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Résumé

Au cours des dernières décennies, le multiplexage par répartition en longueur d’onde

(WDM) est devenu une technologie clé pour fournir une capacité de transmission

èlevée et une large bande passante pour les réseaux de télécommunication. De

plus, le WDM fonctionne dans un régime monomode tout en offrant une évolutivité

limitée par la bande passante des amplificateurs optiques. Le multiplexage par

répartition en mode (MDM), une nouvelle technique compatible avec le multiplex-

age par répartition en longueur d’onde, a été introduit pour résoudre ce problème.

Cette technologie permet d’augmenter la capacité des systèmes de télécommunicatio-

ns optiques tout en obtenant de larges bandes passantes agrégées car elle fonctionne

avec plusieurs modes.

Dans ce mémoire, deux multiplexeurs à 4 canaux basés sur des microanneaux de

silicium ont été simulés: un démultiplexeur WDM capable de combiner des canaux

définis sur la grille ITU de 200 GHz fonctionnant avec le mode fondamental et un

multiplexeur MDM fonctionnant avec les modes TE0 à TE3. L’objectif principal de

ce mémoire est d’ètudier l’effet des changements de température sur les deux multi-

plexeurs. Des simulations dans lesquelles la température était variée ont été réalisées

avec les deux systèmes pour déterminer quelle technique de multiplexage est la plus

sensible aux changements thermiques.

Mots clés: microanneau de silicium, résonateur de circuit, multiplexage par

répartition en longueur d’onde, multiplexage par répartition en mode, effet des vari-

ations de température
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Abstract

Over the last decades, Wavelength Division Multiplexing (WDM) has emerged as

a key technology for providing high transmission capacity and wide bandwidth for

telecommunication networks. Furthermore, WDM operates in a single-mode regime

while providing scalability limited by the bandwidth of optical amplifiers. Mode Di-

vision Multiplexing (MDM), a new technique compatible with wavelength-division

multiplexing, has been introduced to address this issue. This technology allows for

increased capacity of optical telecommunication systems while achieving large ag-

gregate bandwidths as it operates with multiple modes.

In this dissertation, two 4-channel multiplexers based on silicon micro-rings were

simulated: a WDM demultiplexer capable of combining channels defined on the ITU

200 GHz grid operating in the fundamental mode and an MDM multiplexer operat-

ing with the TE0 to TE3 modes. The main goal of this thesis is to study the effect

of changes in temperature on both multiplexers. Simulations in which the tempera-

ture was varied were performed with both systems to determine which multiplexing

technique is most sensitive to thermal changes.

Keywords: silicon micro-ring, racetrack resonator, wavelength division multi-

plexing, mode division multiplexing, temperature variations effect
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Chapter 1

Introduction

1.1 Silicon Photonics

Silicon photonics has garnered special attention due to its compatibility with CMOS

fabrication processes, low propagation loss, low-cost large-scale fabrication, and

high-performance circuits (Mulcahy et al., 2022; Yuan et al., 2021; Yan et al.,

2021; Besancon et al., 2021; Gautam et al., 2014). Furthermore, it enables an im-

mense array of photonic components, including filters, modulators, photodetectors,

(de)multiplexers, splitters, optical attenuators, and polarization rotators. Silicon-

on-insulator (SOI) refers to wafers widely used in the electronic industry (Mulcahy

et al., 2022; Gautam et al., 2014). In SOI platforms, a crystalline silicon layer is

bonded onto an oxidized silicon substrate. The high index contrast between the

layers of silicon core (nsi=3.45) and the oxide cladding (nsio2=1.44) leads to strong

mode confinement in the core, which allows the production of compact SOI photonic

integrated circuits (PICs) (Lin et al., 2022). This results in several benefits such as

compact nanowires with tight bending radii and reduced field penetration (Mistry,

2020; Zheng et al., 2022; Liu et al., 2021).

Accordingly, silicon photonics has found applications in transceivers for data cen-

ters and even long-haul networks. However, the need for high telecommunication

bandwidths is not limited to these controlled environments. For instance, there is

a growing interest in developing optical interconnects for space applications. Fur-

thermore, even in these harsh environment applications, transmission capacities of

several hundreds of Gb/s are needed. Although transmission capacities of up to 800
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Gb/s per channel are commercially available, these systems rely on coherent de-

tection, which require sensitive and expensive narrow linewidth lasers with precise

phase control. Therefore, in this study, the focus is put on channel multiplexing tech-

niques to increase the optical link capacity. More specifically, we consider the well

establishing wavelength division multiplexing (WDM) technique and the emerging

mode division multiplexing (MDM) approach. Both are described in more details

below. Our goal is to identify which one is more suitable for harsh environment

applications by comparing the effect that temperature changes have on the perfor-

mance of typical silicon photonic multiplexers implemented with ring resonators.

1.2 WDM Optical (De)Multiplexing

The recent need for high-speed internet connections has led to the emergence of

wide bandwidth communication networks (Sayed et al., 2021). Bandwidth develop-

ment has become crucial, which has led to the deployment of Wavelength Division

Multiplexing (WDM) technology. In WDM, multiple optical carriers are combined

into a single fiber (Rai & Garg, 2021). These propagating optical carriers collected

in the single fiber must then be demultiplexed at the receiver. Transmitting multi-

ple wavelengths via a single optical fiber enables a higher data-transfer rate (Mistry,

2020).

WDM networks are categorized into two categories: Dense Wavelength Division

Multiplexing (DWDM) and Corse Wavelength Division Multiplexing (CWDM). The

notable difference between DWDM and CWDM is the channel spacing. Currently, in

DWDM networks, channels are placed 0.8 nm apart, whereas in CWDM networks

they are placed 20 nm apart (Mistry, 2020). Thus, in the far denser DWDM network,

the greater number of channels enable transmission of more optical carriers, which

is especially suitable for long-reach communications. On the other hand, CWDM is

commonly used for short-reach communications. Consequently, large bandwidths

are obtained with WDM networks with high channel capacities and data-transfer

rates (Sayed et al., 2021).

However, certain physical phenomena significantly limit WDM performance, such

as nonlinear effects, dispersion, and attenuation (Rai & Garg, 2021). Attenuation

occurs when the electromagnetic field traveling through an optical fiber scatters out-
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side the fiber. Nonlinear phenomena, such as four-wave mixing (FWM), self-phase

modulation (SPM), and cross-phase modulation (XPM) can also negatively impact

WDM performance. By supporting multiple channels spaced as densely as possible,

WDM networks are susceptible to FWM resulting from interactions between the nu-

merous optical signals in the fiber. Unequal channel spacing can be used to diminish

the effect of FWM.

1.3 MDM-WDM Optical (De)Multiplexing

Despite its advantages, wavelength division multiplexing has limitations due to chan-

nel spacing and crosstalk caused by optical nonlinearity (Bagheri & Green, 2009).

In particular, single-mode optical components face capacity limits; hence, there has

been significant interest in other multiplexing techniques. Mode division multiplex-

ing (MDM) emerged from the fast-increasing demand for high transmission capacity

in fiber communication networks and on-chip optical interconnects (Zheng et al.,

2018; Qiu et al., 2017). The motivation behind MDM is higher capacity and over-

coming the scaling issue by operating in the multimode regime. In this method,

each mode acts as an independent special channel. In principle, higher-order modes

can increase the number of channels for data transmission in on-chip optical multi-

plexers and increase design flexibility (Li et al., 2019; Ding et al., 2014). In many

implementations of mode multiplexing, multiple optical signals are modulated and

then transferred to a multimode waveguide. However, transferring information to

multimode optical carriers is complex; therefore, it is seldom considered in inte-

grated photonics (Jia et al., 2019; Luo et al., 2014). Mode division multiplexing

based on a single wavelength has advantages with regards to cost and compatibility

with other multiplexing technologies (Zhou et al., 2018). MDM-WDM is desirable as

it can increase system capacity.

1.4 Objectives and Contributions

As explained above, two different solutions are becoming available to implement

optical links with large capacities: WDM, which is a well-established and commer-

cially available solution, and MDM, which has attracted a lot of attention in the

13



research community for its capability to generate multiple channels with a single

source. Nevertheless, unlike for WDM, there are very few studies addressing the ef-

fect of temperature variations on MDM devices. Furthermore, as optical links make

their way into harsh environments, such as space applications, it will become nec-

essary to access which multiplexing technology provides the most benefits in these

conditions. The work presented here is a first step to fill this gap in the scientific lit-

erature. The main purpose of this study is to identify which multiplexing approach

is the most susceptible to environmental temperature changes when they are imple-

mented with similar technology. This comparative study is the first of its kind and is

based on a widely used device in both WDM and MDM multiplexers: silicon micro-

ring resonators. To realize this, the following three objectives were completed:

• First, design a four-channel WDM demultiplexer following the 200 GHz ITU

grid based on cascaded symmetric micro-ring resonators operating in the fun-

damental mode.

• Second, design a four-channel MDM multiplexer combining multiple TE modes

based on cascaded asymmetric racetrack resonators. This device should sup-

port four TE modes.

• Third, investigate the effect of changes in temperature on both multiplexers to

find out which one is more sensitive to environmental temperature variations.

The realization of these objectives led to the demonstration that ring-based mode

multiplexers are more sensitive to temperature variations than their WDM coun-

terpart. This can have important implications when making a decision about the

optimal architecture of high bandwidth optical telecommunication links for harsh

environments. This contribution was presented at the Photonics North conference:

Hoda Rezaei and Michaël Ménard. 2022 “Thermal Performance Comparison of

Silicon Ring-based WDM and MDM Multiplexers” presented at Photonics North, Ni-

agara Falls, Canada.
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1.5 Outline of the Thesis

This thesis comprises seven chapters organized as follows.

Chapter 1 is the introduction.

Chapter 2 addresses the fundamental of mode theory, directional couplers, mul-

timode waveguides, and ring resonators. A brief description of prominent features

such as crosstalk and Quality factor (Q factor) is presented.

In Chapter 3, a literature review of WDM and MDM based on MZIs, ring res-

onators, and directional couplers is presented.

Chapter 4 describes the four-channel silicon ring-based WDM demultiplexer, in-

cluding its architecture, optical specifications, and simulated responses.

Chapter 5 presents the four-channel silicon racetrack-based MDM multiplexer.

This chapter includes the simulated configuration, the relevant optical characteris-

tics, and our results.

In Chapter 6, we provide the results on the investigation about the effect of tem-

perature changes on the two simulated optical multiplexers.

Chapter 7 discusses our conclusions.
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Chapter 2

Theory

2.1 Optical Modes in Waveguides

The structure of a waveguide includes a core enveloped by a cladding or substrate

where the optical signal is confined in the core through total internal reflection when

the propagation angle Φ does not exceed the critical angle. Additionally, the propa-

gation angle of the light must meet the phase-matching condition, which is described

by the following equation:

tan(kn1a sinΦ− mπ

2
) =

√
2∆

sin2 Φ
− 1 (2.1)

where a is the core radius, which shows that the propagation angle is dependent

of the waveguide structure, kn1 is the wavenumber of light in the core, and ∆ is

the relative refractive index difference (∆ = n1
2−n0

2

2n1
2 ) between the core (n1) and

the cladding (n0). Under this condition, the electric fields resulting from reflections

inside the waveguide interfere constructively. The field distribution that satisfies

the phase-matching condition is known as a mode. In Eq. 2.1, m is the number

identifying the order of the propagating modes where the mode with the minimum

propagation angle is the fundamental mode (m = 0), and other modes with larger

propagation angles are known as higher-order modes (m > 0)(Heebner et al., 2008;

Okamoto, 2021). The phase-matching condition can be rewritten as:

kn1a
√
2∆ =

cos−1 ζ + mπ
2

ζ
, ζ =

sinΦ√
2∆

(2.2)
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where ζ is normalized to one and ν = kn1a
√
2∆ is the normalized frequency.

In this case, the propagation characteristics of the waveguide can be calculated in-

dependently of the waveguide structure. The relation between the normalized fre-

quency ν and ζ (which is equivalent to the propagation constant β) is called the

dispersion equation, which gives the number of guided modes in the waveguide.

The frequency at which the waveguide supports a single mode is called the cutoff

frequency νc. When ν < νc higher-orders are not guided. The cutoff wavelength λc

is given by the equation:

λc =
2π

νc
an1

√
2∆ (2.3)

For a mode to be guided, the following condition should be satisfied:

n0, ns <
β

k
< n1 (2.4)

where β
k

is the independent dimension known as the effective index, and n1, n0

and ns are the refractive indexes of the core, cladding, and substrate, respectively.

Note that if n0, ns < β
k

the electromagnetic field radiates at the boundary of the

core and cladding or substrate. Furthermore, the index variation as a function of

wavelength (dn
dλ

) indicates how much chromatic dispersion is present. The case when
dn
dk

= 0 is called no dispersion, dn
dk

< 0 is called normal dispersion, and dn
dk

> 0 is called

anomalous dispersion (Steck, 2006).

2.2 Polarization

The polarization of a mode is defined by the orientation of its electric and mag-

netic fields. When the dominant electric field propagating inside a waveguide is

perpendicular to the direction of propagation (usually oriented along the z-axis), it

is known as a Transverse Electric (TE) mode. On the other hand, when the dominant

propagating magnetic field is perpendicular to the z-axis, the electromagnetic field

is known as a Transverse Magnetic (TM) mode (Okamoto, 2021).
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2.3 Codirectional Couplers

The two parallel waveguides close to each other form is known as a directional

coupler, as illustated in Fig. 2.1, and can be implemented in a horizontal or vertical

arrangement (Bogaerts et al., 2012) where the optical eigenmodes of the first waveg-

uide interfere with that of the second waveguide (Okamoto, 2021). Meanwhile, a

fraction of the power of the input is coupled to the second waveguide, depending on

the waveguide geometry and the gap between them. In other words, the coupling

coefficient (k) can be controlled by adjusting the waveguide length and the distance

between the two waveguides.

Figure 2.1: Model of a horizontal directional coupler showing the power transfer between

two parallel waveguides.

The propagation constant difference between the two waveguides is expressed

by

δ =
β1 − β2

2
(2.5)

where

β1 =
2πn1

λ
, β2 =

2πn2

λ
(2.6)

and the propagation constant depends on the effective index of the related eigen-

mode. For most of codirectional couplers k1 = k2, which is obtained when the dif-

ference in propagation constants is zero (β1 = β2, δ = 0) and the two waveguides

are sufficiently separated. The power coupling from waveguide 1 to waveguide 2

reaches 100% when the two propagation constants are equal and their length corre-

sponds to the coupling length (Lc):
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Lc =
π

2
√
k2 + δ2

=
π

2k
=

λ

2∆n
(2.7)

where ∆n is the difference between the effective indices of the waveguide (∆n =

n1−n2). Notably, the fraction of the power coupled from waveguide 1 to waveguide

2 is given by

Pcross

P0

= sin2 (k.Lc) (2.8)

where P0 is the input optical power and Pcross is the coupled power traveling into

the second waveguide.

Furthermore, the power remaining into the original waveguide is defined by:

Pthrough

P0

= cos2 (k.Lc) (2.9)

As mentioned above, the power in the modes can transfer between the waveg-

uides. However, the power becomes concentrated in the second waveguide after a

π phase shift between the two. Figure 2.2(a) shows the directional coupler length

versus the coupler gap for the power to be coupled in the second waveguide. Figure

2.2(b) shows the coupling coefficient versus the gap for different coupling lengths.

This plot is helpful in defining the main parameters of the coupling region in micro-

ring resonators. It also demonstrates that it is possible to achieve the same coupling

coefficient with different lengths and gaps.

(a) (b)

Figure 2.2: (a) Coupling length as a function of gap. (b) Gap as a function of coupling

coefficient for different coupling lengths
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2.4 Multimode Couplers

Two waveguides capable of converting power from one mode to another are known

as a multimode couplers. Moreover, the waveguides should be as small as possi-

ble to achieve high optical light confinement (Ding et al., 2014). Additionally, the

ideal coupler is made of waveguides without perturbation, as this causes changes in

the mode amplitudes. However, real waveguides can have index perturbations that

result from the fabrication process as well as bending of the waveguide (Li et al.,

2014).

The coupler can operate in two regimes: weakly coupled and strongly coupled.

In the weakly coupled regime, the change in the amplitude of the modes is negligi-

ble. However, in the strongly coupled regime, the mode amplitude fluctuates, and

all energy can transfer to the other mode.

The efficiency of the mode conversion process is function of the phase-matching

between the modes, which can be affected by perturbation and dispersion in the

waveguides. To obtain high efficiencies, strong phase-matching is required (Ding et

al., 2014).

The coupled power periodically oscillates between the two waveguides. Figure

2.3 depicts a multimode coupler supporting four modes, from TE0 to TE3. This

coupler illustrates that the energy of the fundamental mode in the first waveguide

transfers to the third-order mode in the second waveguide, which means that the

power from TE0 in the first waveguide is strongly coupled to TE3, and weakly cou-

pled to TE0, TE1, and TE2 in the second waveguide. As explained above, the cou-

pling length and the gap between the waveguides play a prominent role in achieving

strong coupling.

Figure 2.3: Model of a horizontal multimode coupler showing the power transfer between

two parallel waveguides from fundamental mode to the TE3 mode.

20



2.5 Ring Resonators

A ring resonator consist of a looped waveguide coupled to one or two straight waveg-

uides. When a traveling wave experiences a round trip path length through the

looped waveguide equal to an integer number of wavelengths, a resonance occurs

at this specific frequency. A simple ring resonator formed using one ring and a di-

rectional coupler is known as an All-Pass Filter (APF) and it has one input port and

one output port. A ring resonator consisting of one looped waveguide and two di-

rectional couplers is known as an Add-Drop Filter (ADF) and it has four ports: one

input port, one add port and two output ports called the through port and drop port.

Figure 2.4 shows two types of add-drop filters: a conventional Micro-Ring Resonator

(MRR) and a Racetrack Resonator (RTR). They operate in a similar fashion, with the

only difference being their coupling regions. The RTR has longer coupling regions.

The strong coupling between the straight and bent waveguides is complex, as indi-

cated in Fig. 2.4(a), while coupling between the two straight waveguides is readily

obtained, as shown in Fig. 2.4(b).

(a) (b)

Figure 2.4: Schematic of two types of optical add drop ring filters: (a) a microring and (b) a

racetrack resonator.

The total round trip path length of the resonator is defined by:

Lrt = 2πR + 2Lc (2.10)

where R and Lc are the radius and coupling length, respectively (the MRR has

a coupling length of zero). The distance between the two resonance peaks is given

by the FSR (Free Spectral Range) obtained by Eq. 2.11 which relates to the group
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index (ng) and the total round-trip path length of the ring. Consequently, depending

on the application, it is possible to adjust the FSR by changing the total round-trip

path length.

FSR =
λ2
res

ngLrt

(2.11)

2.5.1 Coupling Between the Ring and Bus Waveguides

As mentioned in the previous section, the resonance is constructed by injecting a

fraction of the incoming field into the ring while it experiences a total round-trip

path length corresponding to an integer number of wavelength. The behavior of the

ring resonator is function of two coupling coefficients: the self-coupling coefficient

(t) and cross-coupling coefficient (k). The self-coupling coefficient is defined as the

fraction of the input power (Pin) passing through the directional coupler and then

reaching the through port. The cross-coupling coefficient is defined as the fraction

of input power that transfers between the bus waveguide and the ring, in a section

called the coupling region, which is shown in Fig. 2.4. In other words, the power

couples from the bus waveguide to the curved waveguide; afterward, the optical

power can exit through the drop port. For a symmetric ring resonator, it is assumed

that t1 = t2 and k1 = k2 requiring the same gap at the top and bottom. Furthermore,

it is assumed that the couplers are lossless, hence t2+k2 = 1. However, in asymmetric

ring resonators, t1 ̸= t2 and k1 ̸= k2. An asymmetric ring includes a ring with two

asymmetric bus waveguides (with different width). Using buses of different widths

requires different gaps, which is more challenging to design compared to symmetric

rings.

The optical power transfer depends on the round-trip phase (ϕ), and power

attenuation (A), which were calculated by Bogaerts and Chrostowski (2018):

A2 = e−αLrt (2.12)

ϕ = βLrt = 2πm (2.13)

where α is the propagation loss inside the coupler and β is the propagation con-

stant of the traveling mode through the waveguide, which is determined by:
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β =
2πneff

λres

(2.14)

where neff is the effective refractive index of the selected mode. In addition, the

power coupling between the selected mode can be computed by:

Pcoupling = k2 (2.15)

The ideal ring is lossless, which means that the power attenuation coefficient

(loss) is zero (A2 = e−αLrt = e0 = 1). Under the condition where the coupled power

through the ring is equal to the power attenuation (i.e. losses), the intensity at the

drop port is zero; therefore, we have A = t and A2 + k2 = 1. When the phase shift

accumulated inside the ring is an integer of multiple 2π and the power attenuation

coefficient is negligible (lossless cavity A = 1), the incident light will be in resonance

(Heebner et al., 2008). The transmission characteristics of the ring resonator and

optical phase shift are shown in Fig. 2.5 as given by Okamoto (2021).

φ = π + ϕ+ arctan
t sinϕ

A− t cosϕ
+ arctan

tA sinϕ

1− tA cosϕ
(2.16)

Figure 2.5(a) represents the ideal transmission response of a ring resonator where

all the incoming power at the resonant wavelength is coupled to the drop port, with

no power going to through port. The effective phase delay for the lossless ring res-

onator (A = 1) is shown in Fig. 2.5(b). When the cross-coupling coefficient (k) is

strong enough, t=A; this condition is called the critical coupling condition. However,

if t > A or t < A, then the ring is in the under coupling or over coupling conditions,

respectively. Consequently, to achieve a strong coupled power in the ring resulting

in a high transmission, we must create a ring with the lowest loss possible at the

resonance. In addition, the resonant wavelength is function of the round-trip path

length and effective index of traveling mode, which can be calculated with:

λres =
neffLrt

m
, m = 1, 2, ... (2.17)

where m is the order of the resonances. To align the resonance at a specific

wavelength, changing the total round-trip path length is required.
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(a) (b)

Figure 2.5: (a) Simulated transmission spectrum of the ring resonator as a function of phase

detuning while operating in the critical coupling condition. (b) Effective phase delay for

different coupling coefficients.

2.5.2 Bandwidth

The Full Width at Half Maximum (FWHM) or 3-dB bandwidth is dependent on the

loss inside the ring. An ideal ring produces a narrow FWHM since the losses are

low at the resonant wavelength. The analytic equation to calculate the FWHM of

add-drop filter ring resonators is:

FWHM =
(1− t1t2A)λ

2
res

πngLrt(
√
t1t2A)

(2.18)

2.5.3 Finesse and Quality Factor

Two other parameters related to the FWHM are the finesse and the Quality factor

(Q factor). The finesse characterizes the spectral shape of the response of the ring

and can be calculated with Eq. 2.19. The finesse represents the sharpness of the

resonance relative to the FSR. In contrast, the Q factor represents the sharpness of

resonance relative to the resonant wavelength, as shown by Eq. 2.20. Accordingly,

the Q factor indicates the relationship between the energy traveling inside the ring

and the power lost during each round trip around the ring (Heebner et al., 2008).

To increase the Q factor, the loss should be reduced.

Finesse =
π
√
t1t2A

1− t1t2A
≈ FSR

FWHM
(2.19)
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Qfactor =
πngLrt

√
t1t2A

λres(1− t1t2A)
≈ λres

FWHM
(2.20)

2.5.4 Crosstalk

In this study, we consider the following three concepts related to crosstalk: crosstalk

suppression, adjacent channel crosstalk, and inter-modal crosstalk.

Crosstalk suppression relates to the difference between the drop and through

port responses at the same resonant wavelength, which is mainly function of the

coupling coefficient (Mansoor et al., 2015). When the coupling coefficient satisfies

the critical coupling condition a high level of crosstalk suppression can be achieved,

as expected. Nevertheless, crosstalk suppression decreases as the loss inside the ring

increases. Ideally, the crosstalk suppression should exceed a minimum of 20 dB in

WDM communication networks.

Optical adjacent channel crosstalk is measured between the two separate chan-

nels by calculating the difference between the through port intensity of the first

channel and the drop port intensity of the second channel (Mansoor et al., 2014).

This crosstalk is influenced by the channel spacing; wider channel spacing minimizes

the crosstalk between the two channels (Bahadori et al., 2016). The wavelength dif-

ference between the channels at resonance is known as the channel spacing.

Crosstalk suppression and adjacent channel crosstalk are function of the relative

intensity of different signals propagation in the same mode (typically the funda-

mental mode), whereas optical inter-modal crosstalk represents the relative inten-

sity between the different modes at the same resonant wavelength. Furthermore,

inter-modal crosstalk is critical in MDM communication networks since each mode

operates as an individual channel.

2.6 Conclusion

This chapter reviewed the theory of modes propagating through waveguides. We

gave an overview of the two elements widely used in multiplexers: directional cou-

plers and ring resonator. A brief theoretical discussion of the add-drop filter prop-

erties was presented. We summarized the concepts required to explain the ring
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resonator behavior. In addition, the parameters that have significant impacts on the

optical characteristics of the ring resonator have been discussed.
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Chapter 3

Literature Review

3.1 Optical Multiplexing

Optical Multiplexing is a key component in WDM and MDM optical links on both the

transmitter and receiver sides. On the transmitter side, multiplexing combines opti-

cal signals whereas on the receiver side, it splits or filters the modulated signals and

is therefore referred to as demultiplexing (Wang, 2016). A (de)multiplexer perfor-

mance can be characterized by several features such as its insertion loss, crosstalk,

group delay, and 3-dB bandwidth. The crosstalk is caused by the superposition of

desirable and undesirable optical signals leading to an increase in the Bit Error Rate

(BER). As a result, optical multiplexing with low crosstalk is essential (Mansoor,

2015).

Recently, many promising implementations of optical multiplexers have been

demonstrated using micro-ring or racetrack resonators, Asymmetric Directional Cou-

plers (ADCs), Mach–Zehnder Interferometers (MZIs), Y-junctions, and Array Waveg-

uide Gratings (AWGs). The remainder of this chapter will review the recent progress

on silicon photonic devices for WDM and MDM.

3.1.1 WDM Multiplexing

This section describes CWDM and DWDM (de)multiplexing based on MZI and micro-

rings. A four-channel CWDM (de)multiplexer based on two-stage cascaded MZIs

was fabricated by Yen and Hung (2020). This configuration can provide wide FSRs

of 40 nm or 80 nm. The four channels have a 3-dB bandwidth larger than 10 nm.
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The fabricated CWDM (De)MUXs consist of 10 MZIs and directional couplers with

five different coupling coefficients at 1550 nm: 0.5, 0.3, 0.23, 0.17, and 0.05. The

simulated 4-channel CWDM (De)MUX suffers from a high insertion loss of 2.2 dB

∼ 7.3 dB and channel crosstalk of -7 dB ∼ -21 dB, whereas another version with

fabrication-tolerant MZI design has an insertion loss of 1.6 dB ∼ 3.7 dB and channel

crosstalk of -16 dB ∼ -28.6 dB.

Another proposed configuration for WDM optical multiplexing based on the com-

bination of MZI and MRR was demonstrated by Zhang et al. (2015). Four asymmet-

ric MZI were used to modulate signals at different wavelengths and implementing

four rings to couple the modulated signals to a common bus. As it was a DWDM,

a channel spacing of 2.4 nm was considered. This structure had a 21.5 dB fiber-to-

fiber insertion loss and a 23 dB on-off extinction ratio.

Tan et al. (2014) designed a 1×4 WDM based on micro-rings, including cou-

pled vertical gratings to mitigate the ripple in the transmission spectrum. The four

channels were centered at 1554 nm, 1560.5 nm, 1567 nm, and 1573.5 nm. The 6.5

nm of channel spacing was chosen to decrease the footprint and complexity of the

wavelength selector. This WDM had 1 dB of insertion loss, a 3-dB bandwidth of 0.5

nm, and 16 dB crosstalk suppression.

Uddin et al. (2021) presented a four-channel DWDM based on micro-rings to

investigate the impact on channel spacing of the ring radius and studied three dif-

ferent radii of 1 µm, 5 µm, and 10 µm. The effect of the radius on FSR and Q factor

was studied to demonstrate that small FSRs limit the available bandwidth. In other

words, with wider FSR, WDM applications are capable of supporting a higher num-

ber of channels. In this study, the reference rings had FSRs of 83.18 nm, 17.38 nm,

and 8.63 nm. Additionally, a 0.02 coupling coefficient was reported.

3.1.2 MDM Multiplexing

This section introduces several studies on MDM (de)multiplexing. A three-channel

MDM (de)multiplexer based on identical single-mode racetrack resonators was fab-

ricated by Luo et al. (2014), with a common bus waveguide supporting multiple

TE modes: TE0, TE1, and TE2. Three rings with a 10 µm radius and 5 µm cou-
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pling length were fed by the same transmitter. The fabricated device included both

the multiplexer and demultiplexer sides. In this work, the authors made efforts to

reduce inter-modal crosstalk. To decrease the crosstalk below -30 dB, a larger cou-

pling length and coupling gap were suggested. The crosstalk between TE0 and TE2

improved to -16 dB at the output of the multiplexer.

Zheng et al. (2018) followed the same design as Luo et al. (2014) but used

the modes TE1, TE2, and TE3 at λ= 1540 nm as the first, second, and third output

ports, respectively. In this study, the average crosstalk of the device was less than

-12 dB.

A four-channel MDM multiplexer was fabricated by Jia et al. (2019), but the

demultiplexer side was not studied. The four cascaded asymmetric racetrack rings

supported modes TE0 to TE3 and had a 10 µm radius, 2 µm coupling length, and a

coupling coefficient of 0.4. This multiplexer is designed to be fed by cascaded 1×2

MMI power splitters over the wavelength range from 1525 nm to 1565 nm. In this

study, a FSR of 9.1 nm was reported. Furthermore, the insertion loss and extinction

ratio of the device were less than 1.9 dB and more than 19.6 dB, respectively. The

fabrication process slightly shifted the resonance wavelength of the four-mode chan-

nels.

Table 3.1 shows the optical specifications of the three works described above

relative to the dominant modes at each output port.
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Table 3.1: Optical specifications of MDM multiplexing.

Mode Number (Luo et al., 2014) Insertion Loss (dB) Crosstalk (dB)

TE0 at output port1 13 -22

TE1 at output port2 19 -18

TE2 at output port3 26 -12

Mode Number (Zheng et al., 2018) Insertion Loss (dB) Crosstalk (dB)

Port1 supports TE1 5 -20

Port2 supports TE2 14.5 -12

Port3 supports TE3 11.5 -15

Mode Number (Jia et

al., 2019)

Insertion Loss

(dB)
Crosstalk (dB)

Drop port ER

(dB)
Q factor

TE0 at output port1 1.3 -13.7 20.6 2,153

TE1 at output port2 1.5 -11.5 20.2 2,039

TE2 at output port3 1.5 -11.7 20.2 2,039

TE3 at output port4 1.9 -10.8 19.6 2,089

A four-mode division de(multiplexer) based on three tapered asymmetrical di-

rectional couplers with four input/output ports was fabricated by Qiu et al. (2017).

This device was designed with a tapered structure since it is more fabrication toler-

ant and has a wide working bandwidth in comparison to conventional asymmetrical

directional couplers. In this design, the common bus waveguide supports modes TE0

to TE3. The average insertion loss for the modes TE0, TE1, TE2, and TE3 is 1.3 dB,

2.6 dB, 4.8 dB, and 5 dB, respectively. At the same time, the average crosstalk of the

four channels over a wide wavelength range of 70 nm was reported as less than -18

dB.

Nath et al. (2020) demonstrated a five-mode division multiplexer, including two

coupling sections consisting of two asymmetric directional couplers. In this design,

the number of guided modes is controlled by the number of coupling regions, which

means that in order to support more modes, more coupling regions are required. The

proposed configuration guides five modes from TE0 to TE4 for which the device has

a maximum insertion loss of 0.24 dB and crosstalk of less than -33 dB at 1550 nm.

This work introduced a compact mode division (de)multiplexer with a total length

of 38.89 µm.
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3.1.3 Thermal Behavior of Rings

This section addresses the thermal sensitivity of the ring resonators. Bogaerts et

al. (2012) focused on the optical specifications of silicon micro-ring resonator. One

prominent study showed how the resonant wavelength was affected by temperature.

They investigated the response of a 2nd order ring filter as a function of temperature.

The temperature was varied from 25 ◦C to 60 ◦C and the resonant wavelength

shifted by 0.102 nm/◦C.

Rouger et al. (2010) modeled a racetrack resonator to demonstrate how it is

affected by temperature. This racetrack was simulated with a 10 µm radius and

a 5 µm coupling length. In this work, the resonant wavelength shift reported was

0.0806 nm/K.

Liu et al. (2019) studied a PV (process variations)-tolerant thermal sensor that

included a multi-wavelength source feeding four micro-rings add-drop filters. The

silicon micro-rings were designed with a 5 µm radius and a 100 nm gap. In that

study, shifts in wavelength due to variations in temperature were evaluated over the

range from 300 K to 380 K. A 0.06 nm/K wavelength shift was reported.

Li et al. (2018) demonstrated orbital angular momentum multiplexing based

on a multimodal micro-ring resonator, which can be used in MDM communications.

The micro-ring has a width of 0.95 µm and a radius of 9.95 µm. The temperature

sensitivity reported was 0.078 nm/K and 0.076 nm/K for the TE0 and TE1 mode,

respectively.

In this dissertation, we simulated a silicon four-channel ring-based WDM and

MDM multiplexer. The temperature was tuned from 25 ◦C to 75 ◦C. The two devices

showed a similar resonant wavelength shift of 0.078 nm/◦C.

Therefore, numerous reports available in the literature show that controlling the

operating temperature is critical to the performance of devices built using micro-

ring resonators. However, there are very few publications addressing the impact

that temperature variations can have on MDM devices and none that compare the

performance of WDM vs MDM as a function of temperature.
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3.2 Conclusion

This chapter surveyed recently proposed designs for WDM and MDM devices. As

illustrated, most WDM are simulated and fabricated based on MZIs or micro-rings.

However, MDM have been designed using racetrack resonators or tapered directional

couplers.

In particular, silicon ring resonators are a promising approach. Ring-based WDM

devices have a narrow bandwidth selectivity and a small footprint (De Cea et al.,

2019). Furthermore, ring resonators are suitable for both on-chip WDM and MDM

since asymmetric ring resonators with directional couplers with different widths can

be used.

However, silicon ring resonators are highly sensitive to environmental changes

(e.g., temperature) and dimension variations (Wu et al., 2016). One possible solu-

tion proposed to make the waveguide less sensitive is using the less confined trans-

verse magnetic (TM) polarization (De Heyn et al., 2013).

Following this review of the literature, it is clear that micro-ring resonators are

suitable to implement both types of multiplexing techniques that are the subject of

this study. Nevertheless, as demonstrated in the literature, the response of micro-

ring resonators can shift significantly as a function of temperature. Moreover, there

are very few investigations about the impact of variations in temperature on MDM

devices. Therefore, this work attempts to fill that gap by performing a comparative

study between WDM and MDM multiplexers. Ring-based multiplexers will enable

to compare the effect of temperature on devices with similar architecture but the

channels are either different frequencies or special modes.
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Chapter 4

WDM Optical Demultiplexing

4.1 WDM Design

This chapter presents a four-channel wavelength demultiplexer based on silicon

micro-rings where the channels are aligned on the ITU 200 GHz grid. Figure 4.1

shows a schematic of the WDM demultiplexer. The four rings are coupled to a bus

waveguide connected to a source that emits signal at four different wavelengths.

Each ring is designed to resonate at the wavelength of a specific channel, which is

then transferred to the drop waveguide at the bottom of the ring. Since each ring is

connected to a different drop waveguide, the device effectively separates each chan-

nel that could then be converter to the electrical domain with a photodetector, for

instance.

Figure 4.1: Schematic of the four-channel cascaded symmetric ring-based WDM demulti-

plexer.

In the design shown above, the silicon core is surrounded by a silicon dioxide bot-

tom cladding and an air top cladding. All micro-rings are made of waveguides that

are 450 nm wide and 220 nm thick. The proposed WDM demultiplexer is formed by
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four cascaded symmetric micro-rings supporting the TE fundamental mode having

an effective index of 2.27 at λ =1550 nm. The micro-rings have a bending radius of

approximately 8.83 µm and the difference in radius between the rings is only 17.3

nm. The rings are spaced 25.2 µm apart, and the center-to-center distance of the

neighboring rings was considered when defining the Perfect Matched Layers (PML)

boundaries on the x-axis of the simulations. PML boundaries must be precisely cho-

sen to obtain consistent simulation results. The center-to-center distance needed

to minimize coupling between the rings can be calculated with Eq. 4.1 proposed

in Huang et al. (2009). In the device described here, the four micro-rings have

approximately the same FSR since the 8.83 µm radius results in a FSR of 9.86 nm.

D = πR +
λres

4neff

(4.1)

One critical parameter that requires attention to achieve the critical coupling

condition is the size of the gap between the ring and the bus waveguide. The opti-

mum gap is the one for which the power at the resonant wavelength is high at the

drop port and close to zero at the through port. However, it is impossible to get an

absolute value of zero in real life, but minimizing the power coupled at the through

port maximizes the extinction ratio (ER), which will be discussed in further details

in the following section. In the final design, the optimum gap is 160 nm and 170 nm

for the first channel and for the other three channels, respectively. In this approach,

the optimum gaps were obtained for the first channel at λ =1550.18 nm, the second

channel at λ =1551.73 nm, the third channel at λ =1553.38 nm, and the fourth

channel at λ =1554.94 nm.

Studying the critical coupling condition permits finding the optimum gap. In

this work, two half micro-rings were modeled with ANSYS Lumerical FDTD solver

to calculate the coupling coefficient in both coupling regions. This structure enables

separate quantification of the top and bottom coupling coefficient (k1 and k2). In

symmetric coupling sections, considering that the guided optical modes at both out-

put ports are similar, k1 and k2 should be approximately the same. Figure 4.2 depicts

the coupling coefficient as a function of wavelength for the first channel, showing

that k1=1.62 % and k2 =1.69 % at λ =1550.18 nm.
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Figure 4.2: Simulated coupling coefficient as a function of wavelength for the 1st channel of

the WDM demultiplexer.

4.2 WDM Simulated Responses

This section provides a detailed analysis of the proposed WDM optical properties.

The prominent features that significantly affect micro-ring performance were inves-

tigated and analyzed. The frequency response of each whole micro-ring was sep-

arately obtained at room temperature (25 ◦C) from the ANSIS Lumerical MODE

VarFDTD solver; afterward, their S-parameters were directly exported to INTER-

CONNECT. It is also possible to model a ring-based WDM approach using the VarFDT-

D solver, which makes the simulation process longer by a couple of days.

4.2.1 WDM Optical Spectrum

In designing this WDM we aimed to maximize the transmission intensity by optimiz-

ing the coupling. Figure 4.3 illustrates the spectral transmission of the third channel.

As depicted by the simulation response, a transmission with a steep band-edge and

low losses is achieved. Figure 4.3 also demonstrates the three coupling conditions

representing the critical coupling condition at λ =1553.38 nm and under-coupling

and over-coupling conditions at the adjacent resonances. The transmission responses

relative to the four-channel WDM are listed in Table 4.1. The minimum drop port

and maximum through port normalized transmission intensity achieved are 0.94 and

1.5× 10−3, respectively, for the second channel.
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Figure 4.3: Simulated transmission and drop port spectra for the 3rd channel of the WDM

demultiplexer obtained with the VarFDTD solver.

Table 4.1: Spectral Characteristics Table: Transmission and extinction ratio of the four-

channel WDM demultiplexer.

Channel Number
Drop Port

Transmission

Through Port

Transmission
Drop Port ER (dB)

Through Port ER

(dB)

CH1 at 1550.18 nm 0.99 8.08× 10−5 35.93 40.8

CH2 at 1551.73 nm 0.94 1.5× 10−3 37.43 27.9

CH3 at 1553.38 nm 0.96 4.6× 10−4 37.54 33.04

CH4 at 1554.94 nm 0.96 7.4× 10−4 37.3 31.1

Achieving a high transmission intensity also improves the ER. In the case of a

ring resonator, two different ERs are considered: the through port extinction ratio

and drop port extinction ratio. Figure 4.4 shows the drop and through port ER

for the first channel of WDM. As can be seen, the through port ER is 40.8 dB and

43.05 dB at λ =1550.18 nm and λ =1560.04 nm, respectively. Furthermore, the

normalized transmission at the drop port is 0.99 and 0.98 at λ =1550.18 nm and

λ =1560.04 nm, respectively, resulting in a maximum drop port ER of 35.93 dB.

Further information regarding the transmission and ER of the four-channel WDM is

listed in Table 4.1.
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Figure 4.4: Simulated transmission and drop port spectra of the 1st channel of the WDM

demultiplexer obtained through S-parameters uploaded in INTERCONNECT.

Figure 4.5 presents the simulated transmission spectra for the four-channel of

the ring- based WDM demultiplexer showing that the channel spacing is 1.6 nm. As

shown, the maximum and minimum normalized transmission are 0.99 at λ =1550.18

nm and 0.94 at λ =1551.73 nm, respectively. These spectra further demonstrate how

a WDM works, showing how each channel corresponds to a specific wavelength. For

instance, at λ =1550.18 nm, the power in the last three channels is very low. Like-

wise, the same behavior is seen for the other channels at the neighboring resonances.

Also note that no significant interference was obtained between the channels.

To accurately model the high ER achieved in the first channel, its transmission

spectrum was calculated with high precision by increasing the grid resolution of the

simulation. This did not affect the intensity at the drop port, which remained the

same as before at 0.99 at λ =1550.18 nm. However, the through port transmission

decreased to 1.21× 10−5, and the effect of the reduction in the power at the through

port was to enhance the through port ER to 48.25 dB, as illustrated in Fig. 4.6.
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(a)

(b)
Figure 4.5: Transmission spectra of the four-channel cascaded symmetric ring-based WDM

demultiplexer in (a) linear normalized scale and (b) in dB.
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Figure 4.6: Transmission spectrum of the 1st channel obtained with a finer FDTD simulation

grid.

4.2.2 Optical Losses

Loss is an important phenomenon affecting the performance of rings. Two types of

losses must be considered: Insertion Loss (IL) and Return Loss (RL). Accordingly, a

portion of the remaining input power that could not be coupled to the drop port will

appear as an insertion loss. Consequently, the insertion loss decreases as the trans-

mission increases at the drop port. Figure 4.7(a) shows the transmission spectrum

of the first channel in which the transmission is modified to 0.99 at λ = 1550.18

nm; therefore, 0.01 of the input power appears as a loss, namely insertion loss.

On the other hand, the return loss is the portion of the input power reflected

back towards the input. Therefore, it should be maximized as much as possible.

Figure 4.7(b) illustrates the return loss behavior as a function of the wavelength.

The insertion loss and return loss of the four-channel WDM demultiplexer are de-

tailed in Table 4.2. In the worst case, the maximum insertion loss and the minimum

return loss are 0.26 dB and 14.26 dB at λ = 1551.73 nm. The average simulated

insertion loss and return loss for the WDM demultiplexing are 0.16 dB and 17.80

dB, respectively.
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(a) (b)

Figure 4.7: Zoom-in view of the simulated transmission spectra of the 1st channel (a) at the

drop port and (b) at the input and add ports.

Table 4.2: Simulated loss features for the four-channel WDM demultiplexing.

Channel Number Insertion Loss (dB) Return Loss (dB)

CH1 at 1550.18 nm 0.047 24.28

CH2 at 1551.73 nm 0.26 14.26

CH3 at 1553.38 nm 0.17 16.92

CH4 at 1554.94 nm 0.17 15.74

4.2.3 Spectral Characteristics

Extensive optimization of the FWHM bandwidth was carried out for the proposed

WDM. In principle, a low-loss ring gives rise to a narrow FWHM. Herein, the entire

bandwidth over the level of 3 dB for the four channels is equivalent to 0.09 nm.

Their relevant finesse and Q factor characteristics were calculated with Eq. 2.19

and 2.20 and detailed in Table 4.3, showing slight changes in Q factor and finesse

resulting from the slight changes in total round trip path length. Meanwhile, the

average simulated finesse and Q factor for the WDM demultiplexer are 109.41 and

17,250.25, respectively.

Table 4.3: Simulated finesse and Q factor feature for the four-channel WDM demultiplexer.

Channel Number Finesse Q factor

CH1 at 1550.18 nm 109.55 17,224

CH2 at 1551.73 nm 109.55 17,241

CH3 at 1553.38 nm 109.22 17,259

CH4 at 1554.94 nm 109.33 17,277
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4.2.4 Crossstalk

As illustrated in the previous sections, a low-loss WDM approach with almost no in-

terference between the channels was achieved. The consequence of this is that very

low crosstalk between the WDM channels is present, as shown in Fig. 4.5 and Table

4.2. Figure 4.8(a) shows that the maximum crosstalk obtained is -28.69 dB in the

WDM between the first two channels at λ=1551.73 nm. Furthermore, the minimum

crosstalk is -35.24 dB between the second and fourth channels. This is because the

crosstalk decreases as the channel spacing increases. Moreover, the average crosstalk

for the proposed WDM is -32.19 dB. Further details are listed in Table 4.4.

The crosstalk suppression bandwidth of the first channel is presented in Fig.

4.8(b). As shown, this is computed over the wavelength range for which the level

of crosstalk is below -20 dB. The four channels benefit from a similar crosstalk sup-

pression bandwidth of 0.01 nm at their resonant wavelengths.

(a) (b)

Figure 4.8: Zoom-in view of the simulated crosstalk in the WDM demultiplexer showing

(a) the adjacent channel crosstalk between the 1st and 2nd channels and (b) the crosstalk

suppression in the 1st channel as a function of wavelength.

Table 4.4: Simulated adjacent channel crosstalk characteristic between the four channels of

the WDM demultiplexer.

Channel Number CH1 (dB) CH2 (dB) CH3 (dB)

CH2 at 1551.73 nm -28.69 — —

CH3 at 1553.38 nm -33.57 -30.56 —

CH4 at 1554.94 nm -34.90 -35.24 -30.18
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4.3 Conclusion

This chapter presented the design and simulation of a four-channel WDM based on

silicon micro-rings with a 200 GHz channel spacing. This approach was modeled

with an VarFDTD solver and the INTERCONNECT software at room temperature.

Designing to reach the critical coupling condition permitted to achieve good optical

specifications such as a high ER, low insertion loss, and low crosstalk. This device

provides a narrow 3-dB bandwidth and high Q factor for all channels.
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Chapter 5

MDM Optical Multiplexing

5.1 MDM Design

This chapter presents the design of a four-channel ring-based mode-division multi-

plexer. MDM is an emerging technology in optical systems that can be challenging

to implement because it requires selectivity between higher-order modes, which is

difficult to obtain. In this design, the first task was to modify one of the directional

coupler of the micro-rings in order to perform mode conversion. This requires an

asymmetric directional coupler. Consequently, a racetrack configuration was used

to achieve enough coupling between the resonator and the multimode bus waveg-

uide. The proposed MDM is made of a series of four cascaded identical racetrack

resonators that support the TE fundamental mode. A single source could be used

to simultaneously launch light in the four input ports with a splitter. Furthermore,

the drop bus waveguides of each resonator are linked by 10 µm-long linear tapered

waveguides to form a single bus waveguide.

Figure 5.1 shows a schematic of the four-channel MDM multiplexer comprising

four identical racetrack resonators, in which the center-to-center distance between

the adjacent racetracks is 46 µm. The MDM configuration operates as follows: the

first ring from the right couples to the TE0 mode, the second converts the TE0 to

TE1 mode, the third converts TE0 to the TE2 mode, and finally the fourth converts

TE0 to the TE3 mode. The drop ports of all the rings are connected by adiabatic

tapers that ensures that the signals from the previous channels remain in the desired

mode. The frequency response of each racetrack resonator was scanned at room
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temperature using a similar method to the micro-ring used in the WDM demulti-

plexer.

Figure 5.1: Schematic of the four-channel cascaded asymmetric ring-based MDM multi-

plexer. The optical light coming from a single-mode source is split to feed all the channels

simultaneously.

The racetrack resonators have the same silicon waveguide cross-section as the

micro-rings used in the WDM approach (450 nm in width and 220 nm in thickness).

Each single-mode racetrack resonator was designed to support the TE fundamental

mode but they are coupled to different modes of the drop bus waveguide. According

to the phase matching condition, the fundamental mode can be coupled to higher

order modes in an adjacent multimode waveguide when both modes have identical

propagation constant. To achieve this, the multimode waveguide width is adjusted

to match the propagation constant of the TE0 mode of the racetrack resonator with

a specific higher-order mode in the multimode waveguide. In this study, the TE0

coming from the single-mode resonators is coupled with the TE0, TE1, TE2, and

TE3 modes of the drop bus waveguides. Thus, the effective indexes of the TE0,

TE1, TE2, and TE3, which are directly related to their propagation constant, match

the effective index of 2.27 of the TE0 mode in the racetrack at λ=1550 nm. This

was done by scanning width of the bus waveguide and calculating the optical modes

in two different ways: using a FDE solver and the mode expansion monitor available

in the MODE simulation software. The minimum recommended drop bus waveguide

widths to match the effective indexes of the resonator mode to the four channels are

450 nm, 910 nm, 1.37 µm, and 1.83 µm, respectively.

In the case of the asymmetric racetrack resonator scheme, a low coupling strength

is needed to be able to convert all the power from the fundamental mode propagat-
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ing in the single-mode racetrack to the higher-order mode in the multimode bus

waveguide. Moreover, as little power as possible should be coupled to the other

modes. Consequently, studying the coupling regions and coupling coefficient behav-

ior is essential. Due to the asymmetric racetrack scheme, both coupling regions and

coupling coefficients must be optimized individually, which is not a straightforward

process. To perform this, a study on the impact of the coupling length was accom-

plished. In this work, all racetrack resonators have a bending radius of 8.96 µm and

a coupling length of 4.2 µm, resulting in strong power coupled to the desired mode

with a steep response near the resonance and a narrow 3-dB bandwidth. Racetracks

with such parameters have a FSR of 8.61 nm.

The gap in the couplers was designed to meet the critical coupling condition.

The optimum gap between the input single-mode bus waveguide and single-mode

racetrack resonator was found to be 270 nm, whereas the gaps between the single-

mode racetrack resonator and the TE0, TE1, TE2, and TE3 bus waveguides are 270

nm, 230 nm, 230 nm, and 230 nm, respectively.

Figure 5.2 shows the coupling coefficient between the top single-mode bus

waveguide and the racetrack resonator (k1), where the signal remains in the funda-

mental TE0 mode, and between the racetrack resonator and the bottom multimode

bus waveguide (k2), where in this example, the TE0 mode is coupled to the TE3

mode. This occurs in the leftmost ring in Fig. 5.1. These responses were obtained

using a similar technique to that explained in Chapter 4. This design results in k1=

2.21% and k2 = 1.10% at λ =1565.66 nm at the last output port. A 1.11% difference

between k1 and k2 is observed, when the ring is optimized to transfer a maximum of

power from the TE0 to TE3.
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Figure 5.2: Simulated coupling coefficients as a function of wavelength for the last resonator

of the MDM multiplexer where the fundamental mode is coupled to the TE3 mode.

5.2 MDM Simulation Results

This section presents the optical characteristics of the MDM and ends with a brief

discussion of the linear tapered waveguide.

5.2.1 MDM Optical Spectrum

Each resonator was simulated separately to demonstrate how the conversion to

higher-order modes is performed. A slightly better simulated spectral transmission

response was obtained for the fundamental mode channel, which is coupled through

the rightmost ring in Fig. 5.1, when λ=1574.23 nm. However, for the higher-order

modes, the optimum response was obtained when λ=1565.66 nm as illustrated in

Fig. 5.3(a) which shows the TE2 mode at the output of the third ring. Thus, the

study of the MDM focused on this wavelength. Meanwhile, the undesirable modes

do not achieve the same level of coupling as the dominant mode. This is illustrated

in Fig. 5.3(b), which depicts the spectrum of the TE2 mode at the output of the

fourth ring, which is optimized to couple the TE3 mode. A considerable difference

in coupled power is observable between the drop ports of the third and fourth ring

when comparing the spectra shown in Fig. 5.3(a) and (b). The normalized trans-

mitted intensity in the TE2 mode decreases from 0.92 to 8 × 10−4 at λ=1565.66

nm. More significantly, the low coupled power in the undesired modes is essential

to reduce crosstalk between the modes, as will be discussed in the next section.
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(a)

(b)

Figure 5.3: (a) Transmission and drop port spectra of the 3rd resonator in the MDM multi-

plexer where the fundamental mode coming from the source is converted to the TE2 mode

at the drop port. (b) Spectrum of the TE2 mode at the drop port of the 4th resonator show-

ing that for this channel very little power is converted into that mode.

The simulated transmission spectra showing the inter-modal crosstalk levels

at the four output ports are presented in Figs. 5.4 to 5.7. They demonstrate that each

mode operates as a specific channel within the desired wavelength range at each

drop bus, which is why MDM can increase the capacity of optical systems. Figure

5.7 shows the transmission spectrum of the four MDM modes with approximately
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the same coupled power in the TE1 and TE2 while maintaining a high difference in

coupled power between the TE3 and the other modes, resulting in low inter-modal

crosstalk. The transmission characteristics for the desired modes at the output of

the four rings at λ=1565.66 nm are detailed in Table 5.1. The lowest performance

is obtained for the TE3 at the output of the last ring. Its drop and through port

normalized transmissions are 0.86 and 3.1 × 10−2, respectively. Additionally, the

maximum normalized drop port transmission, which has a value of 0.97, is obtained

for the TE1 mode at the output of the second ring. Moreover, in this study the

minimum through port ER and maximum drop port ER achieved are 14.43 dB and

35.67 dB, respectively, for the TE3 mode. The maximum through port ER obtained

is 30.27 dB for the TE0 mode. Further details are listed in Table 5.1.

Figure 5.4: Spectrum at the drop port of the 1st resonator where only the TE fundamental

mode is present.
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Figure 5.5: Spectrum at the drop port of the 2nd resonator where the input signal is converted

to the TE1 mode. A small fraction of the inside light couples to the fundamental mode at

the output.

Figure 5.6: Spectrum at the drop port of the 3rd resonator where the input signal is converted

to the TE2 mode showing that there is a little bit of leakage to the TE0 and TE1 modes.

49



Figure 5.7: Spectrum at the drop port of the 4th resonator where the input signal is converted

to the TE3 mode showing the power leaked into the TE0, TE1, and TE2 modes.

Table 5.1: Spectral Characteristics Table: Transmission and extinction ratio associated with

the desired modes at the four output ports at λ=1565.66 nm.

Mode Number
Drop Port

Transmission

Through Port

Transmission
Drop Port ER (dB)

Through Port ER

(dB)

TE0 at output

port1
0.96 8.99× 10−4 34.03 30.27

TE1 at output

port2
0.97 8.5× 10−3 33.33 20.54

TE2 at output

port3
0.92 3.96× 10−3 34.75 23.72

TE3 at output

port4
0.86 3.1× 10−2 35.67 14.43

5.2.2 Optical Losses

Insertion loss and return loss in the different mode channels are detailed in Table

5.2. A maximum insertion loss of 0.65 dB and minimum return loss of 20.26 dB are

achieved for the TE3 mode at λ=1565.66 nm. In contrast, the TE1 mode experi-

ences a low insertion loss of 0.14 dB. In addition, the average simulated insertion

loss and return loss for MDM multiplexer are 0.33 dB and 28.23 dB, respectively.
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Table 5.2: Simulated loss features at the desired modes traveling through the four output

ports of the MDM multiplexing at λ= 1565.66 nm.
Mode Number Insertion Loss (dB) Return Loss (dB)

TE0 at output port1 0.18 51.04

TE1 at output port2 0.14 21.06

TE2 at output port3 0.36 20.57

TE3at output port4 0.65 20.26

5.2.3 Spectral Characteristics

Table 5.3 presents the FWHM, finesse, and Q factor of the four mode channels. The

simulated wavelength responses show that the modes have slightly different 3-dB

bandwidth. The minimum FWHM is 0.1 nm for the TE2 and TE3 modes, which

corresponds to a Q factor of 15,656. In addition, the average simulated finesse and

Q factor for the MDM multiplexer are 80.55 and 14,648.5, respectively.

Table 5.3: Simulated spectral features at the desired modes traveling through the four output

ports of the MDM multiplexing at λ=1565.66 nm.
Channel Number FWHM (nm) Finesse Q factor

TE0 at output port1 0.11 78.27 14,234

TE1 at output port2 0.12 71.75 13,048

TE2 at output port3 0.10 86.1 15,656

TE3 at output port4 0.10 86.1 15,656

5.2.4 Inter-modal Crosstalk

From the spectral transmission of each mode depicted in Figs. 5.5 to 5.7, we can

compute the level of optical inter-modal crosstalk. Figure 5.5 shows the transmission

spectrum at the output port of the second ring, which includes the TE0 and TE1

modes, where the crosstalk is -34.47 dB at λ =1565.66 nm. Likewise, the output

port of the third ring supports the TE0, TE1, and TE2, where the maximum crosstalk

is -29.4 dB between the TE1 and TE2 modes, as shown in Fig. 5.6. Lastly, the fourth

multimode output port guides TE0, TE1, TE2, and TE3, in which the maximum

crosstalk is reached at -30.89 dB between TE2 and TE3. This is illustrated in Fig.

5.7 which shows that the minimum crosstalk is -67.99 dB between the TE0 and TE3

modes at the last output port. Further details are provided in Table 5.4.
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Table 5.4: Simulated inter-modal crosstalk feature between the modes traveling in the same

multimode output port at λ=1565.66 nm.

Output Port Number TE0-TE1 (dB)

Output port2 -34.47

Output Port Number TE0-TE2 (dB) TE1-TE2 (dB)

Output port3 -50.12 -29.4

Output Port Number TE0-TE3 (dB) TE1-TE3 (dB) TE2-TE3 (dB)

Output port4 -67.99 -34.27 -30.89

5.2.5 Taper Spectrum

The MDM multiplexer design comprises a single bus waveguide made by implement-

ing linear tapered waveguides between the drop bus waveguides of the different

ring resonators. The linear tapers were modeled with ANSYS Lumerical MODE EME

solver. One challenge is to optimize the length of the tapers to properly confine

the propagating modes in order to minimize optical loss and inter-modal crosstalk.

Therefore, in this design, TE0, TE1, and TE2 should be transported without loss

to the output port. After scanning the taper length, it was shown that a minimum

length of 10 µm provides low losses and crosstalk while keeping the device com-

pact. The spectral transmission of the third taper guiding three modes is provided

in Fig. 5.8, showing a normalized transmission of up to 0.99 for the modes trav-

eling through the tapered waveguide. Furthermore, the tapered waveguide widths

are defined based on the width of the different sections of the multimode drop bus

waveguide.
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Figure 5.8: Simulated spectral transmission for the 3rd taper, which supports three modes:

TE0, TE1, and TE2.

5.3 Conclusion

This chapter presented the design and simulation results of a four-channel MDM

multiplexer based on silicon racetrack resonators. This approach was modeled using

the same method as in the previous chapter, at room temperature. This multiplexer

displays good optical characteristics such as low crosstalk, low insertion loss, a nar-

row 3-dB bandwidth, and a high Q factor. We showed that the same coupling coeffi-

cients are not required for the asymmetric racetrack resonator to perform the mode

conversion process.
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Chapter 6

Temperature Dependency

In this chapter, the optical characteristics of the simulated four-channel ring-based

WDM and MDM multiplexers are analyzed as a function of environmental tempera-

ture variations to determine which multiplexing technique is most sensitive to ther-

mal changes. The results in this chapter are functions of wavelength and tempera-

ture in order to show how the micro-ring and racetrack resonator behavior is affected

by temperature changes. Changing the temperature essentially leads to a change in

the effective index of the mode, resulting in a wavelength shift. Notably, rings are

extremely sensitive to thermal variations. Furthermore, silicon has a high thermo-

optic coefficient. Therefore, this sensitivity to temperature can be a serious limita-

tion to the deployment of silicon photonics in harsh environments. Nevertheless, the

need for affordable high-capacity interconnects for these environments is growing.

Hence, the study presented in this chapter is investigating which of the multiplexing

techniques and devices presented in chapters 4 and 5 suffer the most performance

degradation when the temperature changes. Accordingly, we swept the temperature

from 25 ◦C to 75 ◦C in steps of 10 ◦C in the simulation models introduced in the

previous chapters. The results of these simulations are presented and analyzed in

the following sections.

6.1 Effect of Temperature on the Resonant Wavelengths

The wavelength shift caused by changes in temperature was investigated for both

multiplexer designs. According to the simulated response, the resonant wavelength

of both the WDM and MDM multiplexers shifts by 0.078 nm/◦C. Despite the differ-

54



ence between the WDM and MDM multiplexers, described in Chapters 4 and 5, and

the different insertion loss levels, the two designs show the same shift in resonant

wavelength. This is because both approaches have the same initial effective index of

2.27. Another important point is that inside the resonators the light is always trav-

eling in the fundamental mode in both devices. Therefore, the resonant wavelength

shift is not mode dependent. Figure 6.1 shows the wavelength shift occurring in

the first channel of the WDM multiplexer and in the last channel of the MDM multi-

plexer (i.e., the one corresponding to the TE3 mode). Both show the same shift but

the MDM multiplexer suffers from higher losses.

(a) (b)

Figure 6.1: Spectra showing the resonant wavelength shift due to the temperature changes

(a) for the 1st channel in the WDM demultiplexer and (b) for the TE3 mode channel in the

MDM multiplexer.

6.2 Effect of Temperature on the Coupling Coefficients

Figure 6.2 shows the coupling coefficients as a function of temperature for the first

channel of WDM multiplexer at λ=1550.18 nm and for the fourth channel of the

MDM multiplexer at λ=1565.66 nm. In both cases, k1 and k2 decrease slightly as

the temperature increases. However, the simulated results show that k1 has more

variation than k2. Accordingly, k1 decreases by 0.09% and 0.13% in the WDM and

MDM multiplexers, respectively, from 25 ◦C to 75 ◦C. Moreover, the average rate of

change as a function of temperature of k1 and k2 is 0.0018 %/◦C and 0.0015 %/◦C

in the WDM whereas, it is 0.0026 %/◦C and 0.0013 %/◦C in the MDM multiplexer.
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(a) (b)

Figure 6.2: Coupling coefficients vs.temperature (a) for the 1st channel in the WDM demul-

tiplexer and (b) for the TE3 mode channel in the MDM multiplexer.

6.3 Effect of Temperature on the Transmission and Loss

This section describes the effects of thermal variations on the drop port transmission

and insertion loss of both approaches. Their variations as a function of temperature

are plotted in Fig. 6.3. As indicated in (c) and (d), the transmission and insertion

loss of the MDM multiplexer show higher sensitivity to variations in temperature.

Moreover, there are clean trends across all channels: the transmission efficiency de-

creases with increasing temperature while the loss increases. The normalized trans-

mission and the insertion loss vary from 0.97 to 0.48 and from 0.14 dB to 3.21 dB,

respectively.

However, less variations are observed in the WDM multiplexer, as presented in

Fig. 6.3(a) and (b). The transmission and insertion loss in the WDM vary from 0.99

to 0.85 and from 0.047 dB to 0.71 dB, respectively. The fact that these small varia-

tions do not show conclusive trends across channels is an indication of the limit in

accuracy of the numerical simulations. This limited accuracy affects the results in

two ways: obviously, it introduces uncertainty in the transmission and loss values,

but it also constrains the precision with which the design of the devices can be opti-

mized. For instance, the transmission of the fourth channel drops with temperature

while the one of the second channel slightly increases. This shows that the param-

eters of the second channel (i.e., ring radius and coupler gap) could be marginally
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improved. Nevertheless, variations of less than 10% in normalized transmission

and of less than 0.5 dB in loss are challenging to measure experimentally and these

uncertainty values are in agreement with the ones observed in the simulation results.

(a) (b)

(c) (d)

Figure 6.3: Impact of temperature variations on (a) the drop port normalized transmission

intensity and (b) insertion loss for the four wavelength channels of the WDM multiplexer

and on (c) the drop port normalized transmission intensity and (d) insertion loss for the

four mode channels of the MDM multiplexer.

Furthermore, this sensitivity to variations in temperature leads to a slight

enhancement in the 3-dB bandwidth that, in turn, causes a decrease in Q factor. The

temperature variation from 25 ◦C to 75 ◦C increases the WDM and MDM devices

3-dB bandwidth to 0.11 nm and 0.17 nm, respectively. Thus, achieving a consistent

Q factor is not straightforward, especially with the MDM approach.
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6.4 Effect of Temperature on the Extinction Ratio

This section addresses the effect of thermal changes on the extinction ratio of both

multiplexers. Figure 6.4 presents the variation in ER as a function of temperature.

In this study, the drop port ER varies from 35.87 dB to 37.73 dB in the WDM mul-

tiplexer and from 35.67 dB to 31.61 dB in MDM multiplexer. Since the signals at

the output of the through port are very low when the rings are on resonance (below

0.02 in normalized power), the variations in ER at the through port are not discussed

here.

Figure 6.4(a) shows the ER as a function of temperature for the four channels of

the WDM multiplexer. The ER varies by less than one dB over the full temperature

range. However, in the case of the MDM multiplexer the ER decreases as the temper-

ature increases, as shown in Fig. 6.4(b). The reduction in ER is a consequence of the

lower transmission efficiency and higher loss as a function of temperature described

in the previous section (see Fig. 6.3(c) and (d)). When less light is transmitted, then

the ER decreases. Indeed, one can see that the shape of the curves in Figs. 6.3(c)

and 6.4(b) are similar.

(a) (b)

Figure 6.4: Impact of temperature variations on the drop port extinction ratio (ER) for each

channel of (a) the WDM demultiplexer and (b) the MDM multiplexer.
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6.5 Effect of the Temperature on the Crosstalk

Figure 6.5 presents the main source of crosstalk as a function of temperature relative

in both multiplexers. Figure 6.5(a) shows the adjacent channel crosstalk between

the four channels in the WDM demultiplexer, and (b) shows inter-modal crosstalk

between the four different modes at the output port of the MDM multiplexer for a

single wavelength. The simulations demonstrate that crosstalk is not strongly de-

pendent on temperature. In this study, the maximum crosstalk fluctuation is 1.07

dB between the first and second channels of the WDM demultiplexer and 0.89 dB

between the TE0 and TE3 modes in the MDM multiplexer.

(a) (b)

Figure 6.5: Impact of temperature variations (a) on the adjacent channel crosstalk in the

WDM demultiplexer and (b) on the inter-modal crosstalk in the MDM multiplexer.

6.6 Conclusion

This chapter presented the effect of thermal variations on the optical performance

of the two simulated multiplexers. The results demonstrated that the coupling co-

efficients vary slightly with temperature. Moreover, since the fundamental mode

inside the rings of the two devices has the same effective index, both demonstrated

the same resonant wavelength shift as a function of temperature. Furthermore, the

level of crosstalk barely changed with temperature in both devices. However, there

is a significant difference in the behavior of the insertion loss as a function of tem-

perature between the devices. Losses increase much more with temperature in the
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MDM multiplexer than in the WDM one. The same trend was also observed with

regards to the extinction ratio. This is the key finding of this study. The higher

thermal sensitivity of the MDM device is most likely due to the racetrack resonator

configurations that results in significantly longer coupling regions. Moreover, for the

higher-order modes different couplers are used at the input and output of the rings,

which will further enhance the temperature sensitivity. The racetrack configuration

was chosen to obtain the level of coupling required to achieve the critical coupling

condition with the higher-order modes. Therefore, minimizing the length of the

couplers needed to perform mode conversion in micro-rings appears to be critical

to reduce the sensitivity to temperature of MDM multiplexer. Eventually, since the

filtering is done with similar single mode rings in the MDM approach, all modes in

the similar multimode waveguide have comparable resonant wavelength shift, ER,

FWHM, and Q factor.
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Chapter 7

Conclusion

This thesis presented the design and simulation of two silicon photonic multiplexers

based on micro-ring resonators. The first device was a four channel WDM demulti-

plexer design to work on the 200 GHz grid defined by the ITU. Only the fundamental

TE mode is supported inside this device. The second device, a MDM multiplexer, is

able to support four TE modes and each mode represents a different telecommunica-

tion channel. One important advantage of the MDM technique is that a single source

can be used for its implementation whereas WDM requires multiple sources.

Both multiplexers have the same effective index for the fundamental mode of the

micro-rings and thereby they experienced the same resonant wavelength shift as a

function of temperature. This study shows that despite suffering from similar shifts

in wavelength due to variations in temperature, the longer directional couplers (DC)

used to perform mode conversion in the MDM multiplexer make its performance

more sensitive to changes in temperature. Also, for the higher-order modes, the fact

that different DCs are used at the input and output of the resonators can contribute

to the temperature sensitivity. Controlling thermal drift in the MDM multiplexer will

be more challenging than in WDM systems since the coupling ratio provided by the

DC as well as the phase must be accurately tuned, whereas in WDM, the fact that

both DC are identical means that only the phase requires fine adjustments. We also

showed that a ring resonator with high insertion loss is more sensitive to the thermal

effects. These results were presented at the Photonics North Conference.

To continue the investigation started in this thesis, future work could include

the fabrication and characterization of the multiplexers to confirm the simulation

results. More research could also be done to improve the temperature sensitivity of
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the directional couplers used to perform mode conversion in the MDM device.
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