suitable gap between the waveguides has been introduced in order to minimize
the return loss. In addition, the designs of SWG-based TE and TM MUXs have been discussed.

Chapter 4 introduces a grating-assisted hybrid mode and polarization division multiplexer,
which is based on cascading a TE MDM and a TM MDM together. The device is designed on
the SOI platform with buried strip waveguides. The performance of the device is determined by
the 2.5D FDTD technique, which is the combination of EIM and 2D FDTD.

Chapter 5 demonstrates a 6-channel hybrid mode and wavelength division multiplexer with
3 quasi-TE modes and two wavelengths employing contra-directional coupling principle, which
is simulated using the 2.5D FDTD method.

Chapter 6 proposes a hybrid (de)multiplexer by incorporating three degrees of freedom:
mode, polarization, and wavelength. The design is based on cascaded grating-assisted contra-
directional couplers. The device analysis has been performed using 3D FDTD.

Chapter 7 concludes the thesis by describing its contributions and provides scope for future

work.
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2. On-chip Optical Multiplexing: A Literature Survey

2.1 Introduction

Silicon photonics has emerged as a promising platform for integration of various optical
components to be used in telecom and datacom applications. By leveraging CMOS fabrication
technology, silicon photonics enables manufacturing of low cost, low power, compact, and high
volume photonic integrated circuits (PICs). The multiplexer is one of the fundamental building
blocks of such PICs, which can combine optical signal from multiple sources and transmit the
data simultaneously over a single bus waveguide. On the other hand, a demultiplexer essentially
reverses the multiplexing operation and distributes the multiplexed data signal from a single bus

waveguide to the respective output access waveguides.

2.2 Types of Multiplexing schemes

On-chip optical data communication can leverage various physical attributes of an optical
guided wave such as wavelength, mode, and polarization for scaling up the transmission ca-
pacity. Depending on the physical attribute, the on-chip optical multiplexing can be broadly
divided into

(i) Wavelength-division multiplexing (WDM)
(i) Mode-division multiplexing (MDM)
(ii1) Polarization-division multiplexing (PDM)

(iv) Hybrid multiplexing (combination of multiple multiplexing schemes)

2.2.1 Wavelength Division Multiplexing

In a WDM system, different data signals are transmitted through multiple wavelength chan-
nels. It has been in use very widely for more than a decade in long-haul optical networks.
WDM systems have been extensively studied using various structures, however, there are two
key representatives of WDM, namely arrayed waveguide grating (AWG) [83-87] and microring
resonator (MRR) [[88-O8]].

Arrayed waveguide grating consists of an input waveguide array, input star coupler, arrayed

waveguides, output star coupler, and an output waveguide array, as shown in Fig. Input
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Fig. 2.1: Arrayed Waveguide Grating [99]

star coupler and output star coupler are also known as free propagation region (FPR). Input
signal carrying data at different wavelengths enters into the input star coupler, and power is
divided into arrayed waveguides. Each consecutive arrayed waveguides have a constant path
length difference of AL, due to which optical signal in each arrayed waveguide gets delayed by
a particular amount. Because of the path difference, the light waves interfere constructively or
destructively in the output star coupler in such a way that only a particular wavelength of light
is received at the output waveguide arrays, which are located at specific locations.

On the other hand, a microring resonator is a ring-shaped optical waveguide which can ei-
ther work as a notch filter when coupled with a single straight waveguide or as an add-drop
filter when coupled with two parallel straight waveguides. The two configurations are shown
in Fig. 2.2] The resonant condition is satisfied when the optical path length of a light beam
becomes integer multiple of 2. In the case of a notch filter, when the light beam with multiple
wavelengths enters through the input port, the wavelengths that satisfy the phase-matching con-
dition and the resonant condition get coupled to the ring waveguide and start resonating inside
the structure because of the constructive interference with the incoming light. The remaining
(a)[ o] Throughput (b)[A] Throughput Add [7]

T ghp T ghp ¢

7 74

v v \ /|
7 V| 7 V| "

’ \ ’ \ N

\ \

T Input T Input Drop i

Fig. 2.2: Microring Resonator based (a) Notch Filter, (b) Add-drop filter [99]
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wavelengths which do not satisfy the phase-matching condition exit at the throughput port. In
the case of the add-drop filter, resonant wavelengths are dropped at the drop port when the two
parallel waveguides are identical. The phase-matching and resonant conditions are defined as
follows.

Phase matching condition:
Reffi = Neffs (2.1)

Resonant condition:

Neff, X (2R) = m X Ay (2.2)

where n,.¢s, and n,y, are the effective refractive indices of fundamental modes supported by
the straight waveguide and ring waveguide respectively. R is the radius of the ring waveguide
and A, 1s the resonant wavelength.

A compact 18-channel wavelength-division multiplexer based on AWG and an MZI optical
interleaver is proposed in [100]. The fabricated device has shown channel crosstalk below —15
dB for a 200 GHz channel spacing with a footprint of 520 ym X 190 um. In [88], multiple rings
are cascaded to obtain a box-like response with excess loss less than 1 dB, an extinction ratio
of ~36 dB, and sharp rising and falling edges of 48 dB/nm.

From the literature it has been observed that realizing a ultrasmall high-performing WDM
based on AWG for dense wavelength division multiplexing application is difficult. WDM re-
quires multiple light sources of different wavelengths (lasers) to be integrated on the chip with
precise alignment, tuning, and stabilization with proper temperature control, which makes the
device costlier. Moreover, wavelength conversion, switching, and routing make the system
more complicated and power-consuming. High cost is acceptable for long-haul networks but

for on-chip optical interconnects, it becomes very expensive.

2.2.2 Mode-division Multiplexing

Mode-division multiplexing has been attracting more attention in recent years because of
its simplicity and capability to send and receive data on different eigenmodes of the mul-

timode waveguide. Mode-division multiplexer has been demonstrated using various struc-
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tures such as ADC [101 , asymmetric Y-junction [106-109]], multimode interferometers

(MMIs) [110-114], adiabatic tapers [115H122], adiabatic couplers and micro Y-junction [123],
SWG [124], densely packed waveguide arrays (DPWA) [125]], asymmetric plasmonic dielectric

couplers [126]], etc. The number of mode channels of an MDM system is equal to the num-
ber of eigenmodes supported by the waveguide; however as the number of modes increases,
it becomes complicated to regulate each mode separately. It has been found that MMI based
structures are very complicated and inconvenient to use for multiple mode channels. Mode evo-
lution structure based designs require precise fabrication, and therefore it is relatively difficult.

Adiabatic design enables ultra-wide bandwidth but at the cost of a large device length.

=L -
e i T | e - R
o T i Multiode /:\:G‘?

Mode MUXer waveguide Mode deMUXer

Fig. 2.3: Asymmetrical directional coupler based MDM

|

X (um)

Fig. 2.4: Power coupling between the modes of two different waveguides

An asymmetrical directional coupler based 4-channel mode-division multiplexer is
shown in Fig. [2.3] The widths of the three wide multimode waveguide portions and the single-
mode waveguides are such that the effective refractive index of the fundamental TM mode in
the single-mode is matched with the first, second, and third-order TM modes at the three cou-
pling regions. As the co-directional phase-matching conditions are satisfied, power coupling
occurs between respective modes, shown in Fig. [2.4] Power from the single-mode waveguides

are transferred to the higher-order modes and are multiplexed into a multimode bus waveguide
TH-2857_156302009
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which carries all the data. Then all these signals are demultiplexed by the demultiplexer at the
receiver end. At the demultiplexer, power from higher-order modes is also coupled to funda-
mental modes of respective single-mode waveguides due to the phase-matching. The funda-
mental mode remains unaffected the whole time. Tapers used at the junction of two waveguides
with different widths help in discarding unwanted higher-order modes at the output. Devendra
Chack et al. [127] have demonstrated a compact and broadband silicon on-chip mode converter
and demultiplexer using MMI for mode-division multiplexing on SOI platform with IL < 0.36
dB and CT < -24.4 dB at 1550 nm. Jyoti Prasad Nath et al. [128]] have utilized collaterally
coupled waveguides to realize a compact 5-channel MDM operating at 1550 nm with a device
length of 38.89 um, IL < 0.24 dB, and CT < -33 dB.

The challenge with the MDM system is that only a limited number of modes can be effec-
tively controlled. As the number of modes increases, it becomes tough to regulate each mode
separately. Generating different modes independently in a multimode waveguide has been an
issue from the beginning. Radii of the curvatures have to be large to avoid mode mixing, which
translates to a larger footprint. Higher inter-modal crosstalk occurs because of difficulty in

selective high-order mode coupling.

2.2.3 Polarization-division Multiplexing

PDM is another low-cost technique to improve the link capacity of optical interconnect.
Planar optical waveguides are very good at maintaining the polarization state of light. Polar-
ization handling devices such as polarization beam splitter (PBS) and polarization rotator (PR)
are two primary components of a polarization multiplexing system, as shown in Fig2.5] It is
often desired to achieve broadband PBS and PR so that it can be integrated with WDM for
hybridization.

PBS is the multiplexing unit of the PDM system. There are many PBSs that are realized
by using MMI [129], directional couplers (DC) [130], Mach-Zehnder interferometer (MZI)
[131], etc. Among them, DC-based PBS is the simplest. Devices built on the SOI platform are
highly birefringent, which means TE and TM polarization waves experience different effective

refractive indices. Symmetrical DC has two identical waveguides, and the coupling length
TH-2857_156302009
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Fig. 2.5: Polarization Division Multiplexing System

is chosen such that it is equal to even multiple of the beat length of one polarization and odd
multiple of the other polarization. In this way power of one polarization is coupled to the nearby

waveguide and the other polarization wave remains in the same waveguide.

X (um) X (um)

Fig. 2.6: Asymmetrical Directional Couplers based Polarization beam splitter [[132]

A PBS based on an asymmetrical directional coupler [132] is shown in Fig. 2.6] Widths of
the single-mode waveguide and multimode waveguide are chosen in such a way that phase is
matched for fundamental TM mode (7 M) of single-mode waveguide and first-order TM mode
(T M,) of multimode waveguide 1.e., nyy, = nry,. So there is power coupling between 7'M, to
T M, and finally to fundamental mode of another single-mode waveguide. Since phase is not
matched for T Ey, mode with any of the higher-order modes of the multimode waveguide, TE)
continues to propagate in the same single-mode waveguide and exits at its output.

The polarization rotator for higher order modes has been demonstrated on SOI platform

[133./134]]. In [133]], the authors have been able to convert first order TE mode of a 220 nm thick

Si strip waveguide to first-order TM mode by using bi-level mode converter and asymmetric

directional coupling with 90% conversion efficiency. Whereas in [134]], a square cross-section
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waveguide with each side of 1 um and a cut corner is used to convert the higher-order mode
E» (TE) to E», (TM) with a polarization conversion efficiency of 96%. The conventional PBS
mostly work for fundamental modes. Polarization beam splitter that can deal with higher-order
modes of both polarizations is still not available. It is complicated to manufacture PBSs with

high fabrication tolerance, high extinction ratio, and low excess loss [52].

2.2.4 Hybrid Multiplexing

Demands for high link capacity are increasing exponentially, whereas the present individual
multiplexing technologies can only handle on an average of up to 10 channels. So to satisfy
the future demands of huge link capacity, a combination of multiple multiplexing schemes can
be used to form a hybrid multiplexing scheme. For example, PDM and MDM can be used to
achieve more than 10 channels (5 TE mode channels and 5 TM mode channels) to handle ~1
Tbps with a single wavelength assuming the bit rate for a single channel is 100 Gbps. Further
enhancement can be done by using it together with WDM to reach a single waveguide capacity
of about ~100 Tbps. Capacity can be further improved to ~1 Pbps by adding multicore space-

division multiplexing [52]].
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/ M \: / \\\ ‘ ‘ A\
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LD: Laser Diode M: Modulator
PR: Polarization Rotator PD: Photodetector

Fig. 2.7: Hybrid MDM-PDM System

There are two polarization eigenmodes in a waveguide, TE and TM. Thus, designing an
MDM device for both TE and TM modes doubles the channel capacity of an MDM with a
single wavelength. There have been many devices capable of hybrid multiplexing reported re-
cently. A schematic of a typical hybrid MDM-PDM system is given in Fig. MDM-PDM
hybrid multiplexers are developed by using densely packed waveguide arrays and adiabatic ta-

per [[135]], asymmetrical Y-junction [136], ADCs [137]]. Figure shows a hybrid MDM-PDM
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system, where the MUX is an essential component that combines the dual-polarization of mul-
tiple modes. Similarly, the total channel capacity of a WDM system can be doubled by combin-
ing it with the PDM scheme such that for each wavelength channel there are two polarization
modes. PDM-WDM hybrid multiplexers based on bi-directional AWG, PBS and PR [[100],
AWGs and 2D grating coupler [138] have also been reported. When the MDM system has a
broad bandwidth characteristic, multiple wavelength channels separated by a few nanometers
(depending upon the bandwidth and the usage of CWDM or DWDM scheme) could be sent
in a specific mode, and hence the total number of channels of a particular MDM-WDM sys-
tem becomes the number of mode channels multiplied by the number of wavelength channels.
MDM-WDM systems have been reported using structures like Asymmetric Y-junction [68]],
MMI and Y-junction [139]], MRM matrix and ADC [[140], ADCs and AWGs [|141], asymmetri-
cal Y-junction [142], tapered DC [143], ADCs and microring resonators [|144], etc.
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Fig. 2.8: 8-channel ADC based Hybrid MDM-PDM multiplexer [|137]]

An example of an 8-channel ADC-based Hybrid MDM-PDM multiplexer [137] is shown
in Fig. 2.8] The widths of each multimode waveguide section are chosen such that phase-
matching conditions are satisfied and power from the fundamental mode of the narrow single-
mode waveguides is coupled to higher-order modes of the respective wide multimode waveg-
uide sections. There are eight coupling sections where four sections are used to couple TE
modes and the remaining four sections to couple TM modes separately. Table 2.1]shows a per-
formance comparison of a few reported (de)multiplexers in terms of the number of channels,

insertion loss, and crosstalk.
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Table 2.1: Performance of different (de)multiplexers from the literature
Number of

References Structure Channels IL (dB) CT (dB)
[145] Adiabatic couplers, | pp 1o o <15 <19
micro Y-junction
[76]] Subwavelength grating 2 TE modes <1 <-10
Symmetric Y-junction,
[112] MMI 2 TE modes <0.3 <31
[146] Asymmetric Y-junction 2 TE modes <0.56 <-12.8
[147] MRM 2 TE modes <1.2 <-22.2
[148]] DPWA 16 TE modes <0.1 <30
[149) Multimode grating™ & e modes <0.34 <226

assisted couplers

16 (4 modes and

[[140] ADC and MRM matrix <1 <20
4 wavelengths)
Tapered directional 4 (2 modes and
[143] coupler and MMI 2 wavelengths) <12 e
<26 (including
[[67] MRR oo fiber-to-chip <22
3 wavelengths) .
coupling loss)
<0.05 <-20
1135] DPWA and 5 (3 TE and (theoretical) (theoretical)
Adiabatic taper 2 TM modes) <0.6 <-15
(experimental) | (experimental)
5 (3 TE and
[116] ADCs 2 TM modes) <l1.1 <24
8 (4 TE and <10 (TM)
[137] h 4 TM modes) <20 (TE) 10
AWG, PBS 18 (9 TE and
[100] and PR 9 TM modes) S <13
AWGs and 2D 16 (8 TE and
[138] grating coupler 8 TM modes) A0 <215

2.3 Major Challenges in SOI Platform

Silicon is a promising material platform for guiding optical signal, however it is highly chal-
lenging to develop light sources due to its indirect bandgap. Various attempts have been made
to realize lasing action in silicon by implementing quantum confinement effect [150, 151]], Ra-
man scattering [[152,/153]], blackbody radiation [154}|155]], etc. However, efficiency of these
silicon laser sources are low and due to which they are not suitable for optical interconnects.

Therefore, I1I-V semiconductor lasers with direct bandgap are heterogeneously integrated to
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silicon chips [[156-159]. The high index contrast in silicon photonic waveguides results in com-
pact device footprint but makes the device very sensitive to variations in the geometry, which
is incurred due to lithography effect and wafer thickness variation. The nanometer scale rough-
ness in the silicon waveguide can lead to undesired reflections and scattering losses [[160,/161]].
This reflected or scattered light may interfere with the source signal and give erroneous out-
put. Thus, high-fidelity geometries are required for better device performance. In multiplexing
systems involving higher-order waveguide modes, it is challenging to develop sharp bends in
multimode waveguides while avoiding mode mismatch and exhibiting low modal crosstalk and
low loss [[162}|163]]. Subwavelength grating structures are suitable for realizing such waveguide
bends [164]]. The electrical interconnects suffer from high heat dissipation, whereas optical
interconnects do not have heating issue. However, the heat generated from other sources (e.g.
atmosphere, electronic components, and metal heaters) can affect the optical signal since silicon
has a high thermo-optic coefficient [[161]. Taking leverage of this effect, in wavelength-selective
photonic devices, temperature variation can be utilized to cause a spectral shift such that the
fabrication variation is compensated. At present, most of the photonic circuits are defined on a
single layer, thus waveguide crossings are certainly unavoidable. The SOI waveguides do not
suffer from excessive crosstalk and loss at the crossings, however the routing algorithm should
be implemented such that the number of waveguide crossings are minimized. For multi-layer
circuits, it becomes difficult to realize efficient optical vias in high-index contrast platform such

as SOI [165]].
2.4 Key Parameters of On-chip Multiplexer

The key performance metrics of a multiplexer are
(i) Insertion loss:
When an optical device is inserted into a setup, total power transfer may not occur from

the input port of the device to the desired output port due to some losses. This power loss
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is called insertion loss (IL) and is given by,

Input power )

2.3
Power at the desired output port 2.3)

IL = 1010g(

(i) Return loss: The return loss (RL) is defined as the amount of power reflected back at the

input port and is given by,

(2.4)

Input
RL = —1010g( nput power )

Power reflected at the input port

(iii) Crosstalk:
Crosstalk (CT) is defined as the undesired power flow from input port to an output port

which can be expressed as,

(2.5)

CT = —lOlog( Power at the desired output port )

Power at the undesired output port

(iv) Number of channels:
Data can be transmitted over different types of channels such as mode-channel, wave-
length channel, or polarization channel. It refers to the number of users that can send data
at a given time instant. The higher number of channels ensures a higher aggregate data
rate.

(v) Footprint:
Footprint refers to the amount of physical space occupied by a device. Photonics de-
vices with a large footprint make the whole system bulky and sometimes incompatible
for photonic-electronic integration.

(vi) Fabrication tolerance:
Fabrication tolerance is the permissible limit of deviation from the actual physical dimen-
sion of the device. It is an essential factor in determining the performance of a device.
It is crucial to find the minimum variation in dimension for which the outcome of the
system is not affected.

The positive sign convention is taken for insertion loss, whereas the negative sign convention

for return loss, and crosstalk has been used in this thesis.
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2.5 International Status

Several groups, all around the world, are actively contributing towards improvement in the
domain of photonics. Some of them are the Silicon Integrated Nanophotonics Group (SING)
of Zhejiang Univesity, China; the Physical Optics and Electronics Group of Massachusetts In-
stitute of Technology, United States of America; Valencia Nanophotonics Technology Centre,
Spain; DTU FOTONIK, Department of Photonics Engineering, at the Technical University of
Denmark, Denmark; the Australian National University, Australia; the Alexandria University,

Egypt; and the Hebrew University of Jerusalem, Israel.

2.6 National Status

There are many universities/institutes in India which are working in the field of photonics,
namely the Indian Institute of Technology (IIT) Bombay, IIT Delhi, IIT Kanpur, IIT Madras,
Indian Institute of Science (IISc) Bangalore etc. Their research area focuses on Fibre lasers, Fi-
bre Bragg Gratings, Integrated Optics and Plasmonics, Optical Communication and Networks,
nonlinear optics, Organic LEDs and devices, Photonics of liquid crystals, Light-matter inter-
actions in Photonic architectures, etc. The research groups from the Delhi University and IIT

(ISM) Dhanbad are actively involved in developing on-chip multiplexers.

2.7 Summary

This chapter presented a brief overview of various (de)multiplexing schemes which can be
utilized for capacity improvement of on-chip optical interconnects. The key parameters for
analyzing the multiplexer performance have been defined. A brief description of the interna-
tional and national status has been provided, including the recent research work in the on-chip

multiplexer domain.
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3. Mode-division (De)multiplexers

3.1 Introduction

The architecture of processors has been shifted to multi-threaded and multi-cores to achieve
higher performance while executing more computations per second, as the clock frequency of
the processors has reached its practical limit due to high power dissipation [[1]]. Parallel code ex-
ecution via multiple cores increases computation speed and thus, the number of cores has been
increasing to satisfy high bandwidth demand [49]]. However, the traditional electrical intercon-
nects will not be able to meet future demands due to the interconnect bottleneck [[166]. Com-
plementary metal-oxide-semiconductor (CMOS) compatible optical interconnect has emerged
as a promising solution that can provide high bandwidth and low power consumption per bit
or per unit distance as compared to the electrical counterpart [167]. The capacity of the op-
tical interconnects can be improved by employing different multiplexing techniques, such as
Wavelength Division Multiplexing (WDM), Mode-Division Multiplexing (MDM), and Polar-
ization Division Multiplexing (PDM) [168]]. WDM technology is widely used in datacenters and
long haul communication systems, where different wavelengths act as individual data channels.
However, for on-chip optical interconnects, WDM becomes highly expensive since it requires
multiple wavelength sources with precise alignment, stabilization, and tuning [52f]. Therefore,
multiplexing scheme like MDM that requires only a single wavelength source has garnered
much attention recently. MDM scheme enables data transfer via different eigenmodes of the
waveguide [168]. MDM systems have been demonstrated using various structures such as,
asymmetrical directional couplers (ADC) [36,67,/144,/147,/169,(170], Y-junctions [[107,(145],
multimode interference waveguides (MMI) [112]], mode evolution counter tapered couplers
[122,/162]], sub-wavelength gratings (SWG) [76], tilted-branch bus structure [[171]], plasmonic-
dielectric waveguide-based directional coupler [126}/172], densely packed waveguide arrays
(DPWA) [148]], etc. The previously reported MDM [149], which is based on grating assisted
couplers, tend to have large device length due to cascaded grating structures. It is also possible
to realize an MDM by employing co-directional and contra-directional coupling simultaneously,

as given in [[173,[174]; however, this leads to unwanted coupling between the modes resulting
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3.2 TE mode-division (de)multiplexer

in high return loss. To reduce the device length and minimize the return loss, periodic pertur-
bations can be placed in between the waveguides on both sides of the bus waveguide, where

different modes are simultaneously reflected back using contra-directional coupling.

3.2 TE mode-division (de)multiplexer

In this chapter, a device structure which is able to (de)multiplex three TE modes at 1550 nm
wavelength has been proposed and numerically analyzed using 2D-FDTD. The proposed device
is bi-directional and can also be used to multiplex three TE modes. To achieve this, two gratings
with different grating periods are used to separate two higher order TE modes of the multimode
waveguide to fundamental modes of the two identical single mode waveguides, whereas the
fundamental mode of the multimode waveguide keeps propagating in the same direction. The
performance of the proposed MDM device has been analyzed by observing insertion loss, return

loss, and crosstalk exhibited by the device.

3.2.1 Proposed Device Structure

Port 1 TEqs WG, ¢w1 Port 2 3.4 ' ' ' ' :TE'
S x 3.2 ‘ ;
oo M HEE) B W EEEE K ]
grating,; ; ' £
TEm to TEqs Ay @ 281
TEop, 5 2.6+
Port 6 =»-TE,, TEy TExy, WG, W) sl Port 3 £ 2.4]
& 2.2]
TEsm to TEqs A 220]
grating, -« B1al
gap, 1 _é_gHz :g 1.8
w 1.6
Port 5 TEo, WG w Port 4 A e A
i€ > 0.0 02 04 0.6 0.8 1.0 1.2
' L k Waveguide core width in pm

(@) (b)
Fig. 3.1: (a) Proposed device structure (b) Mode Chart of slab waveguide at 1550 nm wavelength.

Figure[3.1(a)|shows the proposed device structure consisting of three waveguides (viz. WGy,
WG,, and WGs3) and two gratings (viz. grating; and grating,), where WG, and WGj; support
single mode and WG, supports multiple modes. The definitions of different symbols used in
designing the proposed device structure is given in Table Si and Si10, are the materials for

waveguide core and cladding respectively. Si (SiO,) has a refractive index of 3.473 (1.444) at
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3. Mode-division (De)multiplexers

Table 3.1: Definition of Symbols

Symbol Definition Symbol Definition Symbol Definition
. Gap between Grating period
W1 Width of WG, gap1 WG, and WG, A of grating,
. Gap between Grating width
W2 Width of WG, gapa WG, and WG; gt of grating;
W5 Width of WGs A Grating perlod oH, Grating Wldth
of grating; of grating,
Na, Number of periods Na, Number of periods L Device length
of grating, of grating,

a wavelength of 1550 nm [39}[175]]. Figure [3.1(b)| shows the mode chart of a slab waveguide
as function of waveguide core width at 1550 nm wavelength. The width of the waveguides are
selected such that WG; and WGs; support only single TE mode (TE,) and WG, supports four
TE modes (such as TEq,,, TE,,,, TE,,,, and TE3,,).

The proposed device is designed to demultiplex three TE modes simultaneously at 1550 nm,
which is achieved when forward propagating TE,,, (TE,,,) couples to backward propagating
TEy, of WG, (WGs3). TE,, keeps propagating in WG, as it is not coupled to any other mode
at the operating wavelength. The contra-directional coupling between TE,,, (TE,,,) and TE; of
WG, (WG3) is realized by employing grating structure grating; (grating,) with grating period

Ay (A,) to satisfy the phase matching conditions given as [69]:

2

Bim + Bos = A_7: 3.1)
2

Bom + Pos = A_: (3.2)

where Sy, Bam, and By, are propagation constants for TE;,,, TE,,,, and TE, respectively. The
propagation constants of the different supported modes depend on the wavelength of light, thus
for different operating wavelength the grating periods will vary as per Egs. (3.1) and (3.2).

The width of the single mode waveguide is w; = w3 = 246 nm and multimode waveguide is
w> =900 nm, as obtained from the mode chart shown in Figure[3.1(b)] The width of the waveg-
uide WG; is selected such that it supports four TE modes even though the MDM is designed
for multiplexing/demultiplexing three channels. It is done so in order to have a considerable
difference between the effective refractive indices of TE;,, and TE,,. The effective refractive
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3.2 TE mode-division (de)multiplexer

Table 3.2: Supported Modes of the Waveguides

. Effective Refractive
Waveguide | Supported Modes Indices of the Modes
WG, TE 2.924
TEom 3.395
TE 3.152
WG TEan 2.713
TE3,, 2.008
WG; TE 2.924

indices of the modes supported by the three waveguides are listed in Table The period of
the gratings are found to be A; = 255.10 nm and A, = 274.96 nm using Eqs. (3.1) and (3.2)

respectively.

3.2.2 Simulation Results

The proposed device has 6 ports as shown in Figure[3.1(a) TE,,, TE;,,, and TE,,, are fed as
inputs at Port 6. To determine the required gap between the waveguides (gap; and gap,) which
will ensure efficient coupling between TE;,, (TE,,,) and TEq, of WG, (WG3) with low return

loss, the device structure is decomposed into two separate 4-port structures as shown in Figure

3.2(a) and [3.2(b)l
Port 1 WG, H, w1 Port 2 TE
erjEmEREEEm g Port 6= " WG, w2 Port 3

Eom to TE(
TE1m to TEqs A Ay gap
Port 6= WG, w) Port 3 o I A gH, grating,
TEtm Port 5 WG;3 $ws Port 4

(@) (b)
Fig. 3.2: (a) 4-port structure with WG| and WGy, (b) 4-port structure with WG, and WGs.

When two waveguides are brought close to each other such that the mode of one waveg-
uide penetrates into the other waveguide, the composite structure supports a new set of modes
known as supermodes with different propagation constants and mode profiles as compared to
the unperturbed isolated waveguides. The mode field profile and propagation constant of the
supermode depend on spatial overlapping of the mode of one waveguide over the region where
the other waveguide is present. When the separation distance between the two waveguides is

decreased up to a certain distance at which isolated mode profile of one waveguide overlaps
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3. Mode-division (De)multiplexers

onto the other waveguide, the composite structure starts supporting supermode that contains
power in both the waveguides.
Let the supermode supported by the composite structure is E(x, y) with propagation constant

B, then the field profile of the supermode can be written as [[176]:

E(x,y) = Ei(x,y) + rEx(x,y) (3.3)

where E/(x,y) and E;(x, y) are the electric field mode profiles of the isolated unperturbed waveg-
uides WG, and WG, respectively. r is the constant that can be calculated by solving the equa-

tions below [176]:

K11 + Ko
el p 34
o (3.4)
urn _p_p, (3.5)
r—+c

where 3 is the propagation constant of the supermode, §; (5,) is the propagation constant of the
supported eigenmode of the unperturbed waveguide WG, (WG,). ki1, K12, K21, K22, and ¢ are

defined as follows [69,/176]:

= f f Ei(x,y) An(x,y) Ei(x, y) dx dy (3.6)
K = 22 f f E:(x,y) Ank(x,y) Ea(x,y) dx dy (3.7)
Ky = 0 f f E3(x,y) Ar(x,y) Ei(x,y) dx dy (3.8)
Ky = f f E3(x,y) Ar(x,y) Ex(x,y) dx dy (3.9)

c= f f Ei(x,y) Ex(x,) dx dy (3.10)

where w is the optical frequency of operation and ¢ is the permittivity of vacuum. An? and An3

denote the presence of WG, and WG, respectively, having the value (n? nfla 2)» Where ng,,

core ~

=3.473 and n;,; = 1.444.

Using Eqgs. (3.4) and (3.5)), propagation constants of the supermodes supported by the com-
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3.2 TE mode-division (de)multiplexer

posite structure can be expressed as:

2
ﬁ:(ﬁl_;&)i K12/<21[1 +(%) ] (3.11)

Lg" gap =250 nm

WG,

gap =250 nm

s — —

Zz

WG,

ol
% =|gap =300 nm
gap =150 nm

9
\7
gap =150 nm gap =200 nm
7 L :
— z —

gap = 50 nm gap =50 nm

(a) (b) (c)
Fig. 3.3: Mode profile variation with gap for (a) TEys, (b) TEy,,, and (c) TE,,; The dashed region
represents the inter waveguide gap.

gap =50 nm

Figure [3.3(a)} [3.10(d)} and show the variation of normalized electric field profile of

TEo,, TE,,, and TE,,, modes at different gaps between the waveguides. It can be observed from
Figure that as the inter waveguide gap decreases, TE(; mode power of WG, leaks into
WG, which results in the formation of a supermode with different mode profile and effective

refractive index. Similar observations can be seen for the TE;,, and TE,,, modes. The change in

TEom z'o W g0 -
5341 g 0.9 : £0.9] . 4 L A
S ) 208 i R SRl i o A
c TE Analytical ‘g g : 0.8+
o 3.2—\91':_9_&‘4 ° OptiFDTD | 2 g7 : . % 0.7 :
3 & 0.6 e L le—Port1R) Q6] il aH -
g TE :0 6 Input = TEq !/ | fire -P:r(Z ™ ~ 0.6 Input = TEpm! % | ?—-—Port51R)
=3.05 ["0s i=0.51 ' I r-A-Port3(TH = 0.5 ]k ] ‘T:*Pon‘l(Tl
g [%9aa o0 INa =180 j Port6(R)| = Ny, =139 i j-a- Port3(T)
12 S 0.4 71 ‘ y 1 S 0.4 2 Port 6 (R)|
2281 ? 0.3 703 8 ¥
:6)_, W g 0.2 . 4 g 0.2 A A
b c b ’

2.6 & 0.1 4 5041 ) ]
—————————— F 0.0 1o mtlld Aot i £ 0.0 EEn AW Al p ot
50 100 150 200 250 300 350 1.45 1.50 1.55 1.60 1.65 1.45 1.50 1.55 1.60 1.65
Inter waveguide gap in nm Wavelength in pm Wavelength in pm
() (b) (©

Fig. 3.4: (a) Variation of effective index of the supermode with change in inter waveguide gap, (b)
Transmission and reflection spectrum of the 4-port structure with WG, and WG, for TE,, input, (c)
Transmission and reflection spectrum of the 4-port structure with WG, and WG; for TE,,,, input; “T” and
‘R’ represent transmission and reflection respectively.
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3. Mode-division (De)multiplexers

effective refractive index of the modes with variation of inter waveguide gap is given in Figure
The separation distance between the waveguides below which the composite structure
starts supporting supermode can be observed from the Figure when the effective refrac-
tive index of the supported modes diverge from the effective refractive index of the isolated
waveguide mode. The desired result for demultiplexing operation is to obtain TE,; mode as
reflection at Port 1 (Port 5) when TE,,, (TE,,,) is given as input at Port 6. Similarly for multi-
plexing operation, the desired result is to obtain TE,,, (TE,,,) as reflection at Port 6 when TE,
is given as input at Port 1 (Port 5). Thus, to reduce reflection at the input port (return loss), the
inter waveguide gap should be chosen in such a way that the reflected mode is confined to the
target output waveguide with negligible mode confinement in the input waveguide. Considering
this design condition, the gaps are chosen as gap; = 250 nm and gap, = 300 nm to minimize
supermode formation. The number of grating periods of grating; (N,) and grating, (N,,) are
taken as 150 and 139 respectively in order to have same grating length and to obtain sufficient
reflection. For undistored outputs, the widths of the gratings are taken as gH; = 125 nm and
gH, = 150 nm. The 4-port structures shown in Figure and [3.2(b)| are simulated using
2D-FDTD. The transmission and reflection spectrum of the corresponding 4-port structures are
shown in Figure [3.4(b)| and Figure for TE;,, and TE,,, input respectively. Coupling of
TE,, to TEy; of WG, and TE,,, to TE, of WG; are observed as reflection peaks around 1550
nm.

The proposed device structure with 6 ports as shown in Figure is numerically sim-
ulated using 2D-FDTD technique with all the design parameters obtained above. The length
of the proposed device structure L is 38.5 um. To examine the demultiplexing operation TE,,,
TE,., and TE,,, are given as inputs to Port 6 while transmission is observed at Port 2, 3, and 4
and reflection is monitored at Port 1, 5, and 6.

Figure shows the transmission and reflection spectrum at the output ports when TE,,
is given as input to Port 6. It can be observed that the TE,,,, propagates along the forward direc-
tion without being coupled to any other modes as there are no reflection peaks at the operating

wavelength of 1550 nm. The TE,,, mode, when given as input, is coupled to backward prop-
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Fig. 3.5: (a) Transmission or Reflection at all ports when input is TE,,, (b) Transmission or Reflection
at all ports when input is TE{,,, (c) Transmission or Reflection at all ports when input is TE,,,

agating TE(, mode of WG, at Port 1, which is observed by the presence of reflection peak at
1550 nm from the Figure[3.5(b)] Similarly, when TE,,, is fed as input, it is coupled to the back-
ward propagating TE(, mode of WGs; at Port 5, which is confirmed by the presence of reflection
peak at 1550 nm wavelength as shown in Figure Crosstalks are calculated by observing
output power at each of the ports for different input TE modes. When TE,,, (TE,,,) is given as
input at Port 6, due to the presence of grating; (grating,) its power is coupled to TE; of WG,
(WGs;) propagating in the backward direction. In spite of the power coupling between the cou-
pled modes, some of the mode power still remains in the multimode waveguide that propagates
towards Port 3, this results in higher crosstalk at Port 3. Because of the supermode formation,

for TE;,, and TE,,, inputs, some of the power is reflected in the input multimode waveguide
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3. Mode-division (De)multiplexers

which gives return loss. The resulting values of insertion loss and return loss are given in Table
[3.3] The crosstalks at different output ports are shown in Table [3.4]

Table 3.3: Insertion loss and return loss during demultiplexing
Input Mode Insertion Loss Return Loss

TEo, 0.43 dB -12.73 dB
TE 1.25dB —-10.85 dB
TEym 1.27 dB -8.65 dB

Table 3.4: Crosstalk during demultiplexing
Input Mode  Port 2 Port 1 Port 6 Port 5 Port 4

TEom -31.20dB -21.13dB — -15.31dB -25.80dB
TE, - -27.14dB -838dB -23.97dB -27.09 dB
TEy, -21.24dB -16.80dB -11.31dB -20.34dB -

% % 0 T T T
c c LA A
= S RS SLIT ST
5 g s 5 ,- _d
c c N O\
g g R N VAN
(= (= “Q - N 1 \. 7\
7} ) / ¢ A S R VA
® . x / \ ol \o ! =T LS
= —=—Port 3 (R)". = oA i< —=—Port 3 (R)\
E- ~e—Port2(R) °. = -20 1 \,’; s —e—Port2(R) \ |
S -4-Port1(T) - S o -4-Port1(T) \
@ Port 6 (T) 5 é Port6(T) \ J
K] = —e- Port5(T) (] = —e- Port 5 (T)

Input = TEQg of WG Input = TEgg of WG
£ pu 0s 1 - <- Port4 (R) = Py 0s 3 - <- Port4 (R)
2.30 : : . 2.30 . T .
© 1.53 1.54 1.55 1.56 1.57 © 1.53 1.54 1.55 1.56 1.57
- Wavelength in um - Wavelength in um

(a) (b)

Fig. 3.6: (a) Transmission or Reflection at all ports when input is TEg; of WG at Port 2, (b) Transmission
or Reflection at all ports when input is TEq; of WGj3 at Port 4

To investigate the multiplexing operation TEy; of WG, and TE,; of WG3 are separately
excited at Port 2 and Port 4 respectively. The resulting transmission/reflection spectrum at all
the ports for each individual mode excitation has been shown in Fig. [3.6] In Fig. [3.6(a)]it can be
observed that, when TE, of WG; is excited at Port 2 to propagate along -z direction, its power
is coupled to TE,,, in the +z direction which is shown as a reflection peak around 1550 nm at
Port 3. Similarly, when TE, of WG; is excited at Port 4, a reflection peak at 1550 nm in the
reflection spectrum of Port 3 is observed as shown in Fig. indicating that its mode power

is transferred to the TE,,, mode propagating in the +z direction.
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3.2 TE mode-division (de)multiplexer

The insertion loss and return loss exhibited by the proposed device structure is listed in Table

[3.5] whereas Table [3.6|lists crosstalks occurred at other ports during the multiplexing operation.

Table 3.5: Insertion loss and return loss during multiplexing
Input Mode Insertion Loss Return Loss

TEy, of WG, 1.21 dB —-13.41 dB
TEy, of WG3 1.07 dB -17.11 dB
TEo, 0.43 dB -12.73 dB

Table 3.6: Crosstalk during multiplexing
Input Mode Port 2 Port 1 Port 6 Port 5 Port 4

TEq, of WG, - -10.66 dB -14.62dB -14.99 dB
TEp, of WG;  -12.05 -1591dB -13.76dB -11.72dB -
TEo, -21.13dB -31.20dB - -25.80dB -15.31dB

3.2.3 Discussions

The proposed device structure is able to demultiplex three transverse electric modes by
coupling forward propagating TE;,, (TE,,) of WG, to backward propagating TE,, of WG;
(WGs;) and by keeping the fundamental mode TE,,, in WG,. The return loss is mainly due to
the formation of supermodes in the composite structure. It can be minimized by increasing the
gap between the waveguides, but at the cost of device length, since a larger coupling length
is required to reflect same amount of power for a particular grating width, and thus a trade
off arises between return loss and the device length. In this work, crosstalks at Port 3 are not
considered for performance analysis of the device as the crosstalk due to higher order mode
inputs i.e. TE;,, and TE,,, can be reduced by connecting a single mode waveguide at Port 3
with an adiabatic taper which will eliminate the higher order modes and only keep the required
fundamental mode [[177]. The insertion loss of the proposed device structure ranges from 0.43
to 1.27 dB during the demultiplexing operation and 0.43 to 1.21 dB during the multiplexing
operation, which is better as compared to 0.2 to 6.6 dB in [177] for the three TE mode case,
whereas the crosstalk is comparable in the range of —31.20 to —15.31 dB. The conventional
method of cascading grating structures one after another for the multiplexing purpose [149]
where power of the different modes of the multimode waveguide are reflected with the use of
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3. Mode-division (De)multiplexers

different gratings placed consecutively in a cascaded arrangement thereby the device length
increases. However, in the proposed device structure, gratings are placed on both sides of the
multimode waveguide which reflect two modes simultaneously and thus helps in reducing the

overall device length.

3.2.4 Conclusions

A grating assisted slab waveguide structure has been designed to (de)multiplex three TE
modes at a wavelength of 1550 nm . Two gratings with different periods have been placed at
both sides of the multimode waveguide to contra-directionally couple first order and second or-
der modes to the fundamental mode of two single mode waveguides. The fundamental mode of
the multimode waveguide is not coupled to any other mode. The waveguide widths are obtained
from the mode chart and the inter waveguide gaps have been determined such that return loss
is minimized, which occurs mainly due to the supermode formation. During demultiplexing
(multiplexing) operation, the proposed device structure has shown insertion loss ranging from
0.43 to 1.27 dB (0.43 to 1.21 dB), return loss from —12.73 to —8.65 dB (-17.11 to —12.73 dB),
and crosstalk from —31.20 to —15.31 dB (-31.20 to —10.66 dB) with a device length of 38.5
pm. This mode-division multiplexer can be integrated with polarization division multiplexer or

wavelength division multiplexer for further increase in the link capacity.

3.3 TM mode-division (de)multiplexer

Similar to the TE mode-division (de)multiplexer, a slab waveguide based TM mode-division
(de)multiplexer with Si core and SiO, cladding is proposed. The device is able to (de)multiplex
three transverse magnetic (TM) modes at 1550 nm. The (de)multiplexing operation is ensured
by coupling the higher order multimode waveguide modes to the fundamental modes of two
single-mode waveguides through grating structures that are placed at each side of the multi-
mode waveguide. It simultaneously reflects two higher-order modes when it works as a de-
multiplexer and combines them during multiplexing, whereas the fundamental mode of the
multimode waveguide continues forward propagation in the same waveguide since it is not cou-

pled to any other mode. The aspect of supermodes for determining the suitable gap between the
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3.3 TM mode-division (de)multiplexer

waveguides has been introduced to minimize the return loss. The dimension of the proposed
MDM device has been found to be compact compared to the PLC-based mode-division mul-
tiplexers [[178,|179]. The performance analysis of the device is carried out numerically using
2D Finite Difference Time Domain (2D FDTD). The bi-directional characteristic of the pro-
posed device has been validated by demonstrating both the demultiplexing and multiplexing

operations.

3.3.1 Proposed Device Structure and Mathematical Model

Port 1 i—»TMOm. TM,, TMa, WG, | w l_» Moy bort 4
i ~2.1 pum . y z Ay
gap, J} (1m0 Mes R e
Port 6 i Ty WG $we Port 5
~58 um

Fig. 3.7: Schematic diagram of the proposed MDM structure

The schematic diagram of the proposed MDM structure is shown in Fig. which is de-
signed using slab waveguides. The device is comprised of two single mode waveguides (WG,
and WG,) and one multimode waveguide (WG,). The width of waveguides WG,, WG, and
WG, are denoted as w,, wp,, and w, respectively. grating; (grating,) is a grating structure placed
in the gap between WG, and WG, (WG, and WG,), denoted as gap, (gap,) with grating pe-
riod A; (A;) and number of grating periods Ny, (Nya,). gW, and gW, are the widths of grating,
and grating, respectively. The multimode waveguide WG,, supports three modes namely TM,,,
(fundamental mode), TM;,, (first order mode), and TM,,, (second order mode), whereas WG,
and WG, are two identical waveguides each supporting a single mode denoted as TMy, (funda-
mental mode).

The proposed MDM structure shown in Fig. has 6 ports, out of which Port 1 acts as
the input port where TMy,,,, TM},,, and TM,,, are fed by exciting each mode separately. TM;,,

(TM,,,) is coupled as contra-propagating TMy, in WG, (WG,) at Port 2 (Port 6), using grating;
TH-2857_156302009
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3. Mode-division (De)multiplexers

(grating,). The fundamental mode of the multimode waveguide TM,,, propagates towards Port

4 as it is not coupled to any other waveguide modes. Thus, (de)multiplexing of two higher-order

modes and a fundamental mode is realized.

Refractive index profile of the proposed structure shown in Fig. is defined as [[69]:

€)= @l + A + Am() + Ai(x) + Ang () + Any (0] (3.12)
where
Neore nflad, waveguide WG,
Ar,(x) = (3.13)
0, elsewhere
Wore nilad, waveguide WG,
M), = (3.14)
0, elsewhere
ncz‘ore - nilad, waveguide WG,
Ani(x) = (3.15)
0, elsewhere
2 (ngore - nzlad) X §1(2), gl‘atingl
By, () = (3.16)
0, elsewhere
2 (ngore - n?]ad) X §(2), gratingz
A, () = (3.17)
0, elsewhere
where
S1(z) = Z eim/2[w]e—w(2ﬂ/m)z (3.18)
p=—oo pr
Sy(z) = Z el’Qﬂ/Z[M]e—iqenmz)z (3.19)
g=—oco qr

Here Anj(x), Anj(x), AnZ(x), An} (x), and Anj (x) represent the presence of WG,, WGy,
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3.3 TM mode-division (de)multiplexer

WG,, grating;, and grating, respectively. The refractive indices of core and cladding are de-
noted as 7., and n.yyg.

Let the y directed magnetic field profiles of the modes supported by the three unperturbed
waveguides WG,, WG, and WG, are denoted as: H,,(x) (fundamental mode TM,, of WG,),
H,(x) (fundamental mode TM,,, of WG,,), Hy;, (x) (1st order mode TM,,, of WG;), H,;,(x)
(2nd order mode TM,,, of WG,), and H,.(x) (fundamental mode TM, of WG,).

The magnetic field in the proposed device structure can be expressed in terms of unperturbed

waveguide modes as:

2
Hy(x,2,1) = A"(2)Hy,(x)e" P09 + Z B! (2)H,y, (x)e/ @ Pmd) 4
r=0
ct ) Hyc( x) ej(wt—,Bosz) +A(2) Hya (x)e J(wt+Bosz) "

2
D B (@)Hy, (x)e’ ) 4 C(2)Hye(x)e™ P9 (3.20)
r=0

where A(z), B,(z), and C(z) are the z dependent amplitudes of the corresponding modes. The
signs * and ~ denote forward and backward propagation in the z direction respectively. By, is
the propagation constant of the fundamental mode of WG,, WG, and g,,, is the propagation
constant of the " mode of WG,,.

Hy,(x), Hyp, (x), and H,.(x) are normalized such that each of them contains 1 W power,

1.e. [[180]:

co H,, 2 2
f %dx = =2 (3.21)
oo My T ANZ(X) Bos
00 H 2 2
f %d}( = _CUGO’ r=0,1,2 (3.22)
—o0 nclad + Al’lb(X) m
co H, 2 2
f %dx - Y% (3.23)
oo Mg + AN2(X) Bos
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3. Mode-division (De)multiplexers

3.3.1.1 Mode Profiles

The magnetic field mode profiles supported by the three waveguides are expressed as [181]]:

P77« x>0

Hy(x) = {Pm(x), =w, <x<0

Py, (wp)eYea5tva) | x < —y,
Pbre‘mr(”k), x> —k,

Hyp, (X) =Py myp(x), =k < x < —(k + wp)

Py, moy (W, )eYerr CHREws) -y < —(k + wy)

P 7D x> —],

H,o(%)

P.mi(x), -l <x<—-(+w.)

PcmZC(Wc)ey“(x-FHWC), x < _(l + Wc)

where

2
Yea Weore .
102 = CosCy ) — L2720 GinCy o)

faeiaq

2
core

yga n .
——Sin(y faX)
faPeiaq

2
Meore

mup(X) = cos(y (6 + K)) — 2220 inty g, (x + k)
fbr nclad

Moa(X) = cos(ypaX) +

2
n-
mop(x) = cos(ypp,x) + iy —;m sin(’y p, X)
yfbf nclad

2
yec ncore o
my(x) = cos(ys(x +1)) — —z—sm(?’fc(x +1)
fe nclad
yec ngore ]
Mo (x) = cos(y feX) + ———8in(y e x)
fe nclad

where

k=w,+gapy, l =w, +w,+gap, +gap,, r=0, 1, 2
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(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)
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3.3 TM mode-division (de)multiplexer

yea’ )/EC

8, - (e
Yfa, yfc = \/(M)2 _ﬁ(z)s

Ao
( 2N iaq )2

_ 2 _ clad
r=0,1,2 \/’8 rm Ao

_ (27Tncore)2 _m
r=0,1,2 Ao m

Here, Ay is the operating wavelength. P,, Py, Py, P;,, and P, represent the magnitude of the

Yeb,

Y b,

mode profiles which are defined as [69]:

weEy

Pu :2X > r:0a1’2 (333)
u=a,b,,c ﬁutu
where
; ) {(%)Z’Yeu}z + yjzfu [ Wy
" u=a,b,.c {(%)27614}2 nzlad
YVout Vi

{(M)ZYeu}Z + ')’sz :I, wb’ =Wy I'= 0’ 1’ 2 (334)

Nelad

3.3.1.2 Coupled Mode Equations

To analyze the light propagation in the proposed device, coupled-mode theory has been
used. By using coupled-mode analysis, the coupling between different modes in the composite
structure has been investigated including all the phase mismatched terms. The coupled-mode

equations for the proposed device shown in Fig. are given as:

2
= — /AT (Dkua + A (D)Ko + Z B (2)kap, /PPy
r=0

0A™
0z

2
D B @k, /P 4 C (e + C(Draee™07] (3.35)
r=0
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3. Mode-division (De)multiplexers

0B . .
5 r oo — _J'[A+(Z)Kbraej(ﬂrm—ﬁos)z + A_(Z)Kb,aej(ﬂ'm+ﬂ0S)z+
g r=0,1,
2 2
Z B;(Z)Kb,bp e/ Brm=Bpm) 4 Z B, (2)k,p, €’ BrntBpm)z 1
p=0 p=0
C+(Z)Kbrcej(ﬂrm—ﬂ0s)z +C” (Z)Kbrcej(ﬂrmﬁos)z] (3.36)
ac* :
o = AT @Ko + A @+ BT g, I
< r=0
2
> By @k B 1 CH e + C (e 7] (3.37)
r=0
DA™ -
e JIAT(@)Kaal 7P + A7 (D)Kaa + Z B} (2)Kap, e FotBrm)y
< r=0
2
DBy @k e PP 1 CF@igee P+ C(2rae] (3.38)
r=0
0B, At ~Bmhos)e | A- ~ B —Bos)e
a o1s — ][A (Z)Kh,ae JPBrmtPos +A (Z)Kb,ae JBrm—Pos +
g r=0,1,
2 2
Z B (2)kpp € PP 4 Z B, (2)kpp, € P FPrmig
p=0 p=0
C+(Z)Kbrce_j(ﬁrm+BOS)z + C—(Z)Kbrcej—(ﬁrm—ﬁOs)Z] (3.39)
aC :
— = JIA* @Keae P9 + A™(D)kea + Z B (2)Kep, e/ FostPmy
Z

r=0

2
D By @Ky, e TP 1 (ke P+ C (D] (3.40)
r=0

WheTe Kuas Kav,s Kac> Kb,as Kb,b,s Kb,es Keas Kep,» and k.. are the coupling coefficients, expressed
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3.3 TM mode-division (de)multiplexer

as:
* Hy,(x)Hy,(x)
Kya = %f —{ n[zy(x)"'
u=a,b,,c 4 oo clad + AnZ( )
Anj (x) + An2(x) + Anj (0)}dx, r=0,1,2 (3.41)
* Hy, (x)Hy,(x)
Plu=a,b,c 4 cl ” 48 Anl( )
Any (x) + AnZ(x) + Any (0}dx, r,p=0,1,2 (3.42)
* Hy(x)H},(x)
Kuc - Yo f —y > {AR?(x)+
u=a,b,,c 4 oo clad o AI’ZZ( )

Ang (x) + Anj(x) + Ang (0)}dx, r=0,1,2 (3.43)

Here, Anir(x) = Ani(x) for r = 0, 1, 2. The integration terms for different regions are defined

as:

—(wat+gap) 9

ed ncore

|Hya(-x)|2dx = Pi{COS(’)/faWa) + Sln(yfawa)}

nclad
—(wa+wp+gapi)

Le—Zyeagapl(l _ e—Z%aWb) (3.44)

2Yea
—(watgap1/2—gW1/2) 2
2 2 Y
|H,yo(X)*dx = P2{cos(y faWa) + —— nw’e sm(yfawa)}
—(watgap 12+gW1 /2) clad
1 e—)’eu(gapl—ng)(l _ e-)’mgwl) (3.45)
2Yea
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—(wa+gap1/2-gW1/2)
H,p, (x)Hy, (x)dx . PPy {cos(yfawa)+

—(Wa+gap1/2+gW1/2)
»yea 2 e?’eawa —Yeby (Wq +gﬂl71)

Lo szn(yfawa)} X
)/j nclad Yea = Yeb,

e—(yea—yeb,)(wa+gap1/Z—gW1/2) % {1 _ e—(m—yeh,)gwl} (3.46)

fl(»d pp oy (3.47)
X X B _ eYebrWa .
by =012 br (=2%.ep,)

—(Watwp+wetgapi+gapa)

2 2
|Hyp, (x)|"dx h Pbr{cos(yfawb)+
—(Wa+wp+gapi+gapz)
2 e 2vebr8ap?
b, I " s
Yebr Reore sin(y pawy)2 X o (1 = e 2r) (3.48)
/)/fh, nclad 27eb,

—(Wa+gapi/2-gW1/2)

2 2
(Hyp, (0P| = Py

e 2Yen (8ap1/2+gW1/2)

(zyeb, )

—(wa+gap1/2+gW1/2)

(2781 _ 1) (3.49)

—(wgtgapr+wptgaps [2-gW>/2)
2 2
|Hyp, (x)|"dx o1n Pbr{cos(yfawb)+

—(watgapi1twptgapz/2+gW2/2)

)/eb gore Sln(’)/fa Wb) } 2 X
’)/fbr clad ’Yebr

¢ e (8P /2=gWa I (| _ o~ vanrsW2y (3 50))
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3.3 TM mode-division (de)multiplexer

—(watgap) P2
|Hyc(x)|2dx = 5 € o Weclwptgap) (ez'yecwb _ ) (3.51)
’y .
—(wat+wp+gapr) “
—(wgtgapi+wp+gapz/2—gW2/2)
2 P (842 %2y oy,.gW
|Hyc(x)| dx = 7 e vl T2 T )(e8™ — 1) (3.52)
Y
—(watgapi+wp+gapr/2+gW>/2) -
—(Wa+wp+wet+gapi+gapz)
|H, (x)PPdx =0 (3.53)
—(wgtwptgapi+gaps)
—(watgapi+wptgapz[2—gW,/2)
H,,(x)]’dx =0 (3.54)
b
—(watgap1+wptgapz/2+gW2/2)
—(watgap1/2—-gW/2)
H,.(x)?dx =0 (3.55)
¥y
—(wqtgap:1/2+gW1/2)
0
f |H,(x)]*dx = 0 (3.56)
N,

—(watgapi+wp+gapr [2—gWa/2)
Hyp, (x)H; (x)dx = Py, Pc{cos(y s, wp)+

—(watgapi+wptgap, [2+gW2/2)

2 —Yec8ap2 -
YVeb, 1 . e —op —yee)(5P2EW2
62’07'8 Sln('yfber)} X X e ('yebr yec)( P )X
Yoy M0 Yeb, = Yec

{1 _ e—()’ebr_)’er)gW2}, r = 0, 1’ 2 (3.57)

In (3.42)—(3.45), the integration terms are zero as the mode profiles do not have any mag-
netic field components in the corresponding spatial regions. To obtain a solution, the coupled-

mode equations can be converted into a form of linear differential equations by assuming the
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following:
A*(2)e P = ¢(2), B (2)e Pt = g(2),
Bl (2)e """ = g3(2), B (2)e P = q4(2),
D*(2)e™ "% = gs5(2), A™(2)e" = go(2),
By (2)eP* = g4(2), B (2)e* = gx(2),
B; (2)e"* = go(2), D™ ()¢ = qy(2)

The corresponding linear differential equations are expressed in the matrix form as:

d
9 _xo (3.58)
dz
where
T
O=|q1 9 ¢ g+ 95 96 97 qs 99 o (3.59)
and

K is the matrix comprised of all the coupling coefficients, expressed as:

Kaa — jﬁOs Kub\._ Kab| Kubz Kac Kaa Kabu Kaln Kabg Kac
Kboa Kboby — JPOm Kboby Kbob, Kboc Kboa Kbobo Kpob, Kboby Kpoe
Kbia Kb, by Kby = JBim Kby, Kb Kbia Kby by Kb, b, Kb, by Kpc
Kbra Kbybg Kbab, Kpyby — JBom Kbyc Kbya Kbyby Kbyby Kiyby Kbye

K — Kea KL’hU Keb, K('hz Kee — ]ﬁ()s Kcu_ Kcl?o K('b| KL’bz Kee
Kaa Kub;) Kal/u Kabg Kac Kaa + ]ﬁOs Kahg Kab1 Kabz Kac
Kpya Kbyby Kpyb, Kpob, Kpye Kpya Kpoby T JBom Kpob, Kpoby Kpye
Kbya Kby by Kpyby Kby b, Kbie Kbja Kb,y Kpyby + JB1m Kby, Kpjc
Kbya Kbyby Kpyb, Kbyby Kpyc Kpra Kpyby Kpyb, Kpyb, T JB2m Kby
Kea Kchq ch1 chz Kee Kea Krbo Kcln chg Kee T ./[%Os.
(3.60)

Solution for Eq. (3.58) with an initial condition of Q(0) can be written as:

0(z) = €X°0(0) (3.61)

3.3.2 Simulation Results and Discussions

Si and SiO, are the core and cladding materials with refractive indices of 3.473 [[39]] and
1.444 [182] at 1550 nm wavelength respectively. Fig. [3.8 shows the TM mode chart of slab
waveguide at a wavelength of 1550 nm depicting the variation of effective refractive indices of

different modes with the waveguide core width. It can be observed from the mode chart that
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% 3.4]

X 22]TMg

00 02 04 06 08 1.0 12 1.4
Waveguide core width [um]

Fig. 3.8: Mode Chart with TM modes of a slab waveguide at 1550 nm.

single TM mode condition is obtained when the waveguide core width is less than 246 nm and
thus w,, w,. are taken as 246 nm. TM,, has an effective refractive index of 2.261. The width
of WGy, wy, is taken as 900 nm such that the effective refractive indices of TM,,,, TM,,,, and
TM,, have a substantial difference to prevent undesired co-directional coupling. The effective
refractive indices of TMy,,, TM,,, and TM,,, are 3.371, 3.048, and 2.444 respectively.

The contra-directional coupling between TM,,, and TM,, of WG,, TM,,, and TM,; of WG,

are achieved by satisfying the phase matching conditions [69]:

2

= — .62

Bim + Bos o (3.62)
2

:82m +ﬁ05 - A_2 (363)

When two dielectric waveguides are separated by a finite distance such that mode of one
waveguide overlaps onto the second waveguide, the composite waveguide structure comprising
the two waveguides supports a new set of eigenmode solutions called supermodes. Supermode
carries energy in both the waveguides, due to which reflected supermode contains power in the
input waveguide resulting in unwanted return loss. In the MDM design, return loss due to the
formation of supermode and the coupling strength between the coupled modes play vital roles
in determining the gap between the waveguides. Coupling strength depends on the amount
of overlap between the modes, which is dependent on the separation between the waveguides.
Thus, it is necessary to formulate a method to calculate the gap such that coupling strength is

high and return loss is low.
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Fig. 3.9: (a) Normalized TM mode profiles of two waveguides where the shaded area shows the physical
overlapping of modes in the gap, (b) Variation of mode overlap integral with inter waveguide gap.
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Fig. 3.10: Power distribution of the supermodes corresponding to (a) TMyj, (b) TMy,,, and (c) TMy,, in
the cladding and core regions, (d) Effective index variation of the supermodes with inter waveguide gap.

The coupling coefficient is a measure of coupling strength between two modes that can be

calculated from [180]:
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K=

Hj (x) Ae(x) Hy, dx

/

dw

€*(x)

(3.64)
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where « is the coupling coefficient, 8, and 3, are the propagation constants, w is the angular fre-

H

quency, and H,,, H,, are the normalized magnetic field profiles of the two coupled modes. Ae(x)

1
represents the periodic perturbation, whereas e(x) is the index profile of the entire structure. The
integration is over the region where the grating is present.

From Eq. (3.64) it can be derived that the coupling coefficient is directly proportional to the
mode overlap integral, which is defined as the amount of physical overlapping present between
the two modes in the grating region and denoted as f Hj (x) Hy,(x) dx.

To determine the gap at which coupling strength is maximum, overlapping between TM,,,
and TMy, of WG,, TM,,, and TM, of WG, are calculated at different gaps, assuming that the
grating completely covers the gap. Fig. depicts the spatial overlapping of two coupled
TM modes of waveguides WG, (with a width of 246 nm) and WG, (with a width of 900 nm) in
the gap region. A plot between the mode overlap integral and the inter waveguide gap is shown
in Fig. 3.9(b)| from which it is found that for gap; = 110 nm and gap, = 130 nm, the mode

overlap integrals have maximum value implying maximum coupling strength.

Figs. [3.10(a)H3.10(c) show the power distribution of the supermodes corresponding to

TMys, TM,,,, and TM,,, respectively in the cladding and core region of the composite struc-
ture shown in Fig. as a function of the inter waveguide gap. It can be noted that as the
separation distance increases, the waveguides tend to behave as isolated waveguides, and be-
low separation distances of 350 nm, 100 nm, and 300 nm supermodes corresponding to TMj;,
TM,,,, and TM,,, respectively are formed. Fig. [3.10(d)| shows variation in effective index of
the supermodes of the composite structure with the change in inter waveguide gap, obtained
numerically. The effective indices of modes supported by the isolated waveguides are nryy,, =
2.261, nry,, = 3.371, nry,, = 3.048, and nry,, = 2.444. It can be observed that as the gap
between the waveguides is decreased, effective refractive indices deviate from the values of
isolated waveguide modes, indicating the formation of supermodes.

Coupling strength between the modes reaches maximum when gap; = 110 nm and gap, =
130 nm. But, at these values, the composite structure supports supermodes which will cause
reflection at the input port resulting in higher return loss. Thus, to minimize return loss, gaps
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are selected as gap, = gap, = 350 nm.

The proposed structure shown in Fig. [3.7/has been simulated using 2D FDTD and the results
have been analyzed. Ny, and N,, are taken as 200 and 178 respectively to maintain same grating
length for both the gratings, whereas the widths of the grating are taken as gW; = gW, = 175
nm to keep undistorted output. The length of the proposed MDM device is 58 um. Both the

demultiplexing and multiplexing operations have been investigated as follows.

3.3.2.1 Demultiplexing

TMo,, TMy,,, and TM,,, are individually fed as inputs at Port 1 to analyze the demultiplexing

operation. Figs. [3.11(a)43.11(c)[show the transmission/reflection spectra at all the ports when

—_Port1 (R) — Port 3 (T) — Port 5 (T) —Port1(R) — Port 3 (T) — Port 5 (T)
—Port2 (R) — Port 4 (T) — Port 6 (R) o —Port2 (R) — Port4 (T) — Port6 (R)

10+
15+
20+
25+t
=30+
-35¢

10}
151
20}
251
-30
351

40 I L \/ L
1.53 1.54 1.55 1.56 1.57
Wavelength [um]

(b)

—Port1(R) — Port3(T) — Port5(T)
—Port2 (R) — Port4 (T) — Port 6 (R)

40 L L L
1.53 1.54 1.55 1.56 1.57
Wavelength [um]

(a

Transmission (T) / Reflection (R) [dB]
Transmission (T) / Reflection (R) [dB]

~

0
5|
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35|

-40 . . .
1.53 1.54 1.55 1.56 1.57
Wavelength [um]

(c)

Fig. 3.11: Transmission and reflection spectrum of the proposed device during demultiplexing oper-

ation for input of (a) TMg,,, (b) TMy,, (¢) TMy,,; ‘T° and ‘R’ represent transmission and reflection
respectively.

Transmission (T) / Reflection (R) [dB]

the inputs are TMy,,, TM,,, and TM,,, at Port 1. In Fig. it can be observed that at Port

4 transmission is close to 100%, and no reflection peak is present at 1550 nm wavelength at any
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Table 3.7: Insertion Loss and Return Loss for DEMUX

Input Insertion Loss Return Loss
Mode (in dB) (in dB)
TMom 0.01 -31.07
TM i, 2.01 -9.54
TMy,, 1.63 -9.17

Table 3.8: Crosstalk at different ports for DEMUX

Input Portl Port2 Port3 Port4d Port5S Port6
Mode (indB) (indB) (indB) (indB) (indB) (indB)
TMom - -34.69 -35.12 — -41.76  -32.51
TM i - — -32.00 -10.13 -35.01 -13.58
TM,,, - -13.66 -19.58 -17.14 -38.60 -

other ports, which confirms that the TMy,, is not coupled to any other mode as it propagates
towards Port 4. In Fig. where the input is TMy,,, a reflection peak at 1550 nm is
observed in the reflection spectrum of Port 2, which indicates that the forward propagating
TM,,, is coupled to TM; mode of WG, in the backward direction. Similarly, from Fig.
it can be observed that when TM,,, is fed as input, it is reflected as TMy, mode of WG, at Port
6, which is evident from the presence of reflection peak around 1550 nm at Port 6. The resulting
insertion loss and return loss are tabulated in Table whereas Table lists the crosstalks

arising at different output ports.

—Port1(T) — Port 3 (R) — Port 5 (R)

—Port1(T) —Port3(R) — Port5 (R)
—_Port 2 (T) — Port 4 (R) — Port 6 (T)

o —=Port2(T) —Port4 (R) —Port6 (T)

-10 - -10+

15+ 15+

/

[

Il

Transmission (T) / Reflection (R) [dB]
Transmission (T) / Reflection (R) [dB]

20 - . L 20 . L .
1.53 1.54 1.55 1.56 1.57 1.53 1.54 1.55 1.56 1.57
Wavelength [um] Wavelength [um]
(a) (b)

Fig. 3.12: Transmission and reflection spectrum of the proposed device during multiplexing operation
when input is (a) TMy, of WG, (b) TMy,; of WG,; ‘T” and ‘R’ represent transmission and reflection
respectively.
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Table 3.9: Insertion Loss and Return Loss for MUX

Input Insertion Loss Return Loss

Mode (in dB) (in dB)

TMgm, 0.01 -31.07
TMp; of WG, 1.59 —-15.45
TMy; of WG, 1.03 -10.17

Table 3.10: Crosstalk at different ports for MUX

Input Portl1 Port2 Port3 Port4 PortS Porté6
Mode (indB) (indB) (indB) (indB) (indB) (indB)

TMopm - -34.69 -35.12 - -41.76 ~ -32.51
TMy, of WG, -13.99 -8.05 - - -1291 -14.99
TMy, of WG, -1690 -15.18 -13.44 - - -17.34

3.3.2.2 Multiplexing

Multiplexing operation is investigated by feeding TMy, of WG, (WG,) at Port 3 (Port 5)

towards -z direction and observing output at Port 4. Figs. [3.12(a)-{3.12(b)| show the transmis-

sion/reflection spectra at all the ports when the inputs are TM,; of WG, and TMy, of WG,. In
Fig. a reflection peak about 1550 nm at Port 4 is observed indicating coupling of TM;
of WG, to TM,,, in the opposite direction. In Fig. [3.12(b)] presence of reflection peak at 1550
nm in the reflection spectrum of Port 4 implies that TM,,, of WG, is coupled to TM,,, propa-
gating towards Port 4. The outcome for TM,, input is same as the case in the demultiplexing
operation since TMy,, is fed at Port 1 in both the operations. The resulting insertion loss, return
loss are listed in Table [3.9] and crosstalks occurring at different output ports are listed in Table
3.10

The gap between the waveguides plays a vital role for efficient coupling, thus to study the
manufacturing tolerance, the gaps between the waveguides are varied by +10 nm and +20 nm.

The performance variation of the proposed MDM device is observed. Figs. [3.13(a)H3.13(d)

show the reflection spectrum at the target ports for the inputs of TMy,,,, TMj,,,, TMy, of WG, and
TM,, of WG.. It has been seen that when the gap increases (decreases) the reflection spectrum
shifts towards left (right) with decreasing (increasing) bandwidth. It has also been observed that
the reflection strength falls below —3 dB when the gap is varied by +20 nm (-20 nm) for TMy,

of WG, (TMy,,) input. The variation in reflection strength at the operating wavelength ranges
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Fig. 3.13: Reflection spectrum at different gaps for a input of (a) TMj,,, (b) TMy,,, (c) TMgs of WG,
and (d) TMy, of WG,.

from —1.32 to —2.12 dB and —0.88 to —1.20 dB for TM,,, and TM,; of WG, input respectively.
Thus, it can be said that the proposed device shows good fabrication tolerance.

The proposed TM MDM device is based on slab waveguide structures. However, a 3D
equivalent of the proposed device, with different dimension along the width of the waveguide,
can be fabricated using electron-beam lithography and inductively coupled plasma reactive ion
etching followed by plasma vapor deposition process to deposit cladding oxide.

The proposed device structure is capable of (de)multiplexing three TM modes. With the use
of grating; (grating,), phase matching is done between TM,,, (TM,,,) and TM,; of WG, (WG,),
and as a result TM;,, (TM,,,) is coupled to contra-propagating TM,, of WG, (WG,) while
TMy,, is kept in the WG,,. Supermodes contribute to the return loss as the reflected supermode
carries power in the input waveguide when the separation between the waveguide is below a
certain distance. Thus to minimize return loss, the formation of supermode should be avoided
by choosing an appropriate gap. But as the gap is increased, the value of the mode overlap

integral decreases, thereby decreasing the coupling strength and resulting in larger coupling
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3. Mode-division (De)multiplexers

Table 3.11: Comparison Table
Reference Insertion Loss (dB) Return Loss (dB) Device Length (um)

[174]] <5.40 <=5 ~18
[173] <6.60 <3 ~17
This Work <2.01 <-9.17 ~58

length for coupling of the same amount of power. This brings a trade-off between the device
length and return loss. The crosstalks occurring at Port 4 during the demultiplexing operation
due to higher-order modes have been discarded for evaluating the device performance, as they
can be minimized by joining a single-mode waveguide at the end of the multimode waveguide
via an adiabatic taper [183]. A comparison table of the simulation results has been given in
Table 3.11] where it can be seen that the proposed device exhibits better insertion loss and
return loss. In this paper, two modes are reflected/combined simultaneously by using gratings

at each side of the multimode waveguide, which helps in reducing the length of the device.

3.3.3 Conclusions

A mode division (de)multiplexer has been designed for the operation at 1550 nm using slab
waveguides, which can (de)multiplex three TM modes. The first and second order modes of
the multimode waveguide have been coupled simultaneously to the two single-mode waveguide
modes by satisfying phase-matching conditions using two grating structures in between the
waveguides. The fundamental multimode bus waveguide mode continues to propagate in the
forward direction without any power leakage to other modes. The proposed device is compact
in size with a dimension of ~ 2.1 yum X 58 ym. The device performance has been analyzed
using 2D FDTD. The insertion loss during demultiplexing is found to be in the range of 0.01
to 2.01 dB, whereas the crosstalks and return loss are in the range of —41.76 to —13.58 dB and
-31.07 to -9.17 dB respectively. While multiplexing operation, the insertion loss ranges from
0.01 to 1.59 dB, the return loss is in the range of —31.07 to —10.17 dB, and the crosstalk ranges
from —41.76 to —8.05 dB.
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3.4 SWG-based TE Mode Division Multiplexer on Silicon for C + L. band operation

3.4 SWG-based TE Mode Division Multiplexer on Silicon for C + L. band
operation

As discussed in Chapter 1, SWG structures show promising coupling characteristics; this
chapter proposes an SWG-based three-mode multiplexer (MUX) on a silicon-on-insulator (SOI)
platform for C and L band operation. The proposed device utilizes the co-directional coupling
principle to couple the modes of the single-mode waveguides to the multimode bus waveg-
uide. The mode-MUX consists of two coupling regions, where SWG-based waveguides are
employed to reduce the coupling length. The effective mode indices of the SWG waveguides
in the coupling regions are matched by changing the waveguide widths keeping the duty cycle
constant in order to satisfy the modal coupling criteria. The adiabatic transition between the

strip waveguide modes and the SWG waveguide modes is achieved by using tapers.

3.4.1 Device Design

The bird’s-eye view of the proposed SWG-based MUX is shown in Fig. [3.14] An SOI
wafer with 0.22 um top silicon and 2 um buried oxide is used. The upper and lower cladding
are both silicon dioxide. The MDM consists of three single-mode (SM) and one multimode
(MM) waveguide, which are the inputs and output of the MUX. The inputs are labeled as IN;
for the TE,—TE; coupling and the output as OUT as shown in Fig. 3.14] SMy, SM,, and SM, are
the single-mode waveguides for the IN, IN;, and IN; inputs, respectively. The MM waveguide
has a width of 1.5 yum. All the SWGs have a duty cycle of a/A, where a and A are the silicon
layer thickness and period of the SWG as shown in the inset of Fig. [3.14] In this study, all
the SWGs have the same duty cycle of 66.67% with a = 160 nm and A = 240 nm. The three

SWGs are SM}"¢, SM3"C, and MM®*"“. The gap between SM{"° (SM3"¢) and MM*"¢

¥
..
SM, ! gap:' r |
IN 1T
= z x T i+l! L (00 |
LT T |||||||;\|||||||||||||||||||||||||| L4 A — _l OUT
n IN, —WMHHHHHHHHI||||||||||||||||||||||||||||||||||||||||||||||||||||||l|||| il ||||||||||||||“H|H||"||]HH|H|HHHHHHHHW n
S T 500
m PR 2P

Fig. 3.14: Bird’s-eye view of the designed MUX (not to scale).
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Fig. 3.15: Frequency versus wavevector plot (band structure) for different transverse electric modes.

|

L

Fig. 3.16: Bird’s-eye view of an adiabatic taper.

is represented by gap, (gap,). The band structure analysis is done to determine the effective
indices of the Bloch modes [76] in the SWG waveguides using Lumerical® FDTD solutions.
The band structure plot for the supported TE modes of the MM3"¢ waveguide is shown in Fig.
[3.15] For 1550 nm wavelength operation, the optical frequency is 193.41 THz at which the
x-component of the wavevector (k) is 0.363, 0.314, and 0.241 for the TE,, TE;, and TE, mode,
respectively. The corresponding mode effective indices (n./f) can be calculated as

A
Nerr = kxz (365)

where A is the free space wavelength of light. The effective indices of the TE,, TE,, and
TE, modes determined from the band structure plot are 2.347, 2.026, and 1.555, respectively,
at 1550 nm. The waveguide widths of SM,, SM;, and SM, are 0.5 um, 0.67 um, and 0.34 um,
respectively. The widths of SM; and SM, are chosen so that the SWG mode effective indices
of the SM"¢ and SM3"¢ waveguides match with the first and second-order mode indices of
the MM3"6 waveguide in order for mode coupling to occur.

The TE;, mode of the SM, strip waveguide is converted to the TEj, mode of the MM strip
waveguide using an adiabatic taper of slope +0.25 um/um. The taper slope is defined with the
help of Fig. [3.16]as
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3.4 SWG-based TE Mode Division Multiplexer on Silicon for C + L. band operation

(a) Input at IN,

(b) Input at IN;

(c) Input at IN,

Fig. 3.17: Transmission profile for power launched at different input ports.

Wy = Wi

T lope =
aper slope 7T

(3.66)

The MM3 "¢ waveguide has two tapers at the input and output side to couple the strip waveg-
uide mode to the SWG Bloch mode and vice-versa. The input and output side tapers have a
slope of -0.072 ym/um and +0.036 um/um with a length of 10 um and 20 um, respectively.
The minimum feature size is kept 0.06 yum in accordance with e-beam lithography resolution.
The output taper length is twice the input taper length since the input taper is only used for the
fundamental mode transition, whereas the output taper is used to couple three SWG modes to
the strip waveguide. The SM; and SM, strip waveguides are bent waveguides with a length of
14 yum and 32 um, respectively. The two ends of the bent waveguides are laterally separated
by a distance of 3 um. The tapers used in SM{"“ and SM3" have a slope of -0.0305 um/um
and -0.028 um/um with a length of 10 um and 5 um, respectively. The waveguide separation,

gap; and gap, are 0.2 um and 0.195 um, respectively. The coupling lengths without the tapered
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3. Mode-division (De)multiplexers

regions are 14.00 um and 1.48 um for the TE(—TE; and TE,—TE, mode coupling, respectively.

The total device length is 61 ym with 25 yum SWG length of the MM waveguide without tapers.

3.4.2 Simulation Results and Discussions

The proposed device has been simulated in Lumerical® using the 3D FDTD method. The
Palik model has been used to represent silicon and silicon dioxide permittivities, which also
takes into account the dispersive effects. Simulation has been carried out from 1525 nm to
1625 nm wavelength range covering the whole C and L optical telecom band. The transmission
power profile at 1525 nm is shown in Fig. [3.18a)-(c) for the single-mode inputs at INy, IN;,
and IN,.

The input normalized transmission plot along with the insertion loss for TE, input at IN,
INy, and IN; is shown in Fig. a). At 1550 nm, the transmission for the TE,—TE,, TE;—
TE;, and TE,—TE, mode coupling is ~98%, ~88%, and ~90%, respectively. The corresponding
insertion loss is <0.6 dB at 1550 nm. The lowest transmission and highest insertion loss over
the whole simulated range are ~78% and 1.1 dB, which occur at 1625 nm for the TE,-TE,
coupling.

The return loss for different input port excitation is shown in Fig. [3.18|(b). The return loss is
<—15 dB over the whole simulated range, limited by the TE,—TE, mode coupling. The return

loss for inputs at INy, IN;, and IN, at 1550 nm operation is ~—34 dB, ~—30 dB, and ~—15 dB,

respectively.
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Fig. 3.18: (a) Transmission and insertion loss, and (b) return loss for different inputs.
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Fig. 3.19: Insertion loss and return loss with variations in device dimensions for different inputs.

3.4.3 Tolerance study

An important issue in fabrication is controlling the dimensions of sub-micron devices, which
may lead to poor device performance. To overcome this, the design should have high fabrication
tolerance so that changes in the device dimension by few nanometers do not adversely affect the
device performance. A tolerance study has been done assuming a uniform under-etch and over-
etch of 5 nm. With 5 nm under-etch (over-etch), each waveguide width increases (decreases)
by 10 nm, a = 170 nm (150 nm), gap; = 0.19 um (0.21 um), and gap, = 0.185 um (0.205
um). The insertion loss and return loss for variation in device dimensions with excitation at
inputs INp, IN;, and IN, are shown in Figs. [3.19(a)-(c). It can be observed from Fig. [3.19]
that for the TE,—TE; mode coupling (IN, input), the insertion loss is <0.12 dB and return loss
i1s <26 dB for £10 nm change in dimension. For the TE,—TE; mode coupling (IN; input), a
10 nm increase in the device dimensions leads to an increase in both insertion loss and return

loss at lower wavelengths. At longer wavelengths, the insertion loss is more for decreasing
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Table 3.12: Insertion loss and return loss data at 1550 nm for variations in device dimension.

Dimension Insertion loss (dB) Return loss (dB)

change (nm) | INy | IN; | IN, INy IN; IN,

-5 (under-etch) | 0.10 | 0.90 | 0.50 | =30.19 | -29.40 | -15.94

0 0.06 | 0.54 | 0.46 | -33.77 | -30.52 | -15.63
+5 (over-etch) | 0.10 | 0.32 | 0.53 | -30.67 | -28.44 | —-15.19

Table 3.13: Comparison of the three-mode MUX with literature.

Ref. No. of modes | Wavelength range | Insertion Loss
(nm) (dB)

[[184]]¢ 2 1530-1590 <1
) <0.49

[185]° 1500-1600
3 <1.7

[[186]¢ 2 1455-1645 <0.72

This work? 3 1525-1625 <1.1
¢ Subwavelength-assisted Y-junction; b ADC; ¢ Nanocube-assisted ADC;
4 SWG-based ADC.

device dimensions. The insertion loss increases with a decrease in device dimension at longer
wavelengths for the TE;,—TE, mode coupling (IN, input). The return loss increases (decreases)
with a decrease (increase) in device dimensions over the whole simulated wavelength range.
The insertion loss and return loss data at 1550 nm for different inputs and device dimension
variations are given in Table. [3.12] The variation in insertion loss at 1550 nm for TE(-TE,,
TE(,—-TE,, and TE(—-TE, mode coupling is 0.04 dB, 0.58 dB, and 0.07 dB, respectively. The
comparison of the three-mode MUX with recent literature is given in Table. [3.13] from which it

can be seen that the designed device shows better performance compared to the state-of-the-art.

3.4.4 Conclusions

A three-mode MUX has been designed in a silicon photonics platform for C and L band
operation. SWG waveguides have been used in the proposed MUX design in order to reduce
the coupling length. The device is simulated using a 3D FDTD solver over 1525 nm to 1625 nm
wavelength range. The resulting mode transmission, insertion loss, and return loss are >78%,
<1.1 dB, and <-15 dB respectively over 100 nm bandwidth. The transmission is >88% and
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insertion loss is <0.6 dB at 1550 nm. Changing the device dimensions by + 10 nm results in
insertion loss <1.4 dB and return loss <—14.6 dB over the simulated wavelength range. The
designed MUX shows good transmission characteristics and fabrication tolerance and can be
used for broadband operation over the C and L optical telecom bands using three transverse

electric modes.

3.5 SWG-based compact broadband two-mode multiplexer

In this chapter, an SWG-based mode MUX with two-mode channels is demonstrated on the
SOI platform to operate from 1550 to 1560 nm wavelength range. The proposed device has a
coupling region that comprises a SWG waveguide and a conventional multimode strip waveg-
uide. The fundamental Bloch-Floquet TM mode of the SWG waveguide is co-directionally
coupled to the first-order TM mode of the multimode strip waveguide. The period and duty
cycle of the SWG waveguide are varied to match the effective indices of the coupled modes.

The 3D FDTD numerical technique is implemented for the device simulation and analysis.

3.5.1 Device Structure

5 pm 7 pm

< > < > WGswe
i~ OO e
 —
«—> TP, <«
1 pm ouT
1 pm
«—> TP, <

N, 11 pm

A
v

5 nm

Fig. 3.20: Top view of the proposed MUX.

The top view of the proposed two-mode MUX is depicted in Fig. [3.20] The device is
designed on the SOI substrate with a 220 nm Si layer sandwiched between an upper and a lower
Si0, layer with 2 um thickness each. The input ports are denoted as IN, IN,, and the output port
is denoted as OUT. The two input strip waveguides are single-mode waveguides with a width
of 500 nm, separated by a distance of 2.65 yum. The fundamental TM modes of the input strip
waveguides are converted to the fundamental TM modes of the multimode strip waveguides via
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Fig. 3.21: Transmission characteristics when input is given at (a) IN; and (b) IN».

adiabatic tapers (TP; and TP,) of length 5 um. The width of the multimode waveguide is 1
um, which supports two TM modes (fundamental and first-order). For an adiabatic transition
between the fundamental TM mode of the multimode strip waveguide and the SWG waveguide
(WGgswe), a7 um taper is used. An S-bend is used to connect TP, and the multimode waveguide
(WGgys). WGgws and WGpys have the same cross-sectional dimension. The distance between
WGgys and WGgy is kept as 150 nm with a coupling length of 11 yum. The overall length of
the device is 26 um. To phase-match the fundamental TM WGgy mode and first-order TM
WGgys mode, the grating period and duty cycle of WGgy are taken as 280 nm and 77.5%,

respectively.

3.5.2 Simulation Results

The proposed device is simulated using Lumerical® 3D FDTD. The simulation domain has
a dimension of 26 um, 10 ym, and 3 um along the length (x-axis), width (y-axis), and thickness
(z-axis), respectively. The simulation is executed with eight PML layers, mesh accuracy of level
3, and simulation time of 1000 fs. The fundamental TM modes at IN; and IN, are excited and
the resulting transmission characteristics are shown in Fig. [3.21] When the input is given at IN;
(IN,), greater than 70% (90%) transmission is observed within 1500 to 1600 nm wavelength
range with a transmission of 93.5% (97%) at 1550 nm. The power profiles of the mode prop-

agation for both the inputs are shown in Fig. [3.22] The mode coupling between the respective
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Fig. 3.22: Simulated light propagation (power) for the input at (a) IN; and (b) IN».
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Fig. 3.23: Variation of (a) IL, (b) RL, and (c) CT with wavelength when the inputs are excited at IN;

and IN».

modes can be clearly seen from the power profile.
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The IL, RL, and CT plots for inputs at IN; and IN, are shown in Fig. The IL, RL, and
CT at 1550 nm for IN; (IN,) input are 0.29 dB, -35.62 dB, and —33.60 dB (0.13 dB, —-39.04 dB,
and —37.89 dB), respectively. The overall IL, RL, and CT are <1.51 dB, <-22.49 dB, and <-25

dB, respectively over the broad wavelength range of 1500 to 1600 nm.

3.5.3 Conclusions

A compact SWG-based two-mode multiplexer is designed and simulated using 3D FDTD
on the SOI platform. The device utilizes the fundamental and first-order TM modes of the mul-
timode strip waveguide as the data carrying channels. The WGgy ¢ period and duty cycle are
selected such that the effective index of the fundamental TM WGgwc mode matches that of the
first-order TM WGgys which results in power coupling between the two modes, whereas the
fundamental strip waveguide mode propagates in the same waveguide. The proposed multi-
plexer shows IL <0.29 dB, RL <-35.62 dB, and CT <-33.60 dB at 1550 nm with a compact

device length of 26 ym.

3.6 Summary

In summary, a TE MDM and a TM MDM have been designed using Si slab waveguides.
The device structures utilized collateral contra-directional couplers for coupling the higher order
multimode waveguide modes and single mode waveguide modes. In addition, an SWG based

two mode TM MDM and three mode TE MDM have been demonstrated on the SOI platform.
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4. Mode and Polarization Division (De)multiplexer

4.1 Introduction

The link capacity using a single wavelength source can be further improved by merging
MDM and PDM technologies to form a hybrid mode and polarization division (MDM-PDM)
(de)multiplexer. A few hybrid MDM-PDM devices have been accomplished using DPWA
[135], Y-junction [187], and ADCs [137], etc. However, these reported (de)multiplexers op-
erate in broadband and are less applicable for wavelength selective devices. On the other hand,
grating assisted devices provide greater control over operating wavelength by varying the grat-
ing period. Thus, a grating assisted MDM-PDM (de)multiplexer is essential for link capacity
enhancement of optical networks with wavelength selective operation.

In this chapter, a hybrid MDM-PDM (de)multiplexer has been designed to operate at 1550
nm. The proposed device is based on a CMOS compatible SOI platform with buried strip
waveguides. 2.5D FDTD technique, which is a combination of effective index method (EIM)
and 2D FDTD, has been used for designing and analyzing the device performance. In the pre-
vious chapter, slab waveguide and SWG based TE/TM-MDMs have been reported. Here, a
TE-MDM is cascaded with a TM-MDM to create a hybrid MDM-PDM (de)multiplexer to in-
crease the number of channels. The proposed device is composed of four identical single-mode
access waveguides and a multimode bus waveguide. Grating structures are used in between the
waveguides to ensure coupling between modes of the bus and access waveguides by satisfying
the phase-matching conditions. Simultaneous (de)multiplexing of three quasi-transverse elec-
tric (quasi-TE) modes and two quasi-transverse magnetic (quasi-TM) modes of the bus waveg-
uide has been achieved with insertion loss > —0.76 dB, return loss < —11.23 dB, and crosstalk <

—12.42 dB for the proposed device.

4.2 Device structure and operation

A schematic representation of the proposed device structure is shown in Fig. which
is designed using buried strip waveguides based on the SOI platform. The core material is
Si and cladding, cover materials are Si0,. The refractive indices of Si (ng;) and SiO; (ng;o,)

are taken as 3.473 [39] and 1.444 [182] respectively at the operating wavelength of 1550 nm.
TH-2857_156302009

66



4.2 Device structure and operation

The thickness of the waveguide is along the x-axis, width is along the y-axis, and the mode
propagation is along the z-direction. For the CMOS compatibility, the thickness of the strip
waveguide is taken as 220 nm. The device consists of a multimode waveguide (WG,,) and four
identical single-mode waveguides (WGy;, WG, WG, and WGyy). The width of the single-
mode waveguide is w, and the width of the multimode waveguide is w,,. The grating structures
namely, grating;, grating,, gratings, grating, are placed in the gaps between WGy, and WG,
(gap1), WG,, and WGy, (gap,), WG, and WG, (gaps), WG,, and WG, (gap,) respectively.
The proposed device structure utilizes three quasi-TE modes (namely, TE{, TEY, and TE}) and
two quasi-TM modes (namely, TM{ and TMT) of WG,, as data-carrying channels for com-
munication. The fundamental quasi-TM modes of WGy, WG, are denoted as TMgl, TM(S)2
and the fundamental quasi-TE modes of WGy, WGy, are denoted as TE(S)3, TE(S)4 respectively.
During demultiplexing operation, different TE and TM modes of WG,, are excited at the input
port to propagate along +z-direction, whereas during the multiplexing operation, fundamental
modes of the single-mode waveguides are excited at their respective ports. Contra-directional
coupling between TMy' and TM;', TM? and TM;?, TE” and TE;®, TE} and TE}" are realized

by setting the grating periods of grating;, grating,, gratings, grating, to satisfy the following

M si
[ sio,

Fig. 4.1: Proposed Device Structure; cover has not been shown.
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4. Mode and Polarization Division (De)multiplexer

phase-matching conditions [188]:

2
o4 IV = Al (4.12)
2
Mg = A—” (4.1b)
2
B = n (4.1¢)
m s3 A3
2
ey pLE = A—ﬂ (4.1d)
4

TE QTM QTM QTE QTE QTM
2m > 0m > Flm > Fs3 > P54 > F5] 2

where, 8], M are the propagation constants of TE}', TE},

T™My, TM?, TES, TES!, TMS', TM:?, and A, A,, Az, A4 are the grating periods of grating;,

grating,, gratings, grating, respectively.

4.3 Mathematical Model

The proposed device is a combination of TM-MDM and TE-MDM. In this section, a math-
ematical model for the coupling region of both TM- and TE-MDM is discussed. Using the
perturbation approach [[188]], the refractive index profile for the proposed structure can be de-

fined as:

TM - MDM : e(x,y) = eo[n§i02 + An?l (x,y) + An?z(x, y)+

Anp (X, ) + AR e (6, 9) + 1oy, (X )] (4.22)

TE — MDM : €(x,y) = e[n? 0, T Ank(x,y) + AnZ,(x, y)+

Anjzn(x9 y) + An;rating:; ('x’ y) + n;rating4 (x$ y)] (4‘2b)

An?

s4°

An?

2
An 3

. . . . 2 2 2 2
where, ¢ is the permittivity of free space, An’ S ARG ARG, i s B gingys

s1°

2 2
gratings’® and An

gratings

An signify the presence of WGy, WGy, WGy, WGy, WG, grating;,
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grating,, gratings, and grating, respectively, which are given as:

ni, —n,., waveguide WGy,
Ay = 400 T ’ (4.3a)
0, elsewhere
ni, —n:,, waveguide WG,
Ad(xy) = 4 (4.3b)
0, elsewhere
(n5; = ng;0,) X F(2),  grating;
AR g (%)) = ’ (4.3¢)
0, elsewhere
where j =1, 2, 3, 4 and F;(z) is the fourier series expansion term, defined as:
- ian 21 STATT/2) 1 _iiiorin
Fie)= ), &= et (4.4)

a=—o0

4.3.1 Mode Profile Analysis

The mode profiles of the eigenmodes supported by each waveguide are calculated using
the EIM, where the 3D structure is divided into two 2D slab waveguide structures, one along
the height and another along the width. To find the mode profile of a quasi-TE mode, first
y-component of the electric field E,(x) is determined by performing TE analysis along the x-
directed slab and then determining the y-directed electric field E,(y) by performing TM analysis
on the slab waveguide along the y-axis, while replacing the refractive index of the core with the
effective refractive index of the eigenmode obtained from the TE analysis. The cross-sectional

electric field profile of the quasi-TE mode (P7£(x, y)) can be calculated as:

P (x,y) = Ey(x).Ey() (4.5)

Similarly, the cross-sectional mode profiles of the quasi-TM mode can be calculated by first
performing TM analysis on the slab along the x-axis (H,(x)) and then performing TE analysis on
the slab along the y-axis (H,(y)). The cross-sectional y-directed magnetic field of the quasi-TM

mode ($7¥(x,y)) can be expressed as:
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4. Mode and Polarization Division (De)multiplexer

P (x,y) = Hy(x).H,(y) (4.6)

The proposed device structure has a slab height (%) of 220 nm, the y-directed electric field
and magnetic field profiles along the slab height remain the same for all the eigenmodes of the
waveguides, which can be expressed as follows.

TM analysis on slab height (%) yields:

PHe_%Hx, x>0

2
g YeH
2

N5i0, YeH

Hy(x) = PH[cos(ngx) - sin(ngx)], -h<x<0

2
PH[cos(ngh) + Zﬁﬁsin(yg;]h)]e””i(“h), x<-h
sio, Vet

4.7)
TE analysis on slab height () gives:
Pre 7EX x>0
Ey(x) = PE[cos(ygEx) - Zf’;sin(yglgx)], ~-h<x<0
Pi|cos(ygeh) + 2L sin(ygeh) 7=, x < —h
(4.8)
where
2 27Ngi0,\2
Yekjer = \/( ) —(%) (4.92)
0
27171 i 2 2
YeE/on = \/ ( /105 ) - (8™ (4.9b)

Here 8% (B}™) is the propagation constant of the fundamental TE (TM) mode of the slab
waveguide in the yz plane and A is the wavelength of operation. By performing TE analysis,

the electric field mode profile along the width of the waveguides WGy, (E*"), WG,, (E?), and
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WG, (E*?) can be written as:

E'(y)

q -
Ex (y)'q:(),l

EP(y) =

where

_TE,
Pge %Y y>0

VZE)
yiE

Pa|costyh®y) -

X sin(yZEy)], -w, <y<0

Py [cos(yZEws) + (7‘{5)

TE
b

. TE )
X sm(yZEws)]eVa O+ws) y < —w,

Peqe—ychE(yHc), y> —k

E
E

Pmkawﬁf@+k»—(%)

X sin(yLE(y+ k)|, =k < y < =(k +wy)

Peq[cos(yngy) + (V”T‘ZE)

TE
Ydq

X Sin(y}Ey) |7 0Ty < — (k4 w,)

Psze_ygE(y”), y > -1

PolcosyfE(y + ) — (%)

b

X sin(yTE(y+ D), —1 <y < =+ wy)

Psz[cos(y;EwS) + (YZE)

TE
b

X sin(beEws)]eﬂE(y”*W“‘), y<—=(+wy)

k=wg+gap, | =ws+w, +gap, + gap
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4. Mode and Polarization Division (De)multiplexer

2 2nngio, \2
vib = \/(ﬁeff) —( mjlzo)
AE = ) - ()

2 27ngi0,\2
=l - ()

2 2
A I (O

where 3,/ and 8 ¢5 are the propagation constants of the quasi-TM eigenmodes of WGy, and

WG, respectively. The magnetic field mode profile along the width of the waveguides WGy

(H ;3), WG, (H?), and WGy (H ;4) using TM analysis can be expressed as:

M
Pge Y, y>0

Pl cosyfMy) - (% )

Si0,
HY(y) ={x sin(yZMy)], -wy,<y<0 (4.13)
™ va n;
Ps3[cos()/b wy) + (VZM "3,-302)

o TM
X sm()/[{Mws)]eVa Otws) y < —wy

™
PpeYen Oy > —y

Pufcosyi¥(y + w) - (G )

M
Yan "sio,

H(y) o X sin(yp M (o + u))], —u<y<—(u+w,) (4.14)

P ™ Yo 15
| COS(Y 3 W) + | S5 =

Yan "sio,

X sin(yiMw,,) [er Oy < —(u + wy,)
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M

My,
Pge Y Oy >y

Pulcosy[M(y+v) — (B -

™
Yo Msio,

H(y) = {x sin(y[M(y + v))], —v<y<—(v+w) (4.15)

n

™ 2

™ Y Si
Ps4[COS(’yb Ws) +( 3l 2 l )
Yo Msio,

X sin(y,™ ws)]eng(y”*Wf), y <=V +w,)
where

u=ws+gaps, v=ws+w,+gaps+gap,

2nngs,

,yZ‘M _ \/(ﬁeff)2 B ( ﬂzz 0, )2
% = \/( ;{E)z - (,Beff)2

2 27ngi0,\2

w002 \/( fo) _(%)
n=0,1.2 \/( ;E)z _( fo)z

where B,y and 7, are the propagation constants of the quasi-TE eigenmodes of WG and

™
Yen

™
Yan

WGy, respectively. The corresponding y-component of electric field and magnetic field can be

calculated from:

B
Ey(y) = Py g H.(y) (4.16)
H,() = ;—foEx(y) @.17)

where n?(x) is the refractive index profile of the respective waveguide along the x-axis, and
is the propagation constant. w is the angular frequency of operation, and y is the magnetic
permeability of free space. The cross-sectional y-directed magnetic fields of the TM modes
and y-directed electric field of the TE modes supported by the waveguides can be expressed as
follows:

W), = HH ) (4.182)
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4. Mode and Polarization Division (De)multiplexer

Wy, y)| = H,(0).H(y) (4.18b)
TE sj

WIE(y, y)' = E,(0).EN () (4.192)

WIE(x, y)‘ = E,(x).E4() (4.19b)

The values of the constant coefficients Py, Pey, Py, P3, Ppy, and Py in Eqs. (4.10)—(4.15)
are calculated from the normalizing condition of the cross-sectional electric and magnetic fields.

The fields are normalized to a power flow of 1 W in the z-direction, i.e.:

f f IETE(x, y)Pe(y) dx dy = "Oﬁ (4.20a)
[PTM (x, )’)l2 268

dy = 2292 4.20b

f f @ Y g, G700

where €(x) and e(y) represent permittivity of the waveguide under consideration along the x and
y direction, respectively. The magnetic field (electric field) in the coupled waveguide structure

of TM-MDM (TE-MDM) can be expressed as:
H(x,y,2) = A*@QWTM (x, y)e @ P4
1
Z B (¥} (x, y)e" P 4 CH (WM (x, y)el @ P4
A~ (Z)‘{’ (x y)el(a)t+ﬂyl D4 Z B (Z)‘PTnA:[(x, y)ei(wtw,{,’,‘fz)_'_

C (WM (x, y)e@ 2" (4.21)
52

E(x,y,2) = PT(2)¥5(x, y)e'™ B,

ZQ (QWPE(x, )e“Fmd + RFQ)PTE(x, y)e @B+

P (Z)\P (x y)el((l)t"'ﬂy?) 2) + Z Q (Z)‘PTE(X y)ez(wt+ﬂ],mz)+
p=0

R QWTE (x, y)e P (4.22)
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where A(z), B,(z), and C(z) (P(z), Q,(z), and R(z)) are the z-dependent amplitude of TM
(TE) eigenmodes supported by WGy, WG,,,, and WGy, ( WG, WG,,, and WG,,) respectively.
p denotes the p” order eigenmode. * and ~ signs indicate the propagation in +z and —z direction

respectively.
4.3.2 Coupled-Mode Equations

In this subsection, the solutions for the governing coupled-mode equations in the coupling
region of both TM- and TE-MDM have been presented. The phase mismatched terms in the

coupled-mode equations have been neglected.

4.3.2.1 TM-MDM

The coupled-mode equations for TM-MDM can be given as:

OB*
0 - i (), (4.232)
0z
0A~ | o
a—z = ZBS'(Z)KI (423b)
.
L = —iC 9y (4.23¢)
0z
oc- .
a—z = IBT(Z)KZ (423d)

where * denotes complex conjugate and «;, k, are the coupling coefficients, defined as:

TE
TM oTM TE Yo . TE
ki = KBLY B P Palcosty) Fw,) + JFESin, w,)]
b
2o~ a +vlg Igap1/2

JTE _yTE sinh{(yL" = yi$)gH, /2} (4.24)
a c0

TE
)/C .
Ky = K.,BSTQM,BITHI;/I PszPel[cos()/gf Wp) + TIE sm(yglE wm)]
dl

Qe+l )gap2/2

X skl — v /2] (4.25)
cl a

TH-2857_156302009

75



4. Mode and Polarization Division (De)multiplexer

where gH,, gH, are the grating width of grating;, grating, respectively and K is defined as:

e i}, — ngioz)P2 [ﬁ{l +( Yern; 2} .\ sin(Zngh)><
47[(")/“10 " 2 ygEngioz 4YgH

* {1 B (VanéiOQ :

2 2
YCHnSi )2 ’)/cHnSi

2
27’gH nsio0,

(1= cos@yeuh)| (4.26)

For a given coupling length L and the boundary conditions A~ (L) = C~(L) = 0, the solutions

to Eqn. (4.23) can be written as:

B;(0) coshflki|(L — 2)}

By@ = cosh(|k;|L)
i —ik| By (0)sinh{|«;|(L — z)}
S P T
.« Bi(0) coshflkal(L - 2)}
Bi@= cosh(|k,|L)
e —ik BF(0) sinhi|ia|(L — 2)}

[k2lcosh(|k,|L)

where Bj(0) and By (0) are the initial mode amplitudes at z = 0.

4.3.2.2 TE-MDM

The coupled-mode equations for TE-MDM can be expressed as:

aan = —iP~(2)¢
% = 07 ()]
aan = —IR (2)2
aa% =054,

where {; and ¢, are the coupling coefficients, defined as:
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(4.27c)

(4.27d)

(4.28a)

(4.28b)

(4.28¢)

(4.28d)
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BTERTE YT M2
_ 1mPs3 ™ a Msi . Ty
ngi0, b sio,

2~ aM v gaps/2

sinh{(y!™ — yIMgH;/2}  (4.29)

™ ™
Yo — ycl
ﬁTE TE ,yTMnZ
_ 2ml~ s4 TM 2 "SI . ™
H= Z-—4 Ps4Ph2[COS(7d2 W) + M Sm()’dz Wm)]
N0, 2 sio,

2o~ VaM v gapal2

T SO = va"gH 2} (4.30)
c2 a

where gH3, gH, are the grating widths of gratings, grating, respectively and Z is defined as:

i(nzi—nzi ) h g2y Sin(2y.eh
7 = S Si0, Pé[—{l+()/E)}+ (VgE )x
drwe 2 Yo 4v,r

x{1= (ZE)) + ZE(1  cos2yeeh)] @4.31)

')/gE 27; E

Similarly, the solutions to Eqn. (4.27) can be expressed as:

07 (0) cosh{|{1|(L - 2)}

0t = R OATA (4.32a)
s SR o
03(2) = Q;(O)ccoossh}jflllff = (4329

where Q7(0) and Q7 (0) are the initial mode amplitudes at z = 0 and P7(L) = R"(L) =0 at

z=1L.
4.4 Results and Discussions

The effective refractive index change of the supported modes with the variation of waveg-

uide width using the EIM has been plotted in Fig. [4.2]at 1550 nm wavelength, which is known
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4. Mode and Polarization Division (De)multiplexer

as the modechart. The width of the single-mode waveguides (WGy;, WGy, WGy, and WGyy),
wy, 18 taken as 320 nm to satisfy the single-mode condition. The width of the multimode waveg-
uide WG,, (w,,) is taken as 1400 nm to accommodate 3 quasi-TE and 3 quasi-TM modes, such
that any undesirable co-directional coupling with the single-mode waveguides is prevented. The
effective refractive indices of the modes are taken from the mode chart, as shown in Fig. [4.2]
The normalized cross-sectional electric field and magnetic field profiles of the corresponding
quasi-TE and quasi-TM eigenmodes as calculated using the EIM are given in Fig. 4.3]

Considering the design criteria given in [[189] for avoiding the supermode formation to re-
duce undesired co-directional coupling between the modes, the gap between the waveguides
are taken as gap; = gap, = 900 nm, gap; = 350 nm, and gap, = 500 nm. The grating periods
A; (grating;), A, (grating,), A; (gratings), and A4 (gratings) are determined from Eq. (@.I).
The grating position and grating width are optimized such that there is less distortion at the
output spectrum and the desired (de)multiplexing operation is achieved at the operating wave-
length of 1550 nm. The optimized grating position is at the middle of the distance between the
single-mode access waveguide and multimode bus waveguide.

The main disadvantage with the 3D FDTD technique is that it involves rigorous full vecto-
rial calculations, making it computationally intensive with long simulation time. 2.5D FDTD
is an alternative method to analyze planar photonic integrated circuits, which is computation-
ally less intensive with faster simulation runtime, and the results are comparable to that of 3D

FDTD [39]]. In 2.5D FDTD, the 3D structure is collapsed into a 2D structure using EIM. Then

3.00

T T

——TEy — — M, — — M,
—TE) = =M, = —TM™,
3 2.75 1 TE,
E I—TE;s
A 2504 ¢,
-g ——TEj
S 2.25—1E,
[]
(4
.g 2.00
3 .
E 1.75 1 s
ly
1.50

0 250 500 750 1000 1250 1500 1750 2000
Waveguide width (nm)

Fig. 4.2: Modechart at 1550 nm wavelength with Si as core and SiO; as cladding substrate/cover
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> %o ¥ 2= 23 > 2=

Fig. 4.3: Normalized cross-sectional mode profile of (a) TEgl/ $2/53/s4 " () TM(S)I/ $2/s3/5% " (¢) TE™, (d)
TEY, (e) TEY, () TM{, (2) TMT', (h) TM7; (a), (¢c)-(e) show E, field and (b), (f)-(h) show H, field.

this resulting 2D structure can be simulated using 2D FDTD. To analyze the quasi-TE wave
propagation, first TE analysis is performed on the vertical slab height (/) to obtain the effective
refractive index of the fundamental TE mode, say nZE . The 3D structure is converted to a 2D
structure by taking n; © as the core refractive index. This 2D structure is the top-view of the 3D
device. TM analysis is then performed on the 2D structure to obtain the magnetic field profile
of the TM mode supported by the planar slab waveguide. The wave propagation of this re-
sulting TM mode is studied using 2D FDTD to replicate the wave propagation of the quasi-TE
mode of the 3D structure. Similarly, the propagation of quasi-TM waves can be analyzed by
studying the wave propagation of the TE mode supported by the 2D structure, where the core
refractive index is n; ™ (refractive index of the fundamental TM mode obtained by performing
TM analysis on the vertical slab height £).

Using this method, an equivalent 2D structure is created and is shown in Fig. .4 This

TM-MDM ' TE-MDM

Port 2 s ﬂ : Port 3

D0DQ0000008P; gap, 0000000000

N[ ——"TMT — TEM Port 4
0 | 1

5 Portl m WGm m m

¥ = TM1 l — TEZ TEO

A
DDDQDDDDDDgapzlgap4DDD@DDDDDD
Port 6 v 54 %: Port 5

Fig. 4.4: Equivalent 2D structure of the proposed device.
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4. Mode and Polarization Division (De)multiplexer

structure is simulated using 2D FDTD, and the performance of the device is analyzed by mea-
suring the transmitted/reflected power at the output ports while different modes are excited at
the input port. The power of all the input modes are set to 1 W; thus, the power output (in dB)

can be expressed as:

Pup = 101og,o(Pour) (4.33)

where P,,, is the transmission/reflection power measured at a particular output port in Watt.

To reduce the simulation time, the TM-MDM and TE-MDM regions are simulated sepa-
rately, and the response for each quasi-TM and quasi-TE inputs (TM{', TMY, TE{, TEY, and
TEY') are noted. The responses are then concatenated in order to obtain the final output of the

proposed device structure. Fig. 4.5 shows the simulated light propagation at 1550 nm wave-

Port 5! Port5

lInput:TE;" . llnput:TE'Z"
|

Fig. 4.5: Simulated light propagation at 1550 nm when the inputs are (a) TM{', (b) TMY', (c) TE{ in the
TM-MDM region; (d) TEg, (e) TEY, (f) TE] in the TE-MDM region; dotted line denotes the input line,
and the waveguide bents are not shown.
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Fig. 4.6: Transmission/reflection spectra for the proposed design at their respective output ports when
the input is (a) TM', (b) TMTY', (¢) TEg’, (d) TET, and (e) TE7'.

length when TM{, TMY, TE] are excited in the TM-MDM structure and TE] TE}, TE] in
the TE-MDM structure. It can be observed from the figures that the modes TM{j, TMY, TET,
and TE7 are coupled to their respective ports, whereas TE] mode propagates almost unaltered
without any coupling in both the TM- and TE-MDM regions.
The transmission/reflection spectra at the output ports and the input port for the proposed
structure are shown in Fig. @ Fig. shows the transmission/reflection spectrum for TM{
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Fig. 4.7: Effect of single-mode waveguide width variation on (a) insertion loss, (b) return loss, and (c)
crosstalk of the proposed device.

input. Itis clear from the figure that the power is transferred from TM{' to the fundamental mode
TM; of WGy, in the —z direction due to the presence of grating; in between WGy, and WG,
which is indicated by the reflection peak around 1550 nm observed at the Port 2. Similarly,
when TMY' is excited at the input port (Port 1), a reflection peak at Port 6 is seen around 1550
nm, as shown in Fig. [@], indicating that its power is backward coupled to TM; of WG,.
When the quasi-TE modes are excited at the input port, the modes travel through the TM-MDM
region and reach the TE-MDM region without being coupled to any of the modes in the TM-
MDM region. When TEJ is excited at Port 1, its power remains in the same waveguide WG, as
it propagates through the TE-MDM, TM-MDM regions, and it continues propagating towards
the +z direction, as shown in Fig. For TET input, its energy is transferred to TE] of
WGg; in the —z direction, and as a result, a reflection peak around 1550 nm is observed in the
reflection spectrum of Port 3 as shown in Fig. Similarly, when TE? is fed as input, its

power is coupled to backward propagating TEj of WGy, and can be seen as a reflection at Port
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5 in Fig.

The insertion losses at 1550 nm for the inputs TM{, TMY, TE{, TEY, and TEY' are 0.76 dB,
0.49 dB, 0.01 dB, 0.65 dB, and 0.42 dB respectively. In general, to reduce the insertion loss in
the case of grating-based structures, the coupling length or the grating length is increased such
that reflection strength saturates beyond a certain length. In the proposed device, the saturation
in reflection strength is observed above 250 um for TM-MDM and 150 um for TE-MDM. The
crosstalks found are below —16.43 dB, —15.21 dB, -36.10 dB, —12.91 dB, and —12.42 dB for an
input of TMg', TMY', TEf, TEY, and TE] respectively. Crosstalks are low due to the high phase
mismatch between the uncoupled modes. The crosstalk at Port 4 is excluded in the analysis
since it can be nullified when the bus waveguide is linked to a single-mode waveguide with
an adiabatic taper. The return losses incurred for TMg', TMY, TE{, TET, and TE inputs are
—-12.91 dB, —13.80 dB, —38.78 dB, —11.23 dB, and —14.66 dB respectively. The magnitude of
return loss is minimized by keeping a sufficient distance between the bus waveguide and access
waveguides, at which supermode formation is suppressed and less reflection occurs at the input
port.

A comparison of the present work with the previous works, which are based on GAC struc-
tures, is given in Table 4.1} It can be observed that the proposed device structure presented in
this paper can (de)multiplex 5 mode channels (3 TE and 2 TM) with better insertion loss and
reasonable return loss values.

Table 4.1: Comparison with previous work
Number of  Insertion Return
Channels Loss (dB) Loss (dB)
[173] 2TEand 1 TM <3.80 -
[177] 2TEand 1 TM <1.91 <-15.50
This work 3 TE and 2 TM <0.76 <-11.23

References

The performance variation of the proposed device is studied by changing the single-mode
waveguide width (Awgywe) while keeping the center-to-center waveguide distance constant.
The change in insertion loss, return loss, and crosstalk with the corresponding single-mode

waveguide width variation are plotted in Fig. for TM{', TMY, TEY, and TE! inputs . A

TH-2857_156302009

83
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maximum performance degradation of 2.30 dB, 2.22 dB, and 4.43 dB in insertion loss, return
loss, and crosstalk respectively has been observed for a deviation of +4 nm in the single-mode

waveguide width (Awg ywe)-

4.5 Summary

A hybrid MDM-PDM device based on the SOI platform at an operating wavelength of 1550
nm has been designed and simulated using 2.5D FDTD. The hybridization is realized by cas-
cading two mode-division multiplexers working in quasi-TE and quasi-TM polarizations. A
mathematical model of the proposed device has been presented with the coupled-mode equa-
tions and their solutions. The demultiplexing operation has been demonstrated by exciting the
individual modes at the input port and observing the power output at their respective ports. The
performance of the device in terms of crosstalks, insertion loss, and return loss are found to be
<-12.42 dB, <0.76 dB, and <—11.23 dB respectively. The results obtained in the present work
has a higher number of channels with reasonably better performance compared to the reported
GAC based (de)multiplexers working with dual polarization. A fabrication tolerance study has
been presented by varying the waveguide width and keeping the center-to-center waveguide
distance constant. The proposed device holds potential for integration with the wavelength di-
vision multiplexing scheme to realize a three-dimensional hybrid (de)multiplexing system for a

manifold increase in the link capacity of optical networks.
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5. Mode and Wavelength Division (De)multiplexer

5.1 Introduction

A combination of MDM, PDM, and WDM can be implemented to enhance the link capacity
of an optical network. In recent years, a rise in interest has been seen in developing a multi-
dimensional hybrid multiplexing scheme by combining MDM, PDM, and WDM technologies.
PDM, when integrated with MDM or WDM, has the possibility to double the link capacity.
A PDM-WDM hybrid (de)multiplexer has been demonstrated in [[100], using bi-directional
arrayed waveguide grating (AWG) and polarization diversity circuit with 9 wavelength chan-
nels and dual polarizations. In [190], an MRR array and polarization-splitter-rotator based
16-channel PDM-WDM hybrid (de)multiplexer has been realized. MDM in association with
WDM can increase the link capacity to m x n data channels, where m is the number of supported
modes of the multimode bus waveguide and 7 is the number of wavelength channels. Previously,
various structures such as photonic crystals [191]], asymmetric Y-junction [68]], ADC assisted
AWG [83]], MMI with tilt joint phase shifter [192], and ADC assisted MRR [67] have been
utilized to demonstrate MDM-WDM hybrid (de)multiplexer.

In this chapter, a hybrid MDM-WDM (de)multiplexer has been proposed using grating as-
sisted contra-directional couplers. The proposed MDM-WDM device is designed on the SOI
platform due to its compatibility with the mature CMOS technology. In the last chapter, a
5-channel MDM-PDM hybrid (de)multiplexer with 3 quasi-TE and 2 quasi-TM modes was
proposed. Simultaneous contra-directional mode coupling on either side of the bus waveguide
with grating-assisted coupler (GAC) based structures helps in reducing the overall lenght of the
device. In this chapter, the authors have utilized a GAC based arrangement to implement a hy-
brid MDM-WDM (de)multiplexer. The proposed MDM-WDM device can (de)multiplex 6 data
channels with 3 mode and 2 wavelength channels. The device is comprised of three coupler
sections assisted by grating structures. These coupler sections have been designed to contra-
directionally couple the fundamental, first, and second-order modes of the bus waveguide to the

respective neighboring single-mode waveguides at 1535 nm and 1560 nm wavelengths.
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5.2 Device structure and operation principle

M si

P 5i0;

Fig. 5.1: 3D schematic of the proposed device structure.

Figure [5.1] shows the 3D schematic of the proposed MDM-WDM structure. The device is
designed using buried channel waveguide structures on the SOI platform with a 2 um lower
cladding layer, 220 nm device layer, and 2 um upper cladding layer. Si is the material for core,
and SiO; is the material for upper cladding and lower cladding. The proposed MDM-WDM
structure is formed by cascading three grating assisted coupler sections. These sections have
a multimode bus waveguide at the middle, which is surrounded by two single-mode waveg-
uides. The bus waveguides of the second and third coupler sections are connected by a low-loss
adiabatic taper. In between the bus waveguide and single-mode waveguides, periodic grating
structures are placed for contra-directional coupling.

The bus waveguides of the first and second coupler sections have the same width and sup-
port three quasi-TE modes, namely TE,,, (fundamental), TE,,, (first-order), and TE,,, (second-
order). The fundamental modes of the single-mode waveguides are denoted as TE;. In the first

coupler section, TE,,, of WG,,; is contra-directionally coupled to TE; of WGy, and WGy, at
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5. Mode and Wavelength Division (De)multiplexer

two different wavelengths 1535 nm and 1560 nm respectively. Similarly, In the second coupler
section TE,,, is contra-directionally coupled to TEy, of WG,; and WGy, at 1535 nm and 1560
nm respectively. In the third coupler section, the fundamental mode, TE,, of WG, is coupled

to backward propagating TE; of WG,s and WG at 1535 nm and 1560 nm respectively.

5.3 Design Rules

Figure [5.2] shows the variation of effective indices of various modes supported by a buried
channel waveguide with a thickness of 220 nm at 1535 nm and 1560 nm wavelengths. The
effective refractive indices of the modes are calculated using the EIM [39]. It can be seen
that for the same mode, the effective refractive index is higher for 1535 nm wavelength since
the waveguide mode extends more into the cladding with the increase in wavelength due to

waveguide dispersion.

U v -
©® © N »B O ®
) | 1 | )

Effective Refractive Index
>

0 300 600 900 1200 1500 1800
Waveguide Width [nm]

Fig. 5.2: Effective refractive index variation of the quasi-TE modes with the change in waveguide width;
solid and dashed lines correspond to 1535 nm and 1560 nm respectively.

The widths of the bus waveguides and single-mode waveguides are chosen such that the

coupled modes satisfy the contra-directional phase-matching conditions, given as [188]]:

2
Bi+B= Xﬂ (5.1

where 3, B, are the propagation constants of the two coupled modes, and A is the period of
the grating.

To cater a considerable difference between the effective refractive indices of the modes for
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Table 5.1: Device parameters for the porposed structure

Parameter Value Parameter Value

Wil, Wea, Ws 340 nm Ay 334 nm
W2, Wg3 330 nm Ay 344 nm
W6 350 nm Aj 318 nm

Wl 1400 nm Ay 323 nm
W 670 nm As 315 nm

gap 350 nm Ag 320 nm

avoiding undesired co-directional coupling, the width of the bus waveguide in the first and
second coupler sections (W,,;) is taken as 1400 nm, and the width of single-mode waveguides
surrounding the bus waveguides are taken as 340 nm (wy; and wy) and 330 nm (wy, and wg).
The fundamental mode of WG,,; is highly confined in the core region, which makes it difficult
to couple with the single-mode waveguide. Thus, the WG,,; is tapered down to a width of
670 nm bus waveguide (WG,,») using adiabatic taper in order to achieve a substantial spread
of the evanescent field in the cladding region for efficient contra-directional coupling. The
effective refractive index of the fundamental mode of WG,,, matches with the first-order mode
of the WG,,,;. The length of the adiabatic taper section is 3 um for low loss of the fundamental
quasi-TE mode as it propagates from the second coupler section to the third coupler section. To
reduce any unwanted back reflections in the third coupler section, the widths of the single-mode
waveguides are taken as 340 nm (wys) and 350 nm (wg). The gap between the bus waveguide
and single-mode waveguides is taken as 350 nm. Figure[5.3|shows a plot of simulated coupling
efficiency with varying grating length for different input modes at 1535 nm and 1560 nm . It
can be observed that the coupling efficiency increases gradually with the increase in the grating
length, however beyond 150 um the coupling efficiency tends to saturate. Therefore to maintain
a good coupling strength and reduce the device length, a grating length of 150 um has been
taken for each of the coupler section. Due to the presence of the adjacent waveguides, the
propagation constant of the supported mode changes in the waveguide by a small amount, and
thus the required grating period differs slightly from the value obtained from Eqn. (5.1I). The
device parameters that are used for the simulation are listed in Table 5.1}

Figure [5.4] shows the cross-sectional electric field mode profiles of the coupled modes of
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Fig. 5.3: Coupling efficiency for different mode inputs at 4; = 1535 nm and A, = 1560 nm with variation
in the grating length.
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Fig. 5.4: Cross-sectional electric field mode profiles of the waveguides. The white rectangle shape
represents cross-section of the waveguides.

the different waveguides, which are obtained using EIM. The mode profiles of TE,,,, TE,,
and TE,,, of WG,,, are shown in Fig. [5.4(a), (b), and (c) respectively. Figure [5.4(d) shows
the mode profile of the fundamental mode of WG,,,, whereas Fig. [5.4(e), (), and (g) show the
fundamental mode profile of WGy,,,3, WGy /5455, and WG, respectively.

The second and third coupler sections are connected via a taper. This taper needs to be a
low-loss adiabatic taper. A 2.5D FDTD simulation is performed for the taper section with a
3 pm taper length, and the resulting transmittance and loss are plotted in Fig. [5.5] It can be
observed that 3 um length taper is suitable for low-loss transition from the TE,, of WG,,; to

TEOm of WGm2 .
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Fig. 5.5: Transmittance and loss plot for TEg,, of WG,,; to TEg,, of WG, transition in a 3 um tapered
waveguide.

5.4 Simulation Results

The 2.5D FDTD simulation, which is a combination of EIM and 2D FDTD, has been per-
formed to examine the performance of the proposed device. A detailed description of the 2.5D
FDTD technique is provided in section|4.4] To study the demultiplexing operation, TEy,,, TE,,
and TE,,, of WG,,; are excited independently at the input port, and output spectra are observed
at all the output ports. For simplicity and to reduce simulation run-time, each grating coupler
section is simulated separately, and the results have been concatenated to obtain the overall
output of the device. The output spectra for each input mode are shown in Fig. [5.6] Figure
shows the transmission/reflection spectrum at the output ports when TE,,, is excited as
input. It can be observed that there are two reflection peaks at 1535 nm and 1560 nm, but at
two different ports P; and P, respectively, indicating that 1535 nm is reflected back at P, and
1560 nm is reflected back at P,. Similarly, for TE;,, input, power is coupled to the WG and
WGy, at P; (1535 nm) and P, (1560 nm) respectively, which can be observed from Fig.
When TE,,, is excited at the input, it propagates through the first and second coupler sections
since it does not satisfy the coupling condition in these two coupler sections. The TE,,, is then
converted to the fundamental mode of WG,,; via an adiabatic taper. Its power is coupled to

fundamental modes of WGys and WG at Ps (1535 nm) and Py (1560 nm) respectively, which

is evident from Fig.
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Fig. 5.6: Transmission/Reflection spectra when the input is (a) TE;,,, (b) TEy,,, and (c) TE,.

The resulting IL, RL, and CT for different input modes are given in Table [5.2] From the
table it can be observed that the IL, RL, and CT are <0.55 dB, <-12.81 dB, and <-12.74 dB
for the proposed MDM-WDM device, respectively. A comparison with the previously reported
MDM-WDM devices is given in Table [5.3] It can be observed that in comparison with
and [193], the proposed device shows better IL, i.e., IL <0.55 dB with 3 mode and 2 wavelength
channels.

Figure |51| shows the simulated light propagation of the TE,,,, TE,,,, and TE,, modes when
they are individually excited at the input port. It can be visually interpreted from the figure that
for TE,,,, TE;,,, and TE,,, inputs the power is backward coupled to the ports P, P3, and Ps (P»,
P4, and Py), respectively at 1535 nm (1560 nm).

To carry the demultiplexed signals further, bent waveguides can be connected at the ports
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Fig. 5.7: Simulated light propagation (poynting vector) showing the backward coupling of TEY at (a)
1535 nm and (b) 1560 nm, TEY" at (¢) 1535 nm and (d) 1560 nm, TE{ at (¢) 1535 nm and (f) 1560 nm in
the three grating assisted coupler sections.The plots are in logarithmic scale.

Table 5.2: Performance of the proposed MDM-WDM device at 4; = 1535 nm and A, = 1560 nm

Mode IL RL CT

(indB) (indB) (indB)
TEy, (4;)) 055 -12.83 <-13.48
TE>, (1) 034 -13.49 <-18.86
TE;, (1) 043 -13.86 <-16.09
TE, (1) 055 -13.54 <-15.18
TEon (A1) 053  -13.62 <-12.74
TEo, (1) 054 1281 <-15.61

Ps;, P4, Ps, and Pg. It has been observed that by taking a bending radius of 5 um, the de-

multiplexed signals can be carried forward with a loss of <0.054 dB. Considering these bent

waveguide sections, the overall length of the device becomes 463 um. The proposed device

can be fabricated on SOI platform (2 yum SiO, BOX layer and 220 nm Si device layer) using
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Fig. 5.8: Change in (a) IL, (b) RL, and (¢) maximum CT with variation in the gap; 4; = 1535 nm and 4,

= 1560 nm.

Table 5.3: Comparison with previous work

Reference Structure Number of  Iniggifon
Channels Loss (dB)
[[192] MMI 2TE and 3 A <0.99
[[193]] Photonic crystal 2TM and 2 4 <1.09
This work GAC 3TEand2 2 <0.55

electron beam lithography for patterning, followed by inductively coupled plasma reactive ion

etching and plasma-enhanced chemical vapor deposition process for the deposition of the upper

cladding layer. The fabrication tolerance of the proposed MDM-WDM device has been ana-

lyzed by varying the gap between the respective single-mode waveguide and the multimode bus

waveguide to study the effect on the device performance. The change in IL, RL, and maximum

CT with the gap variation is plotted in Fig. [5.8] It can be observed that the IL, RL, and maxi-

mum CT stay within the range of 0.30 dB to 0.74 dB, —14.32 dB to —11.93 dB, and —19.62 dB
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to —11.26 dB, respectively for a gap variation of £10 nm. Thus the proposed device shows good

fabrication tolerance over +£10 nm gap variation.
5.5 Summary

A 6-channel hybrid MDM-WDM device based on the SOI platform has been proposed. It
can simultaneously (de)multiplex three modes at 1535 nm and 1560 nm wavelengths. The pro-
posed device has been designed using the 2.5D FDTD simulation method. The operation of the
MDM-WDM device involves the launching of the fundamental, first-order, and second-order
quasi-TE modes of the multimode bus waveguide at the input port. These modes are contra-
directionally coupled to their respective output ports through the grating structures, which are
placed in between the bus waveguide and single-mode waveguides. The overall device length
of the MDM-WDM structure is 463 um considering bent waveguide sections. The proposed
device exhibits an insertion loss of <0.55 dB, return loss of <—12.81 dB, and crosstalk of <—
12.74. The fabrication tolerance has also been studied by observing the variation in device
performance while the gap between the respective single-mode waveguide and the multimode
bus waveguide is varied by =10 nm. The presented MDM-WDM device can be extended by

adding the polarization division multiplexing scheme to double up the overall link capacity.
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6. Mode, Polarization, and Wavelength Division (De)multiplexer

6.1 Introduction

Recently, due to high bandwidth and high capacity demands, various hybrid multiplex-
ing technologies have attracted a lot of attention which can be developed by combining two
multiplexing technologies, such as mode and polarization [[187,194], mode and wavelength
[144,]192,/195], and also wavelength and polarization division multiplexing [[100, 190]. How-
ever, currently it is essential to focus more on developing hybrid multiplexing techniques which
will combine all three degrees of freedom for further improvement in the optical link capacity.
Yu He et al. have demonstrated a hybrid mode, polarization, and wavelength division multi-
plexer using subwavelength grating structures for contra-directional coupling of the waveguide
modes [37]].

In this chapter, a silicon hybrid mode, polarization, and wavelength division (de)multiplexer
is proposed, where twelve channels comprising of three modes, two polarization, and two wave-
lengths can be used for data communication. The device has three coupling sections, consisting
of a middle bus waveguide and two neighbouring single-mode access waveguides with periodic
grating structures in between. Each of the coupling sections is dedicated for coupling of a par-
ticular order and polarization mode of the bus waveguide to the respective fundamental mode
of the access waveguide. The contra-directional mode coupling is achieved by satisfying the
phase-matching condition. The simulation result shows that the designed device exhibits low

insertion loss, return loss and crosstalk at 1550 nm and 1560 nm.

6.2 Device Structure and Operation

The top view of the proposed device structure is shown in Fig. The design is based
on SOI waveguides with 220 nm thickness, 2 um buried oxide, and 2 um top silica cladding.
The device structure is divided into three coupling sections (A, B, and C), where each section is
dedicated for contra-directional coupling of a particular order of the guided TM and TE modes.
Each section consists of two coupling regions where modes of the bus waveguides are coupled to
modes of the adjacent single-mode waveguides. In Section A (Section B), the coupling regions

Ay and A, (B; and B,) consist of a common multimode bus waveguide and two single-mode
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Section A Section B

Section C

ouT

Fig. 6.1: Top view schematic of the proposed MDM-PDM-WDM device structure

access waveguides, which are placed on either side of the bus waveguide. Whereas, in Section
C, the coupling regions C; and C, also consist of a bus waveguide and two adjacent access
waveguides but with different bus waveguide width. The bus waveguides in Section A and B are
denoted as WG, and WGg, respectively. Section C has two bus waveguides which are denoted
as WG¢; and WG¢,. The bus waveguides of Sections A, B, and C support three, two, and one
TM/TE modes, respectively. The input port is denoted as IN, and the output ports are denoted
as O;, where i = 1 to 12. The width of the bus waveguides in the coupling regions are denoted
as wa, wg, wci, and weo, whereas the width of the single-mode access waveguides is denoted
as wp; which corresponds to the ith output waveguide. The gap between the bus waveguide and
the access waveguides is denoted as g;, whereas the width and period of the associated grating
structure is represented as gw; and A;, respectively. The periodic grating structures are placed
at the mid-position in the gap between access and bus waveguides. The fundamental, first, and
second-order TM and TE modes are excited independently at the input port IN. In Section A,
the second-order TM (TE) mode, TM, (TE,), is contra-directionally coupled to the fundamental
TM modes of neighbouring single-mode waveguides and reflected back towards output ports O,
and O, (O3 and Oy) at 1550 nm and 1560 nm, respectively. Similarly, in Section B, the first
order TM (TE) mode, TM; (TE,), is reflected at 1550 nm and 1560 nm at output ports Os and
O¢ (07 and Og), respectively. The adiabatic tapers are used to interconnect the bus waveguides
of Sections A, B, and C. In Section C, coupling regions C; and C, have different bus waveguide
widths, which are connected via an adiabatic taper. For the fundamental TE (TM) mode input,
the power is coupled to the single-mode waveguides in the backward direction along the port

Oy and Oy (Oy; and Oy,) at 1550 and 1560 nm, respectively.
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6.3 Design Rules

The guide mode effective indices are calculated using an eigenmode solver. The Palik model
of Si and SiO; are used to incorporate the material dispersion. A mode chart showing the change
in effective index with the waveguide width is plotted in Fig. [6.2] The number of guided modes
increases with the increase in the waveguide width. In each of the coupling regions, the width
of the waveguides and the corresponding grating period are chosen such that the governing
phase-matching condition for the contra-directional coupling is satisfied, which can be defined

as

() + ma(d) = % 6.1

where n,, n, are the wavelength dependent effective indices of the coupled modes, A is the
wavelength of interest, and A is the period of the grating structure placed between the two
waveguides.

The widths of the bus waveguides are taken as wy = 2 um, wg = 1.5 um, w¢ey; = 1 um, and
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Fig. 6.2: Mode chart for the 220 nm thick SOI waveguide at 1550 nm (solid lines) and 1560 nm (dashed

lines).
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Fig. 6.3: Cross-sectional mode profile of the TE and TM modes.
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wea = 0.6 um, such that WG4, WGg, and WG 2 support three, two, and one guided TM/TE
modes, respectively. The three adiabatic linear tapers t;, t,, and t3, each of length 10 um, are
used for the low loss mode transition from WG, to WGg, WG to WG, and WG to WG,
respectively. For TM mode coupling regions, the widths of the single mode access waveguides
are 350 nm and 400 nm, whereas for TE mode coupling regions, the widths are 400 nm and 500
nm for two different wavelengths. The access waveguide widths are taken different in order
to avoid undesired mode coupling and back reflections. The mode profiles of the guided TE
and TM modes in the corresponding bus waveguides are shown in Fig. [6.3] In the TM mode
coupling regions, the grating structures placed on either side of the bus waveguide are out of
phase by 180° for better mode coupling. The periods of the grating structures are selected to
satisfy the contra-directional phase-matching condition between the respective coupled modes.
In addition, the gap between the access and bus waveguide is higher compared to the TE cou-
pling regions since the TM evanescent fields extend farther and cause undesired co-directional
coupling at short separation distances. The length of each coupling region is taken to be 400
um for the highest achievable reflection at the target output port. The device parameters taken

for the simulation are tabulated in Table

6.4 Simulation Results

The proposed MDM-PDM-WDM device has been numerically simulated using the full vec-

torial 3D FDTD method in Ansys Lumerical FDTD software. To reduce simulation runtime,

(a) T™M, at 1550 nm (e) TMpat 1550 nm B (k) TEpat 1550 nm

(b) TM; at 1560 nm [l (d) TM; at 1560 nm [l (f) TMoat 1560 nm (1) TEoat 1560 nm
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o
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Fig. 6.4: Mode Propagation (Poynting vector) of the TE/TM modes at 1550 and 1560 nm.
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only the coupling regions have been simulated, and to get the response of the entire device
structures, the results of each coupling region have been concatenated. A nonuniform mesh is
used for the simulation. The length of the simulation domain is equal to the coupling length
of the corresponding coupling region, while the simulation width and height are taken as 5 um

and 2 um, respectively. Simulation is executed by injecting the TE/TM modes at the input and
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6.4 Simulation Results

Table 6.1: Device parameters

Parameter Value Parameter Value
(nm) (nm)
Wor. Wos, 350 As 318
Wo9, Woli
Wo2, Wo3, Woé, 400 As 320
Wo1, Wo10, Wo12
Wos, Wo4 500 A7 315
AS’ A69
, 900 440
S Ast A
£3, 84, 87, 88, 300 Ao 306
89, 810, Asg
85 1000 Aqo 297
86> 811> 812 800 Wa 2000
Ala A2 450 Wpg 1500
wer, Wez, 8W1, 8wz | 600 L. 4x10°
t, b, i3 10000 | gws, gwi1, gwi2 | 650
gWe 450 gW3, §Wa, W7, 180
8Wsg, W9, EW10

observing the transmission or reflection spectrum at the input and output ports. The simulated
propagation of the three TE modes and three TM modes at 1550 nm and 1560 nm have been
shown in Fig. [6.4] The power transfer between the coupled modes can be observed in the respec-
tive coupling regions. The resulting transmission or reflection spectrum for the corresponding
input modes has been shown in Fig. [6.5] In Fig. [6.5(a), two reflection peaks (at 1550 nm and
1560 nm) can be seen in the spectrum, which indicates power coupling between the TM, mode
and fundamental modes of WGg; and WGy,. Similarly, for the TE, mode input, reflections are
obtained at the output ports O3 (at 1550 nm) and O, (at 1560 nm), as observed in Fig [6.5(b).
For the remaining first and zeroth order mode inputs, the power is contra-directionally coupled
to the respective output ports, which can be seen in Fig. [6.5(c)-(f).

The IL for TE mode inputs are found to be <0.38 dB and <0.93 dB, whereas, for TM mode
inputs, IL is <1.56 dB and <1.12 dB at 1550 and 1560 nm, respectively. The return loss for TE
and TM mode inputs are <—17.65 dB and <-12.90 dB (<-12.29 dB and <-12.22 dB) at 1550
nm (1560 nm). The highest crosstalk of —26.25 dB for TE mode excitation is observed in the
output port Oy at 1550 nm for TE, mode input, whereas in the case of TM mode inputs, the

highest crosstalk of —21.74 dB is detected in port O, at 1550 nm.
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Table 6.2: Comparison with literature
References Number of Channels IL (dB)
[196] 10 (10 modes) <0.46
[[195]] 6 (3 modes, 2 wavelengths) | <0.55
8 (2 modes, 2 polarization, <15
and 2 wavelengths) '
12 (3 modes, 2 polarization,
and 2 wavelengths)

[37]

This work <1.56

For fabrication tolerance study, the grating period is varied in each of the coupling sections,
and a shift in coupling wavelength for each of the modes is observed. Fig. [6.6] shows that an
increase in the grating period results in a redshift of the transmission/reflection spectrum, while
a decrease in the grating period results in a blue shift. For a £2 nm change in the grating period,
a maximum of +7 nm shift is observed in the spectrum with similar device performance at the
corresponding coupling wavelength. A comparison of the designed device with the reported
devices is shown in Table It can be observed that the proposed device has a higher number

of data channels with good performance.
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Fig. 6.6: Variation in coupling wavelength with change in grating period at (a) 1550 nm and (b) 1560
nm.

6.5 Summary

The design of a 12-channel hybrid mode-, polarization-, and wavelength-division (de)multip-
lexer has been demonstrated on the SOI platform. Three TE modes and three TM modes of the

bus waveguide are exploited at two wavelengths (1550 and 1560 nm) to be used as data-carrying
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channels. The proposed device consists of six coupling regions and three linear adiabatic ta-
pers. The total length of the device is ~2500 um when all the coupling regions are connected in
series; however, with the use of U-bends, the length can be drastically reduced. The proposed
(de)multiplexer exhibits insertion loss <1.56 dB, return loss <—12.22 dB, and crosstalk <-21.74
dB, at 1550 and 1560 nm. The fabrication tolerance study shows a maximum of +7 nm shift in

the spectrum for a +2 nm variation in the grating period.
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7. Conclusions and Future Scope

7.1 Conclusions

In conclusion, a review of the findings during this thesis work can be presented as below.

1. Numerical design and analysis of a 3-channel grating assisted mode-division (de)
multiplexer
A grating assisted slab waveguide structure has been designed to (de)multiplex three TE
modes at 1550 nm wavelength. Two gratings with different periods have been placed
at both sides of the multimode waveguide to contra-directionally couple first order and
second order modes to the fundamental mode of two single mode waveguides. The funda-
mental mode of the multimode waveguide is not coupled to any other mode. The waveg-
uide widths are obtained from the mode chart and the inter waveguide gaps have been
determined such that return loss is minimized, which occurs mainly due to the supermode
formation. The proposed device structure has shown insertion loss ranging from 0.43 to
1.27 dB, return loss from —12.73 to —8.65 dB, and crosstalk from —31.20 to —15.31 dB
with a device length of 38.5 um. This mode-division multiplexer can be integrated with
polarization division multiplexer or wavelength division multiplexer for further increase
in the link capacity.

2. Numerical modeling and analysis of a TM mode-division (de) multiplexer based on
grating assisted couplers
A mode-division (de)multiplexer is proposed and designed using slab waveguides with
Si as core and SiO, as cladding. The device is able to (de)multiplex three TM modes at
the operating wavelength of 1550 nm. It simultaneously reflects two higher-order modes
when it works as a demultiplexer and combines them during multiplexing, whereas the
fundamental mode of the multimode waveguide is not coupled and hence continues for-
ward propagation in the same waveguide. The aspect of supermodes for determining the
suitable gap between the waveguides has been introduced to minimize the return loss.
The proposed device is compact in size with a dimension of ~2.1 yum X 58 um. The
device performance has been analyzed using 2D FDTD. The insertion loss during demul-

tiplexing is found to be in the range of 0.01 to 2.01 dB, whereas the crosstalks and return
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loss are in the range of —41.76 to —13.58 dB and —31.07 to —9.17 dB respectively. While
multiplexing operation, the insertion loss ranges from 0.01 to 1.59 dB, the return loss is
in the range of —31.07 to —10.17 dB, and the crosstalk ranges from —41.76 to —8.05 dB.
From the tolerance study it has been observed that the reflection strength falls below —3

dB when the gap between the waveguides is varied more than +20 nm.

3. SWG-based compact broadband two-mode TM multiplexer
A compact two-mode silicon optical multiplexer is reported using subwavelength grating
(SWG) structures. The coupler section in the proposed device consists of an SWG-based
access waveguide and a multimode strip bus waveguide. Tapers have been employed for
adiabatic transition of the fundamental TM modes of the input strip waveguides to the
respective fundamental TM modes of the SWG-based waveguide and multimode strip
waveguide. The duty cycle and grating period are tailored to couple the first-order TM
mode of the strip waveguide and the fundamental TM mode of the SWG-based waveg-
uide. A 3D finite-difference time-domain simulation is performed to study the device
performance. The multiplexer is very compact with a device length of 26 ym, which ex-
hibits a return loss of <-35.62 dB, crosstalk of <—33.60 dB, and insertion loss of <0.29

dB, at 1550 nm.
4. SWG-based Silicon TE MDM for C + L band operation

An SWG based multiplexer on a silicon photonics platform is proposed, which is capable
of multiplexing three transverse electric modes. The designed multiplexer is simulated
using a 3D FDTD solver and shows broadband operation over the whole C and L optical
telecom bands from 1530 nm to 1625 nm wavelength range. The effective indices of
the Bloch modes in the SWG waveguides are extracted from the band structure plot.The
designed MUX consists of two codirectional coupling regions for fundamental to higher-
order mode coupling, with each coupling stage consisting of single-mode and multimode
SWG waveguides. The transmission characteristics, viz. transmittance, insertion loss,
and return loss are presented and discussed. The coupling lengths without the tapering

regions for TEy—TE; and TE(-TE, mode couplings are 14 ym and 1.48 um, respectively.
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The transmittance is >78% with the highest insertion loss and return loss of 1.1 dB and
—15 dB, respectively. At 1550 nm, the transmission is > 88%, insertion loss is >—0.6 dB,
and return loss is <—15 dB. A uniform under-etch and over-etch of 5 nm are taken for the
fabrication tolerance study, which shows maximum variation of 0.58 dB for the insertion
loss with return loss <—14.6 dB at 1550 nm. Over the whole simulated range, the insertion

loss is <1.4 dB and return loss is <—14.6 dB with +10 nm change in device dimension.

5. Design and analysis of a grating assisted hybrid mode and polarization division (de)
multiplexer
A 3D hybrid MDM-PDM (de)multiplexer is designed, which is based on the CMOS com-
patible SOI platform with buried strip waveguides. 2.5D FDTD technique, a combination
of effective index method (EIM) and 2D FDTD, is employed to design and analyze the
performance of the device. A TE-MDM and a TM-MDM are cascaded together to build a
hybrid MDM-PDM (de)multiplexer such that both polarizations are used to increase the
number of data channels. Simultaneous (de)multiplexing of three quasi-TE modes and
two quasi-TM modes of the bus waveguide is achieved with an insertion loss of <0.76
dB, return loss of <—11.23 dB, and crosstalk of <—12.42 dB. The fabrication tolerance
has been studied to analyze the performance degradation of the proposed device with

waveguide width variation.

6. Design of a hybrid mode and wavelength division (de) multiplexer based on contra-
directional grating assisted couplers on the SOI platform
A 6-channel hybrid MDM-WDM device based on the SOI platform has been proposed. It
can simultaneously (de)multiplex three modes at 1535 nm and 1560 nm wavelengths. The
proposed device has been designed using the 2.5D FDTD simulation method. The opera-
tion of the MDM-WDM device involves the launching of the fundamental, first-order, and
second-order quasi-TE modes of the multimode bus waveguide at the input port. These
modes are contra-directionally coupled to their respective output ports through the grating
structures, which are placed in between the bus waveguide and single-mode waveguides.

The device length is 463 um considering bent waveguide sections. The proposed de-

TH-2857_156302009

110



7.2 Future scope

vice exhibits an insertion loss of <0.55 dB, return loss of <—12.81 dB, and crosstalk of
<—12.74. The fabrication tolerance has also been studied by observing the variation in
device performance while the gap between the respective single-mode waveguide and the

multimode bus waveguide is varied by +10 nm.

7. Design of a Grating Assisted Silicon MDM-PDM-WDM
A 12-channel hybrid mode-, polarization-, and wavelength-division (de)multiplexer has
been presented. The proposed device is designed on silicon-on-insulator platform. The
device structure constitutes three coupling sections with a bus waveguide at the mid-
dle and two single mode waveguides on each side. The periodic grating structures are
present in between the waveugides for contra-directional coupling of the three TE modes
and three TM modes of the bus waveguide to respective fundamental modes of the single-
mode waveguides at 1550 and 1560 nm. The device is simulated using 3D finite differ-
ence time domain technique and the resulting insertion loss, crosstalk, and return loss are
<1.56 dB, <-12.22 dB, and <-21.74 dB respectively. Moreover, the period of the grating

structures are varied to perform the fabrication tolerance study.

7.2 Future scope

This thesis explores various multiplexing techniques for improving the link capacity of op-
tical interconnects on SOI platform using periodic grating structures. The thesis has delved into
the objective of developing hybrid multiplexing techniques by integrating two or more multi-
plexing schemes simultaneously. The work presented in this thesis can be expanded into the
following potential directions.

1. System level implementation and performance analysis of the designed (de)multiplexers.

2. Validation of the design concepts and working of the proposed device structures through

fabrication and characterization.

3. The presented hybrid (de)multiplexers can be improved by accommodating more number
of wavelength channels as well as mode channels, however the complexity will increase

with the addition of more channels.
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4. For further improvement in the integration density and data capacity, the present work

can be extended for the implementation in 3D photonics integrated circuits .

5. The multiplexer design can be explored on Silicon Nitride platform for data communica-

tion in 500—-1100 nm wavelength range.

6. Photonic crystal and SWG based devices are a promising candidate to realize hybrid

(de)multiplexers, which can be explored.

7. With increasing hybridization complexity, optimized design techniques must be employed

to improve coupling efficiency and reduce crosstalk between the interconnects.

8. As silicon has high thermo-optic coefficient, the Bragg grating based (de)multiplexers

can be thermally tuned to operate at a different wavelength.
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Fig. A.1: Planar slab waveguide structure with electric field profile for guiding of light [[181]].

The slab waveguide, shown in Figure [A.T] consists of a high index dielectric layer with a

thickness 4 surrounded by lower index material on either side. The slab is infinite in extent in

the yz plane, and finite in the x direction. The refractive index of core, cladding, and substrate

are denoted as ny, n., and n, respectively. In order for total internal reflection (TIR) to occur

at the interfaces, the refractive indices of the layers are chosen such that ns is greater than n;

and n.. Only a discrete number of modes are guided by the waveguide structure. Transverse
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electric (TE) and transverse magnetic (TM) are the two possible electric field polarization. For
the mode to be guided it must have oscillatory field in the core and exponentially decaying field
in the cladding and substrate region. Thus the electric field amplitudes in the three layers for

TE mode are [|181]]:

Ey(x) = Ae” 7", cladding layer (A.1)
E\(x) = Bcos(ksx) + Csin(kyx), core layer (A.2)
E,(x) = De”"""*"_substrate layer (A.3)

where A, B, C, D are amplitude coefficients which can be determined from the boundary condi-
tions. y. and vy, are the attenuation coefficients in the cladding and substrate layer respectively.
ks 18 the transverse component of the wave vector & in the core. After applying boundary con-
ditions at both the interface a transcendental equation is obtained:

Yt Ys

ki1 - 2]

tan(hk ;) = (A4)

Numerically solving this transcendental equation will give solutions for propagation con-
stant 8 of the allowed TE modes for propagation in the waveguide. Similarly for the TM case,

the propagation constant of the supported modes can be found from solving the transcendental

Fig. A.2: Mode field patterns of the first four TE modes.
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equation:

=
—
Ewl'\sw
\<
©
+
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The mode field patterns for the first four TE modes of a waveguide are shown in Fig. [A.2]
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