
Course notes by Lorenzo Perlo. These are free, so if you’ve paid for them, 
you’ve been scammed.

I’ve studied this subject by reading the book provided by the professor on 
WeBeep before attending the lessons. Many topics are just summarized here 
because the book explains them well, while others are covered in more detail. 

Rare topics that are not in the book can be found here (though not fully covered, 
as the professor’s slides were clearer). Some parts are not covered, as they are 
in the slides (where images are more helpful than words).

My advice: use these notes alongside the slides and the book, you’ll get more 
out of the class (be sure to attend, the professor is really good at what he does).

Please excuse any possible grammatical mistakes.



SLAB WAVEGUIDE

=>(x
, y , z , +) = E(X ,4) e- BE jut

Families of solution :

⑧ -> Hy = 0 = Ex = Ez

⑭ -> Hx = 0 = En = Hz

A waveguide usually carries both
, maybe one

better than the other.

2

(B(1) En
#



Xa hC
·
E

HW
⑧
Th 2

Z

MS Es

The possible solutions for te:

① Eye = Es edX x0

③ Eye = E, etc
(oh)

xhS
③ Eng= Egcos(Kgx) exch

d
If thepeak is Not at the
center of the core (2) , As
bring it there and it's to

Now if you substitute the solutions in the

wave equation , you find B for each
.
So put

① in ea ., find Bot Us of Us , repeat for
② and B



U: Bokons

S= Bokons = Related to
the solutions

Kg = Ko nu-B2

The boundary condition :

S x = 0 Eys = Eng
- from here find

X = 4 Eyc = Egg
Hx = Ey

↓

ta(kg)=S
+ 2N+

& Integer number of solutions
,

solved numerically



Eq , Ec and Es share the same B ! They
more at the same seed.

Cannot find B = something, because it's the

eigen solution of the N equation-

↳ After findhw
,
he

, ha , k and

WI find B , change W
or the

other
, change B.

FINALLY
6 B=

- Vary with I am

material andchype

Change B , change shape of Eleigenvector.



3
The slab is the only one to have both

&E and #M modes
,
the other are hybrid (so

also quasi E/TM) .

↳ G components /Ex , En,Ez ,
Ha
, Hy , Hz

Nor Hull

Special cases for Me =Hs (symmetric
· W -0 · B-

Il

Kos0

wer : B:



Bakokn
more With This B
ARE GUIRED

⑧

Us to : cutoff
,
the mode

is Not confined in

the wave guide ,
but

·
Es it extend everywhere

8 = 0 tg(kgh + 2Nt) = 0

& Kght2N += No

-=Ms



I have a cut-off for every mode.

· We im - the field is

radiate a way

&
Radiative Mode (plane Wave

· If waveguile symmetric

↳ No CUr-off

At W = 0 for

1 mode

· If Asymmetric

↳ cut-off also for low

frequency and 1st mode



↓ too Don't Excite a more

Cradiative or guided) at ,
that more doesn't propagate

Even If At thatLo is A

solution for that Guide

↳ mismatch and Roughness

can bring B to radiative

Inor seen in project ,
aut after manufacturing

&
· Up = =

herf

· Va=



& velocity

in
For real we with low Sh and hig sh

& C ↳ SiliconMs Ms

Ew
--
-
-

low an -> heft hy

high Sh -> Hg Heft

1) free space Oh = o
,
Left =My , because



you have only be orim
,
not other

.

If

you have also Et or He (2 direction of prop),
you have high energy (with highth) or low

energy (low SM) that is reactive in the z dive-

stion
,
so dow down the wave

↳ So in Wa (where Et and

Hz can be fol the field

is slower .

for silicon tig = #
.
2

Special case

Launch to in a dual mode waveguide of fixed
W
,
but shifted along the X position , cause the

excitation of two modes (5Eo and tee) and the
have different neff (so Bot B1) ·



& Both are guided ,
but there is a periodicity

i the total field doe to the interference
.

↳ If theXooffset is low
,
/ excite

More to thanNee
. Depending of

the size
,
the X-offset is more of less

degrading ,

↓ ↳ had
,

the X-offset count

Modes don't change
less and thequide is more

mono-modal and after some

shape and don't
-> un the total field is

exchang no wer , but like the one of only 1st mode.the total fiel has Le

The alignement is important
,
but if there is

A xoffset
,
the photonic device must not be

pur too near the entrance !



↳ More mode propagatiny is possible ,
but for most application only hono

mode is used and separate wrough
excited mode is difficult

.

La-
of Modes

↑ fundmentale Maodo superiore

-- - -----

LEAK More loose power While Propa

gation And after Some

↳
Mar in z direction ther

ARE Radiated AWAY CHANGING

THE SHARE
.

No plane wave like radiative

mode
,
but packet of wave.



---- - - ---

Bire Fringence
Different heft between different polarization (e
and (r)

↳ If wa sym , If and im have same

teroff
,
but heffet Heffer

so the behaviour of the device art with

the polarization (excire what you Need ! )
·

6 The fiber never conserve the

the polarization ,
so most of the

time I don't know what arrive

I want polarization independent device
.

Two col-

tion
&



↳ B = 0 = Heff = Heff
T -M

= B
W W ↳ Typically ~ 10

: 2

100 106

↳ So B <100
,
so

Hoff must be controlled⑫either to the sixth digit

& ↓
IMPOSSIBLE FOR SILICON PHOTONICS

S
② polarization diversity scheme

↳ Polarization beam splitter

S ↳
rotator Device

↓ identical &



~ rotato

Device&
Recombine

Difficult but possible , V silicon photonics.

-

Carsed by Ow
,
but with sane OW , they are

& greater on material with high at (hgfLeff
W

.

+
.
G
. low an (19 = neff).

Losses

Depend on roughness leaved by etching (Wiesl = Witotal

↳ I can excite radiative modes

& Some of fundamental mode is

counted with the counter propagating



mode fundamental
.

↓
Important for laser

, they are

sensible to light that comes

back
.

For the some wa , se and in experience
different losses and backscatter

um

6 important evert time

Yor ARE SENSIBLE

To Radiation that

COMES BACK

LIDAR
E d

(I mea sur what comes Laser (light comes
back
,
backscatter creates back

,
laser works

etrors) differently)
&



d

EVERY Laser In WAVEGUIDE

HAS ISOLATOR BEFORE COUPLING

With Waveguide

BENT WAVE GUIDE

Conformal transform -> transform the problem
to one system of coordinate

to one other
,
so

can see a hord wa like

a straight one and every
value musthe transformed

like (0
,v) -> f(x , n)

refractive index equivalent
in bend guide

as if it
Was

⑭ straight



~= RutjV

n(v ,v)e = n(1 + )
W
IA straight Res,
otherwise this terr

play atole

The index profile is tilted a linear term that
increase going away from the waveguide doe to

Hand
. #- = is less and less

&
from here light
isNo more confined

&
So if there is enough evanescent
field it starts to radiate
& laterally

The light is posted away from the center as ent



↳ Different modes with more

hend
, leaky and not guided

With the some B , in a straigh guide every
point of the mode is at the came speed I Not
in a bent one

,
the phase fort more slower as

- , so B van With :

↑-
+ = 2 => Bo = B(R)

B() = Bo · f
With &4

, B did reaching the cut off
a some point were the tale of the modes
is is diated.



e radiates
U = 0

↑·
Or e

- ch

radi steat
loss

So the insertion loss (from input to outpot) :

lQ

-
Mi



QR

( = e
- cT

= e-
e- 2Q

↳ se Inizio a vedere

una perdita
,
la relatione

= cost forte che passAnna

Da critto a curvo rutro

E Leakt .

Con B variable con +
, pir hi allontano e

pin il compo e lento
,
cioe perdo il campo.

Bending- the fundamental made is more and more

asymmetrical and distorted
,

so as not -

off approach the cut-off
,
all is leaky



Every time I start to Bend

I Loose something !~Radiated or excite higher
Order Mores

↳ Shape of the mode #

↳ neft did of a herd↓ warequire Clittle bitt

The efficiency of coupling between

straight and Kent is lower than 1

-

Coupled more Theory

Use the into of one wa to understand how

the field change with two wa next to each other.

It's guiding structure and we want a simple method



to study it.
The structure is at least binodal :

4 I M Res
W

mode of

single wa
Without coupling Ho andIs real mod in

coupledguide fromteaMaxwerp

Us evat .

Tun=E
Ms evan

Is Yo

Bs By

Coupled mode theory = contine real solution as linear

combination of simple modes



He l
coupled mode

Yz -

Y I
Not coupled , real mode of

Is the structure

43 = 4- Y2
Bs , 2 Be , Ba

4 s = My + 42

I know how to obtain 41 and Ye
,
from here

↓ find Ya and 4s
.

* p + 4 + k( ,4)4 = 0

4 = A(z)4e(x, n)c
- jBxz

+ B(z)4c(x
, y)e

=



4 and 42 areNot modes because their

amplitude depends on E
,
but they are solution

of the single Wa .

Real solution (field seem in simulation and propagation

4= 42 e-
Baz

+B p , ciBs
-

& &
const .

S Am
= M(x , y) = hi(x ,u)

Ahz = H2(X
,y) = n = (x ,4)

Any is the perturbation that the second wa
gives to the first and viceversa.

From wave equation substitute 4 :



Koch A Me +koh ,Be PtzjBeziBaY
↳, jept
27

Multiply for Ue
*

or Ye
*

and integrate along X
,
4 :

F = -jkA(z) -jkaB(z)e513z

= - jkxB(z) - jkzA(z)eiBz

Remember He and He are othogonal (they do
Not interacti

/ % = 0

kee = the ,
ke



↑
e= /142 ,

Ke

- h(X , 4)

Akeken enekis

"
↳ Kee

,
Kay

Kee
,
Kaz to

,
Kez

,
ki arch larger .

u
↓

FIELD COUPLING COEFFICIENTS

What if the guide are far away ?



· Kee
,
ke eo

d ·theo = cast
, U is

for coupling mode (appunto della
theguide must
be close quida singola

ledefine variables :

b(z) = A(z)e Bez

↑ (4) = B(z)
iB] ea of

↑ andT

Substitute :

O

= -j(B +)a(z) - ikxb(z)I = = j(B+ b(z) - jk3(z)

⑪ d



Now I know the exact solution I do e
it
, as

e-jBst) ,
I substitute and find :

S
as (B1) · Kizda = O

- aska + da( -B) =0

The determinant must be o to have solutions :

= Be rat
j

↓ Be = Be = Bo

~
C = coupling

Ps , a =Bo coefficient

So 42 andIs have different B , so different

speed . They are the real modes.



L so at different z
, He and 42 vary

4= U
can

4g = Ne on Ba

After Bst-Baz =# all the fied from

one wa is gone in the second. It seems there

is alower exchange between the two
,
but it's nor

fire
,
it's just the field that has a was in one

and then in another as travelling along t

Periodicity - (BsoBs)l=

S if Be = B2 (identical wa)

↓ ( (BotCoBotc/(c = #



Se different

↳D
So if "coupled" Wa is long one Lo

,
all the

power given in one of the two wa "pass" on

the other.

Real modes have different neff.

The coupled mode theory is an approx , for doo

is no more correct and remember that

-bX
Ce

So if xeo
,
cat and viceversa

,
also Le

↑ A BeBa (different Wg) , it's not possible to

coupleaf the power between the two
.

So
power

remain more in a Wy.



↓ &B = 0 = control Heff
to the sixth digit
to make sure

is &B= effheffel

Directional coupler - solve the system#

Solution :

3(z) = ase - jBst + dxe-Bat

S b(z) = book

do,/
-

L



hz =0 :

a(0) = as + da

b(0) =...

"Put this in a TC" and you find (14) and
a(l) :

T = (0s((z)
- jesex((z) -j)sen(0z) J- jSsen((z) cos(0z)-iRser(0z)

D= S = -

= det (c) = 1
W

22+ 52 = 1
Y



If identical wa => Be = Bi = Bo

l =0
,

S = 1 , 6 = c ↓
-

T =

cot jsect ra NO LOSSI - jsencz cost &W here

eslosener

Special case (a(d) = 1 , b(0) = 0) :

16(z))) = 10 side

16(2)/ = Esin de ⑳

If AB = 0 = (3(z)) = cosCz

1b(z))" = since



It seems like a change of power , but it's
Not

,
it's just a phase mismatch between the

two real modes that som with different result
in the total field.

The flax power exchangeable :

Tra= = k

The relative please of the two device

The two field in output are in quadrature , for
synchronous coupler

.

for asynchronous couplets the mismatch depends

on the length of the coupler.

↳ Non cercare l sale she



b(() = 1 ea(l) = 1

↓

NON POSSIBLIE SE ASINCRONO
,

Solo SE SINCRONO

&
Mentre se asinciono posso atora fare un-31B

coupier .

↳ Extreme case AB = 2

r= =E

= to have a splitter
asyta

Se &B > 2k , two we too different



so I cannot couple all the power from one

to another
,
but it stays more in one

of the two (the one that/ excite .

Coupling effice cy :

SINC

-

*
k = 1 ONLY IN SYNC ONES

IA I don't want coupling is useful to have abo

⑫) Sitte
13 = 0

Cl = #



ic = E ?? ] Astec↳Gl=
AB = 2k

The difference is the phase ne SYNC : quadrature
↳

ASTNC : bot

So it's preferable SiNC because I know the outputs
will be in quadrature.

Dependance of 6 to X in couplers

Kij = Foster
W

x
1

↳esee of he
&

Change A , change shape modes



d

More confined or less

↓
Change overlop - so Kii

⑭Moses
continea

Kii did
C = (o)

#tMore
contine he

kii

So low sh not so variation for different ↓

(codd) ,
but with on &4 ,

C44
, great



variation of C with 1.

So use it to spita in inpot to do

MUX or DEMUX

-
let me

,
t

WaM couplet

- F + 2N

SParos (1) = sin() = 1PBar(2) = cos(c(y)) = 1
k = sin2(ch)

col(te-()=

N



N musthe an integer , if it's Not I cannot

have solutions
,

so it works only for 11 far

away fromte
,
like pump + signe in laser and

Amplifier .

Precision required
Po Parc-2S &B
~

(c = I~
cross = 1

2C

PBAr = cosclc = 5
, 16 .10

ite = cost (10%

)

F,
(PBAr =d



Accuracy
required : E = 13

,
7 % W

.

r . t
. nominal one

on the process

Between 1
,
se4s and 1

,
6270 That -25 &B.

Ca e-89

ce
= r(y + 09)

& error on Late linear
,
while error on the

gap cause great exp variation on t so error

greater on directional coupler .

/Want c =+ T /need 31
1
2 %

↓
c) N = more stress on the

Small error
E

on gap and E accuracy of the process
is not achievable



So Choose Alway the first Cl

Switch

-> ↳ o
-zu
Manu

se
10

DB =0 l = # - Plat = O
,
but with a par

2
ticutor DB :

Phar = cos2(c) = 1

Induce ahange or &B (with electro-optic or
temperative or UV) to have Po = 1 of 0

,

but changing theShafatteristic :



Phar &
work here

SB =0
umA pro

· < 2lc

↳
-

Mi muovo da cos(cl.) a cost L)

!

=
+C

AB= AB2 = 4 . (3(2)
& DB = 2 .5

lifficult to actieve
,
better other structure !



Dependence on gup

g large -> low loss

↳ large su

↳ no excitation of higher order
modes

, low distortion

& large coupler
& "easy" fabrication

I cannot go to low
,
I'm limited by the

process

(a(91 % 22 9

X- BRANCH

Always two input and two output ,
for

more MMI or Star coupler.



Binodal We that split apart :

- S * Se-44T --
It' a power splitter and with zero phase trostati
for the fundamental mode and with 180° phase
for the second mode of the single Wa :

5 = E [i]
# adiabatic the dification

,
to doesNot

depend on 1
, extremly robust.



Petz a

IN
-

On the reverse direction :

1 - She
E43 --

It' a power Combined

Special case

field only on one



=

= 3 + b
E& 1

*
-

I
-- 3 + 3

/excite the two modes.

With taper

*
- & 1
E* ↓
-

Only the fundamental there is
,
but I lost

half of the power because I lost the higher
order mode

,



General case with two wave

,
deid

toe &> single wareguide
&ai

(i)= ( ??][ii]
I
-
I
- Lis cost y coano de (irradiato se

Monomotal)

So the output amplitude depend on the phase
difference between the two input

I



d simpossible with wave

it'sNot a Sur of Poker,
But An Interference Between

The field of the two.

So with two field with y = I I can

haveNo power on the fundamental mode , while
with f = 0 only the fundamental has power

S bo" =
acost

b =a sen'f

So I CAN CONTROL The Phase

of the indus to control

the Amplitude ofThe

ourpur

↳ making waves interfere



Filters

Characteristic and periodicity /depends on phase so

are periodic
↓ can also have destructive/constructive interference

,

so some wave in phase or not.

Generat Tof :

⑰edek& interference Fir

Fourier expansion of the

function that I want

ten(f)]"vie



with T = Alha/
-

In-h e due path liversi causano
uno stasamento tra due S

The phase delay that I accumulate depends on

the X , so I see the phase hift between two

:

sa = (Reffy(t)(1 = Heff
, ()()

1P()= (f)) = 2 m

S * Left (f)
f with same &

Reff(fr)= Heff(fo) E eff



FSl = ·

The phase shift depends on heff , while the

periodicity of hy .

↳ Always true for interference

filter !

Tof

N = 1 H(w) = 1 + Ge
- ju)

if 1

↳ in in T
u

cos(EY



It's cosine
,
so a periodic filter , Not

fantastic
,
but it's the building block for fir

filter of higher order (N > 1).

*so GENERAL

belay

↓Inpotonic
Ly !-Tz

Tdir coup-

Tc ↳
2

Mq i-
↑

⑰
???



Ye
-

k = I
C
- Heff

, leg-ahy O 3- jeff I -alsO 22
em C

I ↳ 2

(1= eiey]

(i)=(i)
↓ Opposite direction

Different Me
,
but with the same 14 in

the end behave equally.

Phot = Itee) = cost cos ech + see f
2

some length for couplers



Pross = Itzel = cost ser
↑ kn =k =Ec= (SINC)

S Phar = so
No loss
consideret

Pross = cost

If is periodical in W
,
No ina

so also Le Channel of Wom are equally
H(w)

spaced in frequencyNot in1.

d
Af W

2
-

FSR (Hz] W
or

↓
2

W44
, so 14411-0

is periodic I



Esercizi Visivi

i Al = 0

Zer 1

ei0
E

E E(j
+1)

· bo = 2(30 - ja)
! [ -j - i) = -j

·k = E(-30 + a)
I

= (01 + 1) = 0



If D = T = /bo= o
Ib 1

Max and him of that/tcross

↳ =+N +
s if I want Phot

"
Periodicity e FSR= E

2

always because Heff W

Gheff
My = Heffo-w -

Gy

2

Teal = IN

↳ Interested in phase = heff



What if -31B coupler is AB = 2c ?

AB =0 - [-]

=2 -E]

=> ↑ ↳ =

---~ Al =0

~--B= 2 AB= 2C

quides

What it two wa different with DL=0 ?

14 = Heffle-Heffz(a)



Buth a temperature :

h = Ho + keDt

= 100

,
40Tr = 10t

d
Kro

ko

In ME I want to switch from cross to bet

(DL-0) , with an heater :

If I
=

Z Z

* Sheff=D =



=
For Sit With L = Imm St

= 100
° C

↑ Si Xr = 10
*
= Dr = 10

°

C
.

Heater de c de

ze
~

Recap M7 with SB =0 splitter :

Trz = [Se() cost
cos() see)]

Useful for skitch
,
modulatore and variable optical

attenuator.



Filter Mz

H(w) = 1 - ce
- int At makin

G WT = + 2N+

Ta = -W&we o it is

↳ coupling of the

C =0 s couplers

inte
e- - Tg = 0

34
C = 1 19

-
-nig =

->

For c= - To



So MET can be used as tunable delay line .

↓ So in the makin

Ye ef

And with bifurcations !

↓ this case an is the second mode
,
if monoodal

guides are used is radiated (power loss if excited).

Particular case
Excited only 1 mode ?

· At exit only the 1st

will exit
Generat

( .]](iii)



E) Leticist] Do
↳ be = 1 + e

1
.

↓ ei lette
(b) = cos()

So - 19 = 0 - (b) = 1 &

Late Ib = 01
opposite of -30B

couplet

How to design ?

1) Fse = zef= a



2) Peross(t) = 1 e Freffel = No
-

3) Find ch &
N - int(N)↳se
,

E
-

Right ones

So I optimize Poss for my ,
but accepting

Stalk Proes(2) -O (low, depend on the

application what is acceptable).

& ~
~1000

D2heff = X . N

Now the order of magnitude :



M
~ 10-3

1= eta
W

~10 (heffor Cheff
u

due to agina,
process error , change
of temperature,
stress...

=
do

= Nobo = Cheff
f

-



↓

Whatever Is the device,
If there is a shift of

The Neff due to something

cause A stift of the taf

of di

for example with Est = 200 Gaz :

9

-20012 1
,
16 = Cheff = 1

,
46-10
wa

E
A variation of

Neft higger cause a

shift the FSR

Surpose that

Acceptable of Sheff = 1
,
46 -10



Then Cheff = Er Dr
-W

10 Le Control the temperature
to kax change of 1

,
46

otherwise I shift the
FSR of 2 GHz in the

example above

Sheff Cheff

er
NORINAL

Pa => ) = 0
= 0 = (a)



Sheffie
For Par-30 B

↳ dreff
= 1

,
5 . 10

Now ifCheff =0 :

= 23 at

↳ Also this shift the transfer function

↓
NEED For PRECISE Processes



↓) better to control Cheff/JAL of ME

of the 22 = I of the B coupler ?

A n 10-3 m so JAL so shall is very diffic

out to control

Better and money to control better che.

↳ more critical to control

C, so the Coupler

Mt is extreme sensible to parameter

↳ It's good also for sensor !

CASCARED MEA

↳ simple



↳ I NEED perfectly Alignement
Of E STAGES

↳
Difficult

Lattice Mel

↳ Less simple

↳
State of More controllable

↳ Less sensitivity on misalign

-------------

MUXLe combine of ina output

! need - Mz



-- Transfer
↑BAR Bar PBl Q ③ FUNCTIONS

↓#· ⑨

+12 + X ↓s 1s 18 18

#
Pross Pross Pcross

& ~

31D &
~
Alst- shift the#

- Lcharrel
take

C

G -
I

-----

4 , 8 f
3 -·

S-- 1
,3 ,
3
,
7 All

1

3

-fi I
& I FSR = 2AX

S -

I F(2= 1) Bly

FSR =/ DL1 W16

Alz =
14 2 Largest one

# with FSR

lowest



How to design every Mz

4 fsr + D
↳ Pross(i) = 1

6 No L'

There are losses (exits from unused output) but
the overall function is preserved.

DEMUX

It's the reversed of the mux

Now
,
consider losses

, they
are crosstalk (the two
output are used both

,
so

leakage isNot radiated)
&



No wat to separate

He ChannelsAfter talk

H
More difficult todesign

A REMUX

For more channel ?

No
,
it becomes huge and difficult to design

↓
AWG

Arrayed waveguide grating



How to implement higher order Fir ?

F
# ME is difficult24

↳
i :

Star Coupler

In the fee the field is confined vertically
butNot laterally.

+(7) Fi lost so
SFee put a tyret to

reduce losses



The field exiting the input has a Gaussian

shape and the ref:

21

Tip= eilie

I can have M input :

+ N

1

O·
- 2 -

With this convention :

dis = l(1 - psQ)
&



Note if10 -> des equal for all

output

The width of the Cenlargin While travelling
beam is :

w(r)=
The beam is speaked reaching the outputs,
So choose :

l= tofave 2 = 0,

d
Few output (molto vicing
he fiel is uniform (thet see the

Same Power Approximally) But
I lose A lot

I



↓ ~*** Uniform ↑
OR VICEVERSA S

2 adid
,
uniform hd

d

Depend on the application

How to choose a !

a+0 : coupling - Avoid it !
dec : losses ↑4 - Avoid it !

⑫16 1 : 36 :00

↳ al cio che esce e Arriva

Nella zona di far field
,

NESUGLi output Arriva

la trasformata di fourier

S



↓

Se vuol campo uniforme su rusti

ali our
, quindi un rect

Devi partire da un Since

si pos accorplando pio guide

D'onRa in inpor
.

↳ Start gaussian - end

gaussian (transform to itself

AWG · WGR
rL

giating router
2

Less common name

It's like phase array . It's better to have

a = (2 = 3) 6) and the wa on the extern more

next to each other.



1 star couples :

Prs = File

los= heffe
= g(1-psxY
&

& must be a certain value

to have an exact phase
front on the outputs

eff
20 Star coupler

↳. It's a phase attay , depending on the

Phase of the inpot focalize the hear

on an output wa



6 This depends on the ↓ (a wick

depends also ap)
↳ So it's a phase array on

a circle that focus the

bead on a circle

E
Change the phase -> change the phase front

E&
Change the point of focus

SLIE 12-13 -I

③ Gratings

Ts =
eils



Total :

Ease = Feil eits1 is
Y Um

C

/lotsal)
d

Assume thatheff wa is

& equal to star coupler

Nor true
,
but nor so wrong,

make simple the rof

Alre = Josa - To
,
see
,a
= eff (1) - ((0+a)x)

Now sun the contribution of all the waveguide
in the grating :



Eap = Fasa =ta

Val
If Aypo e QU : ser") -0

Heat
Crecial case M=

↳ Hop is the ref of a

ME
.

How -
,
16

,
I are related to the ref ?



Th ref is periodical ,
I'm interested in

the position of the max
,
the hand and the

out of hand rejection.

The hax are when :

Afra = eft(DL - 2(p+q)a4) = 2Q+

ba (a)-e(p
+q(Q)

Q

I 100 Ax

-
↓- prope

d -> Channel spacingDoesn't depend
on the star courler

Ifiom poto o to of



What is the ref of p and goe !

It's the some but shifted of 11
.

The other

ports have max where the others have zeros.

M-1 zeros

I Each ref is shifted of At

for ta
B =
Est Y MUXIDEMUX
M

At the Same

TIME

my



Design ?

① Est ea

lo
②x + Q = al

③Q -> & . Q - then play with the

given
star coupler

⑪ Find M depending on B

It's an approx !

↳ heff
,
# Reffgratings
F

Because in the SCI can

have reflected waves that

bounce back and forth
, shar

& ging phase



d

No not change too much they rof
,

but this is the reason why star

corplets have strange shape (to
radiate away the reflected power

d
So in the star couplet I have different ↓

d

100= -(+ )Al
The right

S Zigla
-Ea

⑭& Every time the number of Harrel increase,

increase the number of zeo and Budd.



FSR = i

&
%

it
Shifted pe

of Ax too Mod
↑
->

Tor

ahmt
&

to Moy

d
Ther there are AWG with different

shape ,
like gaussian where you pay a little

attenuation in hand while rejectin more

-> LessFoig a



Remember to use use taper Between

star coupler and input/output waveguides

↳
Catch the max possible of field

and avoid reflections reducing losses
.

↓
MORE CIMplE DESIGN AWG

BUT REALIZING And OPTIMIZING

↓ is more difficult

Example of design

"AX" 100 GHz

8 Channels

25 Gbit/s NRz = 20 Gilz BW of Signal

My = 1 ,5 Le Photo ec on kat
Heff = 1 , 45



FSR == N : "D" = 800 Glz

d
T1 T2 D) = 250 uni

m
&

--1
S tou

I

Q = 233
,
85 = 150mm

6 Q = 237 -D) = 250
,
Hmm

For SC :

= "10 Ga

&
From here Sc zRQ2=Q

= 124
,
8 - 10



Glass on silicon -> W SMR

& Q . selgo io , 13 un
·

an

And then how many wa in the away
!

M =Et = 40

If M240/ filter the signal , soM alway
less or equal to

↳ But Mdd
,
number of zerode

,
↑↑ Xtalk (out of hand lobes)



Now I need to keepsighed the "filter" with

the signal

↳ How Well I have to control

Temperature , Greff , dal ?

DT = 0
,
1C acceptable for emersonSi

s↳= =
1 (10- on Si

S 49 My

With this at depending on thematerial I move

FSR of : Shift
-

at = 10-Side e 1 GHz] Belo Ghz
,
small

I impact

[Si , /ap e 10 GHz

6
,

Impact big o B = 20 GHz



&
for these materials M did most

,

like M = 38
,
so B = 21 GHz and

17= 0 . 1
°

[--stift I can attenuate the effect of

0
.
1 % in Si

.
For 1944

, quester
↳ Si 1 GHz

complexity !

Acceptableshift are
1 E

=

"

Of
"

10 M

But dreff can be also given by other
feromena ,

↳ In a datacenter every 6 months

change something.

AWG usually are on Glass on Silicon



RING RESONATOR
↳ 112 e opposite of

Fir

IN our

-
I

Drop Another tiny

= another -,
THROUGH

higher Order
Ve

The ring is a resonatore and it's a Fabry
Perot cavity : in fact another made to imple-
ment a resonator is to use partial reflector
Mirror :

In

ent
short



=cory
coeffict the

-
like a corner , but

differentmatrix :

V 2
-
Dil

.
Co.

RING

-alf
u = e = 1 (LOSSES)

For couplers :

5-[t] itte=

for ring , on the through port :



Held = +triz)e-Bl(ojte)+
Light with one round

t ---- t

~

second ↑our

t
onY

↳ Infinite response

FILTER

Hence
Bl

1-GratzejB&
B= neff

Depending on
1 He can be mull or different

from 0 .

= 1- He=



Hd has not zero but only a role (can
go toCs) While He has also a zero

#always

When He = 0 ?

togetherGeBl = 1 - Bl = Ni
11 = Gtz

S
singl Heff(= Nat

H&*1
&

resonant ↓⑭At to Of THE

& RING



Add in chase with the light arriving from
thering

~
Ke =kaf

If the two directional coupler are identical
(ve = jic) apart for the losses, I always
have He = 0 at resorance .

Light enter- couple in the ringa some

does in the He , some in the
rinay

keeps recirculating in the

ring and at to all

exit from drop

# no reflection nothing exit from Add

port.

U = 1 supposed (0-1)



Ho

He
& Lautresonance
1

Hd cannot go to zero !

⑮
assuring identia

⑰the sl couriers
ama U= 1

Antiresonance (between the two resonance)
,
when

the light that enters the tiny arrive it shifted

to the first coupler , adding in antiphase.
I



& Here He-Hd = Extinction natio

⑫
What happens during transient ?

Not seem here
, al off this is at steady

state
.

Ht
At RESONANCe

"
-> t↳

Design ?

Given It
,
heff , hey , y and I find Bifse

to and ESR



Difference with ME

ME is a size the ref and BW cannot be

stranged

↳ With ring , increasing KI can
change the BK and ER

d

Difficulty : have lathera

&
Other important parameter to see how selective

is the ring with respect to FSR :



⑳ Fesse

And the quality factor : from to

-

⑫ni
Q = W.

loss

↳ for any resonant
structure

Ba
Powerloss - power loss due to imperfection

W
power loss by loading the cavity

↓
WANTED (drop port extract power from the

resonant ring to work).



= + = if sea
W Qu
z

Due attenuation dto the

coupler CINTRINSICQ)
↳ = 0 if V = 1

Given Q I can design the ring

le more selective ? * 44
until attenuation (
BECOMES Comparable With

y &

But in photonics we don't work with first

order resonance (N = 1) ,
but higher order ,

so

the most important parameter is F , not Q.



What does f tell me ?

How much at resonance / entrancing all the other

Phenomena .

↓ Time to one round Grip :

↑
FSl =
I in reality infinite

With destealing↑ Amplitud

↑

↓ inaverage

↑
The finesse is the number of

round trip ,
related to the photon

life time

So the groun day :



⑰ NotseeGranta

I stay in the ring for that much before

going to drop port , so the insertion losses

approx is let resonance) :

⑰.j

How well do I have to control At ?

#My

F times better than ME
,
because as ANG

and ME with a shift of 2 in the phase
I stift of one FSR the spectrum.



Be
If I shif of

,
I skift of one s (Nor

acceptable) :

⑮ Without loss

↓
Change k to change F,
Valid until QfQL,
100- 1

How must time takes the transient ?

Yg = fi = 1
B



The phase response
In me the phace is linear

,
here no!

=
i two resource

& hcrease B increase the

phase jump around resonance



Tg = = stopeof

*
Selective filtera Add

,
Bod

, is at
at reconsince

CHROMATIC NISTERSION = e
↳
detrimentine impact

On The share of The Pulle



Phase shifter

-z = 1
, tz = 0 ,

All PASS Filter

d

Only phase shift

T(u) = =

- -

All the light goingIn go in our without
losses so t = 1 for every 1 .

But if I have

losses I can have Noth in the sof , because

/ enhance losses during round trip at to.



At to
,

etet so if U = not , Teo
L

&
Critical coupling
(norc at do)

The notch goes to zero only when U= noth,
otherwise with 8t10th there are notch atdo

butNot zero .

↳ Only with critical coupling
can switch off the light at to
on the output

3 Change phase of ring
stiff
> modulator

No J ,
No notch !



Easier to design but more sensitive
to tolerances .

↓

Field intensity can be hig in the

ting causing greater losses depending
on material used and change in

Heff

↳ So the filter shift

↓

Get But cast go out of resonance

and field intensitydd
d

So thesignal can cause self modulation
S With itself



d

Only in material where heft a field inten

City (most dielectric) .

( need high power to see these
effects.

↓ =Mothe
W

Kerr effect

But also losses depends on E
, su

also L .

When happen resurance ?

When It = No
,
without phase added on the

ting by something .

In this case I have to

add this phase shift when finding resonance :

#nefflu + Panthe ... = N



RNG CAN SLOW DOWN The Light

↳
V= Creg ↑ and

L cost
,
Und

= Eng
↳ but TMM

,
also losses

increase

& l = e
-Q(q

NO MEMORY

WITH PHOTONICS

-

Backscatter - b = Fath
Yenhancement of

losses-

ME-Ring Filters



# enhance of loss are on the
transition of the ref , Not in the

flat BAND .

-
Test cost a lot

W

Bettel send device to rest

Once thedevice Work[↓
Electronic Feedback

cheater ,
or trimmic

,
electro-optic .. )

Why slow light ?



To make smarter device.

↳ But for memory insted ?

Not possible[-Must be small
in photonic

C Loss must not corrupt data
Not possible
in notonic

Photonic is good to more
THINGS Around

MGuillation in group delay are bad,
↑ keep in as booth as possible !

* MV



for ant structure

magneto-optic
g9 % of lasers has an isolator to protect it
from reflections coming from illuminated Wa.

E = [%of e vor strmere e

Until now all devices were simetric , what

break syntheting here ?

↳ Only if device isNor resiptical,
Not asymmetric

NON reciprocity



Some material in prepence of a magnetic field
change the E tensor that is NO more symmetric.

& But the material must sensitive to
# or also in time varing or
Now linear material

.

1i interested in strm and decile material with
Fo

,
and Astm and for recipe . with t o

↳ So there's optical activity

X

XstieI ⑮
Fransparent

dat



What happens to a share wave inside this

material ?

Ware equation in form of matrix :

I
- B2 + winoE036-in'Mo EodE I [] = -

-jaModod3-B2 + NEW SEL

Now Ex and Ey are coupled .

With JE = 0
I

the solution is e-BE .
Now in order to have

* solution the determinant must be null :

B EGEN VALUE

-
light
Zic

left Ex = EjEy Elgen Vector

because



Et = 0 (plane wave) and Ex in that way
is a circular polarization wave.

↳ Linear polarized wave cannot
be a solution in a material
like that

So the circular right pol . Wave and left wave

have :

=
4 = Ed

⑳h
Circular Birefringence



Excercise

Linear vertical polarized wave in inpot (Not
a solution

,
but it's a combination of two

circular polarized) :

Ke
F im

L

ErtEE

En eBal + Es e-iBcL

Now come back to x
, 4 and the output is :

eB)(
o



O is the rotation of the output field Wit
the input one. So at output I have Ex

but rotate of O :

E
optical activiti = Rotate polarization

keep ellipticity

O can be seen as dec:

0= H . LEVordet constant

The rolation depends on i so has direction.
I



↳ Come direction of the current
Q,

+

What if I invested the direction ?

Q

M-
↑

O

↑
-

↑

⑫e

⑳se
2



⑫ze

to come back as before/ need
to changeIt (non reciprocity ,
chafing only the direction is Nor

sufficient .

Isolator -> Buckt (not possible in
Integrated optics)

circulator> / ports circuit



BRAGG GRATINGS
mu

Periodical perturbation of something

↓
Here in the frection of prop .

S
Like periodic variation of at to induce

& periodic variation of $0 ·

1

jetaji
I

↑ he due to the discontinuitya
of h



If he shy => phase of reflected wave is

positive

If he shy =
" negative

# he hy ,
t is small

,
most of the wave

is transmitted :

1
-

its
-UI it' reflected with the

Sate fase they interfere,
the three +"sum" in

fied

S



So the phase of the second must be :

# A =

⑮
BRAGG WAVELENGTH

=
The third reflection must have a phase :

1 . + = π

So the total reflection can be very large
even with small ↓ (M2M) , because then

pile up .



↳ It's a reflector wavelength
dependent .

And reflections betweenKalke ?

a

/p
MUST Have A Phase of

(tco) , it's correct Be-
cause It's half A Period 1

* E + T = 2

SAME !



Every shall reflection add up
!

Order of A

1 = 1 , 5 m
,

M = 1
,
5

=> 1 = 1 = 0
,5

Sh = my - My = 10 =10

↓
10-7

↑ = - -> l = 10-
3 W

Tin power

I NEED Mant of

TEM
to integrateInsers

&



&

Bragg reflector are used to create the
oflaser

,
filters

, dispersion compensation ,
equalization filter after amplifier -
----- -

# a Fabry Perot the not Lootmost
and es % ) pay the role of K in the tiny,
at reconance all the light exit

,
but the BW

is decided on mirrors

↳ In a Fabry Perot the finesse

depends of the mirror reflectivity
↑& + , F ,

the light jumps
Not inside it

,
but at to

everything exit.

↳ Est
- --------
-



Add be in gass on SiO2
, perturbe the

lattice

, Wanted defect - Oh = 12-h

S
Not stable

, handing can be

broke with UV light to

↓
change property

Illuminating Ge-Si0z create Geet that is

more stable than before

Le
so permanent variation

Of Heff
d

You notice because you change the
absortion spectrum of the material

(



& sinonimo di cambio di hefa

Now
you have produce a long chain of this

variation
.

& want the transmission fatrix

->&114
I know that the device reflect

,
so can

find a relation between the two mode
,

one propagating in 7 and the other counter

propagating ?

↳ Coupled mode theory



4 = Ac jB +
z
+ Be jB -

z

-
Real modes

↑ Approximated Modes

#Botu

&S Not real mode (they
exchange power/ but

Modes of single
approximate with A aud

B varying int

Wa unperturbed

Difference with couplers

AB - 2B .

C -> something of z , periodical



&B is huge compared toC and c is

periodical in E.

↳ There will be difference !

-

-

Reflection on a mirror

#riform
coerent
·

polite
&



d

SCATTERING

The scattered field can be represented as :

Er = /either
Input plane Wave

Now the surface is periodical

Ei-ikit ↑ z

·More
The reflected one :



->

Ei e-kix *e-kiz)
Geiki* g(x, z)

Y
L
Periodic

->

Also En will be periodic in 1
, so

I can

represent with a fortier expansion (nor integration

En
,
Er e eikik Ie &

Wi · Kz
Order of

·

e E
harmonise

Hainoic in Xe z

For the a hamonic the phase :



(m)2[Kix + <)"+ Kee = to
2
of the reflecte

Eiikir az
Z

↑#&

X
-

XX

S
ki = Sin Oi lineta)

krz = to sin Oe

Ko =

⑫= coi+



·
XX

It Sinoi+ 1 ,
On is kn
un

doesn't carry real

power

Im is the intensity
,
depends on the shape

of surface

⑫e 26 audio 29 : 00



⑯ adiffraction

GRATINGS

↳ Like ava or a

Applications
Look atkhis :

-Nur is

But if this is a wa with

B = R
(



↓

I can have coupling in the

wareguide of the moder.

So it's a way of coupling with fibers
,
No

entering orizontally , but shining at oi to

the integrated Wg.

#
Grating used in S : photonic
to couple with fibers

Came idea of diffr . grat .)

Used for testing also and good efficiency



in Si (2 &Blem of losses
, 30 m

of BW

for good coupling)

last application
1 = 532 en (green baser) arrive with a

beam tangent to surface

Z

- 1

O· O
X

1 tak
Si 1+ le misuro

not



Now / measureOr and I can find 1

↓

Optical Spectrum

ANALTZER

6 A diff
. Grat , With light

goes around ,
I place Many

photodiode around the
Plating and depending on
Wher light go you know the

I know & and I "read" what

↓ are inside the optical source .

~

ye ,
so t .

Or the opposite

Bragg gratings cone back



The modes have different sign of B:

Fill
-

↑ field inside this structure can bevery
described by backward and foward mode (but
they areNot mode of the structure) :

A(z)e jBoz + S(z) etjBoz

↑ot this assumption in the wore equation :

S F =-j(A(z) - j()3(z)e-ilBcoBult

↳ =...



Cij = g(z)//ijk
I

= (ii) periodic ,
I Fortig
= Lij' q einz
mu

If sinusoidal perturbazion
m = 1

Solve the system :

A(z) = A(0) - ic /erAler

·infeil(-B)



So A(z) is a variation of the 1st mode"↓due to the second.

Now einer rotate every period , so every
round trip it comes back

,
so it cancel itself

Cit continues to change phase) .

Also the second is a changing phase term
summed up ,

but if the Phase is full,
it doesn't cancel anyhore (eio = 1

,
Not

changing Phase) and the integral is not negli-
gible .

PHASE

B)= o MATCHING

41 = 1 2Bo CONDITION
if sinusoidal
perturbation

There



# = 0

refractive index

⑮ Bragg 1
kome as above

So the second integral is important :

( Bo= )
Re
2x = 13 for 113
e become lower
-

2 ~> if Bo = 2

-1 = 0

Inside I have reflectivity , but outer is



cancelled by all contribution along z

Now Ge has g(a) inside .

It's possible to demonstrate for or

structure :

↳No one
Cij= g(z) dikuiti

1

Cijt = The two modes

S couple.

Cij = I
& if g(z) sinusoidal



It Un :

Ge
e// di⑳W

Even Ever Odd

So condition to have reflections :

⑳=2
How much is the total & ?

Depends on z



What if the guide is hinodal ?

Now withOn odd :

↳
//
↳ 1/44n + 0

Only valid forSh small
.

W-B diagram he let you see coupling for

a given if



Also valid for multimode wa (fundamental
foward and backward second order) , also
between two forward modes

↳ 106.

The phase matchingalone is not enough (Ct0) !



q(z) ?

# sinusoidal an has a precise value
,
if

there are highe harmonics I will couple with
-

higher order modes

↳ keep transition

Of de SMOOTH

to Avoid Discont

NUITIES

The matrix

Connect the amplitude of forward and backward

[i] = [ii]



Uniform BG

↳ Of const
.

↳ A const

a(t)
-#III
2
((z) z

Assume to have towaid-backward have :

da
- = -jja(z) -jkb(z)deI =+ jo(z) + jka(

k =I 5 = + Bo = e
P



At 13 5= 0 and e depends only or

B(z) and Viceversa,

From this :

& cosh(0()-itsent(d)-iSsenh(02)
G = [ iSsinh (02) coch (04-ilch10]
Reg ,

s = f ,
d=

S2 R2 = 1 bet ((0) = 1

/perbolic functions are not periodical , so

you don't have periodical transfer of energy
between the two

,
once reflected is reflected

.



At 13 = k
,
S= 1 and 2 = 0

↓ But for late it changes a lot,
G is imaginary .

(ii)= [i]

l=1 =
6 At 10 :

⑰to
↓erfectthose matching
C12 0



RB

ea
S = 1

-
->

The limit is A so :

2 -
1 Le co

&

#10
~
K

So for Bo lo never arive to 1
,
but can be

high , for the right10
.

What if11s or11s ?



·J is imaginary

· 2 + 1

· - 0

So 5-(e0 02]
So the wave areNos couple anymore and

they acquire phase while propagating , like
normal we

↳ So only phasesift .

senh(x) =
ex + 2
-

T

sen(x) =
e



So strong so is for kL = 2 = 3 .

d ↳
L change R Change k to
but Not the BW change R and

BK

BW of reflectivity
From bat to the first zeio

,
so for strong

grating :

= App

#eff

Firstte
-

& Reff L -> Nor so used !



63wL

Design

①As e given by technology andA

② BW - change on

③ & - choose L that maximise it

All of this is from approx of coupled theory
(only two mode inside it

↳ Works well for fizers

optics , in integrated
optics is a little more

difficult (because we

change W to reachOn
E

-FS & of spurious reflection =9th



Group delay

Chromatic dispersion cause the change of
the stape of a pulse , wher has are less

confined andAdd more confined
.

↳ too see it in time domain.

And in simulation 27 1 : 15 : 00 you see

light trapped in the Be bouncing up and

down
.
It's like a Fabry Perot

, quasi

↓
It means huge group delay

The pulse mantain the stope when reflected (at Arl,
What is transmitted is distorted.



The time that it takes to the light to exit
from BG once it's entered is the group delay
and I can define the penetration length :

L =
1

.

En
&

ng 2] Up and down

I

i
2- 1

19 : 02)
for optical Fiber Un = 10-1 :

↳= 43
un

In Si Ch = 0
.

1 :

↳
p = 0. 25 un



↳ In Si the reflection happens in

very short distance compared to glass
(fine) .

So Now I can design a Fabry Perot in Si,
with given finesse and FSR and the design of

mirror
, knowing the right on to hot have

↳ big and modify the resonance of thecavity.

"
↳

Transmission atte

To = 1-2 = sech() (power



↳p and Eg

① At AB 1 see reflections

↓
·I is more important

⑧ Tq=
na

·Do isO (900d)

② At 11 / see transmission

↓
E- length of the

· Tq = J Chigger) grating

49

· ↳ play no Role

· Da has peak near lis
,
then o



DG

·

T



NON UNIFORM BG

Uniform gives aBAD out of hand response

W
Renove discontinuity in do
Matate the impedance of the

&
incoming wave with that of the wy

Apogized grating
On Not const

. in t
,
there are transition zone

transition
- -

Gr(z)

-DDDDDD

The light want hounceon and down anymore ,
there isn't anymore the sporus #↑ like uniform.



↓ e
Do similar to
uniform

,
but

But I ap
less peak !

Every time I have a pick inEg ,
the

field intensity is stronger (accumulation of

energyE Apogized help here.

We don't have closed form formula
,
but

rule of thumb for gaussian apogized :

1 = 3)
~

S 22I
transition

uniform part



Chirped grating
O(n) const

.

But a depends on z

,part I
ez

Used for very large & BW.

# A change also ta change , cascading it
reflect More X

↳ light reflect wherea match
A

↓ short X
, big Le , big Eg

↳ long I ,
low up ,

low ty
&

Chromatic dispersion compensation



B(z) = 10 + (z - ((z)

Eq-> x

So the BW :

or= 2heff

&
Y Chirped

Factor
No more related

only to Oh

=
So the dispersion :



=W
&
givo al contratio it chipped
Be
,
coria segho

Example in finer
2

Mode Nor well confined
, quaci a plane

Wave

Of circulator
- I

Total Ch
. Diff:

d
- Of . LfIf

Il

Do

Dr occio Che 1 Da
,
De

HANNO SEGNO
If ~ kn (more)



This is only useful for first order D
,
while

higher order i need different chip :

p
->

The BG in fibers + circulator are POL
.

INDIP·

↳ Unless you need varying & (difficult that

Le change)

Why in reality in ty there are ripples ?

They cause ISI
, they born from discontinuity in

the single section of the BG hitped.

↓



USE ApOGIZED + Chirped

S GRATINGS

Less tipples , less 151.

-

Applications of BG

L
CDC Introve

↳
ADD-Drop

↳ Sensors

↳ Fake isolator

Add-drop :



x= B
1 +13

z & ->
-> >

-> +
& &

2 1= 13

↓
Important to math up ,

otherwise
the field reflected arrives to the

coupler phase shifted to the other

and can exit in IN/102 port .

Only for one 1 ( = 13)

ForAld drop Better AWG-Ring



field inside in BC

Even if is totally
transmitted

,
in

the BG the inter-

sity is bigger

↑
all the reflection built

↑ up inside and carcel

after (



Very small imperfections in the center of the

B (causing it to "divide" in two equivalent,
quesi) I have a Fabry Perot I NOT Be anymore).X

carity

-

Fake isolatorea solution for integrated
offic ?

↳ No !

mem

MODULATOR

Recive the into to transmit and load it

on the carrier

ye Intensity



↳ Phase
↳ Frequency
↳ Polarization

And thencemodulator (afte link with losses
,
noice

and dispersion) .

The best ? Laser + modulator

↳ Intensity
↳ Chase S QAM
↳ Polarization (abandoned)

↳ But nor frequency mos.

C fixed
,
difficult to act

on laser

di
⑮ -
Laser

DETECTOR

(not simple forodiand



Why only 3 years ago the first photonic
QAr ?

Because you need the correct modulator.

ONLY INTENSITY
⑨ - Mz

ON-Off

Al

-v
M

I
,

⑨ QAM -> More difficult

I need very fast ad change -> HEATER
CANNOT

& Do That

This is difficult (1 =10 us
,

few MHz
S of modulation)



d

What material can do this ?

The signal is electric
,
the medium" is optic

W
Electro-optic

S &

electro refractive electroab sorting
material material

Si + PN ; S DH AQ
LiNGOz 3 Si

+ PN

↓ ↓ ⑪ junction
-

Better TO CHANGE
The NUMBER

OF CARRIERAf Intensity INSIDE

B BAS

Phase Modulator MODULATOR

DIL

Problem

In those materials if you change Ah
, you

also

change eQ and viceversa.



↳ So there's Not the best one

# I want to induce AQ to switch on of

off the light , it's detrimental to have also

· phase shift (modulation) due to Sh
.

It's

difficult to Not haveIn after AQ
.

So

these material are used rately for AM
.
Only

IP is used for short link AM

↳ It's easier to change It
without change IQ too much

in the right materia

↳pM is more feasable

d
The dream material is LiNhOg , a crystal
whereE produceAh without Q



Sit PN junction can have An also Da
,
but small

and short wa are used in Si photonics) .

In general less

efficient than LiNbOs.

Internity modulator with pr

↳ With LiNbOg + Me
(or SitPN junction)

LiNbOg is extremly fast L so- go GHz
-

↓ Si + PN ;

It's a microwave problem -

how to design electrodes for E

at that frequency .

Electro-optic material (LiNbOs)
I =>Sh d

Crystal , really fast
time response



With E
,
the molecule of the crystal hange

a little bit the Orientation or the polarizability
and theMolecule are oriented in the same wal,
overal the little change produce Ah,

↳ Glass = amorphous cannot do this,

the overall effect is at average
Hull

↑
↳ You need crystal

↓ Also for magneto-optic
W

.

t
.
t
. Center

Si is simetrical
,
if you induce a rotation

of molecules in the lattice you don't se

anything
& LiNbOs is asymmetrical crystal



↳effect e canstal astrmetric

With interferometer + LiNbOz you can have

Ar

How to build wa in LiNbOg ?

It's a crystal , cannot be deposited .

So

have to start from the crystal la water) and~
construct on it. substrate

/-
Ti liffused Hin Film

Si + SiO substrate
-low Sh t

Wafer Bonding (difficult
# LiNbOs -
- sufstiate

High
LiNDOsside

Si
I Ar -

L



↓ - More compact
Best more for modulators ↓

But high loss

(high frequency) Glein
= 100& An = 2
,
2

MrT

But I cannot diffuse to much to otherwise
losses ↑↑ (yes good confinement) .

↳ Rain i can

↳ Diffuse

14 = 0
,
2 + 0,

DIFFUSE

How it works !

E) =E Polarizability
(2+ - 1)

DE) = Se



-> ↳ in general dependsE from how of

on E
, E, .e W

mode & d
Pockels Effect Kerr effect

↓ d
↑ Cr Increase of I can only
decrease St increase an

So E is a tensor :

I
Exx O O

IE = 0 Eun O

O O Ezz

If Ex = Eyy = Sez e Material isotropic

"Exx = Ey#Ezz - "Anisotropic UNIAKIAL

"Exx + Eng + Ezze" "BLATIAL



LiNhOg is uniaxial
, along X and ↑ has the

same heff , along z is different.

How can the ware propagate ?

3 isNor scalar in the wave equation. Then

With external EI change &
,
so left.

But when I change E , maybe / change Exx(E)
ok ? But then I change also the other coeff.

in the matrix

↳ I cannot say : applyI to change
heft in this direction

,
it changes in

all directions
.

Any material has its ownBrK Matrix (dispense)
,

Eas is the big in LiNb On.
2
& Dete = 30

.

8 -10



For strong on I have to work with Ep.

&
= low Frequency

It's constant only for

chang the lattice
-

> modulating at high

↑
It is the frequencyhiggest

-

S
-C

-Signaler

1-

d
I can skretch themolecules

,

↑ is bigger
from O

-
With electric signal at 10 Gbit/s (210 GHz)



/ excite almost all of these three

↓
So some part of the

Spectrum IS Modulated

Better THAN

Otter Part

The carrier is a 200 THE

Directions

If we propagate on a generic direction , the
Wave will depends on the entire but. But if

we propagate along X or y or z
,
there is only

the transverse characteristic of the wa to play
aby role

in so polarization dependent



↳ Use the wa along one

Axis
.

Then the E applied can (omunque) produce change

along other axis
, so use an E with a direction

to exploit 33.

↳ E dong z.

⑫onelocateen
-

S
Now place electrodes to induce Et and :

Ahe Esez zizur



Shy andAt will change also (vistas), but
they don't play any role

,
because the light is

polarized Te (doesn't see kx/hu).

Other case xocur
,
se (horizontal poli)

= always along I and have along X

pol . Along z

↓
Change position of deckrodes

What if I enter with M (vertical polarized) ?

Et will produce Bax andshy with resi

Tr /13433

There will be a varying) birefringence.



4 x - cur

The z-axis is the optical exis / to the

Substrate) .

The phase along the wa in the two case is :

Al=
Aft

-

Semiconductor

In In junction you ear change the number
of carrier to Mange On Lasso DQ though) ,
vid the hissing.



↳ for every be change I pay
also DQ

, so keep small variation

&
How much can i reduce the carrier in the

core ?

↳ 1018 "

Remember : this produce a of , but it's nor

electro-optic effect but plastic
dispersion .

Slide 15

I have more bo thatDo in Si
, so it's

easier to built or that Am in Si
.

But
it'sNotpossible to reach a pure PM

, always



a residual one 18Q cause a chirp , distortion
of the pulse).

↳ not so efficient for

ON-OFF KEVING

So applying V I can havese= it
,
but

also 151 = 20 &B.

↳ I don't want chirp
,
so

I Have to change th

NO Mz, & MEUICE
.

BUT RING
-

Come back to LiNDO

Photo resist- pattern maska litography - etch
-



&
Deposit ii all over (10 in tity

Remove the

Motoresist + ti
d

Increase t and ti
Ti in LiNbOz &

diffuse more and more
change heft

While time passfor two reason

d -
Substitute &

↑i is larger and
induce a stress

larger tha LiNhOs
in the lattice.

Diffuse Wave Guide ↳ Smooth DH

3
Graded index wa,
Not step index



Ah = 0
,
3 % - low losses

↳ large mode

↳ Weak confinement

↳
Irin =Scre Poor bending capability

6 Low density (device are
large) .

Now apply
Electrode are (a less than fith and

= must be inzontal or vertical field in~

the Wa . xocut z- cut

↳ So Sh = +Ez
2 W

S



VOLTAGE
-

DISTANCE
Between Electrodes

So to have low voltage (high frequency is Not
so feasable to have high power) , so shall I,
butNor too close to Not attenuate the optical
field .

~ 10 elto

~
&
--Si O z

S -

↓
⑬ Metal-SiO-LiNbOs

I the thickness of Side is smaller
,
the attenuation

is larger and large
↳ TAlf-Off



Side serve only as isolation so not so thick.

Electrode

Are microchip line because of fact signals.

After made the wa- Glue
, so a few an of

G are depositeda deposite Au - Reposit photore-
litography

sist - Genoverall unless Where it's protected
-> Enlarge the thickness of Au (small R

Lion deposition) un

&

At least 3: un

11 GHz
,
skin effect

limits)
.

G colla Gra Au e LiNIO



How to make this Film Con

dandge Lenforpation
of

↑
->Press to

S attach

ingot

Cut ②

Hin film -> 3 : 500 it

SiO2 substrate -> LNOl (LiNDOz on Insulator
Cladding air -

↳ An M

↳ Risin did

↳ Density↓e losses at and backscatte or



With y smaller
,
electrodes can be closer

to the wa

↳ World - Higher frequency

&
Everyone is trying with LNOP

instead of LiNbOz (used because

simple to produce in masssale

->
1 order of
magnitud
Staller



How to apply the high free . Signal ?

I the figure of Koort and z-cut you see

thatI is not exactly oriented in the dive-

cio of the optical ais z
,
so I have

to consider the overlay between optical and
external field :

= / E14465s1
W

Over the cross section

& = 1 in case of perfect overlap ,
so :

An= NE

Met I want In as large as possible :



--E cut

-> Xert

j

2

· 144 -> ↑ & P
,
until const

·Idd & ~Nd
,
E tends to stay between

electrodes and doesn't

penetrate thewy

· d41 = Sh Id
· did - In 44



Xocut gives larger on than z-cut

until the electrodes are 3:4 times

the dimension of the optical wa (W) /
their it's better E-cut

↓
* cut is to prefer if
the two electrodes die

Not too far a way

from each other

So SiO2 in zocut matter to not have
D = 0.

I don't apply high Voltages (1=2 volts)
over distances of Mm , so EI is huge.

I



↳
do not reach breakdow

Shall electrodes

C = E-Cdd ,
&44
u

HIGH BU

Butp44
,
weak E

,
so small ah

,
so

↓ achieve By by increasing the length L :

⑳
Depend on

frequency

= (see later

But increase Le No more lumped.



Eton = 18 alag < &INentropicI
= #3 along z

As Air Ag
=>

Sw
Eff
dir - I

= 201)

(averageO!
19(x)

Dependsonthe cur

X- cut

* Er = 43
Z

A
-= Erfd



z-cut Z

Er = 20
Xo
= Effz

A
< (x-

most of the material is u d
Crossed along X 1S

So from the graph I say X is more efficient,
but it can be slower.

d S
z-cut is X- cut is more

more efficient efficient because

because C Ah is higger
is smaller

S
- ⑯

LPLAT A ROLE



I mean for Un 01

Speed of modulation

The U voltage has a X :

=
to use the lumped

model

Max Bw-1 GHz
↳ for more you decrease

L
,
and increase V (d

S cannot be touched anymore

Special case : Si + enj

The Sizling is the way to buid modulator

in silicon
.



↓

Here I can use the leaped
electrodes also for higher3K

The tiny is a C(or (with & if losses).

n
watched it

& of the electrodes

toNot have reflections

d

OTHERWISE IS

In LiNbOz

( = /
S

USE TRAVELLING WAVE ELECTRODES

to go faster at

IOK



I use a coax between generator and electrodes
,

with matched impedances.

&
Varying
Size

to match
to

⑳te = es muss !

ButZe depende on a
,
that play a role in

Ah and 8 !

& havo ze = to=so a you have to set d



Not so short unless you vary the size of elect.

or Gange to

Now I have a wave that travel inEe
and modulate the light that travel in the we

6 A wave network of with a

certain time response and light
read Ih at different speed

Hi
Velocit Mismatch

-
modulating
C

Vo =
E V
=Kn

I I

- -



There is a factor of 2
, the optic is

faster than the electrical signal, in LiNDOs
.

For Si
,
P :

Vo = - V=
Msi r

! ↳ ↓ &
I
E

3
, 3 #z

↑ So the electrical signal is faster than the

optical signal .
↳ Also here a mismatch though.

Velocity mismate

Nor const
. In L

A=t
I



↳E ,
v

It's interestic to see what voltage sees
the light , Not the electrodes.

The modulating voltage :

↓ Aston it)

Change the reference (the signal is like new

moving ,
while the Wa is movital :

W (z , to) = Vo sin (* (ETera-heff)zo Winte)
↓ in interest in the place velocity

,
nor group

One . Now I Have V
,
find E and ah :

-
cut

1= -netz) .



d
Q7

CHISSENE
· e-
L

Attenuation of

the voltage along
the electrodes

Approx Qu = 0
, now

I find the phase modula-
tion induced be to velocity mismati and then

I don't consider the vel
.
his

,
but ento , so

↓ have the two limit :

1 = 1%. = sto sinc
i

&m = o

where

to
kee

his must be small

Aft



·
⑫ W of modulator

The light and the electric beau starts together
,

the e-beam modulate the light , they continue to

Do this at care point the active in opposition of

phase and the e-beam cancel the modulation

beam of the first part.

↓
&

Tthe different in velolist is the

Max Reason that Limit The bu of modulators



Zothe Length

If 144
,
fodd

,
BW &d

↓

Yor want to go fast ? (dd
,
but&a vor
,

cost1944

In IN e Forex = 15 GHz

With attenuation

There is the skin effect increase at high frea,

so increases losses.

Now US-Reff = 0 - sin (NE) exit internal



D = 1%0 %" e ah +
&z

The God . Signal continues to decrease while

propagating along electrodes .

An E Of because of kin effect

↳
As 1GHz 10 GHz

thick, (6 2
,Mm 0

.
76 Min

Qui 05 1
,38

am~o
Ch

in GHz

So i

54 = 190 (1eal/
4l



U

reduction of bu due

to attenuation

&1 : 2 da e BWan10 GHz

If you have also velocity mismatch
, you

combine the two effect.

the problem is L
,
ifDefencein ap powe

I

↓CoN e O faster than E
, you

cannot

due mech unless strink Land

Vat



h Si
,
InP -E faster than 0 :

m = N
to = E

I can decrease E by increasing C

& so use periodical loaded electrodes

All at to
-

possibility for velocity matching

In Semiconductor



Intensity Modulation From PM

H

Interferometer - ME

few fitt
--

14=
=- IN

,*- Pockels effect&

&
- - depends on

E~ Sign of E
-
->D = -I

The voltage to produceDe=t is called V,
with two of RUSH-PULL Configuration

S FOR ELECTRONES,

Vit &
Use Less power (a)

I Produce Half Voltage
,
so

S I

GOOL DOWN TE DEVICE



↓

& va-

So the RF signal :

r4-Att zero rean sonal

- Fast

#

Electronic doesn't
Like it

I want to remove the ac component , I have



to polarize the modulator to stay a at e

↓
BAS

S
But a constant N dissipates

a lot

↓
Unbalance the Me

1
=

-#
-2 1

= 250 m
, good

!+
Al

So without signal 14=



NowI can be of time less
,

I need

to move only of It , so I

&
Another factor of 2
in POWER

r

↑
The one without
optimization

U=



So from imple me to optimized if of power
is used.

Attention

· If If signal is st(t) , E(t) is Not just
a copy of salt) , pass throught a ME

,
so

E = cos(Su(t)
= (t)

T there's

distortion

Sin(t)

M

Push-pull us simple



- Vi
⑳ = -j]f(t)*

~ out = 1 + 2

↓ intcos()e
~
CIRP

Up
-

&
- #

⑧ -
our = ejay(t) +e +jay(t)=>

~
*
>

I

= cos(
The push-pull generate the correct signal
to the output , without a residual phase
modulation like the simple one.

& PM cause spectral regrowth

Withside



d
UnwantedIn wom And

↓ Need filter with large

BW (cost4(
&

Also the siromatic dispersion l = Bal
is larger , so greater distortion

↓
EVERYONE USE PUSH-PULL

-

ling modulator (Si)

Mt has out not intensity sinusoidal and
the extinction ratio is 20 : to &B

, so

↑ able to switch off the hoot if It's



enough shall (ok) .

I can make a modulator with ring. If in
critical coupling (in = (12) I can induce a se,
so shift the ring characteristic :

↑ A

-↑v
⑭

to &a roble

stiftershe
So I change the output intensity. in realtserso

s

⑰... N ,
er

4-0-to Af
insi-- So Min

-> -
- jt

↑

- Ta=
&



Molto pin piccolo del Mz.

The shift will be given by Virt , so B

More the notch to cancel or not the signal.

↓
Mant modulator on callp,
Large dencht and compact

(W .
C
.
%

. ME)
,
SMALL VOLTAGE

Disadvantage
The electrodes are loped , but the ring
can be a pore C , so there will be reflections,
the driving circuit must accept it.



What if FM ?

Bad
, high selective and UNdr (FSR const .)

↓
But the limit is due

to 8 , Bot Can't
Happen for too much

In a modulator you need ↓ ( = + ).

↓

Eg I * May if Budd
u

Bad For Modulator

Increased Time response



B = 1 EHz
,
but ig too much slow

,
so the

parturbation is wrong.

↳ So I needB &4 to go

faster , but to have V low

I need FSR 14 - small at

19 add
d

Complexity 44

What if er !

In di hange the number of carrier (DN
or AP) to produce Ot ,

I shift the

Spectrum but / charge also AQ (in Si
,
ht

purtioppol , so I becomes different.



*
cortico rejection
Andd

, An M4

Here attenuation help ,
because the shift is

as above but losses increases the transmission and

here is wanted (switch on) , the Users
,
aneo,

again 10 clo ,
so switch off

Another problem

The phase response isNot linear

↳
SPURIUS UNWANTED

THASE MODULATION

&



So ME Or RING ? COOSE

Based ON The Application

d
After km of ocean is

better ME withoutChip
W

Cause Of and
&

&

Spurius phase change Related to the

instantaneous frequency
the spectrum of the E ifsignal has different

frequency foreM

Not possible to control chirp in other modulator

H

But remember thatpr increase

the BW of a signal intensity modulated



Chromatic dispersion

Of = the difference of time that two

harmonics at different w arrive

at destinatio

↓
My signal in fibers has all the BW,
so different + arrive of different time

Note on Si + PN junction

Mt
, push-pull can be implemented in Si photonics,

so in So it's possible to have modulator with out

chirp .

ling modulator are good for short distances
, like

directly on chin or between near hips.


