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LESSO
N

 A1-W
hat is a w

aveguide m
ode?

�
A propagation m

ode of a w
aveguide

at a given w
avelength

is a stable shape in w
hich the 

w
ave propagates.

�
W

aves in the form
 of such a m

ode of a given w
aveguide retain exactly the sam

e cross-
sectional shape (com

plex am
plitude) as they propagate in the w

aveguide.

�
W

aveguide m
odes at any given 

w
avelength are com

pletely
determ

ined 
by the cross-sectional geom

etry and 
refractive index profile of the 
w

aveguide

�
W

aveguide m
ode profiles are 

w
avelength dependent

TE m
ode profile



LESSO
N

 A2

•G
uided m

ode param
eters

•
Exam

ples of w
aveguides

•
The problem

 of coupling light betw
een tw

o w
aveguides



G
uided m

ode param
eters



Effective refractive index versus V
W

e define the norm
alized propagation constant as : 𝒃𝒃

=
𝜷𝜷
𝟐𝟐−

𝒌𝒌
𝟐𝟐 𝟐𝟐

𝒌𝒌
𝟏𝟏 𝟐𝟐−

𝒌𝒌
𝟐𝟐 𝟐𝟐

And the norm
alized frequency as: 𝑽𝑽

=
𝟐𝟐𝝅𝝅𝝀𝝀
𝒅𝒅

𝒏𝒏
𝟏𝟏 𝟐𝟐
−
𝒏𝒏
𝟐𝟐 𝟐𝟐

T
his
plottells

us
thatfor

a
given

value
V
(for

exam
ple
w
e
choose

the
w
avelength

ofthe
light

and
the

m
aterials

of
the

w
aveguides)

depending
on

the
value

of
the

norm
alized

dim
ension

(d/λ)w
e
can

have
a
m
ono

or
m
ulti-

m
ode

w
aveguide.



Dispersion, group velocity and distortion

•
Dispersion: the relation betw

een the propagation constant and the
w

avelength
orangular pulsation => β(ω

)

•
Group

velocity: the velocity of a light pulse propagating
in

the
w

aveguide => 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

•
Distortion => w

hen the term
 𝜕𝜕
2𝛽𝛽/𝜕𝜕𝜔𝜔

2
is not negligible  w

e can have pulse 
broadening and frequency chirp

•
The second order derivative m

easures the group velocity dispersion (ie: group 
velocity depends on ω

) and it is also referred as  chrom
atic dispersion => the 

sam
e m

ode, but  at different ω
,  propagates w

ith different group velocity 



G
roup velocity dispersion

•
This param

eter is often quantified by the quantity D



Pow
er

The energy of the fields of the guided m
odes in a w

aveguide flow
s only 

in the longitudinal direction. The intensity of a w
aveguide m

ode ν is 
thus given by: 

W
here Iν is dependent on (x,y). W

e therefore obtain the pow
er P by 

integrating over the entire cross section of the w
aveguide:

For TE and TM
 m

odes w
e have:

y
y



O
ptical confinem

ent factor Γ

The
opticalconfinem

ent
factor

ofa
guided

m
ode

is
defined

as
the

fraction
ofits

pow
erin

the
core

region.
In

an
active

w
aveguide,such

as
that

in
a

sem
iconductor

laser
or

in
a

w
aveguide

am
plifier,the

core
guiding

region
is

w
here

the
opticalgain

is,w
hereas

the
substrate

and
cover

regions
are

usually
passive

m
edia

w
ithout

an
opticalgain.O

nly
the

fraction
of

pow
er

in
the

core
region

“sees”
a

gain,
and

the
effective

gain
of

a
given

m
ode

is
proportionally

reduced.
Therefore,

the
confinem

ent
factor

is
very

im
portant

in
assessing

the
effective

gain
of

an
active

opticalw
aveguide

for
a

particularguided
m

ode.

Exam
ple: TE m

ode optical confinem
ent factor of slab w

aveguide of thickness d

𝑷𝑷
𝑷𝑷𝑷𝑷

𝑷𝑷𝑷𝑷
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑷𝑷
𝑷𝑷𝑷𝑷

𝑷𝑷𝑷𝑷
𝑡𝑡𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡



O
ptical confinem

ent factor of slab w
aveguide

Either the fundam
ental TE or TM

 m
ode 

has the largest confinem
ent factor 

respect to all other m
odes.

Fundam
ental m

odes are  those that 
confine m

ost of the optical pow
er in the 

core region !!



Effective w
aveguide thickness: w

e =d/Γ

Core
Cladding

Cladding



O
ptical attenuation

•
Several factors contribute to attenuation of the pow

er of an optical w
ave propagating in an 

optical w
aveguide. W

hen an optical w
ave propagates in a m

edium
 w

ith  an attenuation 
coefficient α, its intensity decays exponentially w

ith distance according to:

W
here Pin and Pout are the optical pow

er IN
 and O

U
T; they are expressed in W

atts. The      
attenuation α is therefore given per unit of length (ie: cm

-1 or m
-1)

•
In practical engineering applications, it is convenient to use decibels (dB) as a m

easure of relative 
changes of quantities. The attenuation coefficient α is then m

easured in decibels per m
eter. In the 

case of low
-loss fibers, the propagation length in a fiber is usually m

easured in kilom
eters, and α 

is conventionally given in decibels per kilom
eter:



Esercizio

•
Se una

guida
ottica

ha perdite
di -2dB/cm

 quanto
vale α? Esprim

ere
α

in cm
-1



Exam
ples of optical w

aveguides



Sem
iconductor laser w

aveguides

Laser beam

The sem
iconductor laser is based on a p-i-n junction; the intrinsic region of the p-i-n junction is also the w

aveguide 
core. Since core and cladding are very sim

ilar sem
iconductor com

pounds the index contrast betw
een core and cladding 

is very sm
all.  => Low

 index constrastw
aveguides.

InP, n2=3.15
InGaAsP, n1=3.4, 
w

=5um
; d is 

several hundred 
of nanom

eters



Silicon photonics slab

SILICO
N

 W
AFER

Index contrast at 1.55um
 is 

Δn=3.48-1.45 =2.03 

High index contrast w
aveguides!



Silicon photonic w
aveguides

There are several types of w
aveguides used in 

silicon photonics. The strip w
aveguide (also know

n 
as channel, photonic w

ire, or ridge w
aveguide), 

Figure 3.4(left), is typically used for routing as it 
offers tight bend radii. The rib w

aveguide (also 
know

n as strip-loaded ridge, or ridge w
aveguide), 

Figure 3.4(right), is used for electro-optic devices 
such as m

odulators, since it allow
s for electrical 

connections to be m
ade to the w

aveguide.
Both w

aveguides can be m
ade to have a loss of 

less than 3 dB/cm
. O

xide cladding is used to protect 
the devices and to perm

it the fabrication of m
etal

interconnects above the w
aveguides.

W
hy loss is so low

 at 1550nm
 or 1310 nm

?



O
ptical fibers: structure

Core: SiO
2 and 

dopants to increase 
refractive index

Cladding: SiO
2

An optical fiber is basically a cylindrical dielectric w
aveguide w

ith a circular cross section w
here a high-index w

aveguiding
core is 

surrounded by a low
-index cladding. Index contrast is typically Δn=0.005

O
ptical

fibers
are

usually
m

ade
of

silica
(SiO

2)
glass.

The
index

step
and

profile
are

controlled
by

the
concentration

and
distribution

ofdopants.Forexam
ple,the

core
can

be
doped

w
ith

germ
ania

(G
eO

2)or
alum

ina
(Al2O

3)orotheroxides,such
as

P2O
5

orTiO
2,fora

slightly
higherindex

than
thatofa

silica
cladding.

The
core

diam
eter,2a,typically

ranges
from

a
few

m
icrom

eters
for

a
single-m

ode
fiber

to
less

than
100

μm
for

a
m

ultim
ode

fiber.Itisdesigned
forthe

fiberto
supporta

desired
num

berofguided
m

odes.The
outerdiam

eterofa
fiberisthatofthe

outside
boundary

ofitscladding,w
hich

istypically
about100

μm
orsom

ew
hatlarger



Fiber fundam
ental m

ode

E
𝑟𝑟
=

2
𝜋𝜋
𝑤𝑤
𝑓𝑓 2 exp(−

𝑐𝑐
2

𝑤𝑤
𝑓𝑓 2 )

The fiber fundam
ental m

ode profile can be approxim
ated w

ith a Gaussian shape

Intensity profile of the fundam
ental m

ode in a m
ultim

ode fiber. 
The gray circle indicates the core/cladding boundary.

r

The
FW

HM
ofthe

intensity profile is often called
SPO

T-SIZE



Intensity
ofm

odes
ofa

m
ulti-m

ode
fiber





Single m
ode Fibers (SM

F):  cables and 
connectors

FC/PC: The "PC" stands for "physical 
contact" because these connectors allow

 
the surfaces of tw

o connected fibers to be 
in direct contact w

ith each other.

FC/APC: The "APC" stands for "angled physical contact" because these 
connectors allow

 the surfaces of tw
o connected fibers to be in direct 

contact w
ith each other and because the fiber end is polished at an 

angle to prevent reflected light from
 traveling back up the fiber.



M
ulti-m

ode fibers (M
M

F)



Dispersion in m
ulti-m

ode fibers

•
An optical pulse propagating in a m

ulti-m
ode fiber can be distorted 

because w
e have:

1.
Chrom

atic dispersion
ofeach

m
ode

=>
notvery

relevantin
this 

case, because M
M

F are used only in short-distance links.

2.
Interm

odal dispersion: each m
ode has a different dispersion 

relation (ie:β
LP01, LP11, … (ω

) ) => each m
ode propagates at different 

group velocity



O
ptical fiber attenuation and optical 

com
m

unication w
indow

s



Physical reasons for fiber attenuation
Rayleigh scattering. The intrinsic Rayleigh scattering in a fiber is caused by variations in density and com

position that are 
built into the fiber during the m

anufacturing process. They are prim
arily a result of therm

al fluctuations in the density of 
silica glass and variations in the concentration of dopants before silica passes its glass transition point to becom

e a solid. 
These variations are a fundam

ental therm
odynam

ic phenom
enon and cannot be com

pletely rem
oved. They create 

m
icroscopic fluctuations in the index of refraction, w

hich scatter light in the sam
e m

anner as m
icroscopic fluctuations of 

the density of air scatter sunlight.

Im
purity absorption. Im

purity absorption could be very im
portant in the near infrared region because m

ost im
purity ions 

such as O
H−, Fe2+, and Cu2+ form

 absorption bands in this region w
here both electronic and m

olecular absorption losses

of the host silica glass are very low
.

M
olecular absorption. In the infrared region, the absorption of photons is accom

panied by transitions betw
een different 

vibrational m
odes of silica m

olecules.



O
ptical com

m
unication w

indow
s

•
Atpresent,the

bestfibers
have

attenuation
as

low
as

0.15
dB

km
−1at

1.55
μm

and
0.3

dB
km

−1
at

1.3
μm

,w
hile

attenuation
at

850
nm

is
typically

2
dBkm

−1.

•
This

is
the

reason
w

hy
the

w
avelength

of1.55
μm

is
chosen

forlong-
distance

optical
com

m
unication

system
s

and
the

w
avelength

of
1.3μm

is
suitable

for
m

etropolitan
and

w
ide-area

netw
orks,

w
hile

w
avelengths

in
the

850-nm
w

indow
are

only
usefulfor

localoptical
links.



Dispersion of step-index SM
F

In
standard

step-index
single-

m
ode

fiber,
the

sum
of
the

m
aterial

and
w
aveguide

dispersion
is

zero
near

1310nm
,w
hich

is
called

the
zero-dispersion

w
avelength.



Dispersion shifted fibers
By
varying

the
fiber's

w
aveguide

structure,
the
w
aveguide

dispersion
can

be
shifted

up
or
dow
n,
thus

changing
the
zero-dispersion

point.
Fiber

in
w
hich

the
zero-dispersion

w
avelength

has
been

changed
is
called

zero
dispersion-shifted

fiber .
An
initialstrategy

w
as
to
alter

the
w
aveguide

structure
to
shift

the
zero-dispersion

point
to

the
signal

w
avelength

of
1550

nm
,
creating

zero-dispersion
shifted

fiber
(see

the
diagram

to
the
left).

U
nfortunately,

fixing
the
dispersion

problem
is
not

so
sim
ple.

W
hen

m
ultiple

optical
channels

pass
through

the
sam
e
fiber

at
w
avelengths

w
here

dispersion
is
very

close
to

zero,
they

suffer
from

a
type

of
crosstalk

called
four-w

ave
m
ixing.

The
degradation

is
so
severe

that
zero

dispersion-shifted
fiber

cannot
be
used

for
dense-W

D
M
system

s.
To

avoid
four-w

ave
m
ixing,

the
zero-dispersion

w
avelength

is
m
oved

outside
the

transm
ission

band.
So-called

nonzero
dispersion-shifted

fibers
have

a
dispersion

that
is
low
,
but
nonzero

in
the
1550

nm
band

(typically
0.1

to
6
ps/nm

*km
).
Although

dispersion
is
m
inim
ized,

it
is
stillpresent.



Recom
m

ended video on optical fibers:

•
https://w

w
w

.youtube.com
/w

atch?v=N
XpPj-hLpDU



Coupling light betw
een tw

o 
w

aveguides



Light coupling

•
In a system

, it is alw
ays necessary to couple light from

 sources, such 
as lasers or light em

itting diodes, to transm
ission com

ponents, w
hich 

are usually dielectric w
aveguides or fibers. In other cases w

e need 
coupling the light from

 the fiber  to various functional devices, such 
as optical sw

itches, pow
er dividers, am

plifiers, and m
odulators.

•
W

e have to evaluate the coupling efficiency betw
een the m

odes of 
tw

o m
ono-m

ode w
aveguides that m

ight have very different guided 
m

ode spot-size=> coupling loss



Exam
ple (I): coupling light source w

ith optical 
fiber

Coupling laser diode output light into optical fiber



Exam
ple (II): coupling fiber w

ith a Silicon photonic 
integrated circuit

O
ptical fiber core

Silicon w
aveguide core



Coupling efficiency

•
The coupling efficiency gives how

 m
uch pow

er of the optical spot E
1 is coupled w

ith the guided 
m

ode E
2

•
It is calculated as:

𝜂𝜂
𝑐𝑐
=
|∬

𝐸𝐸
1 (𝑥𝑥,𝑦𝑦)𝐸𝐸

2 ∗
𝑥𝑥,𝑦𝑦

𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦| 2

∫
|𝐸𝐸
1 | 2𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦

�∫
|𝐸𝐸
2 | 2𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦

•
E

1 is the laser field at the input plane of the optical fiber and E
2 is the fiber guided m

ode
Coupling laser output light into optical fiber

Laser output plane

Fiber input plane

W
e need E

1 for calculating the 
coupling efficiency

x



Coupling laser => fiber
•

The coupling efficiency from
 laser output to optical fiber is therefore  calculated 

as:

•
W

here E
1 is the laser field at the input plane of the optical fiber and E

2 is the fiber 
guided m

ode

𝜂𝜂
𝑐𝑐
=
|∬

𝐸𝐸
1 (𝑥𝑥,𝑦𝑦)𝐸𝐸

2 ∗
𝑥𝑥,𝑦𝑦

𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦| 2

∫
|𝐸𝐸
1 | 2𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦

�∫
|𝐸𝐸
2 | 2𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦

W
e

need
therefore

E
1 to

calculate the coupling 
efficiency



Calculation of the field E1
The laser output field is approxim

ated w
ith a Gaussian shape:

𝐸𝐸
𝑡𝑡
𝑥𝑥,𝑦𝑦

=
2

𝜋𝜋
𝑤𝑤
𝑥𝑥 𝑤𝑤

𝑦𝑦
exp(−

𝑥𝑥
2

𝑤𝑤
𝑥𝑥 2 −

𝑦𝑦
2

𝑤𝑤
𝑦𝑦 2 )



Exam
ple of calculated coupling efficiency (I)

•
Coupling loss due to spot-size m

ism
atch

W
x: laser spot-size atthe

input
fiber

W
f:spot-size

ofthe
m

ode
ofthe

opticalfiber



Exam
ple of calculated coupling efficiency (II)

•
Coupling loss due to lateral m

isalignm
ent

Laser
O

ptical fiber

d

d: lateral m
isalignm

ent



Solution to optim
ize laser-fiber coupling



Solution to optim
ize Silicon w

aveguide => fiber 
coupling



Sum
m

ary slide

1)
Recognize different types of optical w

aveguides

2)
Define

optical w
aveguide param

eters and know
 expression for 

calculating them

3)
Know

 how
 coupling loss can be calculated. Recognize solutions to 

m
inim

ize coupling loss



N
ext lesson: LESSO

N
 A3

•O
ptical interconnect


