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Enabling Technologies –
B

uilding B
locks

�
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�

O
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�
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�

O
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�
O
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m
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�

S
w
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�
W
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�
D
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D

M
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O
ptical C

om
ponents

A
m

plifier
(e.g., ED

FA
)

M
ultiplexer

D
em

ultiplexer

Transm
itter

(laser)
R
eceiver
(filter)

O
ptical S

w
itch

(e.g., O
A
D

M
)

U
nit 2a: E
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Fiber spans



P
age 5

M
 Tornatore: C

om
m

unication N
etw

ork D
esign

E
nabling Technologies

Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers 
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

S
w

itching E
lem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations



P
age 6

M
 Tornatore: C

om
m

unication N
etw

ork D
esign

O
ptical fiber

Structure

Pure G
lass C

ore

G
lass C

ladding

Inner Polym
er C

oating

O
uter Polym

er C
oating

M
M

F: 50 m
icron

SM
F: 8.3 m

icron

125 m
icron

250 m
icron

Single Fiber

P
rotection L

ayers

Protects “core”
Serves as a “Light guide”

Source: John Strand, 2002

E
nabling Technologies
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Introduction

•R
em

oval of w
ater m

olecule absorption peak. 
•All-w

ave fiber: 100 nm
 m

ore b/w
 (1350 to 1450 nm

).
•All-w

ave fiber allow
s 120 or m

ore channels.

A
ll-W

ave Fiber…
low

-loss region + W
D

M

W
D

M
 = w

avelength-
division m

ultiplexing
(w

avelength = channel)

(b) Traditional fiber
(a) All-w

ave fiber (true w
ave, Leaf, etc.)

ǋm
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O
-,E-,S-,C

-,L-,U
-B

and

B
and

Nam
e

W
avel. range (nm

)
D

escription
O

-band
O

riginal
1260-1360

O
riginal band, P

O
N

 upstream

E
-band

E
xtended

1360-1460
W

ater peak
band

S
-band

S
hort

1460-1530
P

O
N

 dow
nstream

C
-band

C
onventional

1530-1565
Low

est attenuation, original 
D

W
D

M
 band, com

patible w
ith 

fiber am
plifiers, C

ATV

L-band
Long

1565-1625
Low

 attenuation, expanded 
D

W
D

M
 band

U
-band

U
ltra-long

1625-1675
U

ltra-long w
avelength
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Total Internal R
eflection w

ithin a Fiber

c
m

at #
2 x 10

8
m

/s o
n

fiber =1.5

(n
air =1)
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Snell’s Law
•

S
nell's

law
describes

the
relationship

betw
een

–
the

angle
ofincidence

(T
1 )

–
the

angle
refraction

(T
2 )

w
hen

referring
to

light
passing

through
a

boundary
betw

een
tw

o
different

transparent
m

edia
(such

as
w

ater
and

glass)
–

D
efinition:

the
ratio

ofthe
sines

ofthe
angles

of
incidence

and
refraction

is
equivalent

to
the

reciprocal
of

the
ratio

of
the

indices
of

refraction

U
nit 2a: E

nabling Technologies

2
2

1
1

1 2

2 1

sin
sin

sin
sin

T
T

T T

n
n
n n
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Total reflection 

E
nabling Technologies

n
2

n
1

ș
2

ș
1
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So, w
e w

ant to avoid refraction…

U
nit 2a: E

nabling Technologies

n
1

n
2

T
�

T�c
>

IfO
therw

ise the light w
ill be refracted and

the associated energy w
ill be lost.

n
1

n
2

>

T
�

C
ore

C
ladding

R
efractive 

indices

T
1

T
3

°¯ °® ­

 �
 

 

3
2

2
1

2
1

1
1

0
0

sin
sin 90

sin
sin

T
T

T
T

T
T

n
n

n
n

T
�
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The «C
ritical Angle»

U
nit 2a: E

nabling Technologies

N
N

n
1

n
2

T
3 = 90°

T
�

T�c
>

If

Then the m
ode w

ill be reflected w
ithin

the core and it w
ill propagated along the fiber 

(total internal reflection).

n
1

n
2

>

T

T�0

C
ore

C
ladding

R
efractive 

indices

T
1

°¯ °® ­

 �
 

 

3
2

2
1

2
1

1
1

0
0

sin
sin 90

sin
sin

T
T

T
T

T
T

n
n

n
n

T
�

T
c  is the angle 

for w
hich T

3 =90°
¸¹ ·

¨© §
 

core

clad
c

n n
arcsin

T
(Eqn 2.1)
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N
um

erical Aperture of a Fiber

2
2

clad
core

n
n

N
A

�
 

N
B

:
The

incom
ing

light
should

be
at

an
angle

such
that

the
refraction

at
the

air-core
boundary

results
in

the
trans-

m
itted

light
being

at
an

angle
for

w
hich

total
internal

reflection
can

take
place
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Profile of refractive index

U
nit 2a: E

nabling Technologies

•
G

raded-index
fibers

–
R

educe the m
inim

um
T

c required for internal
reflection 

–
R

educe interm
odal

dispersion

•
S

tep-index
fibers
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G
raded-Index Fiber
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W
hat is a propagation m

ode?

U
nit 2a: E

nabling Technologies

•
There

are
different

w
ays

to
m

odelhow
a

w
ave

can
propagate

in
a

fiber
•

The
current

m
odel

of
optical

fiber
signal

propagation
is

based
on

the
electrom

agnetic
field

propagation
m

odes
(solutions

of
M

axw
ell

equations
for

cylindricalm
edia):

m
odes

are
solutions

ofthese
equations.

•
A

large
core

diam
eter

(25-100
ȝm

)
allow

s
several

m
odes

(transversal
field

configurations)
to

be
excited:m

odaldispersion

n
1

n

n
1

n

•
A

core
w

ith
a

sm
alldiam

eter
behaves

as
a

spatialopticalfilter
(order

of
m

agnitude
ofthe

w
avelength

of4-5
ȝm

)
and

allow
s

only
the

fundam
ental

m
ode

to
propagate
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N
r of m

odes propagating in a fiber

E
nabling Technologies

•
The

num
ber

of
m

odes
supported

by
a

m
ultim

ode
optical

fiber
is

related
to

the
norm

alized
frequency

V
w

hich
is

defined
as
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M
ultim

ode and Single-M
ode 

O
ptical Fibers

PR
O

s: LE
D

C
O

N
s: interm

odal dispersion 
(lim

ited by graded-index fibers)

PR
O

s: longer distances
C

O
N

s: requires LA
S

E
R
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W
e’ve seen how

 a fiber accom
odates an optical 

signal, w
hat happens to the signal during the 

propagation:
1) attenuation
2) dispersion
3) non linearities

E
nabling Technologies
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Attenuation in Fiber
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D
ispersion in Fiber

�
D

isp
e
rsio

n
is

th
e
 w

id
e
n

in
g

o
f a

 p
u

lse
d

u
ra

tio
n

�
1

. In
te

rm
o

d
a
l dispersion: different velocity for different 

m
odes

�
2

. C
h

ro
m

a
tic dispersion: index of refraction changes w

ith 
w

avelength
�

M
a
te

ria
l
dispersion

(see
next

slide)
�

W
a
v
e
g

u
id

e
dispersion: velocity for different 

w
avelengths depends to w

aveguide characteristics 
(e.g., shape of core/cladding)

�
P

ro
file

dispersion: differenteffect
of the index

profile
in graded-index

fiber

�
3

. P
o

la
riza

tio
n

 m
o

d
e
 dispersion: different velocity for 

different m
odes
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C
hrom

atic dispersion
M

aterial dispersion
•

S
pectral com

ponents of the signal travel at different speeds
•

S
horter w

avelengths propagate faster than the longer
•

To achieve B
E

R
 < 10

-12the total dispersion should be less than 1/10 of the 
bit duration (e.g. 10 ps @

 10 G
bit/s)

C
LA

D
D

IN
G

C
O

R
E

A
n optical source, 

like a laser diode, 
presents its ow

n 
spectral w

idth.

O
(nm

)

A
m

plitudeA
/2

n(=c/v) is a function of  O

t1 = Input O
ptical 

pulse duration

t

t2 = output O
ptical 

pulse duration

t
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Polarization M
ode D

ispersion (PM
D

)
•

Intrinsic C
auses

–
E

llipticity of the core
–

A
sym

m
etrical stress during the fiber m

anufacture …
•

E
xtrinsic C

auses
–

Torsion of the fiber
–

Tem
perature variation

–
Therm

al gradients  ...

Vertical PolarisationH
orizontal 

Polarization
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D
ifferent fiber types according to 

dispersion m
anagem

ent 

U
nit 2a: E

nabling Technologies

1.
D

ispersion
unshifted

2.
W

ith D
ispersion shifting:

o
Zero dispersion fiber at a certain w

avelength
o

W
aveguide dispersion cancels m

aterial dispersion
o

@
 1300 nm

, m
aterial dispersion is near zero for S

M
F

o
D

ispersion-com
pensated

fiber
(D

C
F)

o
typically, a piece

of fiber
w

ith opposite dispersion
characteristics

is
added

o
N

on-zero dispersion-shifted
fiber

(N
Z
D

S
F)
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N
onlinearities in Fiber

�
M

ay lead to a
tte

n
u

a
tio

n
, d

isto
rtio

n
, and cro

ss-
ch

a
n

n
e
l in

te
rfe

re
n

ce
�

They constrain the ch
a
n

n
e
l sp

a
cin

g
, p

o
w

e
r p

e
r 

ch
a
n

n
e
l, and ch

a
n

n
e
l b

it ra
te

. 
�

F
o

u
r T

y
p

e
s o

f N
o

n
lin

e
a
ritie

s
o

N
onlinear R

efraction: n=
f(I); received signal phase 

depends on 1) transm
itted signal phase, 2) length of 

fiber, 3) signal pow
er, 4) carrier w

avelength 
•

S
elf-phase m

odulation: result from
 the intensity 

of the sam
e w

avelength
•

ĳ
=

 n
2 k

0 L|E|
2

(phase shift)
•

C
ross-phase m

odulation: results from
 the 

intensity of other w
avelengths
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N
onlinearities in Fiber

o
S
tim

ulated R
am

an S
cattering

(S
R
S
)

•
Interaction betw

een light and m
olecular 

vibrations
•

Light incident on m
olecules creates 

scattered light at a longer w
avelength

•
Poses a lim

it of input pow
er

o
S
tim

ulated B
rillouin S

cattering
(S

B
S
)

•
S
im

ilar to S
R
S
, frequency shift caused by 

acoustic w
aves

•
Intensity of scattered light is m

uch greater 
than in S

R
S
, but frequency range of S

B
S
 

(10 G
H

z) is m
uch low

er than that of S
R
S

•
To avoid S

B
S
, ensure that input pow

er m
ust 

stay below
 a given threshold
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N
on linearities in fiber

U
nit 2a: E

nabling Technologies

o
Four-W

ave M
ixing

(FW
M

)
•

B
etw

een 2 w
aves: f1 , f2

o
2f1 -f2 , 2f2 -f1 , w

hich 
can overlap w

ith other w
avelengths

•
A
m

ong 3 w
aves: f1 , f2 , f3

o
±

f1 ±
f2 ±

f3
•

Effect of FW
M

 can be reduced by using 
unequally-spaced channels
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Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers 
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

S
w

itching E
lem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations
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O
ptical Transm

itter: Laser
�

La
se

r:
Light A

m
plification by S

tim
ulated Em

ission 
of R

adiation

o
Three requirem

ents for lasing: 1) gain, 2) feed 
back, 3) phase-m

atch
�

S
tim

u
la

te
d

 E
m

issio
n

:
Produces high-pow

er 
beam

s of coherent light (sam
e frequency, sam

e 
propagation direction, and sam

e phase)
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O
ptical Transm

itter: Laser

�E
n

e
rg

y
 Le

v
e
ls o

f a
n

 A
to

m
: transition of electrons 

from
 a high-energy state to a low

er-energy state 
releases the energy in a photon

�Q
u

a
si-S

ta
b

le
 M

a
te

ria
l and P

o
p

u
la

tio
n

 In
v
e
rsio

n

o
In certain m

aterials electrons are m
ore likely to 

stay in the excited energy state

o
G

ive enough energy (inject photons or electrical 
current) such that there are m

ore electrons in the 
higher state than the low

er state
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Structure of a Sem
iconductor D

iode Laser

�B
ulk Laser D

iode: p-n junction w
ith m

irrored edges 
perpendicular to the junction

�Principle: Forw
ard voltage applied to the p-n junction 

such that electrons in the n region can com
bine w

ith 
holes from

 the p region and generate photons. 
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Laser C
haracteristics

�Lin
e
w

id
th

: S
pectral w

idth of the light generated by 
the laser; affects channel spacing and dispersion

�F
re

q
u

e
n

cy
 In

sta
b

ility
: due to

o
M

ode H
opping: in current-injection lasers, a 

change in the injection current above a threshold can 
cause a sudden jum

p in the lasing frequency

o
M

ode S
hift: changes in frequency due to 

tem
perature changes

o
W

avelength C
hirp: variation in the frequency due 

to variation in injection current

�N
u

m
b

e
r o

f Lo
n

g
itu

d
in

a
l M

o
d

e
s: N

um
ber of 

w
avelengths that the laser can am

plify (n
O=

2L)

�T
u

n
in

g
 R

a
n

g
e
: R

ange of w
avelengths over w

hich the 
laser can be operated
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Laser C
haracteristics

�T
u

n
in

g
 T

im
e
: Tim

e required for the laser to tune from
 

one w
avelength to another

�T
u

n
a
b

ility
: C

ontinuously tunable (over its tuning 
range) or discretely tunable (only to selected 
w

avelengths)
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U
nit 2a: E

nabling Technologies Types of Lasers
�M

e
ch

a
n

ica
lly

 T
u

n
e
d

 La
se

rs: M
echanically change the 

distance betw
een the tw

o m
irrors of an external cavity

�A
co

u
sto

o
p

tica
lly

a
n

d
 E

le
ctro

o
p

tica
lly

T
u

n
e
d

 la
se

rs: 
Index of refraction in the external cavity is changed by 
using either acoustic w

aves or electrical current

�In
je

ctio
n

-C
u

rre
n

t-T
u

n
e
d

 La
se

rs: A
llow

 w
avelength 

selection w
ith a diffraction grating

o
D

istributed Feedback (D
FB

): B
ragg grating placed in 

the active region

o
D

istributed B
ragg R

eflector (D
B
R
): B

ragg grating 
placed outside the active region

�La
se

r A
rra

y
: A

 num
ber of lasers integrated into a single 

com
ponent, w

ith each laser operating at a different 
frequency
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O
ptical Transm

itters: Sum
m

ary
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Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers 
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

S
w

itching E
lem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations
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O
ptical R

eceivers: Photodetection

�D
ire

ct D
e
te

ctio
n
: 

o
A
 photodetector converts the incom

ing photonic 
stream

 into a stream
 of electrons

o
The electron stream

 (current) is then am
plified and 

passed through a threshold device

o
W

hether a bit is a logical 0 or 1 depends on w
hether 

the stream
 is above or below

 a certain threshold for a 
bit duration

o
It can be im

plem
ented, e.g., w

ith a p-n junction
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Structure of a p-n junction 
photodiode

U
nit 2a: E

nabling Technologies
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O
ptical R

eceivers: Photodetection

�C
o

h
e
re

n
t D

e
te

ctio
n
:

o
Phase inform

ation is used in the encoding and 
detection of signals
o

R
eceiver uses a laser as local oscillator

o
Incom

ing signal is com
bined w

ith the signal oscillator 
(at a slightly different frequency), resulting in a signal 
at the difference frequency
o

This difference signal (in the m
icrow

ave range) is 
am

plified and then photodetected
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Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

S
w

itching E
lem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations
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Types of Tunable Filters (1)

�T
h

e
 E

ta
lo

n
: S

ingle cavity form
ed by tw

o parallel m
irrors; 

by adjusting the distance betw
een the m

irrors, a single 
w

avelength can be selected to propagate through

�Its prim
ary optical property is that if a m

onochrom
atic 

light ray travels back and forth betw
een tw

o m
irrors, and 

the distance betw
een m

irrors is equal to an integral num
ber 

of w
avelegths, then the light passes through the etalon
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Types of Tunable Filters (2)

U
nit 2a: E

nabling Technologies

�T
h

e
 M

a
ch

-Z
e
h

n
d

e
r (M

Z
) C

h
a
in

 (in
te

rfe
ro

m
e
te

r): S
plits 

the incom
ing w

ave into tw
o w

aveguides, and recom
bines the 

signals at the outputs. A
n adjustable delay elem

ent sets a phase 
difference betw

een the tw
o signals. W

avelengths for w
hich the 

phase difference is 180°
are filtered out. 

�B
y a chain of M

Z
s a specific w

avelength can be selected   

�B
y adjusting the optical path length of one arm

 (therefore the 
phase of the signal in that arm

), the filter can be tuned
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Types of Tunable Filters (3)
FiberB

ragg
G

rating

U
nit 2a: E

nabling Technologies
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Tunable Filter C
haracteristics

�T
u

n
in

g
 R

a
n

g
e

�T
u

n
in

g
 T

im
e

�F
re

e
 S

p
e
ctra

l R
a
n

g
e
 (F

S
R

): Filters usually have 
periodic resonant frequencies. The distance betw

een tw
o 

neighboring resonant frequencies is called FS
R

�F
in

e
sse

: A
 m

easure of sharpness of the resonance. It is 
the ratio of FS

R
 to the 3-dB

 bandw
idth of a resonant peak
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C
ascading Filters w

ith D
ifferent FSR

s
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Types of Tunable Filters (4)

�E
ta

lo
n
: it

can be m
echanically

tuned

�A
co

u
sto

o
p

tic
T
u

n
a
b

le
 F

ilte
rs (A

O
T
F
): R

F w
aves are 

passed through a transducer that generates acoustical  
(m

echanical) w
aves in the w

aveguides. The refractive 
index changes accordingly and can be constructed into a 
grating. This grating can select a certain w

avelength. 

�E
le

ctro
o

p
tic

F
ilte

rs: U
se crystals w

hose refractive 
indices can be changed by electrical currents

�Liq
u

id
-C

ry
sta

l F
a
b

ry
-P

e
ro

t F
ilte

rs: A
n FP cavity filled 

w
ith liquid crystal, w

hose refractive index can be changed 
by electrical current
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O
ptical Filters: Sum

m
ary

�
F
ix

e
d

 F
ilte

rs:

o
G

rating Filters

o
Fiber B

ragg G
ratings

o
Thin-Film

 Interference Filters

�
T
u

n
a
b

le
 F

ilte
r S

u
m

m
a
ry

:
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Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers 
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

S
w

itching E
lem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations
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40 -120 km
(80 km

 typically)

U
p to 10,000 km

(600 km
 in 2001 basic com

m
ercial products)

O
A

O
A

O
1

O
2

O
3

O
N

W
D

M
M

ux

RRRR

W
D

M
D

eM
ux

A
ll-O

ptical A
m

plification
O

f M
ulti-W

avelength Signal!!!

O
ptical A

m
plifiers

�N
B

:
�In general signal regeneration can be 1R

, 2R
 or 3R

�
Pulse re-am

plification, re-shaping, re-tim
ing 

�O
ptical am

plification is 1R

U
nit 2a: E

nabling Technologies
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The problem
 of ASE and O

SN
R

U
nit 2a: E

nabling Technologies

�
The O

ptical S
ignal-to-N

oise R
atio (O

S
N

R
) is 

the fundam
ental quality param

eter

B
… TX

P

span 1 O
A

1

span i
span n

O
A

i
O

A
n

O
S

N
R

n

… TX
P

O
A

(i-1)

A S
ignal

N
oise

O
S

N
R

D

O
ptical am

plifiers exactly 
com

pensate fiber loss on 
each span

P
o

P
o

The signal pow
er at 

receiver and transm
itter is 

the sam
e

P
N

,n
P

N
,i > P

N
,i-1

P
N

,i-1

E
ach am

plifier introduces its 
ow

n noise and am
plifies 

AS
E

 from
 previous spans

O
t

M
argin

O
S

N
R

n

O
S

N
R

 m
ust be above a 

threshold O
t to preserve 

quality
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O
ptical Am

plifier C
haracteristics

�
G

a
in

: R
atio of the output pow

er of a signal to its input pow
er

�
G

a
in

 E
fficie

n
cy

: M
easures the gain as a function of pum

p 
pow

er in dB
/m

W

�
G

a
in

 B
a
n

d
w

id
th

: R
ange of frequency over w

hich the am
plifier 

is effective

�
G

a
in

 S
a
tu

ra
tio

n
Value of output pow

er at w
hich the output 

pow
er no longer increases w

ith an increase in the input pow
er

�
P

o
la

riza
tio

n
 S

e
n

sitiv
ity

: D
ependence of the gain on the 

polarization of the signal –
m

easured in dB
 and refers to the gain 

difference betw
een the TE and TM

 polarizations

�
A

m
p

lifie
d

 S
p

o
n

ta
n

e
o

u
s E

m
issio

n
 (A

S
E
): D

om
inant source 

of noise, w
hich arises from

 the spontaneous em
ission
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A Sem
iconductor O

ptical Am
plifier

�Pro’s: based on stim
ulated em

ission, sim
plicity

�C
on’s: lim

ited gain, polarization sensitive
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Erbium
-D

oped Fiber Am
plifier

Pum
p w

avelength 
filter 
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O
ptical Am

plifiers: Sum
m

ary

P
D

FFA (differentrare-earth
elem

ent): praseodym
ium

-doped
fluoride

fiber
am

plifier
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Enabling Technologies –
B

uilding B
locks

�
O

ptical Fibers
�

O
ptical Transm

itters
�

O
ptical R

eceivers 
�

O
ptical Filters

�
O

ptical A
m

plifiers
�

Sw
itching Elem

ents

�
W

avelength C
onversion

�
D

esigning W
D

M
 N

etw
orks: S

ystem
 

C
onsiderations
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O
ptical Sw

itching

E
nabling Technologies

1.
B
asics of sw

itching
2.

O
verview

 of the m
ain optical sw

itching devices, 
roughly ordered  according to com

plexity
�

S
plitters
�

Passive star couplers
�

D
em

ultiplexers
(AW

G
)

�
C

rosspoints
(elem

entary sw
itching elem

ents)
�

G
ate sw

itch
�

M
em

s
�

O
thers..

�
F-O

A
D

M
 vs R

-O
A
D

M
�

O
X
C

 
�

A
ctive vs. Passive w

avelength router
�

A
dditional

slides: W
S
S
 and W

S
S
-based

R
O

A
D

M
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Sw
itching Elem

ents: B
asics

�
1°

classification: electrical vs. optical sw
itching

�
You

can have
opticalnetw

orks w
ith electronic

sw
itching!

�
In this

section
em

phasis
on opticalsw

itching

�
Transparent

vs O
paque

S
w

itching

�
2°

classification: C
ircuit vs. C

ell (Packet) S
w

itching

�
In opticalnetw

orks:

�
W

avelength
vs. Packet

(B
urst) S

w
itching

�
3°

C
lassification: Logic

vs. R
elationalS

w
itching
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nit 1a: Introduction

E
le

ctrica
l vs. O

p
tica

l S
w

itch
in

g
D

iffe
re

n
t fla

v
o

u
rs o

f O
X

C
 C

o
n

fig
u

ra
tio

n
s

O
/E

E
/O

O
/E

/O
O

/E
/O

E
lectrical
core

O
paque O

XC

O
/E

/O
O

/E
/O

O
/E

/O
O

/E
/O

O
ptical
core

S
tillopaque, but

sw
itching

happens
in the opticaldom

ain

O
ptical
core

Transparent
O

X
C

Increasing cost and energy consumption
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P
a
ck

e
t vs. C

ircu
it  S

w
itch

in
g

E
nabling Technologies

fA
fX

fY
fZL
h /f0
L
p /f0

L/f0

Spazio
Tempo

Ritardo end-to-end

Propagazione
Trasm

issione
Elaborazione
A

ttesa

A
B

X
Y

Z

Packet
S
w

itching

Propagation
Transm

ission
Processing
Q

ueuing

Time
S
paceEnd-to-end  delay
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P
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ck

e
t vs. C

ircu
it  S
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in
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E
nabling Technologies

C
ircuit 

S
w

itching

X
Y

Z
A

B

Spazio

Instaurazione

D
ati

Rilascio

R
itardo

end-to-end Propagazione
Trasm

issione
Elaborazione

Tempo
End-to-end 

delay

Propagation
Transm

ission
Processing

D
ata

S
etup phase

R
elease phase

Time

S
pace
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Splitter, C
om

biner, and C
oupler

�
S
plitting R

atio: M
ost com

m
on =

 50:50 for a tw
o-

port splitter
�

R
eturn loss: S

m
all am

ount of pow
er is reflected 

back to the coupler input (40-50dB
 below

)
�

Insertion Loss: Im
perfect alignm

ent



P
age 67

M
 Tornatore: C

om
m

unication N
etw

ork D
esign

U
nit 2a: E

nabling Technologies

Passive-Star C
oupler

�
This is a non-ideal im

plem
entation –

too m
uch 

loss!
�

W
hat is an ideal im

plem
entation? (P

out =
P

in /N
)
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A
 “first” crossconnect –

the Passive Star

�
C

ondition to be respected: different input->
 different w

avelengths!!
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D
em

ultiplexers

E
nabling Technologies

�
A
n optical dem

ultiplexers receives m
ultiple signals at different 

frequencies from
 a single fiber and separates them

 into as m
any 

individual fibers as the frequencies 

�It can be im
plem

ented using:
�

Prism
s (Fig. 5.1)  

�
Filters (Fig. 5.2)

�
D

iffraction gratings (Fig. 5.3)

�
B
ut the m

ost com
m

on approach is AW
G

�
S
ee next slide 
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Arrayed W
aveguide G

rating (1)
as dem

ux

E
nabling Technologies

S1: Splitter
S2:Star 
C

oupler
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N
 

input 
fibers Passive Star

Coupler N
xN

’ (N
<<N

’)

W
aveguides 

w
ith different length

Lengths of w
aveguides are chose in such a aw

ay that the signals interfere 
constructively only at one port

Arrayed
W

aveguide
G

rating
(2) 

as
w

aveguide
grating

router (W
G

R)

Passive Star
Coupler N

’xN
 (N

<<N
’)
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Arrayed W
aveguide G

rating (3)

72

�
The previous figure  show

s a schem
atic representation of the A

W
G

. 
–

The device consist of tw
o star couplers, connected by a grating array 

(an array of curved-channel w
aveguides w

ith a fixed difference in the 
length of optical path betw

een the adjacent channels). 
�

The operation principle is as follow
s. 

–
Arrayed-w

aveguide gratings (AW
G

) are based on the principles of 
diffractions AW

G
 is a generalization of the M

ach-Zehnder
interferom

eter. 
–

W
hen light enters the input star coupler, it is replicated to each input of 

the w
aveguide array. There the optical path difference of each 

w
aveguide creates phase delays in the output cavity, w

here an array of 
fibers is coupled. The process results in different w

avelengths having 
constructive interference at different locations, w

here the output ports 
are aligned.
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2x2 C
rossconnect Elem

ents
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Schem
atic of O

ptical C
rosspoint Elem

ents
Realizations of directive sw

itches

�Tw
o w

aveguides are put 
in close proxim

ity

�(a) D
irectionalcoupler

(light couples
via evanescent

coupling)

�(b) R
eversed

delta-beta 
coupler

�(c) B
alanced-bridge 

interferom
etric

sw
itch

�(d)Intersecting
w

aveguide
sw

itch
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A 2x2 Am
plifier G

ate Sw
itch
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•
M

EM
S = m

icro-electro-m
echanical system

•
M

ovable m
irrors to deflect light

•
2D

 M
EM

S (a tw
o-state pop-up M

EM
S m

irror)

–
S

tate “0” = popped up position (as above)
–

S
tate “1” = flat (or folded) position

All-O
ptical Sw

itching: M
EM

S
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nabling Tech. (contd.) M
EM

S (contd.)

•
3D

-M
E

M
S

–
M

irror can be freely rotated on tw
o axes to 

deflect a light beam
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nabling Tech. (contd.)

3D
 M

EM
S Exam

ple (N
xN

 Sw
itch)

•
U

sing tw
o arrays of 3-D

 M
EM

S m
irror
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C
rossbar architecture

The case of 2-D
 M

EM
S

•
2-D

 M
E

M
S

 w
ith free-space interconnections

•
C

om
plexity: N

2

0 1

N
-1

0 
1 

M
-1

IN
LETS

O
U
TLETS
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O
ther All-O

ptical Sw
itches

•
B

ubble-based sw
itches

•
Liquid crystal sw

itches
•

E
lectro-optic sw

itches (LiN
bO

3 )
•

Therm
o-optic sw

itches
•

S
O

A
 sw

itches
•

H
olographic sw

itches

•
S

ee Lightreading
A

rticle on “A
ll-O

ptical 
S

w
itching Technologies”
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F-O
A

D
M

 vs R-O
A

D
M

•
Fixed O

ptical Add-D
rop M

ultiplexer (F-O
AD

M
)

•
Fixed add/drop/bypass of a sm

all num
ber of w

avelengths
•

1 fiberin, 1 fiberout

•
R

econfigurable O
ptical Add-D

rop M
ultiplexer (F-O

AD
M

)
•

S
am

e as F-O
A

D
M

, but add/drop/bypass can be reconfigured
•

H
ere w

e show
  traditional non-W

S
S

-based im
plem

entation 
(W

S
S

-based im
plem

entation in separate slides)
•

1 fiberin, 1 fiberout

•
O

ptical C
rossconnect(O

XC
)

•
Fully-flexible connectivity of input/output w

avelengths
•

N
 fiber in, N

 fiber out

U
nit 2a: E

nabling technologies
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U
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Fixed O
ptical Add/D

rop M
ultiplexer 

(F-O
A

D
M

)

..

Fixed configuration. 
R

equires m
anual intervention
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R
econfigurable

O
ptical A

dd/D
rop M

ultiplexer 
(R-O

A
D

M
)

E
nabling Technologies
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Non-Reconfigurable W
avelength Router vs O

XC

•
N

on-R
econfigurable W

avelength R
outer

•
R

igid/fixed connectivity of w
avelengths betw

een N
 fiber in, N

 fiber out

•
O

ptical C
rossconnect(O

XC
)

..a.k.a. “reconfigurable w
avelength router”

•
Flexible connectivity of w

avelengths betw
een N

 fiber in, N
 

fiber out

U
nit 2a: E

nabling technologies
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A
 4x4 N

on-R
econfigurable 

W
avelength R

outer

aka
«patch panel»

Itcan w
ork atw

avelength
or atfiberlevel
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R
econfigurable W

avelength-R
outer 

(i.e, an O
XC

!)

M
 P

xP
crossbar

sw
itches
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A
n A

ll-O
ptical W

avelength-R
outed N

etw
ork



P
age 88

M
 Tornatore: C

om
m

unication N
etw

ork D
esign

U
nit 2a: E

nabling Technologies

W
avelength-C

ontinuity C
onstraint in 

a W
avelength-R

outed N
etw

ork
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A
ll-optical W

avelength C
onverter

The last chim
era

�Functionality and characteristics of an ideal w
avelength 

converter:
o

Transparent to bit rates and signal form
ats

o
Fast setup tim

e or output w
avelength

o
C
onversion to both shorter and longer w

avelengths
o

M
oderate input pow

er levels
o

Possibility for sam
e input and output w

avelengths 
(i.e., no conversion)
o

Polarization insensitivity
o

Low
-chirp output, high extinction ratio, large S

N
R

o
S
im

ple im
plem

entation
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