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ABSTRACT

Mode-division (de)multiplexing (MDM) is one of the technologies tlaae being
developed to increase the transmission capacity in optical communic&igmals are
transmitted through different modessncha system, and each modeachannel. Generally
speaking, inaMDM systemthefundamental modes first converted ito higher mods, then
multiplexedinto one fewmode fibre (FMF) or waveguide, afidally demultiplexedafter the
transmissionin order to retrieve the originalsignals Therefore mode converter and

(de)multiplexes arethe key devices in the MDM system.

Mode conveting and (de)multipleig can berealized through varying methods and
technologieslnitially, devices based on frepace optichkavebeenstudied These deicesuse
phase maskto match input modes to output modegeespaceopticsbasedlevices arenore
wavelength idependenbut too complex toapplyandareaccompaied byhigh insertion loss
Otherapproacks are through fbre and other waveguidesvhich include all-fibre stucture,
tapered fibre, fibre grating, planar lightwave circuit (PL&)otonic crystal fibre (PCF) andY
junction. Theses devicesavehigh conversion efficiencgnd are more compatttus easieto

applyin practice

In this thesis, d@roadbandour-modeconverter(de)multiplexerbased on silica planar

lightwave circuitusing two assistant waveguidssiesigned andnalyzed under simulation

First of all, a twomode convertefde)multiplexer is designed to justify the mode
coupling method using Ny matching. Because the wavegisdeilized in all designs amgeak
waveguids, the power in one waveguide transmitting as mode 1 can be transferred to another
waveguide while converting to mode 2. The keynodeconvertingis thatthe valueof Nes for
the twodifferent modes at each waveguilgould be manipulateid be as close as possible
which can be achievdaly changing the structure widtimsertion loss over the entire S, G, L
band is less than 1.5 dB, and less than 0.2adBhe cemral wavelengthof 1550 nm.The

extinction ratioover the S, C, tbandis higher than 22 dB.



Next, a fourmode convertefde)multiplexerdesignedor TEo, TE;, TE2and TEEmode
overentire S, C, tbhandis demonstratedrhe structure includesix waveguidesand two of
them serve as assistant wavegsid&t the end ofprocess four inputs of Tk mode are
converted and multiplexo the central waveguide the form ofTEy, TE;, TEzand TEEmode.
The insertion lossver the Cband when converting ar{de)multplexing Th mode to Tk,
TEz2 and TE modeis less than 0.5 dBAnd over the S, C, dband, the insertion loss for
conversion between BHETEL, TE2 mode isless than 2 dBMoreover,the extinction rab for
TEo, TE1, TE2and TEmode over th&, C,L -band sover17dB, and is higher than3B for
the Gband Furthermore, the insertion loss between diid TEis less than 0.5 dB for the-C
band with the extinction ratio higher th88 dB in the same rang&he crosstalk between the
TEo, TE1, TEzand TBmodeis below 0.4 dB over the-6and and below 1.1 dB over the S, C,

L-band.

Index TermsMDM, PLC, mode conwger, modgdemultiplexer
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Chapter 1 Introduction

1.1 OpticalCommunicatiorand ModeDivision Multiplexing

Though serving as a critical foundation to the global network and inforrditioen
society for the past 40 years, transmission capacity has become a major challenge to traditional
coaxial cable. In the world of modern telecommunication, optical comntigridzas assumed
an increasingly important role, thanks to the capacity increase brought by optical frequency

band.
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Figurel-1 The evolution of transmission capadily

Optical communication technolmg have been developed and implemented since the
first usablefibore was made byCorning Inc[1]. In the mid7 0 6 s , S tteamipdragturer o o m
semiconductor laser was invented, wHaild the foundation of the usable light source in optical
communi cati on. I n the 806s, i mproved fabrica
Mode Fibre (SMF), through which remarkable 0.2dB doas was achieved at 15%0n
window. Since then, tramisson capacity has been increasing at a speed of approximately 10
ti mes every four y e a r $oped IFibre Anhpkfier QEOBA3 and b ot h
WavelengthDivision Multiplexing (WDM) were developed and created a boom in the industry.

By then, the tnsmision capacity had reached the level ot*1D'? bits/s. Benefiting from



improved high spectral efficient coding, the capacity of an SMF reached a limit at around
100Thbits/ s. However, t hat l i mit cannot be o
derived from the nature of Shannon capacity lif]t In order to carry morsignalson fibre,

we need to use multiple fibres. But this in turn introdunesecosts directly associated with

the level of capacity, whicksinotefficient in the long term. With the growing desire for a
greatercapacity of worldwide telecommunication transmission generated by the booming
information technology era, optical communication industry had reached a point where it is

ultimately essetial to implement SpaeBivision Multiplexing (SDM) technology.

Since 2010, SDM has gained massive attention from researchers for its ability to break
the capacity limit of transmission. SDM is also known as the followimg types of
technologiestransmssionusingMulti-Core Fibres (MCF), and MoeRivision Multiplexing
(MDM) in the waveguide that supports muitiode transmission. Both technologies use
multiple spatial transmission paths to establish different communication channels. The goal for
SDM is to integrate as many components as possible to achieve better performance with

compacerdevice size, by combining these existing technologies with WDM and EDFA,

Figurel-2 MCF approach for SDN1]

First technologal approach ishroughMCF, in whichsignalchannels are separated by
physical fibre path. To reduce the crosstalk between different cores, either the distance between
fibre cores needs to be far enough, or the mayproperties of the fibre need to be adjusted in
a certain way to ensure thertergywithin one core is not abk® crossover into the neighbour
cores. Increasing the distance between multiple cores is the dimm@#sod. However, to
achieve optimal mult, the diameter of the final MCF product will be too big for practical

situations, which can bring problems such as reduced structure strength when facing potential

2



fracture.Figure 1-2 shows a typicasevencore MCF, which incldessix neighboufcores for

the centre core. 1@ore and 19ore MCFs also appeared in various researches.

Second approachly employingMulti-Mode Fibres (MMF)FewMode FibresEMF)
and other multmode waveguideas components of and in conjunctiorthaconverers and
multiplexess according to each its own structuré&efore the introduction ofFMF, MMF
reportedwith core/cladding diamets of 50/125um and 62.5/12%m can supponmore than
100 modes.[1] However,due togroup dispersionthe amount of travel time within the fibre
varies for each signal in different mod®g¢ith more modes transmitting togeth&mther time
delayis expected anshould be dealvith. In the case of MMF, performance of long linkglwi
suffer greatly from high group dispersion. In order to receive the original signal accurately,
DSP is generally &sl. However, it increases complexity and cost of the syS&temsequently,
FMF is developed to limit support modes and find an optimurmbaldetween mode count
and group dispersionFigure 1-3 shows the sectional view ofnaFMF with a core

dimension/numerical aperture set to guide a restricted number of modes.

Figurel-3 FMF[1]

To utilize the advantage of modkvision multiplexing fundamentamodesfrom inputs
need to be converted to the higher modes and transmitted togetheurodassnvolves two
tecmics, mode convertingna (de)nultiplexing. Even thougtthey are generally seen asvo
independent procedurespmbining them together in fact reduces complexity of the device,

which leads to easier installment and ultimately greater efficiency.



Since easy integration is onevadtageof planar waveguide, silica and silicon planar
waveguides has become one of the main plagtorperform modadivision multiplexing. The
different technologies used for mode converting and (de)multiplexing are discussed in the next

chapter.

1.2 Motivations am Contributions

Mode-division multiplexing are based on sevekaly components, two of them are
mode convertarand mode multiplexar Originally the two components were introduced as
two separate devisewhich result inincreagd system complexyt and applying cost. By
combine those two techniques together into one device, myitiptesses can operate together
to increase efficiencylhe performancan terms of insertion loss, extinction ratio and crosstalk

areaffecting the sstemwhen considesd to apply such techniques.

In this thesisthe design is mainly focused to implement a fundamental method
strengthen the performance of extinction réyoadding assistant waveguides to the structure.
The contributions of this thissareto designthe two assistant waveguides and the physical
narrowing process at the end of thssistantwaveguides. After implementing orad the
assistant waveguidén the twomode structure toonstruct a novel thremode structure, the
extinctionratio is improvedmore than 8 dB at wavelength of 1550 nm, andt 6 S | mpr oV ¢
greatlyover a broad bandrinally, two assistant waveguides are implemented téotiremode

structure with total six waveguidés perform mode converting and (de) multiplexing.

1.3 Organization offhesis

The rest othethesis isorganized as follows:

In chapter 2, literature review is presented for the free space optics and fibre/waveguide

-based mode converters and (de)multiplexers.



Chapter 3 begins with introduction to fmposed twemode conerter(de)multiplexer
along with the simulation tool RSoft.is then followed by a performance examination of two
different light injection scenarios: injection from either pandinjection from both portsin
the meantime, insedn loss for each mods measured against wavelength scans above S, C,
L-band for broadband performance evaluatiortinction ratio and crosstalk are also measured
to assess mode purity. Moreover, reverse light path is also examinednfaitgdexing and

converting performace.

In chapter 4, the proposed femmode convertefde)multiplexer is introduced. Device
design is based on the same metrics described in the previous chaprpamated taonduct
converting and (de)multiplexing fomore modeswith two assistant wavegles. Same

wavelength scan above S, Gband is performed to assess the quality on broadband.

Chapter 5 summarizes the results from this research and suggests potential future work.



Chapter 2 LiteratureReview

2.1 Introduction

In thischapter, existing mode convers and (de)multiplexers from other researches are
presented. Since the introduction of Matleision multiplexing (MDM) technology, mode
converter and (de)multiplexer have been used to generate high order modes and combine
multiple modes together. As they parts of the MDM system, such devices have been widely
researched. Based on the material in which power of different snicadeels through, the
devices can be classified into two general categories, free space optics dmksed

fibre/waveguide based.

2.2 Mode Converters and (de)Multiplexers

2.2.1 FreeSpaceMode Converters and (de)Multiplexers

Free spaceptics basedlevicesutilize inputoutput profile matching processsed on
phase masks programmedIlimyuid crystal orsilicon (LCOS)spdial modulatorsFor exanple,
amode converter and multiplexer based @OS designed t@wonvert LRB1to LP11aand LR 1y

modehas 6 dB conversion loss and 16 dB multiplexing loss oVi&jall

Phase mask programmed on
an LCQS—SLM

Figure2-1 Mode conversion using LCQOS]



Anotherresearch usg phase platavith mirrors and lenseslso successfully converted
LPoi1to LP11aand LR1pmode The insertion losfor LPo1to LP11amodeis 9 dBand7.8 dB for
LPo1to LP1ibmoded4].

SMF
port 0

I
1

Beam
Splitters
SMF
port 1 - %
b
Y o 3MF

N
/LS g
Phase%— '
Plates \ /
Lenses
SMF mirror
port 2

Figure2-2 MDM using phase platg]

Mode converters and (de)multiplexers based on free space aptiogadband,
therefaeless sensitive tavavelength. Howevehesideghe high insertion los¢he deployment
for those technologies is alsapractical. Itusually involves optical alignment amdnhardly

be integrated

2.2.2 Fibre and WaveguidBasedViode Converters and (de)Miudlexers

Apart fromfree space mode converters and (de)multiplexers, devices basptaath
waveguideshave become the major trend oéthcademic researcBuch structuinclude
optical fibre[5], grating[6], photonic latern[7], Y -junctiong[8], planar lightwave circuit (PLC)

[9] and fhotoniccrystalfibre (PCF)[10].

One researchsed multimodefibre (MMF) by inserting it betweer single mode fibre

(SMF) andan fewmodefibre (FMF) to build acombined devicéo convertLPo:to LPomode



Based orthe simulation result$t hasan insertion losdowerthan 2.4 dBvertheS, C, L-band

and the extinction ratiis55 dB atthe wavelength c1550nm[11].

i SMF | MMF i FMF

Figure2-3 All -Fibre Broadband LP02 Mode Conver{ér]

In another researcfi2], a fiborebased degenerate mode rotatodésigned using a
special 2corefibre. The simulationresuls of rotation efficienciesfrom 1450 to 1650hm
wavelengh is more than 97% and 95% faP11 andLP21 mode respectivelyOverall rotation

efficiencyfor LP11a, LP11b,LP21a LP21bis higher than 70%Extinction ratio is more than 20 dB.

Optlc
5o AXIS

0HBRDO®

Figure2-4 Mode Rotatoland Multiplexer[12]

Taper fibre can also be used in medaversionResearclil 3] demonstratesimulation
performance regardingode converters between di@nd LRm usingtwo-stage taperilire. In
the ase of LiB:to LPozmodeconversionthe insertion loss is less th@r2 dB from 15301560

nm. For LPy1to LPoss modeconversion the insertion loss is less than 0.55 dB over the same



band.Furthermorethe same metric is less than 0.66 @B the conversion between bfand
LPosamode Overall the insertion loss is less than 0.7 dBd the extinction ratio isigher than

15 dB.

I3
_rl____l__"_[:__ir‘______ >z
\___

Figure2-5 Taper Fibrebased Mde Convertef13]

Long-period filre gratings also can be used to perform mode conveRasearcljl4]
utilizes mechanical pressure to generate filba¢ing Based oexperimental results, the device
canachieve 90% conveim efficiencyfor LPo1 to LP11 conversioroverthe 30 nm bandwidth

with acenter at 1550 nm.

(a) , Pressure
SF’"Ce BARARE
3 X
] ] |
C o mode \ 3-mode
8-mode SI GI

Figure2-6 Mode converter based on fibre gratiig]

A mode converter based photonic crystal fibeis analyzed numerically in artic[@5].

The mode conversion is achieved usaighole structure®f PCF, in which one ainole is

9



plugged with glue and others are filled with specific §as.the LB1to LPi1amodeconversion,
the coupling efficiency is more than 95&ker the Gband. Forthe LR1to LPiipand LR1to

LP>: modeconversiorthe efficiencyis higher thar®5% and 90% over the S, C;lhand.

P==)() | air-hole

pe=bE)

Figure2-7 PCF Mode Convertdd5]

Waveguides other than fibmms withmore possible physicahapeswhich canbe
utilizedin designs to suit different need@lica PLCis used in several researchig8] [17] [18]
[19][20] [21]. Underresearcltjl8], LPormode is converted to L LP1ivand LR1amode And

aLPi1mode rotator is also included in the design usthg.

LP,a LP,.b

t
“ d Waveguide .. -
L] L

without trench

* Waveguide -t ¥
> with trench '-‘ '4

Figure2-8 LP11 mode rotatgpl 8]

The schematic of the device is showelowin Figure2-9 andFigure2-10. Three out
of the bur input LR1 modes areeachconverted int@different higher modandall four modes
aremultiplexedbased orNest matching for the different modes in different waveguiddse
experiment result adverall insertion losts less than 3.5 dB over 153%G60 . Theextinction

ratio is higher than 12Rlover the same range.
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Input port Electrical field transition

> -
Port 1
me LPO'
- > | 4
Port 2
me Lpna
» — Yy —— 2‘
pon 3 Lpljf LP113 Lp”b.
- 'rElate LP,,a90 deqf?is._q
* - - T 0
Port 4

LPqs LPya LPyb* LPya
‘rotate LP,,a 90 degrees,

Figure2-9 PLC-based mode convertéde)multiplexer field transitiofiL8]

Port2 L wi
Port1 Lz T L | L2
ort
| M 161 /\71 3
l W
Port3 \ : u G2 Output port
L1 ] . T
| i A
Portd ‘ \ W"‘T I

Figure2-10 PLC-based mode convertéle)multiplexef18]

Silicon-based mode convertensive beenmesearcheavidely in the followingarticles
[22] [23] [24] [25] [26] [27]. In researcH{22], mode convedr-(de)multipleer between Tk
and Tk modebased on modevolutioncountertapered couplers designed anthbricated.
The insertion loss is Ieghan-1 dB over a band of 180 nrandextinction ratio (described as

crosstalkin the article) is higher than 13 dB

11



Figure2-11 Silicon-based mode convertéle)multiplexef22]

Waveguide arrayare also utilized in a threenode multiplexerdesign acerding to
resarch [28]. By manipulating the width, the efficient refractive index is set differently for
three waveguides. Insertion loss foe tfde)multiplexing is less than 0.05 dB amdinction
ratio (described asrossalk in the article)s higher than 20 dBver 100 nm band with a center

wavelength of 1550 nm.

A threemode (de)multiplexer based on two cascadgdnctions is introduced ithis
research29]. Within a bandwidth from 1537 to 1566 nm, the insertion loss is less than 5.7 dB,

andextinction ratio (described asosstalkin the article) is higher than 9.7 dB.

- Stage 1+~ leStage Zhgx «Stage 2% ie--Stage -

4,4, Le

Output,

Ws

Output,

—J—

]] Output;

Figure2-12 Y -junction based (de)multigxer[29]
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Figure2-13 Mode (de)multiplexer based on waveguide ar{ag$

In article [30], a threemode converter(de)multiplexeris designedbased on SOI
waveguidesThe device can conduct mode converting dadultiplexing proces$rom Thy,
TE1andTE:>to three TEmodesat the output. Alspthe reciprocal processan be donérom
three Thmodes to different outputs. As axperimentatesult,insertion loss is less than 0.2
dB over65 nmandextinction ratio (described asosstalkin the article) is higher than 20 dB

over the same bandwrdt

:I[ Input Middle Output

Al Wh1a Whib

i Ls1g . Lipa Lsyp

— ——— ——— — — — — —— — — — — — — — — —— — ] [, s s e e e e e

Stage #2 for the TE; mode Stage #1 for the TE; mode

Figure2-14 Schematic configuration of thereechannelevice[30]

13



Another resarch [31] uses similar structureto execute mode converting and
(de)multiplexing pocess forTMo, TM1, TM2 and TMs mode An insertion losof 2-5 dB is

achievedn the experiment and extinction ratio is higher than 20 dB over-1535 nm.

OMMB-WG J

Figure2-15 Four TM mode devicg31]

Furthermore, @ eightchannel hybrid (de)multiplexebased on former research is
studied inarticle [32]. Eight modes including TMTM1, TM2, TM3, TEo, TE1, TE2 and TE3
mode is converted and (de)multipésl in the processs shown irFigure2-16. Extinction ratio
(described asrosstalkin the article) is higher than 10 di®r eight modes over a 30 nm

wavelength range and the insertion lsswer than 2 dB.

s ks TEs Bus waveguide
I
T:>E: — el \«:\ v =S i l i \l
™, /VT
PBS ™, ™, T™;
Hybrid multiplexer 25pum

Figure2-16 Eight-channel hybrid (de)multiplex¢82]

Tablel below shows the summary of different techniques to achieve mode tingver

(MC) and/or (de)multiplexing (MUXvith simulation(SIM) or experimen{EXP) result given.

14



Tablel Summary of different technigae

Applications IL (dB) or ER BandWave
Techniques Efficiency (dB) length (nm)
(%)
LPo1t0 LPo2(MC) (SIM) [11] 2.4 55 S,C, L
band
: LPo1, LP11, LP21, LPo2(MC&MUX) | 70% 20 14501650
Fibre
(SIM) [12]
LPo1,LPo2, LPozand LR (MUX) 0.7 15 153061560
(SIM) [13]
Grating LPo1,LP11 (MC&MUX') (EXP)[14] | 90% NA 15351545
PCE LPo1t0 LP11a,LP11vand LB1(MC) | 90% NA S,C, L=
(SIM) [15] band
Y-Junction TEo, TE1 and T2 (MC&MUX) 5.7 9.7 1537-1566
(EXP)[28]
LPo1t0 LP11a,LP11vand LP1a 3.5 12 153061560
(MC&MUX) (EXP) [18]
TEo, TE1 and T2 (MC&MUX) 1 10 14601640
(EXP)[22]
Three modes (MC&MUX) (SIM) | 0.05 20 15001640
[28]
PLC TEo, TE:1 and TR (MC&MUX) 0.2 20 15201585
(EXP)[30]
TMo, TM1, TM2and TMs 5 20 15251555
(MC&MUX) (EXP) [31]
TMo, TM1, TM2, TM3, TEg, TE;q, 2 10 30 nmin
TEzand TEB(MC&MUX) (EXP) the Gband

[32]
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Chapter 3 Proposed’'wo-Mode converter(de)multiplexer

3.1 Introduction

In this chapterthetwo-modeconverter(de)multiplexeris designed and simulatedth
RSoft in threedimensionsThe prindples to design a modelated passive optical component

in RSoft using channel waveguide studied and demonstrated.

3.2 Introductionto RSoft

RSoft Photonics CAD Suite is a bundle of multiple effective design tools for photonic

device and circuit desig fa various purposes.

In our simulation, mainly two tools from the RSoft suite were uBsdmPROP and
MOST Optimizer. The former tool is used for fundamental structure building, simulation as
well as result monitoring and documentatidime latteris for optimizing the target design

regarding to different changeable parameters.
3.2.1 BeamPROP

3.2.1.1Global Settings
Global settings are meant to be configured at the beginning of the design. Some

fundamental parameters used in this simulation are presentedfatidiaéng figure.
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7 | Global Settings Window =

Simulation Toal: Dimensions:

* EeamPROP ™ FulbafésE Model Dirmenzsian: " 20 3D
- " BandSOLYE R adial Calculation: [

" Diffract 0D " FemSlt Effective Index Calculation: |

" ModePROP

Global Default S ettings:

Free Space W avelength: |1 FRR A0 Structure Type: |Ehannel j
Background M aterial |L|:u:all_l,l Defined ﬂ Cover M aterial |L|:u:-all_l,l D efirmed J
Backaground |ndex; 11.44 Cover Indes: i

Index Difference: |0.004 Slab M aterial |Locally Defined _~ |
Component YWidth: |,.-:-.,_W_m.;..;|.3|:| Slab Index: ||:ua|:kgr|:|unl:|_inde:-:+
Compaonent Height: |& W/ _model Slab Height: [

Index Prafile Type: |Step ﬂ |

____________________ EI K Cancel ‘ Symbols... b aterialz. . ‘

Figure3-1 Global Settings Window

As shown inFigure3-1, free space wavelength is set to 1550 nm,thatbhackground
index is set to 1.44 for cladding. The index differerdde, which is the refractive index
difference between cladding and core is set to OBEBamPROP solves electromagnetic fields
within a given domain, which can be 2D or 3Dprovidestwo different 3D structure tys
Fibreand ChanneFibre structure isiterally fibre-like circular waveguide that supports Linear
Polarized (LP) modes, and chansglcture is rectangular waveguide that supports normal TE,
TM modes.Simulations of this thesis are all based on 3Car@tel structures.The default
segmentvidth and height can be settime Global Settings WindowFor eachsegmentwidth
and height cabeoverriddenindividually in its ownpropertiessetting windowAll parameters
can be defined as symbols so that equations can be used to define multiplegraréone

convenient use in positigrlanning or optimization.

3.2.1.2Properties for Segment
For each segment, BeamPROP provides the option to adjust each parameter individually
in Properties for Segments window.
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# | Properties for Segment #13

3D Stucture Type: | Default [Channel +
Index Profile Type:  |Default (Step]

Index Taper:|Nane v

Materials ...
Width Taper: ’m $

Combine Mode: Default (Merge] |  Height Taper:|None = Prafiles ... ‘ Symbols .. |
terge Priority: 0 # Pos Taper| Linear - Tapers .. ‘ More | T
Display Color: Default - ‘' Pos Taper:|None - ’ |
Seg Orientation: 2 Awis - Z Pos Taper| M /&,
Starting Yertex Ending Vertex
Matenial Properties: Locally Defined - Material Properties: Locally Defined gtget
- ar
Index Difference: delta Index Difference: delta v
Index [imag part): alpha Index [imag part]: alpha [V
Component Width: 4w _model_end Component Width: & W _model_end v
Component Height:  |A_w_madeD Component Height: |4 _wW_mode0 v
X Y Z X: Y Z
[-27.8 [ {12130 [-27.8 [ [17250
Reference Reference Reference Reference Reference Reference
Type:  |Offset = Type:  |Offset = Type:  |Offset = Type:  |Offset Type:  |Offset = Type:  |Offset
Offset Value: Offset Value: Offset Value: Dffzet alue: Offset v alue: Offset Walue:
|{&_rmodel_end_rr | | |0 [0 ] 1] 5120
Relative Tao: Relative To: Relative To: Relative Tor Relative Ta: Fielative To:
Component: |8 Component: |12 Component: |12 Component: {13 Companent: |13 Component: |13

Vertex: |End «| | Vertex |End -

Vetex: |[End + Vertex:  |Start | | Vetex |Stat «| | Vertex |[Stat

Figure3-2 Properties for Segment

As shown inFigure 3-2, each segment has its own parameters related to structure,
position and other physical properties. Among these parameters, mainly component width and

positionare designatedf each segment in simulations. Thanks to the symbols function in the

software, some parameters can be defined using equations involving other parameters.

two or more sements can be virtually linked together, so that we can move a group of segments

The position of segments can be defined by an offset to another segment, which means

together without losing their relative position relationship with each other. As for-éxésZ

t he

reference

type

ilangl egitons msegierds. def i ned

3.2.1.3Launch Parameters

After parameters for all segments are setup, launch field parameters are required for the

software to launch desired input for simulations.

18
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'Ei Launch Parameters

Launch Field: [1 Mew Power: |1
— Phasze: |E|
S R Delete
- Polarizer ... |

Launch Field Options

Type: |Fi|e | Pathway: 1 ﬂil

Tilt: Mo +| Background M: [default
Mode: o CoverM: [default
Mode Radial: 1 Debhah: [default
Random Set: o Phi [defaut
Gaussian Offset. [0 Theta [default

Input File Spec: ’W IW Width: W

(Prefis/Ext) .| Custom.. | Height [default

Align File: Yes v| Length: [default
Marmalization: | Mone | Position |delau|t

Piosition ' |default

Position Z: [default

Neff: [default

Wiew Launch DK Cancel | Suymbols ..

Figure3-3 Launch Paramiers

From Figure 3-3, multiple launch fields can be set in one simulation in BeamPROP,
each launch field is easy to manage and has its own setting pgogrametersOne important
parameter, wavelength, is already setup via Global Setting Wintewioned before, so it is
not required in the launch field settings. But launch field type, which is one of the most relevant
parametes to simulations, can be sap in this window. There are several types available in
this soft war e. us@dyqdeectly fiendate dildmsedd d mddesinput, which
is precalculated by software for conveniendéiere is alsdt y p e A G ander svhichn o ,
Gaussian Offsatption is used in mode calculation to excite different potential méaesng
other modes y p e s, Af i | ehésthesigbpcausa waveguilesim this samulation is in
the shape of a rectangular chanmglich means weeedto load useicalculatednode profiles

from ASCII files. The specific file for modes can be loaded into Input Fikcfeld.
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3.2.1.4Pathwayand pathway monitor
After launch fields determinedpathways can be set blyoosingappropriatesegments

as shown irFigure3-4.

Mew

Delete

kanitars...

oK

Cancel

S
Figure3-4 Pathway
Pathway mornorsas displayeth Figure3-5 can be designatdd each pathwagnd are

usedto monitordifferent field parametersf the segmenelonging to the pathways

Type File Poweris selectedhereto monitor dedicated mode power baseduser
calculated mode profiles fromput ASCII files, which are also used the Launch Parameter

settings.
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Monitor Options

Type: |File Powwer LI

Til: [No |

Component: | M ajior LI

M ode: 0

Mode R adial: [1

Data File Spec: [\wr34_Ha [mi00
(Prefis/E st .| custom... |

Mormalization: ||nput Power LI

Figure3-5 Monitor Options

With input poweroption selected for th@ormalizationfield, a relatve ratio ofoutput
powerto input powewill be calculated to presette relationship betwedhe two, which can

also be exported as needed.

3.2.1.5Mode Calculation
In the proceduredescribedabove, usecalaulated mode profiles are used to precisely
launch ormonitor dedicated mode for the simulation.e3é profilesare generated by Boft

BeamPRORhAroughits built-in modecalculation function.

# | Mode Calculation Options @1
Method: terative v| Meff Tolerance:  [Te007
Mode Selection Neff Mir: [defaut
" Fundamental Mode (Mode #0) | Naif Max: [defaut
(* All Modes

Meff Log: Nao -

" Mode Rangs: |0
o |0 Calculate Spectrum Only: r

Cancel ‘

Figure3-6 Mode Calculation Options

The iterative method is usedtime simulationRSoft calculate whethera certain mode
can be found in the given structure of waveguléi¢he effective refractive index @y for a

mode is almosfixed after the calculation, whiameanghe fluctuation rangef the Nt result
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obsenedis less than B Tolerancethen a certain mode is found in this waveguidceexcite
as many modes as possible in the mode computation, the launch parasederdedifferent
from normal simulations. Offset Gaussian inpombinationshown inFigure3-7 is choserto

generat@required environmerso that variety of existing modes can be found in the segment.

Position = mz
Position ' 0z

Position 2 ldefault
Metf: default

Cancel I Symbols ...

Figure3-7 GaussiarOffset

As stown inFigure3-8, BeamPROP uses useefined grid size¢o efficiently calculate

results in a given domaiklere grid sizefi 1 0 i son Z-dxie seginggor the computation.
a Mode Calculation Parameters @
X Y £
Current  Default Uze || Coment  Default Use | Curent  Default Usze
Value WValue Defs | Walue Value Defz) | Value Value Defs
Domain Min: | |-96.2 962 W | |-216 216 W || |0 [ v
Domain Max: | [108.8  [1028 W | |216 216 W || [46100 [46100 |
Grid Size: 0.2 0.2 v | oz 0.2 M |1 |50 r
Slice Grid: 0.6 3 Vo |0z 0.2 W | 115 115 |
tonitor Grid: 12 [12 v

Figure3-8 Mode Calculation Paraners

Generally speaking, larger the grid size, less 4mesuming the simulation will be.
However, a longer propagation lengthniseded to finish the computation. Otherwise, the

computation will fail with a warning message showirigure3-9:
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[ T

BeamPROP Information @

| Warning:
lterative mode calculation stopped before convergence,
Increase the propagation length and re-run calculation.

OK

Figure3-9 Warning

So,i t aditical to find a balance betweethe appropriate grid size anthe related
propagation length tgo througha successful computation within affordable titAéier mode
computation forsegmentof different width, the results arstored in ASCII files for diture
usage. File names are basedlmrelated mode profile, e.g@xample.m00, example.m01 and

so on.HerefimO Orepreserd the first mode that can be foundhis segment.

3.2.2 MOST Optimizer

Besides setting up appropriate phykgarameters for the segments, simulation result

can be further optimized by RSoft biitt optimizer, MOST.

1% RSoft MOST Paremeters ela =S

General Cluster Options Output Prefix

@ Scan  [Detoul BeanPROP) =] I™ Enable Clustering mosttmp Save selings | |
" Optimize — 0

’_7 Sumbols... | Test metric | Cancel |

Window vebosty: |

D ] & Low 0 Advanced. | Help | Resume |

" Minimize " Medium

* Hide £ High = Preferences.. Post-process
Indep. vars } Measurements I Metrics I

Independent variables (scan) - the quantities to vary

Low: [
Variable Active | Type Low High Incr. Steps Function Meta
A_gap_model_2 N Fixed inc 8 12 02 21

| Agap_model3 ¥ Fiedincd____]15 05 13

«

Available symbols:

Add | [a_w_moden ~ Ue
Delete | |Fived steps = Specify: Low, High and Steps fields. Down

Figure3-10 MOST Parameters

23



As shown inFigure 3-10, symbols can be selected ¢arry outstepby-step automatic
simulatiors and metrics can b@onitoredto find the most desired result. Multiple symbols can
be chose togetherin one optimizatia for convenienceHowever,optimizationcomplexity
will increase exponentiallwith the growih of symbol countwhich requiresa much longer
processingime. Thus the symbols in an optimization process need to be chosen properly

efficiently optimize thedesign

3.3 PropsedTwo-Modeconverter(de)multiplexer Structure

Figure3-11 Two-Mode Structure(Front)
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. H=W1
Figure3-12 Two-Mode Structure (Top)
Table2 Two-Mode Metrics
H=wW1 W2 L1 L2 L3 Gapl
Length ( m) 8 21.5 3000 5000 4130 2

Figure3-13 Two-Mode Structure(3D)

25




The structure showin Figure3-11, Figure 3-12 and Figure 3-13 is transformedat a
ratio of 107:1 to be viewr-friendly. There aréwo segments in the desigamdeither ofport at
the bottomcan be a input portto launchTEo mode.Table2 sunmaries thdinal parameters

of thetwo-modeconverter(de)multiplexer.

Because theefractiveindex differenceYi is 0.4%, which issmall enoughthis is a
weak waveguide system, whictdicateshat power not only travels in the core but also travels
in the cladding. This phenomenon opens a window for the possibility that power in transmitting
can travel betweenifferent waveguidsthat aresmall gag apat. This is recognized as mode

coupling.

As shown inFigure 3-14, the keyfor mode coupling is to manipulateeiNof two
waveguidesFor examplepy changing the shape, tegucture widthn this casewe can get
same (orntwo Neft with a negligible difference) & for different modes at each waveguide.
Becausdoth areweak waveguidg the power in one waveguide transmitting as mode 1 can be

transferred to anothevaveguide while convertgnito mode 2.

1.448
w1 w2
— — X -
core T | A Matching™ ="~ ;;:‘-"@'
LPy, o ! -~ !
neff %1446 TIS ”t’ 19?’
LP11 ......................... LPD1 g LP01 ’,, - i
N w -=-=LPy| -7 Ih i
cad  Waveguide Waveguide L — :
1 2 14441~ =S
5.0 10.0 15.0 20.0

Waveguide width (um)
(@) (b)

Figure3-14 Mode Coupling and d¢ Matching[17]

In the proposed tweode device, when the left port is used fop irput, output will
still be T except he mode shape will gradually transform to fit the endpoint of the same

waveguide. When the right port is used forp Triput, the energy of T&Emode will be coupled
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into the left waveguide. In this specific case, M for TE: mode in the left waveguidis
manipulated by modifying the width of two waveguides to the same value asstha NEg
mode in the right waveguide. As a result, when both ports are used danpLE this device

acts as a mode convergle)multiplexer.

After the required & for mode couplings reachedpower from the original waveguide
will be coupled intatarget waveguide and transformed to target m@ueing this process,

power will travel between both waveguides periodically.

6000

2000

Figure3-15Resonace
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The reason that final struct ur-teadelcycle,n gt h
which means longer coupling distance, is based on MQ@&imizer result. The gap between
two waveguides also has an impact on final perfon@aA structure with larger gaps requires
longer coupling distance of each cycle to achieve successful mode conversion for two
waveguides, but will gain more couplingsistance to other unwanted lower modes. This

subject will be studied further in the riehapter on more complex structures.

3.4 Performance of th&wo-ModeDesign

3.4.1 Inputfrom Left Port

For the performancevaluatian, first only left port is used to inject Ehode as shown
in Figure 3-16 below. Along the waveguide, is clearthatenergy distribution off Eo mode
graduallyexpandswith the growth of waveguide widtome energy travels crase gap and
returns.Almost pure Tk is receivedat outputas the green line shovat the end of theight

figure.

8000 — Pathway,
—- -_Monltort _1_0
|
1 - 1, File 1 I
6000 1 -
1 " 2, File
£ - o |
= 4000 _ll B 2, File I
~N 4 | -
2000 - —

1 B

b

1 |
!

3
III'I'IIIII]III'IIIIII -
30 0 30 60 1.0 05 0.0 0.0

X (um) Monitor Value (a.u.)

Figure3-16 Two-ModeInputat Left
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In order to evaluate the performance in a range of wavelength, we performed
wavelength scan with MOST OptimizéBy comparinginput mode power and target mode

power at output we can get thalue ofinsertion Loss (IL):
VI
), pml Gl—h%

Where,0  is optical power obutputTE, mode, andd j is optical power of

input TEo mode[11].

—u— L In-TEO Out-TEO

0.07 /
0.06

0.05 /

I\ /
_ .\. —

Insertion Loss (dB)

./l

0.04

LI T ‘1 rrrrrrrrrrrrrrrrrrrrrr
1460 1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Figure3-17 Two-Mode L In-TEp Out-TEo

Because the input and output are in the same waveguide and they are hothd€E
there is no mode conversion in this caseam Figure 3-17 we can seehere is almst no

insertion los®ver the S, C, iBand.

Extinction Ratio (ER) can also be calculated to evaluate the result. It represents the

purity of target mode compared to remag input mode:
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OYs ptézR——

«

p=xj

Where0  is optical power of TEafter the conversion at output, afd f

represents optical power of Thich is the remainingther modes after theconversion at

output.[11] [13]

—m— ERTEO-TE1

25.0

T

24.6 [ ]

Extinction Ratio (dB)

24.4 4

LIS BN E L B B LA R B B
1460 1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Figure3-18 Two-Mode ER Th

FromFigure3-18, over the etire S, C, l-Band,it can be foundhe extinction ratidor

TEo modeis larger than 2.4 dB.
3.4.2 InputfromRight Port

To achieve mode conv&on, optical power is injected into rightog for extensive

simulations.
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8000 — ~ Pathway,
) -_Monltor: 1_0
T 1. File ] I
6000 = ~
" 2, File |

4000

Z(pm)

| 2, File | I

2000

30 0 30 60 1.0 05 0.0 0.0
X (um) Monitor Value (a.u.)

Figure3-19 Two-Mode Input at Right

From Figure 3-19, we can see that the optical power of inpub Tiem right port is
coupled to left waveguide and transforms ifitB: mode. After extensive simulations for

wavelength scanngjinsertion losss calculatedvera broadband.

| —m—IL In-TEO Out-TE1]

1.6—-
1.4—- \
1.2—-

1.0—- \
0.8—-

AN
0.4—- \

2] ™~ "
0.2 . /./

I\./.

Insertion Loss(dB)

0.0 +

r--r-r+r 1+ 1+ 1+ 1 " 1 " 1" 1"
1460 1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Figure3-20 Two-ModelL In-TEo Out-TE;:
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Figure3-20 shows that wer the entire S, C,-Band, the insertioroks isless than 1.5

dB, while at central wavelength of 1550 nm, the insertion lossasnd0.2 dB.

| —=— ER TEL/TEO|

30 4

/

Extinction Ratio (dB)
>
1

/

22 1 -

T LI 1T
1460 1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Figure3-21 Two-ModeER TE/TEp

From Figure 3-21, it is clear that over the entire S, C;Band, theextinction ratiois
largerthan 22 dB. At the central wavelength of 1550 nm, we can get an extinction ratio around

26 dB.

3.4.3 Inputfrom Both Pats

By injecting optical power into both ports, the device can fonciisamode converter

multiplexer.
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8000 u ~ Pathway,
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7 " 2. File 1
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5 4000 | | 2 File I
] A L _

2000 - — T
0 I|I| I| I| IIIIIII II II -
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X (um) Monitor Value (a.u.)

Figure3-22 Two-Mode Input All

FromFigure3-22, the green liné right figureindicates Tkmodein theleft waveguide
and the red line indicas TE modein theleft waveguide. Because there &am® inputs in the
simulation, mode power dfoth inputs are eachnormalized to 50%, so that together they
contribute 100% of optical power. This also explaumy the optical power of the output modes

stays around50% for both modes.

The qotical power of Tk modefrom theleft port iscombined with TEmode converted
from theright port To evaluate the impabetweerboth modesgrosstalkXT) is calculateds

follows:
0 5
84 prml Bl—%
R

Where0 | is optical power for TEmodeat outputwhen the only iput is the
mode thatonvertso TE.. And 0 is optical power for TEmode at outpuivhen all

the input modes are injectauto the device.
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Figure3-24 Two-Mode XT TE:

FromFigure3-23 and Figure 3-24 above we canfind that for both Tgand Tk mode
output, the crosstalk from other undesired modes is less than 0.5 dB. Alnel cantral

wavelength of 1550 nm, the crosstalk is less thamlB.4
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3.4.4 Two-ModeBackwardConversionand Demux

The device can also be used as mode conveetaultiplexerto perform backward
conversion when injectingEo and Tk modefrom the originaloutput port.lt needs to be
pointed out that since the structure onlypgorts TEnodein this device, the input of light

should pass a polarization controller to get efficient results.
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Figure3-25 Two-Mode Demux

Figure 3-25 illustrates that the device can support eaid conversion, and outputs
will both be Tk modes. Extensive simulations with wavelength scan are executed. For each

simulation, insertion loss alculated.

Figure3-26 represents the case wherdy Tk is injected back into #hport:
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Figure3-27 represents the case wherdy TE; is injected back into the port:
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Figure3-27 Two-Mode DemuxIL In-TE; OutTEg
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Figure3-27 aboveindicates that foboth T and TR mode, thansertionlossis less
thanl.5 dB and at the central wavelength of IbBm, theinsertion losss around 0.21B. The
extinction ratio is not measured because in the backward operation, the output structure only
suppors TEo mode That meansio other modes castably exist in the waveguidesothere is

no remaining input mod&® compare with.

For the crosstalk measurement, becausi outpus in backward operatioare TEo
modes, we measureertainoutputmode powewhenonly one inpuportis used to launch TE

modeandcompare them with the reswhere two input portsareutilized toinject TEp modes.
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Figure3-28 Two-Mode Demux XT Th

FromFigure3-28 andFigure3-29we can see thébr the reciprocal opration,a similar
general trend isbsevedas in the forward operation, because the cdimge(de)multiplexing
process is bdirectional Forthe Tk input,acrosstalk below 0.55 dB is achieveder the S, C,

L-band And for the TEinput,thecrosstak is below 0.33 dB over theroadband.
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3.5 Summary

The twomode converte(de)multiplexer designed above shows great performance over
S, C, Lband, epecially in the Gband. Thissuccess proves that such design is fundamentally
capable of mode converting and (de)multiplexing. This structureused and expanded in

Chapter 4 for higher modes design.

38



Chapter 4 Proposed-ourMode converter(de)multiplexer

4.1 Introduction

In the previous chapter, awo-modeconvertes(de)multiplexer is designed using two
pieces of channel wavegusldt functions as dasicmodeconverting and (de)multiplexing
toolfor TEpand TR modesThesamestructure isleployedasakey compoent in the fdbwing

deviceincludingtwo assistamvaveguidesexteneédto four modes: Thg, TE;, TE> and TE.

4.2 Proposed-ourMode converter(de)multiplexerstructure

4.2.1 Overview of theFourMode Structure

W1 W1
Port1 Port2 Port3 Port4

Figure4-1 FourMode Structure (Front)
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e s s

Figure4-2 FourMode Structure (Top)

Table3 FourMode Metrics (Width)

w1

W2

W3

W4

W5

Length ( m)

21.5

24

14

34

Table4 FourMode Metrics (Gap)

Gapl

Gap2

Gap3

Length ( m)

2

8.8

115

Table5 FourMode Metrics (Length)

L1 L2

L3

L4

L5

L6

L7

Length ( m)

3000 | 5000

4130

4000

12000

5000

17130

L8 L9

L10

L11

L12

L13

L14

Length ( m)

4000 | 7130

5000

5120

24630

5000

11208
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Figure4-3 FourMode Structure (3D)

Structureof the final deviceshown abovein Figure4-1, Figure4-2 andFigure4-3 is
transformedataratio of 271:1 to be viear-friendly. It contains 6 pieces of channel waveguide,
including two assistant waveguidesll Af them are designed in uniéd height for easy
fabricdion. Table 3, Table4 and Table5 summarize the final parameters of tfear-mode
converter(de)multiplexer Some of the metrics arefinalized after multiple rounds of

optimization due to complexity of the design.

There areoverall four potential input ports for the structure, and each of them can be
used to inpuf Eo mode separately or simultaneously. Ligtjectedfrom port 1 transforms to
TE1modethrough thdundamental structure designedielast chapterThen he TE mode is
compressed through an assistant waveguwdaichis a complex componeirtvolving binding
and narrowing desigi\fterwards, thisTE: mode is transfrmed toa TE> modewhile crossing
overthe gapo thereachcentral waveguidd.ight fromport2 remainsasTEo modeall the way

to the output, onlyts modewidth is expanded along the structufé&o mode fromport 3 is
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transformed to TEmodeand remainshe same throughothe central waveguide. Light from
port 4 is first transformed toTE:1 mode though anoher asistant waveguidehen finally
convertedo TEz modewhen reachinghe central waveguidén conclusion, fom the process
introduced abovdpur TEginput modesareinjectedinto the device, antbur different modes
arereceivedat the outpuytwhichareTEy, TE;, TE;, TEzmode In thedesign of this devicgwo
assistant waveguidéisatinvolve narrowing procedure aheendare critical to the success of
achievingthese conversion resulfBhesedetaileddesignprocesswill be explained further in

the following subsections.

4.2.2 Design of theTwo Assistant Waveguides

As introduced in the last chapter, whesXalues are matching for two different modes
in two different waveguides, mode coupling will take placea four-mode design, things are
a lot mae complex. Even though the same principal holds, there are some sidetleffiected

to be dealt with.

. . TEO
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/
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Figure4-4 Nest and waveguide widtfor modes
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As shown inFigure4-4, in waveguides with a predetermined width, only certain modes
can exist. Consequentiyigher the targetmodeis, wider the waveguide neetb be.The
difficulty of mode converting is highly and positively correlated ¥ , the difference
between effective refractive index of two waveguides. When we conduct the desired mode
conversion, the two & are manipulated by changing waveguiddttv so that their values are

close enough to trigger the converting process

——TE

Effective Refractive Index TE

nnanuees 1

1.4425 e TE,

" - TE,

14420 - TE
14415 | P————>(J

Neﬁ

1.4410

1.4405 4

1.4400

.............................................

Waveguide Width (um)

Figure4-5 TEo to TEL Nest Matching Map

As introduced in the previous chapter, wHdey mode is converted to TEnode,the
transition is only between two modé@$ie path marked with blue arrow from abdygure4-5
illustrates the Net matching map for twanode conversigrand the corresponding key points
can be found in the map to the right. The circles represent certain modes that exist during the
processwith each mode markeditlv a different colar. Blue indicates Tk mode, and green
indicates TEmode.The arrow lines in all maps specify the direction of conversion operations.
Because the width for each assistant waveguide is fixgdsMIso fixed for each mode. To
achievemode conversion, dfor TEpand Tk modes in two waveguides are manipulated to
the same value. The black lines indicate ¢berespondingvidth of each waveguide in this

conversion.
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Figure4-7 TEo to TEsmode N# Matching Map

When it comes tachievingthe higher modegonversionthe easiest ways to directly
manipulatewidth of two waveguidess shown inFigure4-6 andFigure4-7 above Using the
same structure fromRigure4-5, by altering the width of target waveguide from2tb 35um,
conversion between btand T2 mode is achievedrollowed by the ame principle, Tkto TEs
mode conversion can be obtained through changing the width furthepto.48wever, as a
consequence to such modification, a large width is required at the end of the device, which

leads to more complex situati explained below

Onefundamental facacross all scenarios froRigure4-4 to Figure4-7 is that the slope

of Neftcurve for multiple modes gets more moderate as the waveguide \giders As a result,

44



the distance between the corresponding-&kis positions fordifferent modes within a
waveguideis getting shorter as the width grows, meartimgf for a given waveguide width,
effective refractive index differenc¥( is smalle betweendifferent modesat the end of

the deviceasshown inFigure4-8.

Effective Refractive Index
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Figure4-8 YO  for 48 um waveguide

As mentioned before, the difficulty for mode conversion is related(to , and with
asmallerY0 |, the easier it would be for mode conversion to hapiethis casea smaller
N will alsolead toeasieunwanted modeouplinginside the target waveguigehich will

have negative impacin outputmode puity.

To improve mode purityan assistant waveguideth narrowed ends applied tothe
aboveTEy to TEsmode devicas an exampld-ollowing the arrows irrigure4-9, we carsee
that at first Tbmode is converted to Tinode. Afer the narrowing process adjusting the
width at the end othe assistant waveguide from 21.5 to firh, the starting point for next
conversion (TEto TEsmodé is moved to a lower position orefBxis. From the new position,
TE1mode is eventually comvted to TRmode based on the same principle, but with reduced

width for target waveguide compared to previous design, from 48 o34
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Figure4-9 Design of Assistant Waveguide

As showron the map to theght in Figure4-9, it is clear that the new effective refractive
index differenceY)  Npetweerdifferentmodesin the targetvaveguide isnuchlarger than

the Y0 presented in the previous desidgnder extensive simulations/ith wavelength

scan the improvement of extinction ratio is shown in following figures.

The reason that assistant waveguide is implemented here is to increase the performance
of extinction ratio by making th&  NJarger thanY( , so that different modes have less
chance to interfere with eaodither, which results in high extinoti ratio. It neeslto be pointed
out that one research mentioned in the literature review also used assistant waj\d&juide
However, the implementation wastally for another reason, that in theiesign, L1 mode

camot directly converted into LI2awithout multiple conversiaswith assistant waveguide.
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Figure4-10 Nest Matching Mapfor the other researdh9]
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As shown inFigure4-10, the sole reason for the implementatiomsdistant waveguide
in that researchs thatNest for LP21amodeis lower than tB Nerr starting point of Liet mode,
means thatPosmode cannot be cwerted to LRiamode using the samesmatching method.
Sq the workaround is to convert bAnode toLP11amode and rotate to LP1:nmode Finally,

LP11bmode carbeconverted to LP.amode.The reason is not to strengthen the performance as

that in this thesis.
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Figure4-11 illustrates thatthe TEs/TEo modeextinction ratioof the threewaveguide
device isncreased by 28 dB compared to thewaveguide device at the wavelength of 1550
nm,and overall improvement is more th@aB over the S, C,-band.FromFigure4-12it can
be found thal Es/TE: mode extinction ratics improved by 8 dBt the wavelength of 1550 nm.
FurthermoreTE3/TE2mode extinction rati@f the threewaveguidedevice is increaselly 38
dB at maximum and has an overall improvement of 1348 the SC, L-band as shown in

Figure4-13.
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By expanding the former design chapter 3 four-mode convesr-(de)mutiplexer
including two assistant waveguidssestablished and its structungth Net map isshownin
Figure4-14. To illustrate, TEY TiE Tz BEodeconversionis chaesenas an exampleand
the corresponding kegata at each stage of conversgan be found in the map to the right.
Mode conversions in this device are set to occurrdy specificpositions of the structure by
ensuring hat each positiams par t i al physi calonedésiaed enode s d e c

conversioronly.
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Figure4-16 FourMode via input3

However,under theexampleof TEoto TEx mode conversioas shown irFigure4-15
Figure 4-16, at theposition marked with blackriangularwhere Tk mode is supposed to
transform into Temodefrom the assistant waveguitiergeting the central waveguide, other
modes irrelevant to thisxact process already exist in the central waveguidese irrelevant
modeswill leak from the central waveguide to the assistant waveguithes) passing bthe
joint position, see example areas with;TRode power losses in the central waveguide on the
chart to the rightwhere only 91.8% of the power has reached oufgus. phenomenon will be
referred to as revergeansfer here for conveamce, which has a major negative impact on final
performance ofhe designed device. Therefore, it should be eliminated as much as possible in

the design.

As mentioned before, the difference between effective refractive ifdex of two
waveguidess crucial to the mode conversidwhen we conduct the desired eieoconversion,
the two Nyrare manipulated by changing waveguide width so that their values are close enough

to trigger the converting process. However, in the meansiuadphysical shapef waveguide
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may have increased the chance for other modes ¢osetvansfer to the assistant waveguides,

which is not wanted.
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Figure4-17 Reversetransfer between Tiand Th

J

The dashed blue arrow Figure4-17 indicates the strong revertmansfer from Tk
mode in the central waveguide toolfBode in the assistant waveguiilée can tell that when
TE1mode in central waveguide passes by the conversion position, the effecaeévefindex
difference Y0  NjWgtween TE mode in central waveguide and gTEode in assistant
waveguide is too small so that revetsansfer will happen, which will resias negative impact

on final performance.

Since the structurat the enaf the assistant waveguidapports Tk, TE: modes, other
reversetransfer will alsaoccur atthis position Among all scenarioghe reversdransfer from
TE1 mode in the central waguide to Tk mode in the assistant waveguideahe mosmajor
issue thatve need to tackle netd improve the desig®thertransformations such d&; mode
in the central waveguide TE:1 mode in the assistant wavegui@eless likelyto occur given

the much large®Y , thus will be ignored for the purpose of illustration.

To reduce reversgansfer in scenarios representedHipure4-16 andFigure4-17, the
distancebetween the central waveguide and the ta#isvaveguideo the rightis increasedh

final designas shown irFigure4-1. However largergap could produce more side effects due
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to longer conversion lengtiltherefore a balanceneed to be chose carefully between
obtainirg a good enough result through a largap gvith longer conversion length and
controlling power leakage arose from modificatiohisis part of the design requires the most
meticulous optimization, since any change will affect other mode converting anglexurtig

process between the waveguides.

The full Net matching map is shown iRigure 4-18 below, it contains all processes
including mode conversions and mealechanged power transitions. Each colour represent
different mode anging from Tk to TEs. The circles stand for all the modes within the
simulation range. The arrows travelling between two circles but away from the dotted lines
indicate mode conversion directions, and the ones along the dotteddimesastrate variation
in mode size of the same mode within the same waveguide. Furthermore, the footnotes describe
the count of the same modes occurred during the simulation. Lastly for the result of this
simulation, we can see from the figure that eactheffour Tk modes inally turned into four

different modes respectively in the wide central waveguide at output of the device.
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Figure4-18 FourMode Neft matching
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4.3 Performance of thEourMode Design

Various performance ressltof the FowMode Design after optimization will be

presented and evaluated below.

4.3.1 InputfromPort1

Under the first scenario, only TEiode is injected into port 1. After the first conversion,
we get TEmode in the left assisht waveguide. Through tlsecond conversion, it transforms
into TE2 mode in the central waveguide. The simulation result is showigare 4-19.
Extensive simulations i wavelength scan are further executed. For each simulation, insertion

loss is calculeed inFigure4-20.
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Figure4-19 Four-Modeinput at port 1
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Figure4-20 FourModelL In-TEo OutTE>

Figure4-20 indicates that insertion loss for §8 TE:mode conversion is less than 2
dB over the S, C,dband. For the and, a much better result with lower than 0.4rdrtion

loss is achieved. Andt central wavelength 1550 nm, @ngon loss is around 0.2 dB.

As introduced in the last chapter, we can calculate the extinction ratio to review mode

purity level after simulationsvith wavelength scan.
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Figure4-21 FourMode ER TE>2

FromFigure4-21, the extinction ratidor TE2 mode when converted from §Eode is

above25 dB overthe whole SC, L-band.Furthermore, it is over 32 dB in thel@&nd.
4.3.2 Inputfrom Port 2

When optical powers injectedat port 2,there is no mode conversiofEs modeis

receivedat the end of the device just with a wider podistribution as shown irFigure4-22.
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Figure4-23shows thainsertion losss lower than 0.08 dBverthe whole SC, L-band.
As shown inFigure4-24, over the S, C, tband,the extinction ratiof TEo/TE:1 mode is over
23 dB For TR/TE2 mode and TETEz mode, it is higler than 32 dB and 37 dB respectively.

Furthermore, for TETE3z mode, the extinction ratio is higher thda dB over the tand.
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Figure4-24 FourMode ER Th

4.3.3 Inputfrom Port 3

To conductTEp to TE: mode conversion, optical power ©Eo modeis injectedfrom

port 3. After mode conversiqiTE; mode is obtained at the end of the device.
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Figure4-25 Four-Modeinput at port 3

As explained befordyy increasing gap width, the conversion length is also increased.

So we had to find a balance,taf multiple rounds of optimization, between obtaining a good

enough result through a longer conversion length and aibimdy power leakagef reverse

transferarose from modifications as much as possible.
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Figure4-26 shows the insertion logesults after severalavelength scasimulations
when Tk mode is inputted at port 3 and fiBode received at the end of the idev The value

is below 1.6 dB ovethe S, C, kband and is below 0.4 dB for theland.
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Figure4-27 FourMode ER TE
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FromFigure4-27 it can be found thaheextinction ratio is abov&7 dB over the entire
S, C, L-band and is higher th&® dB overthe C-band.Furthermore, for the T#TE> mode and

TEY/TEs mode, the extinction ratio is higher th2 dB over the S, C,-band.

4.3.4 Inputfrom Port 4

To evaluatehe performance of mode conversion fromok& TEz mode optical power

IS injectedat port 4as shown irFigure4-28to measuré¢heresuls for this case.
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Figure4-28 FourModeinput atport 4

For each of the extensive simulations with wavelength scan, the insertion loss is

measured and its relationship with wavelength is presenteidune4-29 below.
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FromFigure4-29 we can see that the insertion loss is less than 6 dB over the S, C, L

band, and below 0.5 dB over theb@nd.
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Figure4-30 FourMode ER TE
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The extinction ratio of each simulation is also measured and displayed in relation to
wavelength inFigure4-30. Over the entire S, C,-band, theoverall extinction ratio is abee
26 dB, and within the &and, the extinction ratio is higher thd@ dB. Moreover, br the
TEs/TEo mode and TETE2> mode, the resuls higher than 34 dB over the S, Cbhand andl6
dB over the €band.

4.3.5 Inputfrom All 4 Ports

Furthermore, to monitor antheasure the crosstalk between all working modes, TE
modes are injected to all four input ports simultaneoustyure4-31 shows the restibf the
simulations with wavelength scan. As introduced in the last chapter, when thiner anputs
in the system, the measured mode power is normalized to 25% each by RSoft. That is, for every

output mode, a quarter in the meter is equivalent to 1@@gimal power for each input mode.
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Figure4-31 FourModeinput all
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And by using the same method introduced in the last chagatleylated results for

crosstalk can be found in the followifigures.
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Figure4-33 FourMode XT TE;
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Figure4-32to Figure4-35illustrate the crosstalk in the mode convertingltiplexing

process. For TEmode the crosstalk is below 0.5 dB the S, C, Eband, and the crosstalk for
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TE1 mode is also less than 0.33 dB for the same broadband. The same metric is measured at
below 1 dB and 1.1 dB for BEnode and TEmode respectively over the S, Gband. Ove
the Cband, it is below 0.4 dB for T#Enode and 0.3 dB for T#node.

4.3.6 FourMode BackwardConversionand Demux

Lastly, the proposed device can also be used for the reciprocal process when injecting
light backwards, as shownigure4-36 below. This design is functiones a mode converter
demultiplexerlt needs to be pointed out that since the structure only supports TE in this device,

the input of light should pass alprization controller to get efficient results.
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Figure4-36 FourMode Demux

Figure4-37 to Figure4-40 belowillustrate the insertion loss performarmethe mode
converterdemultiplexemwith wavdength scanOver the S, C, dband,insertion losss below

2dB for Tk, TE; and TE2 modeinput, and below 0.5 dB for dibur scenario®verthe C-band.
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Figure4-41to Figure4-44illustrate the crosstalk in the structure by comparing output
TEo mode power between two scenarioeewhen only its dedicated input mode is injected,
andthe othemwhen all input modeare inected. For T, TE2and TEinput mode, the crosstalk
is less than 0.6 dB over the S, Cband. As for TEinput mode, the crosstalk is less than 1.3
dB over the same broadband and less than 0.6 dB overlihadC Since output only supports

TEomode, tle extinction ratio is not measured in the reciprocal operation.
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Chapter 5 Conclusion

5.1 Conclusion

Optical space andnodedivision multiplexing(MDM) is consideredas a promising
upgradefor optical transmissiorto increase transmission capacityne deploymenof MDM
system often includagtilizing mode converter and (de)multiplexersuccessfuy manipulate
the target modes. Fundamental mode is converted to higher moa®rabthed with other
higher modes togetheMode conveing and (de)multiplexng can beachieved through free

space opticsfibre and other waveguiddmsed devices.

In this thesis, a four-mode broadbandplanar lightwave circuit RLC)-based mode
converter(de)multiplexer is designed anevaluatedusing RSoft.The design is performed
startng from a two-modedeviceandapplying the principle withmultiple upgrads to a four-
modedevice In the twemode device, the T&ean be converted to TEsingtwo rectangular
planarwaveguides by matching theshbf two modes at each waveguiddong with another
unchanged T&mode,overalltwo modesn the form of Tband TE can be received at output.
The mode converting and multiplexingprocessis redprocal so that converting and
demultiplexing can also be achievddhe fourmode device is constitudeby six waveguides,
of whichfour waveguides are used to inputohtbdesand other two waveguides are functioned
as assistant waveguid@hree of thedur TEo modes are converted to TETE>andTEz mode
and multiplexedo the central waveguide. Alongthithe unchanged TEnode, four modes in

theform of Tk, TE1, TE2and TE can be received at output.

Thetwo-modedevice can convert and (de)multiplbgtweenT Eo and TE: modewith
an insertion loss less than 1.5 dB over the erfireC, L-band.Within the same rangehe

extinction ratio is higher than 22 dB, wieltrosstalk under 0.5 dB.

The four-modedeviceinherits the same principle with multiplenajor changes on the

waveguids to increaseNest gaps for different modes at outpitom TEoto TE;, theinsertion
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loss isless than 0.4IB for the Gband, and less thah6 dB for the S, C, tbhand.And the
extinction ratio is higher thati7 dB for the S, C, kband and higher than3dB for the Gband.
For the conversion between d&hd TE, the insertiondss isalso less than 0.4 dB for the C
band, and less than 2 dB for the S, €hdnd.The extinction ratio isbove25 dB over the
whole S, C, kbandand it is over 32 dB in the-Band Furthermorethe insertion loss between
TEoand TEis less thai®.5 B for the Gbandwith the extinction ratio higher th&82 dB in the
same rangelhe crosstalks below 0.4 dB over the-8and and below.1dB overhe S, C, L
band.

5.2 Future work

With proper conditions, the device can be fabricated and tested experimierfiatiiyer
researchSince theNesf matching method is universal to waveguides, the same principle can be

used to the silicotvased planar waveguisiso thathe device size can be reduced in theory.
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