




































































































































InPHOTONIC 

DEVICES







































































































































TEORIA Elettromannetia DelleGuide

Partendo da equazione delleonde

MAXWELL EQUATION

Homotenors MATERIAL

only in the core on in the cover thenmath
i

iiiconditions

Isotopi MATERIA

Z invariant m x y doesn'tchangewith Z

e sinusoidal remover dependency on time

LINEARMATERIAL

Ii
0

pipa

È È ka.MY B E O writeforcomeandcoveruseseparationofvariable to
solve it

we impose fieldcontinuityat the interface condizioni ai contorno di sotto sezioni

K Ko M Ko 2g wavenumber
numerod'onda n Dicicli in un intervallo dispazio

there ore 2classes ofsolution

Distrae solutions Guidedmodes Realvolenof B o 1 N

contiNousSolutions radiativemodes PlaneWoven

Eigenvectors Modes drapeofthedestri field
Eigenvalues Propaiation Constant B I Neff

i







































































































































MODE PROPERTIES

GUIDEDMODES confined to thewaveguide

orthoIONA in Space time donotexchange power

z independent the component on xy is purelyimaginary
Propagate a Eira

RadiativeModes have a transverse component on xy removes power

when p is purely imaginary theyare evanescent in Z

freespace propagation

LEAKYMODES notmodesof the statue they change dope

ANY PROPAGATING FIELD CAN BE EXPRESSED AS

EHI E amen x y api erfp.x.gldB
GuidedMODES RadiativeModes

DISIRETE

It leakyMODEST







































































































































RAY OPTICS Approximation

slabwaveguide
a

HxHy Hz
a

a q g a

E.es Ez

z
G 0

E E EE
Hx TE solution transverseeletti no elettricafield in the

directionof import
Ez ExHy 10 TM SOLUTION

GENERA WAVENIDE we have all 6components

woveequation

seggi my Ki B Ey

we con assume one field componentandcalculate theothers

Ey
FIELD

m a oimicos et we

Into
field 0 whengoing

to infinite
hereweneedmi
cosandsin

fielddecreases exponentially

ns Y
4hamweexpectthe

theone ed







































































































































LECOVER

agg

Eywanniae Ew CosKwX fiLegga
e aaaa aaaa a ga

wematchthesolution at thetwo interfaces

the therequations han a dependence on Z and time

è if etut we simplifyusingthethree components

the physicalmeaningof y is thedecayof thefield in thecover
smallga male the field penetratemore into thecover

Kw is the transversewavevector definestheshapeofthefield in the waveguide

fa Js Kw B

We impose continuity At the INTERFACES weget 3relations

Ku King B
Mike È

E mi vò B







































































































































o X o waveguide superate interface

Eye Egli Es E Ew cos Ps

Hzs Haw Ests Ewkwsinflos

we find II tomb

X D WAVEGUIDE COVER

EywaEye Ec Ewcos Knol tsl

Hzw Hz Esse EwkwsinKd Isl
we find In ton Kwa B

weputeverythingtogether

tylkwall kw detta
Kwa gags

EIGENVALUE EQUATION

Bis hidden because gkw depend on B

we want to obtain the numerical valueof f
from theinput Ma Ma Ma d d

Cutoff CONDITION when 8 0

COVER

È
g

propagation

8s O tgKwa È
substrate







































































































































fan tu ray representationall thepoint in thesome positionmust arrive with

the some phase to anotherposition

Kw ma LIMw d 9s 9 ZAN CUTOFFPHASECONDITION

chasing a wonelenght on dimension d we at the cutoff conditionwheretre
mode is no longerguided

È N
2 TEMI

ÈMi

Kemo Ikume era
g

Ku Kimi Bma

ns µ B

Kom È

8s O CUTOFF

a ne amano

t t

unastfu no Physica solutionthat areBearer that the

MODES







































































































































RADIATIVE il 8s 0 then Bek.ms the f becomeimaginarygoing tornando 0

B 8s jks
Kom 85

non propagata along xdirection powerexitsthewaveguide

KSFfffwe.ms
Ko e BE Mako GuidedRange

un hom a Discretenumberofp folutions dif belowcutoff
1 singlemode
N multimode

Misko Be M ko Radiative

B is continuous everyroleofBombe a solution
thedopeofthemade is a planewore pgivesthedirection

OMEGA BETADIAGRAM WB
w

Soluswithfixed mi MwMs d

tiè
c

ittfi
if

KwJs J REAL

B Ko Neff

EFFECTIVE INDEX between Msand Mw
weighted am of Msmadepending onmodeshape

phase velocity Np 21
È

ma

ofthemode Koneff neff

1







































































































































it s theratsofvariation oftheplease doing thedistanceof propagation

GroupVELOCITY velocityofinformation onoftheenergy

vò Elo I
My isthegroupindex

operatingwith asinglemode is important in cose fmoltinode theenergy issplit
betweendifferentmodeswhichtravel atdifferentspeed andthiscreates overlaps at

the receiver

a Ip je FEMM mefftwayg I
mg mefftWII

whendesigningwaveguidema should
dimension the core to be at the cutoff
ofthe second mode

BIREFRINGENCE B MeffTE MeffTM

Shape of theModes

in thesecondmodi cosKNX P

Kw propagation vectorgets bigger ma have

fosteroscillation

as Kwgetsbigger themade is lenconfined







































































































































TMIE SE GWEN

Imier Ds Dw f the Trunote the D is equal
plottingonly ExEysometime we couldhave
discontinuities ofthefield

Ex.tn discontinuityof Exbut

pyz
met in D vince tu

Magnetic field is relatedwiththe
s

index is vey different
derivativeoftheelectrofield
wa conhowdiscontinuities
plotting tu magneti fields

Zy
while in the TE theelectro field is parallel to the interface thecontinuity is in
the Electra field is alwayscontinon

1
CONTINUITY ATTHEINTERFACES

we conserve the normalfield component in the TE the field is

normal than the profile is continui

in the tu thefield is tangent D is conserved instead and Ds Dw

then we seethe Jump due to the difference in ns nn

GROUP INDEX Mg Neff 1 Mett
g

ex 1 155µm

neff 2.800249

Lati
Mg 2,80 1,55 0.0

9,92 3,57376 neff 2,795257

Ng E







































































































































to excite higherordermodes we need misalignmentofthewaveguide

the efficiency isgivenbythe overlap integral

Il 9 dx.ly

modeofthe fiberandconsideredmode

PROPERTIES OF WAVEGUIDES

waveguide provide confinement in the xy
directions

modes ore never pure te a TM quasi te quasiTM

we design tre waveguide depending on the objective

index contrast Dm Mw Ms
nu

monomodality Birefringence Couriniefficiency Maxcurvature
POSSIBILITY TOREALIZEcouplers

Dimensioning of the Guides

d we consider wavelength and Ms Ma

N
Fastolf

a te
more complicated fa TE.tn
thisonly forthe symmetric

conditions to achieve

monomodality fixed Mw mi ns wemodify d

dimensionof the plane slabguidawiththesome indexes

wewant toachieve BETTERCONFINEMENTwithoutMultimodality







































































































































BIREFRINGENCE

depends on MaterialBirefringence Bm

DimensionalBirefringence Bf
one is given bythe materialand on the interfaces

Efitta ho dato in tre dimensioni
we could dimension one to compensate theother
for use complexdrapes

Polarization Dependent loss

Difference in min max loss oftheguidevaryingpolarization

insertion loss

at fiber waveguide interface depends ON the ARAP INTEGRA OF
THE TWOMODES

BEATING LENGTH

thefundamental and the firstordermode do not exchange power
but they generate a periodic field configuration

The tuo modes have DIFFERENTPHASECONSTANT

they periodically go outof phase







































































































































BEATING LENGTH LB I
Smell

Solution to Mathematical problem

In II Kim x y z e 0

has solution in the form

9419,2 A xy z Eire

Avariesslowly in Z

GUIDE CURVE

everypoint in the transversal plane travels at the same speed

7 R
phase constant Bdepends on the distanceoftheradius

BY BoE where Bo is at theCENTEROFTAEGU

RADIATIVE IGIkons
cutoff BCE Kom

e studythe ante on a straightwaveguide
with change in transversal direction

EVANESCENTI I p

i r







































































































































Br diminishes externally there's a point where BEI kome
CUTOFFCONDITION

oftenthispoint we have transverse radiation

reducing R thecutoff comes close to theguida losses increase

fundamentalMODEOF A curvedwaveguide is A leaky one

we can ignore losses increasing R

index fa largeradiuses

myy MOXY 1 r R

EFFECTIVEREFRACTIVEINDEX

Be po PET parameter

losses
a Ecr almostnothing ominihere

we con filter out higherordermode since they get irradiated quicker
than the fundamental one

PROBLEMI EXPERIENCEDWHEN BENDINI WARNE

I s Made distortion attenuation is negligible

2 Higher ondemodeexcitation

31 Effective indexperturbation pre nell p Fa
4 Radiative loner







































































































































mmg.IE if the phaseshiftintroducedbythebend isnotwatched
then themodes fundamentalandhigheronda willresonate

andconse beatings memustdesigncarefully theLancia ora
BEND

Wecon thinkofthe Bentmode as a linercombination of thefirst tuomodeofthe straight waveguide fundamental higherondei

Mb Qsla ar la







































































































































ACCOPPIATORI E DIVISORI COUPLERS SPLITTERS

Based on COUPLED MODESTHEORY

User waveguides close together lerthan 1g thatinfluenceeachother

E
crosssection

COUPLEDMODES THEORY

Coupled strutturaomoluogotleostbimodol

Mean
mode all fields in thestructure

a gg
honingthismoda me condescribetheevolutiong

E EEE
q 9 9

qua

9 te

9 fa
la p

E sgranati mode

gg

È
la fa G FfE ptgira

DRAWBAIKS of CoupledMODESTheory maneed tocalculate la Asand the pass to
thesingle waveguide representation

la are exact Modesofthe structure theypropagate orthogonally and

with differentphase velocities Br Ifa







































































































































They're amplitude is constant doesnotdepend on propagationdirection

91 Ate la 9sfa ore Approximatemodes

they're combinations of the exitmodes theychangeshapewhile propagat

since Bs Ifa
They're the modesof thesingle waveguides they're not theexact
solution for the structure but conbe used as a good approximation

Observation on phasedifference alongtheguide

è Bol Bol it

beating conditionfanwhich the tuomodesexchange
sign
power isonly in one oftheguides

Le T
po po

depending on L thepowerwill besplit overthe
tuo waveguides in differentmeasure

Formal derivation of EM ModelEquation

we consider theprofileindex of thewholestructure mpxg and the one
of thesingle guides Ma ti41 MaIX9

M My mi y
Dm MYy MIX

AMI Dna

Dna is 0everywhereexceptwherethe
perturbation is

wove equationof the structure is







































































































































FUI JE
ga

Kim X y I 0 I is the Total FIELD

approximation for weak coupling condition

IX y71 E AI 94 èBiz Belly siè
FINALRESULT

Ao 9 ti Z B fa è IBF RIGOROUSButWE Don'tKnow the
Values OsdaBsBa

9s la modaofthedurature theiramplitude is
constant doesnotdepend on propagationdirection

È
FORWEAKLYCOUPLEDGUIDES

substituting I me obtain

Ko'DMIArts KEDM BRIE ID ZIBart Zip YGEè't 0

DB BaBa

we obtainthe coupledEauations byprojecting over Is

Dm ladri 9 t

How the Amplitude of theOriginalModesevolves intimewhencoupled

È IkeaAlzi j haBaciata
changesalongthestructure

FI IkeaBa ja a è

amplitudeofthegiust ma

it depends on itsownamplitudethrough
some coefficients

ceffi and on the amplitudeoftheothermode
KazKaz

we get to thisresult ignoring theprogettionof4s onMa and viceversadue to weak coupling







































































































































FIELD COUPLINGCOEFFICIENT

kij 1199Dm
19 9

ii a 99AM

È

dove 9
petition d

yfpambationof.amILife tw

me consider thesolution as a wave and neurite thesystemofequationson
1 define alzi Ha èBaz

bel Be tipi z

2 dj if Kastel iKaaba

È iBatKr bel i kazaki

Ksa and Krs represent the coupling between the tuowaveguides

they're identicalforsymmetrical dmitunes andtend to 0 increasingthe
distance between thetuo

Exactsolution ofthefieldequation is

I A E Eire BUI èIBSz

Solution of COUPLEDEQUATIONS

we suppose that tuomodes iwaves exist
as è BE a a è il propagating in the structure without changing
dope a amplitude







































































































































un substitute in the systemofequations

i if that in bel
pasto

Ba Kr a 0

Ka Ast da BBa 0

i fatti ba ikran
negligible

we geton eigenvalueproblem a solution exists only if det 0

B Bi KR

Kas pp
fra Bitte pini

we obtain thewhanof f forthe tuonodes startingfrom thePof the
uncoupledmodes

eigenvectors on theFIELDCONFIGURATION

ah As èiBst ao è il 7

441 Bs Ba as è'st Poi a aa citaz
KR

on the amplitude of thefields in the tuo waveguides

fromthis in everysectionofthestructuregivesthefields in theguides
ma con obtainthe amplitudesof as da

112 112

n'y
a Geirr Geiewe expel theinputfield
belas the sunofthetuomodo

anduse thesystem to find
theamplitudeatagivepoint t.dz







































































































































we con find a transfer FUNITIONinsteadofsolving theproblemeverytime

È a Fifty
I
7 Z II Ia complexamplitude atinput

01,02 complexamplitude atoutput

COUPLING MATRIX
T cosSz IRSinSZ is sinSE

isoiaSz assztirsinsz

Re II DP fi fa

Se E K Tak S Dft
lossless case detTa 1 periodi behaviour along Z

SYNCHRONOUS COUPLER equalwaveguides

9 92 Bi Ba Bo Maffore equal

DP O

R O SeK se 1
Fianchi cos KZ j sin Kz

j sinKZ COSKE

Assume input f T O 101
CosKZ

iv D tifi







































































































































Power is exchanged between the two waveguides it the behaviourofthe

field amplitude

exchange con be consideredforcoupledmode theoryapproximation
Forthe synchronous couples the tuomodes ore in quadratura in the
waveguides

INTENSITY INUPPERANDLOWERWAVEGUIDES

10711 1 Evin Sz when a 1 beh 0

Iba1 sin Sz

01IL L 1 O 1

I a Yeo
Pbon

Piroso

t.dz
La La compling lenght

PBARPgoss

è
asymiwmom.nonon tamen ofpower

COUPLING LENGTH Length forwhich we havemaximumtransferofpower
2LaS I La

II
IT
po po

beating lenght periodofthe powerexchange







































































































































Max powerexchange Ib ma K
si

DIRECTIONAL GUPLER

POWER COUPLING COEFFINENT

K Per.rs

Pian Pas
s'lilting ratioofthecouple

K sinaff
e FI

from thiswe canget minimum coupling lenght

KL sin'Ff
Powerevolution on theguides

increasing DB means Fasterbut less efficient coupling

il Dp 0 we get totaltransferofpower oftenlenght la f
Te cosKhl joinKU

IsinKL CosIKU







































































































































we get periodic powerexchange

PaFI PoCos 471

Paki Po sin Kz Amplitudeofthefields

Phasesofthefield con be obtained

fa synchronous couples weget a Dd ta indipendent from

frequency for asynchronous mustberecalculated
when input is

DIMENSIONING impose Kord fixguides K and DB and obtainL

1
Kdepends on thedistanceoftheguides è lati 1 Èsin821

MIEI Ifjiondition
bell EsinisaI LEE

if te guides ore closetogether Kis big smalldimensionbut sensible
toenons

L transition zones means that coupling
happens in a longer zone

Le ETE
we consider L 24 to compensate forthe transitions

3dB COUPLER K O 5

if DB O KL IL 2N 1 LE 120 1







































































































































ti L 1

I Bto we constillget sorge ape
limitcose DB 2k

KL Is To É IL 1 outputfields ore in
quadrature

we get resistance tosensibilitybutwe needdifferent B on the guides

T
L Un L

DARK To È Y G UNII
both behave as a powersplitter tu firstone keeps a phase termthatmust
beconsidered whenconcatenatingotherelements

the tuosolutionshavedifferences in sensibilityto hangerof K

fa B 2 mi han avvoltaslope while

DB o is non sensibletremors







































































































































WDM COUPLER

K il proportional to 1 K Ko di

Kgrows with growing i but Dpconbechosen to remove this dependence

we have a couple with length l

ENTER GUIDE 1 WITHTWOSIGNALS AT d da

PbonLida cos Kal Cos k.dz L 1

Pass Liis sin K L sin foi il 1

KOHL ANI bel

Keisl t NatG fossi

it works only fa N integer we could raise N longwaveguide

we con round Nord approximate considering some losses

COUPLERWITH GRATING

we con obtain ma power coupling in on asynchronous couples

Ba fa

bell'ma Tunt
Pass My we separate theguidewhen thepowerwoulddecrease

AIEA no grating







































































































































Y BRANCH

we con usi couplednodetheory twomodesofthecentralguide modesofbifurcations
when thecentralguide ismononodol the secondmade is radiative

we usi a taper beforethebifurcationto make it bimodal

transitionhappens at Max 2 30

ne II I TI

HAI
ba beil

QI 02

sei f it
forasymmetricbranches powerdivision isnotequalonthebranches

output FIELDS ARE IN QUADRATURE THEIRAMPLITUDE DEPENDS ON THERELATIVE
PHASE OFTHE TWO INPUTS

MMI Multimode INTERFERENCECOUPLER

Ninput guide entering a multimodal slabguide
µ Le







































































































































STAR COUPLER

N inputand Moutput pants

Nguides that converge in a zone onlyguidedvertically

HE
Beom Spotsize

WEI Wo

Zr two Neff

no L

in tre central pot there's freepropagation FPR FreePropagationRegion

M has a limit thatdepends on inputoutputdistance

nel Ma

we can consider the limit for WE when theoutput field becomes
se

È Re Matinees è
21







































































































































transmission coefficient Is mi

Tps Mg è
s PhaseTERMACCUMULATEDBETWEENI PORTS P S

9ps mett de
M

dpsE R I PS I a a R

transfer function is approximated goingtowardstheexternal porta thegiuria isattenuated while thephase is correct

usually M con be in 110n 100s range

MANDLosses

M is the efficiency accountingfalosses

small reflections wherethefield doesnotencounter waveguides

conbe see on a parallel implementationof a Firfilter

LEN

Iggy

while theCascadeofcouples as theseries

tt

s
at the outputtre modechange un couldget reflections
due to impedance mismatch on radiative losses

Additionalattenuationcomesfrom the lane oftheoutput walls

t







































































































































YEE
smells theoutput is tapered toget a smooth exit

ti







































































































































OPTICAL FILTERS

transfer functiondepends on Frequency

Passbandfilter Pennaif trey con filter separateunite singlechannelsof aWDMSystem

mux ené
in

channelbond

B Bond defined at 1 on 3dB

Il Insertion lost

Xa outofBandRejection

Passbandfilter qualitycharacteristics 1 Flat in bond response

2 Low in band losses

3 Low Groupdelaydistortion

4 Polarization insensitive transferfunction

5 Tuning possibility

6 High outofbandrejection







































































































































TYPESOF FILTERS

Ìnp App è end è

e my

Inputsignalsdivided in Nparts recombinedwith IDE
II NeffaMef

increasingdelay
meff DL.HN

INTERFEROMETERS

E HA E email èil'S Infinitereplica
Resonators FabryPerot

SPECTRAL CHARACTERISTICS

DA determines theinterference depends on Frequency and Path

D 9 92 2 neffa la moffetta

at at frequency fu in dm

Dlfm 2t.me ZI Dleff i Alef

Dleffe Maeffts mzeff.la

Vi FSR
Ing

I In gi is gi fa 8 te
fa f TI

Derivationof Fsr Mg e meffolo do ff







































































































































FSR I neffa fa DL I neffa fa Dl

Neff fi meffo dyf.FI fotgf.fsrtmetf.fr G
Fore I peytg.sn 8

GROUPDELAY timenecessary tothesignaltoponthefilter

E It È È
DISPERSION nonlinearresponse in frequency

D SÌ

MACH ZENDER

Sinusoidal transfer function

TRANSFERFUNCTION OF MZ

tre
Ta b t a te o

tal T.TLY.EIeµ

Te cosktd isinfkld
isink.ly ask.la

Te è q







































































































































DA 2,1 DLeff fila Bala

3dB Couplers Te Ta Ta Le f I
Tmz i è sin I cos 1

cosHa sinPf negleiting losses 3dBcomelei

Everything depends on Dl behaviorcon besetchanging Dm a DL

Pbon Til cos DI cos'k.li sin DI
Iconpling

Paesi Ita cos g sine an p
coefficient coupling Lenght

Coupling coefficienti lossesmove it impossibleforPaonto arrive to 1
directional couplers oneresponsibleforthespatial response

Intima

mmm
50 1550 6È

Coupling depends on d degradesgoingFORSYNTHME NO LOSSES
anyfromthecontrol wavelenght

Phon sin

P cosi Cosa DI







































































































































DimensioniNG A MZ

assume to home 2waelenght di 1550mm Neff 1,46
12 ist 100GHz ng 1,51

wewant to combinethemtogether usa a techologyvita Meffe1,46 ng 1,51

weneed an unbalancedMz a filter

inte
12 DI Df

e Di f Df 0,80124 io m da 1550,80rem

1 objeitives Pba di 0

PBAR Sim

iPadPenose COS'EI si

if we impose thatPear is zero fa in tre
DE 2,1maggDLAZMI

2 FSR
Gg

2 da il 2 Di 200GHz

3 Calculate AL
finge 993,377µm

Verify where is the Transfer function

DL N.tt I 2 neff DL N MefDL 935,6N







































































































































WENEED TOROUND TOTHE NEXTINTEGER

5 we round to N 936 and evaluate the new DL

DL N 11
Magg

993,698µm

FSR C

MgDL
199 935 GHz

DFSR 65MHz over 200GHz orieptable

G CHECKFOR 12

G t.FI Neff DL iI 1,46 993,698.10 2,939.103

Pass la cos f sin'GIneff DI 26dB

Pbodal sin f 0,01dB

ME with added geometrical imbalance

induced Dmetf

Qi un change temperature tothewholechip

and btherefractiveindexchanger or
Neff Neff Sn DI aging uten

IIMoff D ZIN

CHANGE in TRANSFERFUNCTION







































































































































io mett DL io Melfi
Dl dm DI

N N

DI DII SÌ Sme f men
shift on the transfer funition means a shift on theeffective index

and

gg
shift lenoneptable for lower

EX FSR EoGHÈ f 200The

Shere t Moff 2ft 3,5 3.5.103

PRECISION INTHEFABRICATION DM

we calculate Smiler anddecide frontiere
we applythedriftand recolarlate Pba Press

Dentsu II
cos f II 0,995

let'ssoy wemore by Sm Ff sin E F E 10dB Not Aileptable

ne decide fa sin'f IIa 25dB

ne set 25dB atthe Pass and thencalculate accuracy

25 0,00316 Jim X X sii Foot 0,05674

Ing
S I 55

we can tolerate De II
Sm Susie












































































































SDL LI DY 2T

we need to control Al by a vole SDL
Iga

to increase the order of the Filter we can combine multiple Mz

MACHZENDER IN CASCATA

we hone a product of thesingle transfer functions

we increase selectivity and reduce FSR byadding harmonics

passband drape is not flat
LINEAR

64

goodfa selective filters for a single chanel
but loses all otherchannels

Transfer fruition is ratherRIGID

Bandwidthdecreasesateverystep Pbo sin DI
notsuitable fa multiplexing

I I I I a
www

my tE N

Sum of all the harmonics







































































































































Ii2BAR

howmuch is the unbalance wedesign Di fata firststageand then
thesecond stage has Fry use 2dL

MACHZENDER IN SERIES

con losses INPASSBAND

All the phase shiftersore identical

increasing the stage we con better approximate theobjectivefunction

Functionofthesinglestages

s Responseofthe filter ondeN 7

BEL 20

good to realize a flat top bandper filter selectivity is not greatbut

it's robust fa tolerances

ADDDROP MULTIPLEXER con berealisedthisway







































































































































PHASED ARRAY DEMULTIPLEXERI

Fai eili eiQi

FÉIN Ttip se propagationphase differentfrenzy

atthis pointwegetconstructiveinterference
Ifontsanime in phase

depending on 9ma conchose thepointthenall thecontributionsarriva in phaseand
givethe maximum

if 9 neff L hanging d un obtaindifferent a

thevariouswavelengths accumulate atdifferentpointsofthis device
me spatially Denuitiplay theChannelWhen weare in Far Field







































































































































ARRAYWAVEGUIDEGRATINGS AWG

implement on FIR filter

composed of 2STARCOUPLERS ARRAY OFGUIDES

NXMI.MX

every guide has an opticalpath longeby Dl fromthe precedent

TRANSFER FUNCTION OFTHEANG

output field at genericpost è enteringfrom p passingfrom s

signalenters thestacouple dividespaneonto Mcentralguides

Coch centralguideodds a differentphase dift
Atthesecond s 1 thesignals are recombined

consider only sth centralguide

Eqsp fa è
9

e fa e 9 3phasecontributions

phasedriftofthesinglewaveguides
9s 2,1 meff Lo s DL

Distance betweenP'ed s

des R 1 PS d

Iittilt
Mia







































































































































tota output e Sun of an contributes

Eop If Eqsp I Ed e Is shiftbetweenadjacent
waveguides

Dlp II neff DL RIP9142

INTENSITY TRANSFER FUNCTION

Tpo Epol pp
sin m È
sin DI

in the phaseterm we consider contributions fromthe amoyand stoncouplers

Numerator oscillatesmath foster

CHANNELSEPARATION AND FSR

when DE E Q Qinteger

Tpo fa
sin ametti
simpatia

e t we have complete transfer from portp'to

we getoutputonly in porto

this happens fan Xp e metta Neff R pta È
È pa
Pq O

atcochwaelenght weget a different transferfunction







































































































































in
TÉLÉ

Peridicity Free SpectralRouge depends on AL

FSR e

MgAL

Crosstalk rejection

increasing M we increase the noof lateral peaks

reducing theiramplitude problem transmission plangets smaller

transmission lobe

SI FI
thisalso means that we need to control temperature Dm Di

M Times Better than A MZ

AWG DIMENSIONING

Known data typically Noh numberof channels
mett
io
DI thommelspacing

Dimensioning

wecalculate a whichdetermines DL thenwe chooseM based on Talk
then we dimension thestoncomplet choosing R d







































































































































Example

Sior Maff 1,45
mg 1,5

lo 1550mmII I nu
d 5µm

bondioli of thesignal B 28GHz Dapsk 40abiti

1 colatte Fsr 8 100kHz 800GHz 6,4mm
a

iii t Ij
1004ha a 0,8mm
125 1

FOR
Gg

obtain Dl 250µm

2 positionof transfer function io mettoDi 1550mn

Q 233,87

not integer then it doesn't per fa io Q 234

meno DL 250,130µm

now donna0 is correctly transferred to tu output

FSR 799,564 GHz 100MHz difference negligible

3 calculatehowmanywaveguide in the Array M

M E Ff 28,56 weget a mainlobewith 3dB bandwidth 20
goinghigher un reduce tra bandwidthB
shiftingthefilterwehavelosses







































































































































using ten waveguides me get a longerfilter goodwhen cascading
filterstoavoiddistortion and losses

Reducing toomuch the main lobiincreases butalsolateral over intro
seven contributionsofcrosstalk fromtheother ihonnels

EX Me 2

Matteotti
casta

4 Designatocouples Di Di ngR ng f I

III
my

if his longe theresponsa isgod butwe hanmorelosses

whilewhentooclose togethertheguidesore coupled

firstamunption a 3 d 15µm

M Atti 28120.151 560µm Re Iffy
Re IIII 15.15.09

2340,810g
1,8mm

DONE M DI 15pm28 7 un

iii

8waveguide







































































































































Thetriangle is related to a polarization
rotation to respect

DI mette DLmefftm

TE DINeffa Enella DITE

TU DIMoffatEmette Atm
to bebalanced fa anybirefringence

Phase enoset tu input result i higher levelsof cross

tanti

Phoenix
Ìl
withoutenns







































































































































RING RESONATORS

MRfilter it's a resonator live a FabryPerot

Filter

gitaDROP ADD

neff ng y è

IN III
THRUSH

oPHASESHIFTER

t.lv
INPUT

pipi
OUTPUT

in general the tuo diretiomol couplers ore differenti

r its

fit r

transferfunction to Port ADD is 0

OPTICALFILTER

BEHAVIOUR Ifthe inputsignal's frequency is oneofthe ring's resonant

frequencies signal goes to Drop post otherwise it goes to through

we can use the Adspot to insert back a signal at resonant
frequency







































































































































TRANSFERFUNCTION obtained by cascading the matricesof theblocks

onconsider theinput output relations at eachpont

Throunit port

y

upperdimitionalcouple

Ht va i E tt.ve
obtainedbyentering
goingaround theringandgoing through

ra gra tiè strange il

K their
y

v e il
1 viva g èil Eva 1 v2eiper

in the thoughpartwe have upole
inthezero

B II neff

o ADDPORT

Ha 0

DROPPORT

Hd 1 Ht t t T JIBE
1 principio

Resonance condition

in thethroughport we home a pole in thezero

if è B 1 Ht D Ha 1

Plr 21T N







































































































































inputsignal is sent to the droppost entirelyand though is isolated

only if Va fra

insertion losses in throughone law while thedropover ore amplified
flight is stuck in theloop

FSR

Transfer function is periodical ofperiod

FSR I

mg lo

ANTIRESONANCE

Bir II melf.ir 21TN it in MettLu
N

an
DINA

Ht 1
Hd a

ii

3dB BANDWIDTH

in coseof identicalcouplers ti K no losses

B EEEE







































































































































EXTINCTION RATIO

Ratio of Hot resonance
Hd antiresorona

ER K 212
K2

Bandwidth is a functionof Fsr It con bechanged adjusting coupling
coefficients

decreasing the coefficients ER increases
B DECREASES

Phaseresponse

init

infii

in
t

Thoseresponsa isnot linea
M to use thehigherdelay tomore a delayune

thedelaycolme depends on howmany non

tripsonemade in thering
T F
4Finesse







































































































































FINESSE

F FI
gives immediata ideaoftheselectivity

dagives thegroupdelayon Tg F A
Rt time

F Ritowerage An extremelyhighfinessenears highefficiencybutverystoresponse
the intensity inside thering is F timeslonger thanthe inputpower

could lead to problems advantages in coseofnonlineorities

Q FACTOR

Q Wo Energystored in resonator fPowerlossbythecavity

INSERTION LOSS

IL f Eh

Howwelldowe hasto control the temperature physicallenght refractive indexof
thering resonator

we provide Dl 2T thetransferfunction shiftsby 1 Fsr

me orept a shift B I I n depending on requirement

Phase mustbecontrolledby Da e 2

DA II Dmeff.lv

Dneff Kto i DT Di dolo be F timessmallerthan in a Mz







































































































































EX WDM SYSTEM

channels 100

Channelspacing Df 100GHz
bitrate lo abiti signal'sbandwidth is 30GHz

miwont a filter to select one channel

h In
10 I

Io THz 1000GHz

Filter F 10 00 if 333

coupling coefficient K F I FK fromthisget tregap
between

K waveguides to build thefilththen

III SMAU K HIGHFinesse
slow response time

200Thz

we accept DI 2GHz if
155

then me conocept a DTE0,1 C

DA 2 Dmeff.hr Lr Kroc DT

Thermoopti coefficient

































RING PHASESHIFTER

Phase shifter is on AllPassFILTER

Tale r geir.ir
1 gr èBir

Phase shift is Nonlinear in frequency

Increasing y thetransferfunction
goes anosfor 1 beam toys in theringatresonance and getsattenuata

BASKSCATTERING IN RINGRESONATORS

scattering losses givenby the
ROUGHNESS OFTHEWAVEGUIDE

Notchsplitting is causedbythe
cloikuiseandCounterclaikuisemoda
thatgetcoupled together in s
randomwaysometimesnotchsplitting isnt

present



difetti randomwhitemise a 20.113

RING WITH LARGE COUPLING COEFFICIENTS

we see losseswheretheresonance ore

become higherfor lower resonance

theybecome longer thanthe transmittedpowerforresonant frequencies
on a reflection

BENDING RADIUS AND FSR

FSR
G 29 Dug pmRuin

FSR
Rmi a 5 Antiteista

DM

fa higher Dmwe con decrease the dimensionofthering
Glam a silico An to low For andhigh Rain cm

Silicon Platonis Ruin num
COUPLED CAVITIES

we conshape thetransfer function to have a flat transmission and high
rejection

we cascade all poles in the drop



DIRECT BANDPASS

qua

Parallel Bandstop

yoga00001 O O O O

Ff
trova

ar
MZ RING allows todopethe Tfa wewant

in
RINILOADED Mz Imf

TFA cos f Danz 2,1nel DL

ring con ilonge thephase nonlinearly anddope
Any RESPONSE

TUNABLE BANDWIDTHFILTER

my
changeresonant frequency ofthetuorings we doge
the transfer functionand it's badiola

itwouldbedifficult tocharge Bin a ring K

we get a tunable response

TUNABLEFSR
givenbytheunbalanceandthegroupindex

iftar
we longe thedesenagropides ad terris much
smaller



when coupling cavities we cannot put together a lotof them

IMPEDENCE MATCHING Problem

matchsomethingdepending on neffwithng reflections

characterti impedance depends on nefffor thewaveguide

My for the cavities

Spurius spectral response

weneed to change the Kofeach component

a

me M
RING BASED ROUTER

IN THROUGH

wecan use more rings
in a mode to shape

DROP theTransfer function

SINGLECHANNELADDDROP

NEI DROP

TTT Through

parallel
FSR N DI configuration



Io
eachringhas on beatenand we con change theresonant
frequency

ALI DROP FSR DI

NUMI DROP on put thering in Antiresonance allgoes to through

RING BASED DEMUXIMUX

miti

h
on 13 11 e 6 da 15 all the in outrelations one

CONFIGURABLE

while in on Aws is fixed

CASSETTI
D DEMYE.jo FR N

111 11

2 22 22 2 22 22

3 3 3 3 3 3 3 3 3 3

4444 4

Tft

e

w



PROBLEM thermal tax we don't know the resonant frequencyprecisely

Kof the ring determinesnode'stransfer fruition
small k means high selectivity butsmallBandwidth

Isi us crosstalk tradeoff

Qfo.tn

f
nosesnollbodidh log timeresponse is

longe banditi noise distortion

3dBBonduidth

small time response thefront don'thave



time to rise

dispersion conse delays enlargements ofthepulses
is causes deformation 3 orderdispersion asymmetry effect

REDUCING BANDWIDTH increases is and the

eyecloser

each line is a transition betweenfilter

Alsodue Groupdelay andPhaseresponse

EFFECT OF DETUNING Sf

A
esediograndose andthe

lowfrequency component is
attenuated

no isi smallereye

we need on ADAPTIVEFILTERING CONTROLLED BYFEEDBACKFROMThe receiver



detaining tuning a littlebit we con attenuate a bit reducing

interference's effect

LOADED ME
mia flat transferfunction

But GroupDelayResponse HasPeaks

we muststayinsidethepeaks to avoid Mlarge chromatic dispersion

groupdelay is generalmultiplied in
cascaded rings distortion con become

verybig
me con equalize it andMAKE IT Flat

TUNABLE DELAY LINE

possibilities use theresonance of a circuito ring
PEAK in GROUPDelay Tg III V E

10 O O O O fa dir

quireducethespeedof the light use



TECHNOLOGIES

CLEANROOM on is controlled fan particles polifob 1506 tute 1501

insideprenome s outside pressure

FLOORhas theoutput ai filtri ainis Con recycled

ENVIRONMENTALPARAMETERS

te 19 n 210 C I 1 n0,2 C shanties in t change the veal's of the
INSTRUMENTS

humidity 40

MATERIAL

Silicon Wafersoremainlyused Si

Abundant fairlycheap

MANIFACTURING

tuo steps front END wafer fabrication probing

BACKEND Assembly packagingthedie finaltest

devicesonemodeof Planar layers stored on topoftheothers

TRANSFEROFPATTERN ETCHING
St

photoResist

material

I Isubstrate

fa
ama

I



1

BUILDING BLOCKS

Lytholirapity putsomephotoresistandmitethedesignusing a vulight
o DOPING

o DEPOSITION

ETCHING removingmaterial con bewith chemicalson gases

PACKAGING

cutting thedie setupcontactsandconnections enclosure

MICROFABRICATION

It'spossible toente some multidesign runs

defineddesign rules in order to realise thedevice PDK

designer con see therulesand design

foundry tecnologia ora not disclosed

inside thePDK there's a listofavailable building blocks

rings resonators

MATERIALS

Si dopingmaterial siGe

g

D'electric transparent in isson
SION



ACTIVEMATERIAL IMP 3 5materials

Steihiometric material therefractive index does not change

Silicon is thestartingpoint Amorphous or Polyiristalline

thecrystal is built in a furnace from a secol crystal

molten silicon attaches to theseed

then thecylinder is at in wafers

WAFERS GETCOVERED IN OXIDE Si02 Layer a 7mm thinner
X30 an diameter

to oxen siliconwe needto etch in void
GROWS CRYSTAL DEPOSITI Amorphous

DEPOSITION TECHNIQUES

CUD chemicalvapordeposition reactions atsurface producedeposition
uses e Gas precursori

PUD Physical Vapor Deposition produceatoms togo on
thesurface

proton launched onmetal producing ions
and annihealing to fixthose in themetal

Other Liquidspinning solidification

Plasma is usedto breakbandi in materials create Ions

Noplasma lowdeposition rate 900C Multiwafersystem

plasmaEnhancedCUD foster highdepositionrate 300C smallbatter



PVD

pioni
amentbetween

thetuomaterials

METAL DL VOLTAGE

DIELECTRIC RFVOLTAGE RF SPUTTERING

Magneto sputer

13MHz

co sputtering multiple targets

REACTIVE SPUTTERING there's an atmosphere thatreactswith theparticles

ANNEALING

high temperature over to settle the wafer'sproperties oftensome depositions

it removes impurities that con cause absorption on scattering

Material conshrinkby up to 1090 increaseof DM



LITOGRAPHY

water on alcohol
ultrasonicbath E

PHOTORESIST

illuminatewherewe E
WANTDON'TWANTTHEWAVEGUIDE

resist CANBE Positive
ORNEGATIVE

RESIST 1 HIGH PATTERNFIDELITY

2 100 REACTIVITY TO INCIDENT POWER

3 resistance to suicessivesteps

pattern is transferred by a Quartz photomask gets illuminated

on DirectWRITING noneedfor amock butlongerandlenprecise



WRITING losebean

L elettronebeam con bevery thin 0.1mm

inpractice 20mm Maximum

smallwriting area and lotsofsuscettivity to noise

need to use feedback precompensation

pushingdown a physicalstructure to leave a negative monk

ETCHING



BRAGG GRATING
Periodicperturbation of the refractiveindex

M IM IM I
on change thewidthofthe waveguide changes indexof a section

In
ten'sofmm

µ
Ina Moffat metti Sm

Wemodify the wave vectorof the propagatingfield
The grating increase the reflectivity compared to a standard perturbation

BRAGG GRATINGS gratings that Couple COUNTERpropagatingmodes

TOREALIZE FREQUENCYREFLECTIVEMIRROR

Photorefractive effect

Usethis effort to changethe refractive indexofportionsoftra waveguide using
lightradiations vv light

non te absorption spectrum leads to a change in neff

light breaks bonds changing the densityofelectronic population

Thematerial alsogets denser andtheindexchanges



WRITING TECHNIQUES

use an interferometricsystem VVcamp

Prism Powersplitting

recombinethelightandgenerate on interference

theperioddepends on theinterference Anile

1 in
2mm sin

On a PhaseMask

Put the fiberclose to treperiodi pattern
ofthemask
ADVANTAGE stability

Disavantate Flexibility changingpattern

1 TI

INFORMAL DESCRIPTION

Wemodify the wave vectorof the propagatingfield
The grating increase the reflectivity compared to a standard perturbation

Ma ne M sn
consider a small perturbation
no excitationofhigherorder modes on radiation

Su ma

re m ma Su smallreflectivity
M Ma



if wewant toincreaserefletivity we cannotchange Sm bymuch
ADD ANOTHER DISCONTINUITY

µ
Ma Mi Su

pa g

1 reflectivity 2 reflectivity t Phaseshiftofprop
over 1 mustbe ZIN

1
2 Neff 21 2ftN

BRAGGWAWELENGHT IB 2Neff 1 forwhichReflectivity isMaximum

Refleition is doubled V V2

now we consider a PERIODis PERTURBATION

at ma Ma Ma Ma Ma MI 2,1 M 2 I ZIN

ii
TOTA Reflectivity EM M periodofthegrating

nottotally truebecause we losepower throughouttheguide

Derivative ofBragg'scondition

II
ex wewont Ib 1550 mm working in Silica Me1,45

d È sono



fa notch gratings me home tensof un ofwidth change In È 15

we need even thousandsofgratings wouldneed mm in thousandofmicrons

demanding highaccuracy mm over a longdistance

fu 104 153

L 1005µm cm

FORMALDESCRIPTION COUPLEDMODETHEORYI

Dishomogeneity in the indexprofilegeometry introduces coupling between
the modes

transferofpowerand losses in coseofradiativemodes

For weak perturbation we con Express the PerturbedField as a Linear

Combination of the Modes of ma non_perturbed structure

total field
myy z a Alz hey eih

E
BE 9 Xy È

FORWARD MODE BACKWARDS MODE

AHBE ora amplitudesdependingon z because thetuo forewordand bonnard
modesARENOTOFTHEGUIDINGStrutture

different from couplers presenceof indexprofile dependence on Z

MpxyZ MIX Il daYyZl



weputthisexpression in thewaveequation

ft Jan Ali io Be è
tiz

È I a BEI ta Aa è i e

Ci If get 99 snk.gl

Smpyz fu f y gli gliintroduces PERIODICITY INThePERTURBATION
COUPLING coefficients Become Periodical

theexpansionof gli
9h Ego.im

Z

when.ge il sinusoidal fiberoptiis g è
7

fan A B we obtain

AH AH io IgnèAM iq icitago.IE
è Bho

VETTOROFAMPLITUDE 1

everyperiodofthegratingit rotatesby at

contributesoftheintegrals ore null except when the exponent is close to 0

fist integral is non null fa un 0 continua componentofdu
secondintegral is non null for PhaseMatching sincronismo

III ML BRAGI'scondition
IB 2mettiti



rapCONDITION
BRAC

qq.pt integralismo
III we could oniceat thiscondition
et

From a physicalpointof view the grating has a WaveVector

even if it'snot won introduca a component è
m AM E

that modifies the wave's wovevector

W B DIAGRAM ANDEXIITATION

we consider the tuo excitedmode formonomodalityregime
fundamentalmode propagatingalong Z Ba B
fundamentalmode propagatingalong z fa po

P

we ignore theradiativemodes

PHASEMATCHING Be II m I 2Mef 1

we can use theWIPdiagram of a waveguide

4 forwardmode

backwardmode

p Bo



Couplingmustbebetween fields at the same frequency we canonly
move horizontally
LINEARITYOFTHESYSTEM

thevectors connecting B fa doesnothavea signanddoesnotdepend
on therefractive index

For a multimode FIBER is itpossibleto couple tuo

4

FIFE

a icon

Bo

choosing an inputmode assume wewontmononodality andselectpoint A

we conchose to EXCITEONEOFTHE BACKPROPAGATINGMODES Choose I According

Weneed the discontinuity to allow the exitation of themode

if Ci 0 fields A andB won'tshare power even if tre synchronise
condition is respected

una perturbazione di campo Dispari non viene evitata se il profilodella

perturbazione Su xy è una funzione poridi xy

Ci If get Il Il
thisgoes to 0



a Evendiscontinuity excitestre even bompropogating
mode

UNIFORM BRAGGGRATINGS 1 Sm e constant

perturbation i periodical we con solve coupled equations

j a Aki ja Bet ei

È i a Bl Ica Azièida

where Cia Cia DB 29

we rearrange thesystem in normalized form

ah Ha e IIB E z

bel Bei e IBt.IE

Zdfira1z1 ikbel ke Ism

PERTURBATION

A mg

te sina.ae

YI e jobei j Kaz

The transmissionmatrixhasform

Ta cash SU IRsimhsh jssinlls.li

issinh84 coshlsytirrinh si



1 R

né II ÈÈ ii
t.sn

R Ts
S kg

1 Sika
det ta 1

we have on hyperbolic function K Fi

4 k it s eitherimaginary on we consider it realandsuitil to on hyperboliifunctio

REFLECTIVITY IR Ta21 II SinhSL
TG11 Cosby RIN

RatioBETWEEN INTENSITYOFREFLECTED WAVEANDINCIDENTWAVE

TRANSFERFUNCTIONANALYSIS

Bragg's condition AB 21 neff perturbationwithoverage vole a

te neff I O Rm tant Kl

Wehave MAXReflectivity

reflectivity depends on thelengthofthegrating Lord K intensityoftherefleticity
ofevery component

a t.mn ul

e

i
Ieri Leziosa



FARAWAY fromBragg's condition

S Mr becomes imaginary Sis verysmall

Ta Eid a

io
è o

oggi

behaves live uncoupled lines

the grating becomes transparent

NR
RB Bandwidthdepends on KL

in
REFLECTION SPECTRUMFORUNIFORMGRATINGS

varying I lenght K modulation amplitude

Rmincreaseswith L we vary NSneff
1 fa KL 3

Rremainshigh as long t issmall close to IB

increasing K we alsoIncrease the Bandwidth



BANDWIDTH FORWEAKGRATING BADWIDTH DEPENDS ON LENGTH

èL
a ga aaaa aaaa yea yea aye

light is completelyrefleited befane theend
bandwidthonlydepends on Smeff

DI TE v Smell

neff

to GetHighReflectivityOVERALARGEBANDWIDTH WENEEDHIGHINDEXMODULATION

Central lobeofreflection is followed by some toils
caused bythe finitelengthof thegrating the interfaces consesmall
reflections

behaves as a Fabryperot thereflectiongoesnull fa tre resonating
frequencies

thespacing is the Esr of theFabry Perotoflength L



GROUPDELAY

I E
Groupdelay hasthemeaningof time necessaryforthe beam forpassing through
the grating

g

MAXDUEtorasonance

if the reflectivity is verystrong the time
thelight thatneedsto bereflected token to

reappearat theinput is prettysmall

Tgdecreases fa lower K fa a WEAKERReflectivity e CarterGrove
DELAY

groupdelay is flat in thecontrolpost a pulsecon be reflectedwithvery
lowchromaticdispersion

Hot live a scatteringmedia

there shouldbe a pointwhen the light is refleited

tin
Tft a time a
wa con define a Penetration LENGTH position thatis Lp distant from

the input it s on indexof thefieldpenetration in thegrating

Lp C Tg
my

tu I
21T v Suey

RM RM



moving fromthe Bragg's condition the groupdelayincreases

MaxTg happens for resonance in the cavity

SURFACETRATNG ON A WAVEGUIDE

corrugate thesurfaceofa waveguide

GaussianPulse fundamental mode

very brani spectrum some frequenciespass and sore not radiatedannoy

shortpulses femtosecondo

As pulses propagate we see theeffectofcromati dispersion
At some point it onivesatthesurfacegrating

It's asimmetrie it win excite higherorderModes and thenrefleits

vorrei

the effectof radiated andhigherondemoda con lead to unexpected results



APODIZED GRATING

Used to remove lateral negativity opines adaptthegrating to the waveguide

remove the impedance jumpat theborders

APODIZED visibility function hasdependency on Z

theW pdiagram givesinformation about thenothingofphaseandwovevictor notabout the otrenghtof thecoupling

4

t.it Coupling AREA INtressesWith theUtrecht

1
po

Ruleofthumb Apodizedgrating is 3 timeslonger than theuniform

NWNtnmatahimped.no

Groupdelay is longer fa apodized since penetrationlength is longer

APODIZED increases Norman Groupdelay But strani li reduces Reflections at
interfaces AN SMOOTHS The Reflectivityanddelayresponse removing Peaks and
SIDELOBES



groupdelay is increased close to in because fa weakcoupling at the
statof the grating we have higher penetrationlength

CHIPPED GRATING

the period his not constant

µ A No CIChirp
Braggwowelenght depends on the position

IB 2m15 2mgNZ

ve get a LARGE ReflectivityBandwidth

normallydepends on Dm we cascade anumberof gratings

Di 2neff h 1s 2meff.CL
I

MAXMINPERIOD

fixed Su it'snecessary for thegrating to include a sufficientnumberof periods
tosatisfy thesynihonous conditions KDL mustbehighenough



GroupPeay different is onereflected in differentpointsofthegrating

Tg increments LINEARLY decreasesfa neg chirping

Tg d is
a e

depends on wavelenght

light
shipspeedof

Chromatii dispersion can be designed onlydepends on chimp parameter c

È I Da

we can do a re timing ofthedelayanddo Dispersioncompensation

Oscillations one causedby thecavityeffectsince thegrating is NotAPODITE

applying apodization un reduce tte Bandwidth but eliminate oscillations in thetg

Oscillations oremostfromtheinput apodization atoutput isnotalways necessary



Assume extracting a certain il fromthe system

IB 2ITL

I SI FOR A Apodiza ve NEED 3 2

B tml ftp.y
reflectivity in functionof wavelenght

RAI e Sinh SLI
costi184 ft

transmissionat Broggi novelenght

I 1 IRB sesh si

TOKNOW how Bragg fatings nonawill Wipdiagram
o relationofoptical choroteistiis withspatialbehaviour

DB N
B Su

RAI I

Tg apodicity



APPLICATIONSOFBRAGI GRATINGS

Selectionof a wonelenght

1 USINI ABALANCEDMZ

Throat RB tonk Ism C
i

pro

Fi andin TE Sechi Ism C
i

At Broggwaelenght the tuo fields ora reflected andcomeback

in

THROUGH

ftp.mae.t.noHD

in a circuit linethis if the gratings are not in thesome position
oneof the arms will ammalate a phaseshift
we need perfectmatching

250mm phasediffandwe donotexitcompletelyfronte upperpot
difference

Michelson interferometer Ti
e

asfen function cos f to be 0 re need Da Kit

otherpost sin f f 001
add

weneedvery low Da



CIRCULATOR USED FOR A BRAGGGRATING BASED ADDDROP MULTIPLEXER

PI
132

DROP In
ADD di

disadvantage cannot be realized in integratedoptics

circulator is gol f separating theincoming signalwithout expensive
attenuation

herewe have tuooplitiandtuoposeswith k

6dB



EXAMPLE gratoin Matlabcommand

dB 1550mm

A 1,55

in so

TÙ
L 2000µm

period 1 If
noofperiods Ne I
n 1slicer 1 fauniform on ihange if wewant to seefieldinsidethegrating

R toni ÌL 0,933

B Sm II 62,5 GHz

Tg In 10,3ps

iFSR fa periodicityoflateral lobes WEIR



GRATING COUPLERS

7 ER
4

Et

incident field is multiplied by the won vesto in the tuo directions

EiKix e i Kit
È
EH ZI ET Z

Z HAI Periodic function
A Periodicity

we express it as Formiaexpansionofspatial harmonies

we anim with a piane wave

Reflected ADTRANSMITTED FIELDSAREPROPORTIONALTO

Er Et a èikix ghz by
a èikix InRm e il e

ikzm.az

hontomics dependance

onzy.jp

KyleKia Ki KE KE

Kix
S E

0 Oi FORA MIRROR FIATSURFACE



Kix 2mg KEM Ko CORRUGATEDsurface Also otherHarmonics

sinOrm sin li mi
SNELL's LAWFOR Corrugated surface

µ

ho sing

Ehi è reflections

set fuga

tentate infanehamong

immise
the intensityofthereflection isgiven

1 sa
bythe coefficient

Rm of ERmè
circhiof radius ko
novevector in themedium

fa higherondamoda this ten fa Z doubt beNegative Kia imaginary

4 un get on evanescent field no propagationalong Z

Kix tre EI KE
LO

on X wehave a propagationvector longerthan ko

if Kw II neff p in tre material ma concouple the light to

the waveguide

Kw II neff



EXPERIMENTSMEASURE I

A Iiii lift
sina.am sina.fi 532 un

a

d patito O

we con use thistechnology to dire lightoutsideof thefiber antenna

o fa waveguide to fiber coupling

typical bandwidth 50 60mm



ISOLATORS AND CIRCULATORS

MAGNETOOPTICEFFECT

FARADAYEFFEIT

we can variate propertiesofthematerialusing amagneticfieldonto it
A lightbeam propagating through a material seesitspolarizationrotated

IDEA apply a magneti field to theguideand use polarizationfilters to select
certain polarizations andblock lightcoming fromtheoppositedirection

nonreciprocalbehaviour permittivity is on asgumetri tensor

transmission is asymmetrical butreciprocal

502 si 000010001è
Odono

Thiseffect is caused by the dielectricterso Notsimmetria

E E Ex o
i

c

tostudy wave's propagation weget

B tw µ E Et jwy.E.SE

inte se _ptwq.ae
0

ADMITSSOLUTIONSONLY IF del i 0

solutions are thewaves which canbepropagated in themedium

fa Elements outside the diagonal AreResponsible ForthecouplingBetween ex e



Eigenvalues Propagation PR i ZI FIECONSTANTS

Eigennetons FIELDS Ex Ey

weget Waves with circular polarization

refractiveindex RIGHT MR TESE
LEFT Mia Ff

BIREFRINGENCE MR ML I SE
e

A magneto optic medium presents circular birefringence

it con rotate the polarization plane by an angle

O EffeB L T.SE
y.gg

L ns sensibility torotation is inversely
proportional to i

Ellipticity is notchanged but justtheorientation

Electrooptic choroteistiis canBEINDUCEDBY AMaineri FIELD in the Direction of
PROPAGATION

Faraday Effect

Ep
It

Eft

I L I

induced birefringence depends linearly on longitudinalcomponentof it
ROTATIONALANGLE D V B L U Verdetconstant il

rotation is invented forthe backwards direction B p It Inductionvector



OPTICAL ISOLATOR

It

itPo Peso
L

this device is sensible to thestateofpolarizationofthelight

we went L 0 450

weexitthe linea device with 45 polarization

ELLIParty IsKEPT

Passing thedevice backwards doesn'tallowthelighttogothrough horizontally
polarized

the MAGNETIMATERIA ALLONS FORTHE ASYMMETRIC Behaviour for ForwardAND
BACKWARD PROPAIATION

a birefringent sectionwouldgiveus lightnotaltered in bothdirectionsrotation independent frompropagationdirection



CIRCULATOR IPOIARIZATION INDEPENDENT

CIRCULATORS three on more Ponts Passivedevices

allow topassonly in one direction

45
450

RECIPROCAL

Non reliprocal
BIREFRINGENTBLOCK

ENTERFROM 1

the birefringent blockseparata horizontalandverticalpolarization

vertical andhorizontal exitparallelto eachother

A FARADAYROTATOR 112Platerotatedby22.5 90 Rotation

Arriving atporta thevertical one goesstraight and the horizontal getsrecombined

o ENTERFROM2

The behaviour is reciprocal split horizontal andverticalpolarization

Faraday rotator is Not reciprocal in theend thepolarizationis Not Rotated

A minor sends deflectsthe bean fanpost 1 and it i directed topart3
PORT 1 IS ISOLATED

NonRECIPROCITY CAN BE INDUCED ALSOBY TIMEModulation



MODULATION ELECTROOPTIC EFFECT

MODULATION optical communications Dapsk XQam phaseandamplitude

ELECTROREFRATTIVE Technology modulate thephaseandthenpon to
amplitude

electroOPTICMATERIA Inystal LiNb03 LithiumNiobate
MostexploitedLsemiconductor Si Imp

smaller butlonerperformance

MORERECENT LINDO on Silicon

NOI LithiumNiobate on Insulator

Datacenter shorter distances lowerbitrate 00k Pam4
Direct modulationloser Electroabsorption

ELECTROOPTII MODULATION

Suscettivityofthe material in general depends on the external Elasticfield
applied to thematerial

it Ensor Al

Iie Él
ma TE
Pocket effect exists in a Noncentosimmetrie crystal asymmetry in themolecule

Kenis always present pockets depends onthesignof E utile
Kenonly on the amplitude

TENSOROFTHEREFRACTIVEINDEX

E s o o il 4 E E isotropia materia

o Ey 0
0 O la



LiNbo viviAXIS Material

it has Ex Ey no

Ez Mea
MI refractive inde

handingrefractive ing

297

Me 2,208

simplify directionofpropagation on oneoftheaxisofthematerial

In Zac weconsiderdirectionofpropagationalongZ OpticalAxis

thewave is EIA è m Z

ordinary mseembythefieldcomponent in tre transversedirectio
topropagation

Fa theplanewove thematerial is isotropicwhenpropagatingalong theopticalavi

Wehave a name forthe AxisOrientation

giuntawafers
z

z at Zaxisexits fromthewafer
also Y at X at

ELECTROOPTIC EFFECT

How MUCH CHANGE OFRETRATTILEINDEX Is induced By the Field

wehave the axis ofthematerialandthreedirectionsofapplicationofthe
electrofield

Dmi MI ÈVij Ei where i 1 6
I

6because the3axisconalso rotatebased on
tu electricfield
i x y z ongles onglesongles



ELECTROOPAC COEFFIIENTS Vijlinearelationbetweenappliedelectri field
andthevariationfa thatdirection

V22EyÈ

aw

Va E Kaeythez

µE Ex me

É

Assume z cut waveguide

d Eff
E 92 nepagatedong x ssnz.sn

DMz Mf.r33Ez sum uneno3 butkeeponlyelements
withEz

Amy GI MsEz sunof2ndline keeponly Ez

E highvoltageatradiofrequency is EXPENSIVE

lowdistance metalneonlightconbedangerous

REFRACTIVE INDEX THANGE FOR Diagonal Eletti i field

y Tm Ey è ma

Amy MI V22Ex rare O KiEy

fatraTEnodeve calculate Dmx

V33 is the longestone 30 8 pm



TOUSEV33 we needto align E to theeletri fieldofthe light Moda

wecannotpropagate alongZ s we use End z

use TMmode fa z at
TE moda fa X art prop along y

yont prop along X

TECHNOLOGY OF LINDO

we realize a Titanium photoguide Ti LiNb03

Titaniumdiffusion

we comes the waferwith photoresistandetch tre circuitblueprint

we deposit thetitaniumbyevaporationandweeliminate thephotoresist

everything isputinto an over andTitaniumgetsdiffused

we needenoughtitanium

tradeoff Refractive index highenough vs metalpresence iattenuation

Forthe electrodes weneed a quiteintenseeletti field

forlaw frequency we causa Al a goldforhighfrequencies

to increase adhesion weneed a thinlayerofchromium adhesive

Thechetrademustbeput in a suitableway

we use e low layerof Si02 inordertoisolatetheoptical field on topofwhichthe
electrodesare put



Position of the ELECTRODES

Etta
Z WT È

VU linesmustbevertical TM mode

2
Mi

horizontal lines TE mode
Cut

X

tradeoff homogeneity intensityofthemodulating field depends on d

WENEED tomaximize 8m

overlap of Electra i field with Opticalmode

T è E IN do integralonestaguidesection

P 1 al Dm L mes pag Uffa
BE voltale

Position OFTHEELECTRODES
capacitanceCe

Tgrowswiththedistance betteroverlap

But highest Su is forshort distances

cut is betterfandontdistancesbutSu decreases

L'thebetaforlongedistances



ELECTRODES

Shapeoftheelectrodesdefines eleiroopticefficienceand frequency responseofthemoduloand qualityofthesignal
Bandwidth is limitedbytheelectrodes

Dielectrii constantSEENBYTHEModulating field

Eveff Ers I
1 a 18 average

between air andsubstrate

LUMPED ELECTRODES concentrati

DimensionARE Smaller than the modolatini Field'swavelength L X

tensionis thesame everywhere canbemodeled osa capacitance

TE

E GENERATOR

4
ELECTRODES

Cedepends on dieletrisconstant and device's geometry

objective tryto limitthecapacity time constant

lumped when L c

28mTevez

maxmodulationfrequency

Piloting circuitconstitutes tre highest limitation Resistance Re Rg Ce



ft 1
2TRetroCe

cutoffmodulationfrequency

I
Redepends on resistivityandareaoftreelectrodes
RgsRe

f typical Rg 3pt fa l 1GHz un

increasing U a Lh we con increasebandwidthreducing length

Lumped elettrodes ore used UPTO Hundreds OfMHz

typically Ce EEu If

Travelling waveelectrodes distributedi

used fa fu GHz length l comparable to in

wemodelthem Os TRANSMISSION LINE

it must beloadedwith thecharacteristic impedance to avoidreflections
MATCHING CONDITION

Typically Ri Rg Zo 502

ErLimbo 40 Evey 20

Me no 2,2

I d w io 20µm
dopedlad

soldered on theelectrodes La few cm

Signalstartsat thesignalgenerator pulsepropagatesalongthewaveguide
and dissipated at the load Re



VELOCITY MISMATCH

for travellingwave electrodes we donot have the limit on bandwidthsetby
the timeresponseofthe circuit
it s givenBY the DifferenceOFTRANSITtimeBetween Optical andRFsignal

speedof RFsignal Nrf E Le fa Ero

fino E
RFsignal is slower than TheOpticalOne

Optical wave is notmodulatedwiththesame fieldforthewholepath
we do notobtain anexactreplica it conse

Distortion INCREASEDDURATION modulation is len effective
TRAVELINGWAVE allows fasmallmodulating voltage not that expensive

it'sverylong anddoesnot hone fu limit
HasVELMismatih Problem

this limits the maxmod frequencyat IOGHz

induced phaseshift in asmallsection dz

S4 2 _ME V33 YFI.dz

for anentiresection

Dl 89dz 2,1 NÉ V33 VZI.dzd



Uzi for a sinusoidalsignal tensionalongtheelectrodes

Vai Vo sin 2 fu Frey Z 2t.fm t

theopticalfontgetsinfluenced at to

Vizto Voisin t.fm Evey neff z atfm.to

veroIITY MISMATIA PHASE COMPONENT

Dl E DB L sin fm f1 sin ritfut itfigfu f

DA L DA 21,1ME V33 P L ModulationwithoutMismatch

fa c

L Evey Mef

when fa fa 15GHz Modulation is null

increasing frequencies the twowanesslide on on topoftheother

interaction LENGTHGETS SMANER AND ELETTROOPTIEFFECTWEAKER

withlawmismatch wecanhave a longmodulatorwithlawvolenofV

the induced phaseshift as a functionsoffrequency is

Dl a

D8

In fuB



bandwidthofthemodulator B f E
VELOCITYMATCHING to reducevelocitymismatch we con try complexstructures toreduce theEffectiveDielectricConstantANDSPEEDUP The RFWave

ATTENUATION INELECTRODES

2nd limitation famodulationbandwidth

we ADDTHE TERM è'REZ to Dq

l'd9dz 2 mf.rs II P è're
Z Az

comes frommetal conductivity penetration in theelectrodes

surfaceresistance Rs Fff
increases athighfrequencySKIN Effect reducespenetration

SKINDEPTH S Egg 0,76µm 10Gita

f Zo Nrf Ere a

ARF RS O
2 w Zo

14dB un

it creates a lon in phasemodulation

DA Dl 1 è il

AREIL

Inossessatelectrode

aumentata onta surfare we dall increase tre nidioftheelectrode



INTENSITY MODULATORS

use phasemodulation andtransformintointensity

classical scheme MZ electrodes balanced

TEN functioningofthedevice

ftp.T

mmm

IN cos AGI butshapeoftheintensitydoesn'tmatchthedopeofthemodulation

theconversion isnotLINEAR

I
a y

MZTRANSFER FUNCTION

BALANCED

v 9

YiuUN mustgo from d to a phaseshiftof it to

I shutoff tremodulata

Applying thevoltageweget a phasemodulation

V0 Imax DA0

K VI IMIN D DI IT



Ut is a choracteristi in the datasheet

4 voltage to ironia a it drift to thephasemodulator

PROBLEM Average voltage is not 0 we oneapplyingDCpowerthatgetsdissipated

RFamplifiersdon'thaveDC

o We exploitedonly one waveguide usingboth we con doubletheeffect

PUSHPULL CONFIGURATION

con reduce by 2 the voltage Vit neededpower is reducedby4

YT
insettiEth

we use some taperaround theelectrodesand thecentralsection to removethe
501 requirement atthecentralsection

theconditionhold at thegenerata cableandland thenwe do a line
transformation in thecontrolpost

in a pushpull VI is halved

PROBLEM weneed a LinearRelation we work at the HW

io _È modulatingsignal
OFPUSHPULL MODULATOR

I Vala WORKS IN QUADRATURE

I DATI
I would be O Vi fa a singleelettro



thebios conbeadded to better controltheworkingpointalsobyusing an additional
electrode

TIPIAi CONTROLSCHEME add a reallylowfrequency r1kHz signal mV

Ittiti
we check flat tremonitor until the
tuo frequencies ore not linea

fa 1kHz
fà1kHz

TRANSFERFUNCTION OFTHEMODULATOR idealMz

HPU è seè cos f

CHIRPEFFECT

H 9 r Eet fetish è l'eta cosa

timedependent

it s a residualPhasemodulation on topoftheamplitudeterm

in coseofa pushpull Dl 192 chimpis 0

hasthesame drape oftheintensity

INNIT
ah

Il
when 592 0 single electrode
sei MaxPhasemodulation amplitude



it salsoinducedbythenotidealsplitter terms f orenotexact

vince thesignal isphasemodulated aftersome km thepulsewillbedifferentifit dontson realonotherwise

chromatindispersionplayswiththechip

use a Dual Drivemodulator to control Dl Ddr and provide thewanted
chimp

compensate The chromatic Dispersion

immuni
Combining

Phase Amplitude we realize complex constellations



MACHZENDER INTENSITY MODULATOR

Pusapuli CONFIGURATION pooramplitudemodulation 14real
DUALDRIVE stie chirp introduce a phasemodulation

usedto counteract chromatic
don fi Fsatemes dispersion

BestBAS to work themodulator quadrature point

the cos transfer functionof themodulator inducessome distortion in
the generated signal

Another ponibility to turn phase intoamplitude is anotherfilter Rina res

simulation

Ma
we send on elettricapulsa

ideal mod
19 a

we obtain onexactreplicaoftheelectrical pulse
space in tre opticaldomain

velocity mismetti gen

light travels foste
BROADENINGANDDISTORTION

if thepulse is dontwe could get non maximalphasemodulation

Attenuation
a

m

exactshape butmodulatedphase
is lower



if thespeedoftheelectrical signal is fostewe have compression
longer spectrumoftheopt signal may lead to interference

Pulsesclosetogether velocitamismatin

µ l

A
they broadenand
overlapM

Simulating at fa modulation is Canceled

we send a sinusoidalsignal sin ritfot f 13,3GHz

Dl a

D8 fa C

UE myin
IN OUT

m
MZ simulation at Vit no mismatch

for Vit wegeta perfect replica ofthe sinusoidal signal a exported

IN OUT

run



Alternative waysto produce a Linbos waveguide

in

p
moneta

502
si

thetrapezoidaldopo con induce polarization
rotation in bends TEgetscoupledwithTM

LOADED

EIN
HETEROGENEOUS

µLN
sior sior un si

si

MULTIPLEXING

wavelength polarization constellation space Imodes

WIM PIM PhaseAmplitude

OI 77 M
not

receptionbyphotodetaton

È pt



DBPSK modulate on one axis

In
11

pa

SEE pushpull reception with tuophotodiodes unbalanced
MZ

EHI unbalanceby Is

QPI AIM

Frog
EEEE TE
EEEE ateà

NESTEDMZ

16 QAM

we use 4Mt 8modulators

on we use thecoupleofMz in quadrata but we use e Multilevel electrical
SIGNAL


