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D
ept. of Electronics, Inform

ation and B
ioengineering 

P
o
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i M
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n
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M
ost of the m

aterial in this lecture is by courtesy of Prof. B
isw

anath
M

ukherjee @
 U

C
D
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E
m

a
il, p

h
o

n
e
, e

tc..

•
Em

ail: m
assim

o.tornatore@
polim

i.it
•

Phone: 3683
•

O
ffice hours: 

–
W

ednesday 11.30a.m
. -

13.00pm
–

A
lso possible to fix an appointm

ent

•
W

ebsite
–

C
ourse m

aterial w
ill be uploaded on B

eep

Introduction
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5
 cre

d
its o

r 1
0

 cre
d

its?

•
«C

om
m

unication
N

etw
ork D

esign» (C
N

D
) is

a 5-credits exam
:

•
32h lectures

•
12h exercises

•
10h laboratory

to be taken
–

A
s

5 credits, independently
(only

C
N

D
)

–
A
s

10 credits, in association
w

ith 5 credits
of 

«
Foundations

of operation research»
 (FO

R
)

•
Then, you

have
N

etw
. D

esign (10cr) in your
study

plan

•
B
e careful

w
ith the dates

of FO
R
 exam

s!!
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S
ch

e
d

u
le

Introduction

•
A
s I do not expect m

uch attendance in class, I w
ill 

not divide G
roup 1 and G

roup 2 on Tuesday
•

First tw
o w

eeks are all rem
ote (paternity leave -

)
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C
o

u
rse

 o
b

je
ctive

s a
n

d
 to

p
ics

–
The course is intended to provide students w

ith the 
know

ledge and tools necessary to design and plan 
com

m
unication netw

orks
•

Tw
o m

ain languages for design: optim
ization &

 queueing theory

–
The first part of the course focuses on optical netw

orks
•

From
 devices to netw

ork (book M
ukherjee)

•
D

esign approaches based on m
athem

atical m
odeling (integer linear 

program
m

ing) and heuristic approaches are discussed (notes)
–

H
ere w

e w
ill see applications of optim

ization!
•

Lab: N
et2Plan

•
Industry sem

inar and projects’ presentation: N
okia 

–
In the second part of the course: 
•

Protection (book V
asseur)

•
Traffic theory for the design of circuit sw

itching netw
orks (notes)

–
H

ere w
e w

ill see application of queueing theory
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D
e
ta

iled
 p

ro
g

ra
m

1
.

In
tro

d
u

ctio
n

 to
 o

p
tica

l n
e

tw
o

rk
s

–
O

ptical netw
orking principles and challenges: telecom

 netw
ork overview

, business 
m

odels, traffic engineering vs netw
ork engineering vs netw

ork design, W
avelength 

D
ivision M

ultiplexing (W
D

M
), W

D
M

 evolution. 
–

Enabling Technologies: optical fiber, optical transm
itters, optical receivers, optical 

am
plifiers, sw

itching elem
ents. 

2
.

E
x

a
ct a

n
d

 h
e

u
ristic (o

p
tica

l co
re

) n
e

tw
o

rk
 d

e
sig

n
 m

e
th

o
d

o
lo

g
ies

–
N

etw
ork design based on m

athem
atical m

odelling: flow
 form

ulation, route form
ulation. 

M
odelling of netw

ork protection: dedicated protection, shared protection. N
etw

ork design 
by heuristic approaches: greedy, local search. 

3
.

La
b

 S
e

ssio
n

í
N

et2Plan
4

.
P

ro
te

ctio
n

 te
ch

n
iq

u
es

–
N

etw
ork survivability: various protection techniques. Single-

and m
ulti-layer protection 

techniques: protection at IP layer, protection at physical layer. Protection techniques in 
SO

N
ET/SD

H
 or O

TN
 . Protection in the optical layer: solutions for ring netw

orks.

5
.

Q
u

e
u

e
in

g
 T

h
e

o
ry: d

e
sig

n
 o

f circu
it-sw

itch
e
d
 n

e
tw

o
rk

s
–

Q
ueueing theory prim

er: M
arkov, birth death and Poisson process.

–
Introduction: N

etw
ork and com

m
unication services: netw

ork types and perform
ance 

targets. Traffic m
odeling: definition and properties. Source m

odel: single and m
ultiple 

source. A
nalysis of m

ultiple-server system
 w

ith assum
ption LC

C
, LC

H
, LC

R
. Evaluation of 

congestion and statistics of carried/lost traffic. V
oice netw

ork structure and routing 
techniques. D

im
ensioning of overflow

 trunk: W
ilkinson, Fredericks and Lindberger. 

Introduction
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E
x
a
m

s &
 M

a
te

ria
l

•
Prerequisites
–

A
 basic course on «

C
om

puter N
etw

orks»
–

A
 basic course on «

S
tatistics and Probability»

 

•
B
ibliography

–
M

ukherjee, O
ptical N

etw
orks, S

pringer, 2006 
–

V
asseur, et al, N

etw
ork recovery, M

organ K
aufm

ann, 2004.
–

M
aterial/booklets distributed by the lecturer 

–
A
dditional reading:
•

M
edhi, R

am
asam

y, N
etw

ork routing,
M

organ K
aufm

ann, 2007.
•

K
leinrock, Q

ueueing System
s (V

ol. 2: C
om

puter A
pplications), W

iley, 1976

•
Exam
–

W
ritten test +

 oral exam
ination, plus points for lab activities

•
This year, all lectures w

ill be recorded!
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e
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o
rk

s
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W
hat is an optical netw

ork?
W

hy are w
e using optical netw

orks? 
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S
u

cce
ss o

f o
p

tica
l co

m
m

u
n

ica
tio

n
s

M
ain technical reasons

•
O

ptical fiber advantages
–

H
uge bandw

idth (W
D

M
)

–
Long range transm

ission (ED
FA

 optical am
plifiers)

–
S
trength

–
Flexibility (transparency)

–
Low

 noise
–

Low
 cost

–
Interference im

m
unity

–
…

.
•

O
ptical com

ponents
–

R
apid technological evolution, but still need w

ork for:
•

in
crease reliability 

•
decrease costs

•
O

k, but from
 a netw

ork perspective? 
–

C
onvergence of services over a unique transport 

platform
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Fib
e
r h

a
s im

m
e
n

se
 sp

e
ctru

m
 

…
 se

e
 sp

e
ctru

m
 o

f th
e
 m

a
in

 tra
n

sm
issio

n
 m

e
d

ia

s
m

c
v

f v

/
10

3
8

�
 

  
O

W
avelength

Frequency

O
ptical
fiber

Visible light
M

icrow
ave

Tw
isted pair

C
oaxial cable   
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•R
em

oval of w
ater m

olecule absorption peak. 

•
C

om
pare attenuation in fiber vs copper after 1km

! 

Fib
e
r h

a
s ve

ry lo
w

 a
tte

n
u

a
tio

n
!

W
D

M
 = w

avelength-
division m

ultiplexing
(w

avelength = channel)

(b) Traditional fiber
(a) All-w

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

C
heck: http://w

w
w.thefoa.org/tech/ref/basic/SM

bands.htm
l
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O
p

tica
l n

e
tw

o
rk

s: a
 “la

ye
re

d
 visio

n
”

•
O

ptical N
etw

orks (aka W
D

M
 layer) basic functions

–
O

ffers optical circuit (LIG
TH

PA
TH

) for electronic layers
–

C
om

m
on transport platform

 for a m
ultiple protocol in L2 

and L3

•
Tw

o fundam
ental operations

–
T
ra

n
sm

issio
n

:
W

avelength D
ivision M

ultiplexing, data 
carried on different channels 

(i.e., different w
avelengths) 

on the sam
e fiber

–
S

w
itch

in
g

:
W

D
M

 system
s sw

itch optical flow
s in the space 

(fiber) and w
avelength dom

ains

O
ptical transm

ission

W
D

M
 Layer

SD
H

ATM
IP

...

...
E

lectronic layers

O
ptical layers

Lightpath connection
request

Lightpath connection
provisioning
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EO
C

onverter

EO
C

onverter

Passive O
ptical

M
uliplexer

1300 nm

1310 nm

EO
C

onverter
850 nm

C
h 1

C
h 2

C
h n

W
h

a
t’s a

 W
D

M
 S

yste
m

?
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IT
U

-T
 «

fix
e
d

»
 g

rid
 fo

r W
D

M

C
heck: ITU

-T G
.694.1 Spectral grids for W

D
M

 applications: D
W

D
M

 frequency grid, Feb 2012.

P.S.: This is evolving to a m
ore com

plex «flexible» grid, w
e w

ill m
ention m

ore during the course.
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EO
C

onverter

EO
 

C
onverter

EO
C

onverter

O
E

C
onverter

O
E

C
onverter

O
E 

C
onverter

12n

M
ux &

D
em

ux
M

ux &
D

em
ux

12n

W
D

M
 S

yste
m

 Fu
n

ctio
n
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W
avelen

g
th

 S
w

itch
in

g
 in

 W
D

M
 N

etw
o

rks

12

12
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T
he concept of lightpath

E
xam

ple: A
 E

uropean W
D

M
 N

etw
ork

H
elsinki

M
adrid
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N
o
rth

 A
m

e
rica

n
 Fib

e
r R

o
u

te
s



P
age 20

M
. Tornatore: C

om
m

unication N
etw

ork D
esign

C
a
lifo

rn
ia

 Fib
e
r R

o
u

te
s

D
avis (M

assim
o)
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C
e
n

tra
l E

u
ro

p
e
 Fib

e
r R

o
u

te
s
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A
sia

-P
a
cific Fib

e
r R

o
u

te
s
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S
o

u
th

 K
o

re
a
 Fib

e
r R

o
u

te
s
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G
lo

b
a
l (U

n
d

e
rse

a
) Fib

e
r R

o
u

te
s
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•
O

ptics in telecom
 netw

orks

Introduction
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T
e
le

co
m

 N
e
tw

o
rk

 O
ve

rvie
w

C
ore (or “long-haul”)

-
100s-1000s km

-
M

esh
-

M
ainly W

D
M

 netw
orks (O

TN
)

M
etro (interoffice)

-
10s of km

-
R
ings

-
S
onet/S

D
H

, G
E, R

PR

A
ccess

-
a few

 km
-

H
ubbed

rings, PO
N

s
-

D
ial-up m

odem
s, xD

S
L, T1/E1

U
sers 
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O
ptics in

 C
ore, M

etro an
d A

ccess
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A
n

 A
cce

ss N
e
tw

o
rk

 (P
O

N
)
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In
cre

a
sin

g
 p

e
n

e
tra

tio
n

 o
f 

o
p

tics in
 a

cce
ss
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S
u

m
m

a
rizin

g
…

W
h

a
t Is A

n
 O

p
tica

l N
e
tw

o
rk

?

•
It is N

O
T
 N

E
C

E
S

S
A

R
ILY

all optical

•
C

h
a
ra

cte
ristics o

f a
n

 o
p

tica
l n

e
tw

o
rk

–
T
ra

n
sm

issio
n

: o
p

tica
l

–
S

w
itch

in
g

: could be optical, could be electronic, could be hybrid
could be circuit, could be packet, could be burst

•
M

o
st U

se
d

 A
p

p
ro

a
ch

 T
o

d
a
y

–
Electronic and optical circuit sw

itching

•
E
x
a
m

p
le

 U
tility

 fo
r IP

 N
e
tw

o
rk

in
g

–
C

onnect any tw
o IP routers (geographically far apart) w

ith a direct 
(“virtual”) bandw

idth pipe…
 of w

hatever capacity (1G
, 10G

, 100G
?)

–
Increase (or decrease or delete)  the capacity on dem

and
–

D
ynam

ically control the “topology” connecting the IP routers
–

…
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•
W

h
a
t is n

e
tw

o
rk

 d
e
sig

n

Introduction
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D
e
sig

n
 p

ro
b

le
m

s: T
E
 vs. N

E
 vs. N

P

•
T
ra

ffic E
n

g
in

e
e
rin

g
 (T

E
)

•
N

e
tw

o
rk

 E
n

g
in

e
e
rin

g
 (N

E
)

•
N

e
tw

o
rk

 P
la

n
n

in
g

 (N
P

)

•
T

E
 –

online, dynam
ic provisioning, m

s
to m

ins tim
e scale

•
N

E
 –

interm
ediate problem

, m
onths

tim
e scale

•
N

P
 –

offline, static, dim
ensioning problem

, 5-yr
tim

e scale

–
“Put the traffic

w
here the bandw

idth
is”

–
“Put the bandw

idth
w

here the traffic
is”

–
“Put the bandw

idth
w

here the traffic
is forecasted to be”

–
D

ifferent traffic types
•

S
tatic, dynam

ic, scheduled, increm
ental…
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D
iffe

re
n

t
d

e
sig

n
 p

ro
b

le
m

s, 
d

iffe
re

n
t

p
e
rfo

rm
a
n

ce
 m

e
trics

•
N

etw
ork planning

–
O

ptim
ization M

etric: cost, energy, capacity
•

N
ote on cost: C

A
PEX

 vs O
PEX

!

•
Traffic engineering 
–

B
locking probability

•
C
onnection vs. B

andw
idth B

locking Probability

•
N

etw
ork engineering 

–
U

pgrade tim
e, upgrade cost, blocking , 

penalty, exhaustion probability, etc…
.
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B
u

sin
e
ss m

o
d

e
l vs. 

D
e
sig

n
 p

ro
b

le
m

•
N

etw
ork operator

–
Level 3, PG

&
E (?)

•
S
ervice provider

–
N

etflix, G
oogle (“H

yperG
iants”.)

•
N

etw
ork operator A

N
D

 service provider
–

A
T&

T, V
erizon

•
B
andw

idth broker
–

M
any service provider, m

any netw
ork 

operators and  a bandw
idth broker w

hich 
m

anages negotiation betw
een them

•
60 H

udson in N
ew

 York, A
M

PA
TH

 in M
iam

i, Palo 
A
lto Internet Exchange (PA

IX
) in Palo A

lto, 
S
tartap in C

hicago
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In
 th

e
 m

e
a
n

w
h

ile, in
 Ita

ly…

•
N

etw
ork operator

–
EN

EL, S
N

A
M

, (Telecom
)

•
S
ervice provider

–
Tiscali, S

ky, D
azn

•
N

etw
ork operator A

N
D

 service provider
–

Telecom
, Fastw

eb

•
B
andw

idth broker
–

M
any service provider, m

any netw
ork 

operators and  a bandw
idth broker w

hich 
m

anages negotiation betw
een them

•
E.g., https://w

w
w

.m
ix-it.net/en/services-for-

carriers/#
content-1
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H
yp

e
r G

ia
n

ts

C
. Lam

, et al. “Fiber optic com
m

unication technologies: 
W

hat's needed for datacenter netw
ork operations”,

IEEE C
om

m
unications M

agazine 2010
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Fro
m

 S
ta

tic to
 D

yn
a
m

ic T
ra

ffic (1
)

•
Traditional planning: Static Traffic

1

3

2

6
10

4
5

7
8

9

12

13

14

11

1200

2100
4800

3000

1500

3600

1200

2400

3900

1200

2100

3600

1500

2700

1500

1500 600

600

1200

1500
600

300
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Fro
m

 S
ta

tic to
 D

yn
a
m

ic T
ra

ffic (2
)

l1l2l3l4

t0

at instant t0 w
e have a com

plete know
ledge of 

future connections

•
B

ut traffic varies…
 

•
S

cheduled Traffic
–

D
uration is know

n
–

Starting tim
e is 

also given
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A
n

 e
x
a
m

p
le

o
f

sch
e
d

u
lin

g
&

ro
u

tin
g
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Fro
m

 S
ta

tic to
 D

yn
a
m

ic T
ra

ffic (3
)

•
D

ynam
ic Traffic 

–
S
tarting tim

e of connections is not know
n in 

advance
–

Tw
o options: 

•
D

u
ration

 A
w

are: con
n
ection

 du
ration

 is know
n, and 

can be u
sed to im

prove n
etw

ork u
tilization

•
D

u
ration

 U
n
aw

are 

l1l2l3l4

at instant t0 w
e don’t have know

ledge of future connections, 

t0
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Fro
m

 S
ch

ed
u

lin
g

 to
 D

yn
am

ic T
raffic (4

)

�
Increm

ental traffic: once 
connections are routed, 
they stay in the netw

ork

…
…

…

…
…

…

…
…

…

…
…

…
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A
n

a
lytica

l
m

o
d

e
ls

a
n

d
 to

o
ls

•
S
tatic

traffic: 
–

Integer
Linear Program

m
ing

–
H

euristic
O

ptim
ization

•
D

ynam
ic

Traffic
–

M
arkov

chains
(analyticalapproach)

–
S
im

ulation
•

S
w

itching&
R
outing

(Prof.M
aier)

•
Increm

ental
–

Exhaustion, m
ulti-period

planning

Covered in the course?
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N
e

tw
o

rk
 A

rch
ite

ct
(D

esign,TE..)

P
h

ysica
l La

ye
r

(optical/w
ireless channel) --

m
aterials, devices, subsystem

s

A
p
p
lica

tio
n

s
(“C

ustom
er” needs)

+
 routing protocols that account for channel

im
pairm

ents

D
iffe

re
n

tiated
 S

e
rvice

s:
B

a
n

d
w

id
th

:O
C
-192, O

C
-48, …

 , S
TS

-1, V
T1.5, …

Fa
ilu

re
-R

eco
ve

ry D
e

la
y:The “50-m

s m
yth!”

N
e

tw
o

rk
 E

co
n

o
m

ics:Pricing, S
LA

, …

C
h

a
lle

n
g

e
: cro

ss-la
ye
r

n
e
tw

o
rk

 
p

la
n

n
in

g
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T
re

n
d

s in
 fu

tu
re

 co
re

 n
e
tw

o
rk

s

•
M

igration from
 ring to m

esh

•
From

 IPoS
O

N
EToW

D
M

to IPoW
D

M

•
O

ptical bypass

•
A
 prim

er on optical equipm
ent

–
(R

-)O
A
D

M
–

O
X

C
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Legacy (S
O

N
ET) N

et

O
A

D
M

�
M

onths to roll out new
 connections

C
urrent trend

O
X

C

SO
N

ET
IP

ATM

�
M

inutes (or seconds) to set up connections

Lo
n

g
-H

a
u

l, B
a
ck

b
o

n
e
 N

e
tw

o
rk
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C
o
re

 N
e
tw

o
rk

: M
e
sh

 vs. R
in

g

•
R
ings are not suitable for the core:

–
50%

 capacity w
aste.

–
Large am

ount of “pass-through traffic” at inter-
ring junctions…

 unnecessary, extra processing?

–
N

eed sam
e bandw

idth (and sam
e “lam

bda 
spectrum

”) on all fiber segm
ents of the ring.

–
M

esh is the natural topology for the core…
that’s how

 the fiber is laid out!
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S
D

H
/

S
O

N
E
T
-C

e
n

tric V
ie

w
 (D

yin
g

?)

O
ptical Layer

Section

Line

Path

SDH

IP

PPP
ATM

Link Layer

M
ultiplexing

Protection
Fram

ing

A
D

M
A

D
M

R
outer

R
outer

•
W

hat S
D

H
 gives:  

–
Proven reliability

–
N

o Q
oS

 problem
 for voice &

 leased lines
–

Extensive perform
ance m

onitoring

IP over S
D

H
 over W

D
M
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U
nit 1a: Introduction O

ptical Layer

Section

IP
PPP

Fram
ing

R
outer

R
outer

D
on’t need  S

S
H

 (except perhaps for fram
ing)

•
Expensive

•
IP can handle both voice and data

•
D

ivide S
D

H
 functions betw

een IP &
 optical layer

IP
-C

e
n

tric V
ie

w

IP (over PPP) over W
D

M
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T
h

e
 co

n
ce

p
t o

f o
p

tica
l b

yp
a
ss

51 ¾
Sw

itching can be perform
ed in the electronic or in the optical dom

ain
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T
ra

ce
ro

u
te

 E
x
a
m

p
le

•
2:33pm

 pepper (~
) 27 : traceroute aland.bbn.com

•
traceroute to aland.bbn.com

 (68.22.232.249), 30 hops m
ax, 40 byte packets

•
1  169.237.4.254 (169.237.4.254)  6.961 m

s  0.699 m
s  0.448 m

s
•

2  169.237.246.238 (169.237.246.238)  0.623 m
s  0.661 m

s  0.691 m
s

•
3  area2-13-area2.ucdavis.edu (128.120.2.49)  0.926 m

s  0.685 m
s  0.849 m

s
•

4  area2-area0.ucdavis.edu (128.120.0.133)  0.846 m
s  0.642 m

s  0.591 m
s

•
5  area0-ucd.ucdavis.edu (128.120.0.114)  67.471 m

s  67.633 m
s  70.661 m

s
•

6  inet-oak-isp--ucd-ge.cenic.net (137.164.24.233)  7.581 m
s  8.460 m

s  11.830 m
s

•
7  f5.ba01.b003070-1.sfo01.atlas.cogentco.com

 (38.112.6.225)  73.018 m
s  65.948 m

s  55.990 m
s

•
8  p10-0.core01.sjc03.atlas.cogentco.com

 (66.28.4.133)  69.680 m
s  53.346 m

s  74.431 m
s

•
9  eq2-g4-2-1.eqsjca.sbcglobal.net (151.164.249.185)  70.071 m

s  83.845 m
s  82.674 m

s
•

10  ex1-p9-0.eqsjca.sbcglobal.net (151.164.191.201)  71.123 m
s  65.604 m

s  64.093 m
s

•
11  bb1-p6-0.crsfca.sbcglobal.net (151.164.41.9)  71.285 m

s  68.963 m
s  68.596 m

s
•

12  core1-p4-0.crsfca.sbcglobal.net (151.164.240.133)  136.819 m
s  182.120 m

s  217.642 m
s

•
13  core1-p5-0.crskut.sbcglobal.net (151.164.42.11)  95.375 m

s  63.709 m
s  71.437 m

s
•

14  core1-p2-0.crdnco.sbcglobal.net (151.164.243.242)  102.403 m
s  71.730 m

s  91.980 m
s

•
15  core1-p3-0.crkcm

o.sbcglobal.net (151.164.188.34)  84.839 m
s  67.509 m

s  62.889 m
s

•
16  core2-p11-0.crchil.sbcglobal.net (151.164.240.118)  80.109 m

s  101.998 m
s  82.066 m

s
•

17  bb2-p5-0.sfldm
i.am

eritech.net (151.164.242.130)  76.808 m
s  65.863 m

s  74.787 m
s

•
18  bb1-p15-0.sfldm

i.am
eritech.net (151.164.40.181)  74.925 m

s  108.616 m
s  103.503 m

s
•

19  bb1-p3-0.lgtpm
i.sbcglobal.net (151.164.40.101)  112.321 m

s  96.089 m
s  80.460 m

s
•

20  dist1-vlan30.lgtpm
i.am

eritech.net (65.42.245.97)  92.278 m
s  72.988 m

s  78.367 m
s

•
21  rback3-g1-0.lgtpm

i.sbcglobal.net (65.42.245.230)  73.354 m
s  83.651 m

s  77.640 m
s

•
22  adsl-68-22-232-254.dsl.lgtpm

i.am
eritech.net (68.22.232.254)  86.725 m

s  100.490 m
s  90.429 

m
s

•
23  adsl-68-22-232-249.dsl.lgtpm

i.am
eritech.net (68.22.232.249)  85.333 m

s  94.014 m
s  90.203 m

s
•

2:41pm
 pepper (~

) 28 :
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“D
ia

l” fo
r b

a
n

d
w

id
th

“R
esolve the perpetual Internet backbone 

bottleneck problem
s by providing a scalable, 

cost-effective solution that em
pow

ers the 
service providers to offer a range of new

, 
diverse, just-in-tim

e services.”

�
IP R

outers (and other edge devices) should be able to 
“dial for bandw

idth” (O
C
-192, O

C
-48, …

) on dem
and in 

real tim
e.
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tica
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e
tw
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 co
m

p
o

n
e
n

ts

Introduction
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nit 1a: Introduction

O
p

tica
l T

ra
n

sm
issio

n
 C

o
m

p
o
n

e
n

ts

ED
FA

O
LT

O
LT

M
ultiplexer

D
em

ultiplexer

Transm
itter

(laser)
R
eceiver
(filter)

O
A
D

M
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U
nit 1a: Introduction

E
n

ab
lin

g
 O

p
tical T

ech
n

o
lo

g
ies

•
O

ptical Line Term
inal (O

LT) (a.k.a. D
W

D
M

)
•

Transm
itter/R

eceiver +
 M

ux/D
em

ux
•

Point-to-point application

•
O

ptical A
dd-D

rop M
ultiplexer (O

A
D

M
)

•
A
dd/drop a sm

all num
ber of w

avelengths
•

Pass m
ost w

avelengths through

•
O

ptical C
rossconnect

(O
X
C
)

•
Flexible connectivity of w

avelengths betw
een O

LTs 
and O

A
D

M
s (w

avelength sw
itching)

•
M

esh protection

•
Erbium

-D
oped Fiber A

m
plifier (ED

FA
)
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p

tica
l sw

itch
in

g
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m
p

o
n
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ts

Introduction
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D
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A
D

M
ATM

ATM

IP

IP

A
D

M

O
A
D

M

O
X
C

O
LT

W
D

M
 N

e
tw

o
rk

: A
 C

o
m

p
le

te
 P

ictu
re

Lightpath
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A
n

 E
x
a
m

p
le

 N
e
tw

o
rk

1

2
35

4

6

U
N

I

P
roprietary N

N
I

………

S
tandardized

N
N

I

N
etw

ork M
anagem

ent S
ystem

 (N
M

S
)

IP
 R

outer

A
D

M

1

2
35

4

6
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W
a
ve

le
n

g
th

 “La
ye

rs”

1

2
35

4

6 1

2
35

4

6

1

2
35

4

6

...

C
ontrol C

hannel

D
ata

C
hannels
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onn ID
1,4,0

IN
 port
5, O?

O
U

T port
Local, R

4
S

TA
TE

R
eserved

TYPE
Prim

ary
5, O

RED

C
a
ll S

e
tu

p

1

2
35

4

6
LC

 R
eq …

4

LC
 R

eq …
4

M
apping: O

R
E

D

LC
 R

esp: A
C

K

C
onn ID
1,4,0

IN
 port

Local, R
1

O
U

T port
6, O?

S
TA

TE
R

eserved
TYPE

Prim
ary

C
onn ID
1,4,0

IN
 port
6, O?

O
U

T port
4, O?

S
TA

TE
R

eserved
TYPE

Prim
ary

C
onn ID
1,4,0

IN
 port

1, O�?
O

U
T port

5, O?
S

TA
TE

R
eserved

TYPE
Prim

ary

U
P

6, O
RED

U
P

5, O
RED

1, O
RED

U
P

4, O
RED

6, O
RED

U
P
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C
a
ll S

e
tu

p
 (co

n
td

.)

...

1

2
35

4

6 1

2
35

4

6

1

2
35

4

6

C
ontrol C

hannel Lightpath
(O

XC
 to O

XC
)

Service path
(ED

 to ED
)
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C
a
ll S

e
tu

p
 (w

ith
 P

ro
te

ctio
n

)

...

1

2
35

4

6 1

2
35

4

6

1

2
35

4

6

C
ontrol C

hannel Lightpath
(O

XC
 to O

XC
)

Service path
(ED

 to ED
)

“B
ackup”

Lightpath

B
ackup

Service path

C
onn

1,4,0
IN

L, R
1

O
U

T
S

TA
TE

TYPE
Prim

ary
6, O

RED
U

P
1,4,0 

L, R
1

B
ackup

2, O
B

LU
E

U
P
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Fa
u

lt D
e
te

ctio
n

 &
 R

e
co

ve
ry

...

1

2
35

4

6 1

2
35

4

6

1

2
35

4

6

Fiber C
ut O

ccurs!

Fault D
etected by “6”!

Alarm
: Link 6

Æ
5 B

roken!

Sw
itch to 

B
ackup!!

Sw
itch to B

ackup!!

C
onnection Rerouted/

Restored!
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T
ra

ffic G
ro

o
m

in
g

 E
x
a
m

p
le

...

1

2
35

4

6 1

2
35

4

6

1

2
35

4

6

Lightpath
(O

C
-192)

Service path 1:
R

1 to R
2

@
 O

C
-48

Service path 2:
AD

M
1 to AD

M
2

@
 O

C
-48
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C
arriers’ R

eq
u

irem
en

ts fo
r O

p
tical N

ets

(C
arriers--A

T&
T, C

&
W

, C
S
ELT, Enron, G

TS
, Level 3, M

C
I W

orldcom
/U

U
N

ET, N
TT,

S
ita Equant, S

print, T-N
ova D

T, W
illiam

s)
•

R
apid autom

atic end-to-end bandw
idth (lightpath) provisioning including 

routing
•

Provide restoration, diverse routing, and other Q
oS

 features on a per-service-
path basis

•
S
upport policy-based call acceptance, peering policies, and usage-based 

accounting
•

O
ffer carrier-specified “branded” services

•
R

apid deploym
ent of new

 technologies/capabilities w
ith m

inim
um

 service 
disruption

•
Protect security and reliability of the optical (control plane) layer

•
Preserve netw

ork operator’s ability to control netw
ork resources

•
R

educe need for carrier-w
ritten softw

are through heavy use of open 
protocols/softw

are
•

Ensure scalabilty of the optical layer
•

O
X
C

s and other products from
 different vendors or em

ploying different 
technologies should interw

ork at the control-plane level
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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

O
ptical-core O

XC
:

C
alient, et al.

“E
: not future proof”

“O
: fabric not robust”

O
/E

/O
O

/E
/O

O
ptical
core

Fully-optical O
XC

O
ptical
core

All-O
ptical N

etw
ork:

C
orvis, et al.
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“O
p

aq
u

e” vs. “T
ran

sp
aren

t” O
X

C

O
paque

Transparent
O

ptical Properties
Sw

itching occurs in silicon. 
Increases pow

er but lim
its 

scalability. Transponder allow
s 

optical links to be optim
ized for 

unique characteristics.

D
ispersion, cross talk, noise, 

am
plifier gain flatness 

accum
ulate, lim

iting netw
ork 

scalability.

C
ost

$25K
 per O

C
-48 port.

C
om

ponents m
ust all be 

specified for the w
orst-case 

paths, increasing costs.

N
etw

ork C
om

plexity
Fits seam

lessly into today’s 
D

W
D

M
 netw

orks.
Entire netw

orks m
ust be 

engineered from
 the outset, 

lim
iting expansion &

 scalability. 

System
 C

om
plexity

H
igher degree of com

plexity, 
w

ith transponders and m
ultiple 

sw
itching stages (C

LO
S).

C
an be quite sim

ple but 
unproven –

M
EM

S sw
itch can 

be put on a single chip.

Perform
ance M

onitoring
Fault Location

Easy
D

ifficult

W
avelength Translation

Easy
D

ifficult

M
ultivendor Interw

orking
Easy through transponders

D
ifficult
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ackup slides
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W
h

a
t is a

 C
a
rrie

r?

•
There are different com

panies’ profiles in 
the carrier industry:
–

Inter-Exchange C
arriers (IX

C
)

•
I.e., long-distance telephone com

pany
–

G
lobal C

arriers (or “G
reenfield” netw

ork 
operators)
•

Level 3, Q
w

est
–

N
ational/G

lobal Internet S
ervice Providers

–
ILEC

s, C
LEC

s, C
arrier H

otels
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C
a
rrie

rs: IX
C

s

M
ajor Players

AT&
T, W

orldC
om

, S
print

R
equirem

ent
Technology to support voice and data services over a com

m
on 

platform
.

C
urrent 

S
olution

ATM
 --

due to its ability to support voice and data over a com
m

on platform
, 

excellent traffic engineering capabilities, and Q
oS features.  60-70%

 traffic is 
pass-through only at each node, expensive SO

N
ET A

D
M

 and D
C
S is used to send 

O
C
-48 through the node.

Long Term
ATM

 less attractive due to cost and advancem
ents in IP and M

PLS-based routing. 
D

eploy D
W

D
M

 and m
ove to IP-based routing.
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C
a
rrie

rs: N
e
x
t-G

e
n

e
ra

tio
n

 N
a
tio

n
a
l C

a
rrie

rs 
(“G

re
e
n

fie
ld

” N
e
tw

o
rk

 O
p

e
ra

to
rs)

M
ajor Players

W
illiam

s C
om

m
unications , PF.N

et, G
lobal C

rossing, Q
w

est, 
Level 3, B

roadW
ing, W

orldW
ide Fiber

R
equirem

ent
Provision high-bandw

idth circuits throughout their netw
orks to offer 

w
holesale services to IS

Ps. Provide m
esh architectures instead of 

inefficient S
O

N
ET.

C
urrent 

S
olution

Terabit routers w
ith ATM

 sw
itches for traffic aggregation and 

m
anagem

ent; S
O

N
ET A

D
M

s and D
C
S
 for provisioning.

Long Term
R
eplace S

O
N

ET A
D

M
s and D

C
S
 w

ith O
X
C
s to sw

itch and provision 
w

avelengths.
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U
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a
rrie

rs: N
a
tio

n
a
l IS

P
s

M
ajor Players

U
U

N
et, C

able &
 W

ireless U
S

A, W
instar, C

oncentric

R
equirem

ent
N

eed for flexible, scalable bandw
idth throughout their netw

orks. N
eed 

transparency, high level of reliability, security and potential reconfigurability .

C
urrent 

S
olution

U
se “routed edge, sw

itched core”architecture based on IP
 routers and ATM

 
sw

itches; ATM
 used for traffic m

anagem
ent and statistical m

ultiplexing 
capabilities.

Long Term
U

se M
P

LS
 for sim

plifying the operation and m
anagem

ent of com
plex backbones; 

D
W

D
M

 solution for the ability to lease w
avelengths
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U
nit 1a: Introduction

C
a
rrie

rs: ILE
C

s, C
LE

C
s, C

arrier H
o

tels

M
ajor Players

M
etrom

edia (Above N
et, PAIX), B

ell Atlantic, S
B

C
, N

ew
 

E
ngland Telephone, C

ovad, N
orthpoint

R
equirem

ent
N

eed to integrate disparate geographic and service-oriented netw
orks into one 

com
m

on platform
.  P

rovide neutral colocation space.

C
urrent 

S
olution

U
se S

O
N

E
T and ATM

 based netw
orks.

Long Term
O

X
C

 and core optical netw
ork equipm

ent that w
ill allow

 the m
anagem

ent of their 
core infrastructure and establish a platform

 for delivering high-bandw
idth circuits 

(D
W

D
M

).
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“S
o

ft O
p

tics” Featu
res

•
N

etw
ork topology discovery (O

S
PF based)

•
Lightpath provisioning
–

Intelligent routing (M
PLS

/C
R

-LD
P based)

–
U

ser-selectible routes
–

C
onduit identification (for shared risk groups)

•
S
O

N
ET/S

D
H

 configurable interfaces
•

Lightpath m
onitoring

•
Fault detection and recovery (rerouting around failed links)
–

D
ifferentiated fault-recovery schem

es
–

G
uaranteed recovery-tim

e service
•

H
itless upgrade of netw

ork segm
ents: lightpath rolling

•
Efficient groom

ing of sub-rate circuits
•

O
ptical O

S
PF areas

•
O

ptical V
PN

s
•

N
etw

ork Planning Tool
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U
N

I M
e
ssa

g
es

Type Field
U

N
I-C

 Æ
U

N
I-N

U
N

I-N
 Æ

U
N

I-C

Lightpath C
reate R

equest
0x01

x (1)
x

…
          …

      R
esponse

0x02
x

x (1)

…
        D

elete R
equest

0x03
x (1)

x

…
          …

      R
esponse

0x04
x

x (1)

…
       M

odify R
equest

0x05
x (1)

x

…
          …

      R
esponse

0x06
x

x (1)

…
       Status Enquiry

0x07
x

…
       Status

0x08
x

…
       Status R

esponse
0x09

x

U
N

I H
ello

0x0A
x

x
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Lig
h

tp
a
th

 C
re

a
te

 R
e
q

u
e
st

Fields
O

ctets

S
ource Interface A

ddr.
4

D
estination    …

      …
4

S
ource U

ser G
roup Identifier

8

D
estination    …

      …
   …

8

Lightpath ID
6

Lightpath B
andw

idth
2

Transparency
2

D
rop-S

ide Protection
2

D
irectionality (default: bidir)

2

O
ptional Fields

O
ctets

S
ource Interface S

ub-A
ddr. TLV

5

D
estination    …

      …
         …

5

Protection M
ode TLV

3

Lightpath R
etention M

ode TLV
2

Lightpath Priority TLV
2

A
uthentication TLV

Var
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Lig
h

tp
a
th

 C
re

a
te

 (M
o

re
…

)

•
Lightpath B

andw
idth

–
0x00: R

eserved
–

0x01: O
C
-48

–
0x02: O

C
-192

–
0x03: O

C
-768

–
0x04: S

TS
-1

•
Lightpath Priority
–

1 (low
est) …

 8 (H
ighest)

�
Protection M

ode TLV
M

ode
�

0x00: U
nprotected &

 not preem
ptable

�
0x01: U

nprotected &
 preem

ptable
�

0x02: 1+
1, end-to-end “1+

1” protection
�

0x03: S
hared-path protection

R
eversion
�

0x01: R
evert to prim

ary path after repair
�

0x02: D
o not revert

�
R
etention M

ode TLV
�

0x01: R
etain unrestorable prim

ary path
�

0x02: D
elete unrestorable prim

ary path
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N
M

S
 G

U
I
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U
nit 1a: Introduction C

h
allen

g
es in

 A
ll-O

p
tical N

ets.

Im
p

a
irm

e
n

t
P

2
P

 Lin
k

N
e
tw

o
rk

-w
id

e
D
ispersion

Present
A
ccum

ulates

N
onlinearities

Present
A
ccum

ulates

C
rosstalk

S
om

ew
hat

S
ignificant

Laser Stability
N
eeded

S
trongly needed

Filter Passband
N
arrow

W
ide/stable

C
losed Am

p Loops
--

N
eed to elim

inate

Am
p. T

ransients
--

N
eed to elim

inate

Pow
er V

ariations
S
om

ew
hat

S
ignificant

B. Ram
am

urthy, D
. D

atta, H
. Feng, J. P. H

eritage, and B. M
ukherjee, “Im

pact of transm
ission im

pairm
ents on the teletraffic perform

ance of 
wavelength-routed optical networks,”

IEEE Journal of Lightw
ave Technology, vol. 17, no. 10, pp. 1713-1723, 

O
ct. 1999.

___ “Transparent vs. opaque vs. translucent  wavelength-routed optical networks,”
O

FC-99, San D
iego, Paper TuF2, pp. 59-61, Feb. 1999.

D
. D

atta, J. P. H
eritage, and B. M

ukherjee, “Im
pact of frequency drift and finite linewidth of lasers on bit-error rates in wavelength-routed 

optical networks,”
Proc., N

CC, IIT K
haragpur, pp. 485-490, Jan. 1999.

J. Iness, B. Ram
am

urthy, B. M
ukherjee, and K

. B
ala, “Elim

ination of all-optical cycles in  wavelength-routed 
optical networks,”

IEEE Journal of 
Lightw

ave Technology, vol. 14,  pp. 1207-1217, June 1996.
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U
nit 1a: Introduction

•
Im

pairm
ents:

•
N

eed to com
bat

•
Leading-edge research conducted at U

C
 D

avis
•

A
ll fibers, transm

ission equipm
ent, lasers, and filters

m
ust 

support “exactly the sam
e”

w
avelength spectrum

!
•

C
annot m

ix and m
atch fiber types,

e.g., Lucent all-w
ave fiber w

ith traditional fiber
•

Lacks interoperability…
 tied dow

n to a few
 vendors

•
N

ot viable…
 until all-optical O

converters are com
m

ercial
•

V
ery specialized solution!

B
. R

am
am

urthy and B
. M

ukherjee, “W
a

ve
le

n
g

th
 co

n
ve

rsio
n

 in
 o

p
tica

l n
e

tw
o

rks: P
ro

g
re

ss 
a

n
d

 C
h

a
lle

n
g

e
s,”

IEEE Journal on Selected A
reas in C

om
m

unications, vol. 16, no. 7, pp. 1061-
1073, Sept. 1998.

C
h

allen
g

es in
 A

ll-O
p

tical N
ets. (co

n
td

.)
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E
le

ctrica
l (O

p
a
q

u
e
) O

X
C

 A
d

va
n

ta
g

e
s

•
Link budget “reset”: im

pairm
ents do not accum

ulate!

•
Full perform

ance m
onitoring

•
W

avelength conversion is built in
•

higher link utilization efficiency, sim
pler protocol

•
M

ulticast and broadcast
•

B
uilt in w

ith m
ost electrical crossconnect chips

•
C
hallenge: pow

er consum
ption, get the heat 

out!
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T
h

e
 O

p
a
q

u
e
 O

X
C

 C
o
m

p
e
titio

n

B
ase System

Size
(7’ bay)

Status
Problem

s/C
hallenges

Ports
R
ate

Tellium
(A

urora512)
512x512

O
C
-48

4
shipping

Footprint too large!

Sycam
ore

(SN
16000)

256x256
O

C
-48

1.5
Trials

O
ptical backplane cabling (?)

H
eat (?)

C
iena/Lightera

C
oreD

irector
256x256

O
C
-48

1
shipping

G
etting the heat out!

C
isco/

M
onterey W

R
256x256

O
C
-48

4
D

iscontd.
N

ot w
orking?

W
aR

P softw
are: elem

entary

B
rightlinks

?
O

C
-48

?
D

evelop-
m

ent
H

ypertorus: academ
ic?
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D
e
sig

n
in

g
 th

e
 “Ju

n
ctio

n
”

1

2
35

4

6

Bandw
idth “C

urrency”

P
acket or B

it
W

avelength or Lam
bda

E
lectrical

O
ptical

B
ig Fat R

outer (B
FR

)
…

 “C
isco” approach 

Q
1

Q
3

Q
4

Q
2

O
ptical “Label” Sw

itching
A

ll-O
ptical O

R
outing

(“transparent” O
XC

) 

“O
paque” O

XC
(O

-E
-O

)           
Tellium

, S
ycam

ore
C

iena/Lightera
C

isco/M
onterey

N
ortel/X

ros
Lucent, C

orvis,
A

gilent, M
E

M
S

 R
 U

s

Technology

Switching
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N
N

I

U
N

I-N

U
N

I-C

M
PLS

/IP Router
T
X

RX

O
ther ports

O
X
C
 Fabric

E
d

g
e

D
e

vice
:

R
o

u
te

r N
o
d

e
 A

rch
ite

ctu
re

 (IP
/

W
D

M
)

Fiber Link : 

M
ultiplexer : 

D
em

ultiplexer : 

W
avelength 0 : 

W
avelength 1 : 

W
avelength 2 : 

Transm
itter array : 

T
X

R
eceiver array : 

RX

C
ontrol com

ponent : 

Edge D
evice (ED

) (R
outer) can 

provide flexible softw
are-based 

bandw
idth provisioning capability.

C
ontrol M

essage : 

O
X

C

O
X

C
control
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W
h

a
t is a

 G
o

d
 B

o
x
?

•
aka M

S
PP: M

ulti-S
ervice Provisioning Platform

•
M

aintains circuit and cell-based services w
hile allow

ing packet-
based services in a bandw

idth efficient m
anner

–
Typically com

bines electronic sw
itching w

ith w
avelength sw

itching 
and includes optical transponders
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C
lo

sin
g

 Q
u

o
te

s

•
"It is a

 g
re

a
t e

m
b

a
ra

ssm
e
n

t to
 th

e
 p

h
o
to

n
ics fra

te
rn

ity
 to

 
b

e
 u

n
a
b

le
, in

 a
n

y
 k

n
o
w

n
 b

ra
n

ch
 o

f th
e
 a

rt, to
 e

x
h

ib
it a

 
co

st re
d

u
ctio

n
 cu

rv
e
 th

a
t co

m
e
s a

n
y
w

h
e
re

 e
v
e
n

 clo
se

 to
 

th
e
 M

o
o
re

's La
w

 cu
rv

e
 o

f e
le

ctro
n

ic LS
I.  S

h
a
m

e
 o

n
 u

s."
.
.
.
 
D
r
.
 
P
a
u
l
 
G
r
e
e
n,
 
"
F
a
th
e
r
 
o
f 
O
p
t
i
ca
l
 
N
e
t
w
o
r
k
i
ng
,
"
 

m
a
n
y
 
y
e
a
r
s
 
a
t
 
I
B
M
,
 
r
e
c
e
n
t
ly
 
r
e
t
ir
e
d
 
f
ro
m
 
T
e
ll
a
b
s
,
 
i
n
 
t
h
e 

a
r
t
i
c
l
e
 
"
P
r
o
g
r
e
s
s
 
i
n
 
O
p
t
i
ca
l
 
N
e
tw
o
r
k
i
ng
,
“
 
I
EE
E
 
C
o
m
m
u
n
i
c
at
i
o
n
s
 

M
a
g
a
z
i
n
e
,
 
J
a
n
u
a
r
y
 
2
0
0
1
.

•
"U

n
lik

e
 e

le
ctro

n
ic circu

its, th
e
se

 [M
E
M

S
 sw

itch
e
s] a

re
 

m
e
ch

a
n

ica
l d

e
v
ice

s, a
n

d
 [th

e
ir] re

lia
b

ility
 fo

r 
te

le
co

m
m

u
n

ica
tio

n
 a

p
p

lica
tio

n
s is still to

 b
e
 p

ro
v
e
n

."
.
.
.
 
D
r
.
 
A
r
m
a
n
d
 
N
e
uk
e
r
m
a
ns
,
 
F
o
un
d
e
r
 
an
d
 
C
T
O
 
o
f
 
X
ro
s
 
(
n
o
w
 

N
o
r
t
e
l
)
 
&
 
D
r
.
 
R
a
j
i
v
 
R
a
m
a
s
wa
m
i
,
 
VP
 
o
f
 
Xr
o
s
 
(
no
w
 
N
o
r
t
e
l
)
,
 i
n
 

t
h
e
 
a
r
t
i
c
l
e
 
"
M
E
M
S
 
T
e
c
h
n
o
l
og
y
 
f
o
r 
O
p
t
i
ca
l
 
N
e
tw
o
r
k
i
n
g
 

A
p
p
l
i
c
a
t
i
o
n
s
,
“
 
I
E
E
E
 
C
o
m
m
u
ni
c
a
t
i
on
s
 
M
a
ga
z
i
n
e
, 
J
a
n
u
a
r
y
 
2
0
01
.
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T
h

e
 “O

p
tica

l B
a
ttle

g
ro

u
n

d
” (Ja

n
. 

2
0

0
1

)

•
A
ccess

–
A
cco

rd
io

n
: M

TU
–

A
d
va

–
A
d
va

n
ce

d
 Fib

e
r

–
A
llo

p
tic: P

O
N

–
A
n
d
a

–
A
p
ia

n
–

A
u
ro

ra
 N

e
ts.

–
B
la

ze
–

B
ro

a
d
b
a
n
d Te

ch
–

Fin
isa

r
–

First Fib
e
r

–
In

te
le

ct
–

In
te

rn
e
t P

h
oton

ics
–

La
n
te

rn
–

La
u
re

l N
e
ts.

–
Lu

m
in

o
u
s N

e
ts

–
Lu

xN
–

Lu
xP

a
th

 N
e
ts.: M

TU
–

M
a
in

sa
il

–
O

p
tica

l S
o
lu

tio
n
s

–
O

p
tra

n
e
t: M

TU
–

P
a
ir G

a
in

–
Q

u
a
n
tu

m
 B

rid
g
e

–
S
iro

cco
 (S

yca
m

o
re

)
–

Te
n
o
r

–
Tra

n
sC

o
m

: P
O

N
–

W
o
rld

 W
id

e
 P

a
ckets

•
C
ore/O

X
C

–
T
ellium

–
S
ycam

ore
–

C
iena (Lightera)

–
C
isco (M

onterey)
–

Brightlink 
(C

orvia)

–
C
alient

–
C
orvis

–
Ilotron

–
Lucent

–
N
ayna

–
N
ortel (X

ros, Q
tera)

–
LuxC

ore
–

M
EM

S
 ‘R U

s
(see com

ponents)

�
M

etro
�

A
lidian

�
A
stral Point

�
A
tm

osphere N
ets

�
A
toga

�
A
trics: m

etro gigE
�

C
enterpoint

�
C
hrom

atis, Ignitus (Lucent)
�

C
iena

�
C
oriolis

�
C
ratos

�
G
eyser

�
Kestrel

�
Lum

entis (Ericson)
�

M
ahi

�
M

etera
�

M
etro-O

ptix
�

M
etroPhotonics

�
N
et Insight

�
N
ortel

�
O

N
I

�
O

cular
�

O
sicom

 (S
orrento)

�
Q

eyton
�

Roshnee
�

T
ellabs

�
T
eraw

ave
�

T
ropic

�
Z
affire (N

ew
 A

ccess)
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C
a
p

E
x
 S

lo
w

d
o

w
n

-1
C

o
m

pany
2
0
0
2E

2
0
0
1E

2
0
0
0

1
9
9
9

1
9
9
8

A
T
&
T
 

$
7
,0

0
0 

$
8
,7

5
0 

$
1
4
,6

00
 

$
1
4
,3

00
 

$
7
,8

2
0 

B
e
llS

o
u
th

$
5
,4

0
0 

$
5
,7

5
0 

$
7
,0

0
0 

$
6
,2

0
0 

$
5
,2

0
0 

B
ro

adw
in

g
$
3
6
0
 

$
6
7
0
 

$
8
4
4
 

$
3
8
1
 

$
1
4
3
 

G
e
n
u
ity

$
8
4
0
 

$
1
,2

0
0 

$
1
,7

3
0 

$
7
4
4
 

$
5
8
8
 

G
lo

bal C
ro

ssin
g

$
1
,1

2
0 

$
4
,5

0
0 

$
4
,2

9
0 

$
1
,9

6
0 

$
5
5
4
 

L
e
ve

l 3
$
2
0
0
 

$
2
,7

0
0 

$
5
,9

4
0 

$
3
,4

4
0 

$
9
1
0
 

Q
w

e
st

$
4
,2

5
0 

$
8
,5

0
0 

$
6
,5

9
0 

$
3
,9

4
0 

$
2
,6

7
0 

S
B

C
$
9
,6

0
0 

$
1
2
,0

00
 

$
1
3
,1

00
 

$
1
0
,3

00
 

$
8
,8

8
0 

S
prin

t 
$
3
,5

0
0 

$
5
,4

0
0 

$
7
,2

0
0 

$
6
,1

0
0 

$
4
,2

0
0 

V
e
rizo

n
$
1
2
,0

00
 

$
1
7
,1

00
 

$
1
7
,6

00
 

$
1
3
,0

00
 

$
1
2
,8

00
 

W
illiam

s
$
4
7
5
 

$
1
,5

0
0 

$
3
,3

1
0 

$
1
,5

9
0 

$
3
5
3
 

W
o
rldC

o
m

$
5
,5

0
0 

$
7
,5

0
0 

$
1
0
,1

00
 

$
7
,4

3
0 

$
4
,8

2
0 

T
o
tals

$
5
0
,2

45
 

$
7
5
,5

70
 

$
9
2
,3

04
 

$
6
9
,3

85
 

$
4
8
,9

38
 

S
o
u
rc

e
s: O

ptic
al O

rac
le

, L
igh

t R
e
adin

g
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C
a
p

E
x
 S

lo
w

d
o

w
n

-2

C
om

pany
2000

2001
E

%
 of C

hange B
etw

een 2000 
and 2001E

2002
E

%
 of C

hange B
etw

een 
2001E

 and 2002E

AT&
T 

$14,6
00 

$8,75
0 

-40%
$7,00
0 

-20%
BellSouth

$7,00
0 

$5,75
0 

-18%
$5,40
0 

-6%
Broadw

ing
$844 

$670 
-21%

$360 
-46%

G
enuity

$1,73
0 

$1,20
0 

-31%
$840 

-30%
G

lobal 
C

rossing
$4,29
0 

$4,50
0 

5%
$1,12
0 

-75%
Level 3

$5,94
0 

$2,70
0 

-55%
$200 

-93%
Q

w
est

$6,59
0 

$8,50
0 

29%
$4,25
0 

-50%
SBC

$13,1
00 

$12,0
00 

-8%
$9,60
0 

-20%
Sprint 

$7,20
0 

$5,40
0 

-25%
$3,50
0 

-35%
Verizon

$17,6
00 

$17,1
00 

-3%
$12,0
00 

-30%
W

illiam
s

$3,31
0 

$1,50
0 

-55%
$475 

-68%
W

orldC
om

$10,1
00 

$7,50
0 

-26%
$5,50
0 

-27%
Totals

$92,3
04 

$75,5
70 

-18%
$50,2
45 

-34%
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U
nit 1b: Introduction (contd.)

W
D

M
 N

etw
o

rk E
vo

lu
tio

n
: 2

. O
p

tical 
A

d
d

/
D

ro
p

 M
u

ltip
lexer (O

A
D

M
)
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U
nit 1b: Introduction (contd.)

W
D

M
 N

etw
o

rk E
vo

lu
tio

n
: 3

a. 
C

ro
ssco

n
n

ect -
P

assive S
tar
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U
nit 1b: Introduction (contd.)

W
D

M
 N

etw
o

rk E
vo

lu
tio

n
: 3

b
. 

C
ro

ssco
n

n
ect -

P
assive R

o
u

ter
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U
nit 1b: Introduction (contd.)

W
D

M
 N

etw
o

rk E
vo

lu
tio

n
: 3

c. 
C

ro
ssco

n
n

ect -
A

ctive S
w

itch
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U
nit 1a: Introduction

A
n

 A
ll-O

p
tica

l O
X

C

1
1

1

2
2

2

M
M

M

12M

�
O

�
O1
O

2
2

M

M
1

1

1
M

2

12M

A
 N

M
*N

M
 C

rossconnect w
ithout

�O C
onversion

M
*M

 sw
itch
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m

 N
e
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o
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 H
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y



P
age 98

M
. Tornatore: C

om
m

unication N
etw

ork D
esign

E
xam

p
le C

arrier N
etw

o
rk (A

T
&

T
)
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A
T
&

T
 O

C
-4

8
 IP

 B
a
ck

b
o

n
e

N
ote:

�
Fiber laid in bundles

�
Exam

ple:
864 strands/bundle, 
10 bundles/conduit

�
Intelligent softw

are 
architecture for 
diversified routing of 
“w

orking” and 
“backup” paths
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•
“The industry is 1-2 yrs. into a 10-20 yr. grow

th curve during 
w

hich tim
e the com

m
unications, inform

ation, com
m

erce, and 
entertainm

ent industries w
ill transform

 to operate prim
arily on 

new
 optical com

m
unication netw

orks.”

–
The netw

ork (Internet) w
ill need to grow

 several 1000 tim
es its current size 

over this tim
e…

 over 5000 tim
es in the U

S
, and over 20,000 tim

es w
orldw

ide!

•
“O

ptical technologies are today w
here com

puting w
as 30 years 

ago w
hen the bulky vacuum

 tube w
as the building block of 

com
puter

…
 W

it S
oundV

iew
(venture capital com

pany)

O
p

tical N
etw

o
rkin

g
: O

verview
 an

d
 T

ren
d

s
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•
The optical core netw

ork w
ill be the m

ost im
portant area 

during the next few
 years…

 technologies adopted at the core 
w

ill naturally m
igrate closer to the edge w

ith tim
e.

•
A
t the backbone, carriers are m

oving tow
ards a O

X
C

-based 
m

esh netw
ork.

–
A
s the num

ber of w
avelengths increases rapidly, carriers are forced to look 

to O
X
C
s for m

anaging w
avelengths, provisioning big pipes of bandw

idth, 
protection/restoration, and traffic groom

ing using m
esh architecture.

–
512x512 O

X
C
s needed today by several carriers; 1000x1000 (and higher) 

needed soon by A
T&

T, M
C
IW

orldcom
, others?

•
C

arriers are increasingly deploying IP directly over W
D

M
 

using PoS
 at O

C
-48c and O

C
-192c interfaces.

O
p

tical N
etw

o
rkin

g
: O

verview
 an

d
 T

ren
d

s
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B
ig

 T
eleco

m
 N

ew
s o

n
 W

all S
t: T

h
en

 an
d

 Later

T
h

e
n

 (2
0

0
0

)…
•

M
arch 2000—

X
ro

s
–

M
onster 3D

 M
EM

S
 X

connect
–

A
cquired by N

ortel for ~
$3.25B

–
“W

e have paid a very, very fair price for this,” 
C

larence C
handran, then N

ortel #2  person
–

N
o revenue/custom

ers
–

R
ecently discontinued

•
A
ugust 2000—

C
o
rv

is
–

A
ll-optical long-haul netw

orking solution
–

S
pectacular IPO

 (w
ith no revenue)

–
R
aised ~

$1B
 from

 IPO
 (then valuation: 

~
$30B

)

•
M

any other eye-popping IPO
s and M

&
A
 

–
P

ro
m

p
te

d
 se

ve
ra

l n
e

w
 “lo

o
k-a

like
s”

La
te

r (2
0

0
2

)…
•

Jan. 2002—
A

stra
l P

o
in

t
–

M
etro optical equipm

ent vendor
–

A
cquired by A

lcatel for ~
$135M

–
V
C
 investm

ent: ~
$115M

–
A
nnual revenue =

 ~
$4.5M

•
C

o
rv

is–
trading at 60 cents/share; dow

n 
from

 $80/share!

•
C
arrier bankruptcies/difficulties/scandals:

…
 (m

ainly “greenfield” netw
orks)

–
W

o
rld

co
m

–
W

illia
m

s C
o
m

m
.

–
G

lo
b

a
l C

ro
ssin

g
–

M
cLe

o
d

U
S

A
, Y

ip
e
s,

–
…

•
Valuations are tum

bling—
public+

private
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nit 1a: Introduction
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S
yste

m
: V

a
lu

e
 P

ro
p

o
sitio

n

O
ptical S

cience
&

 Engineering

C
urrent

state of
the art

Electronic
(C

om
puter)

Engineering

S
oftw

are
Engineering

x

x

x

x

S
ystem

V
A

LU
E


