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Email, phone, etc..

e Email: massimo.tornatore@polimi.it
e Phone: 3683

e Office hours:
- Wednesday 11.30a.m. - 13.00pm
— Also possible to fix an appointment

o Website
— Course material will be uploaded on Beep

®
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5 credits or 10 credits?

o «Communication Network Design» (CND) is

a 5-credits exam:
e 32h lectures
e 12h exercises
e 10h laboratory

to be taken
— As 5 credits, independently (only CND)

- As 10 credits, in association with 5 credits of
«Foundations of operation research» (FOR)
e Then, you have Netw. Design (10cr) in your study plan

e Be careful with the dates of FOR exams!!
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Schedule

Data _ Dove 08:00 10:00 11:00 12:00 12:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Lunedi _
COMMUNICATION
28.15 (EX NETWORK DESIGN
Martad! L26.15) esercitazione Squadral
L.28. (dal 15092020 al
22/12/2020)
Mercoledi |
Giovedi _
AULA COMMUNICATION NETWORK DESIGN
\enardi VIRTUALE lezione
e (dal 1809/2020 al 18/12/2020)
Sabato _

e As I do not expect much attendance in class, I will
not divide Group 1 and Group 2 on Tuesday

e First two weeks are all remote (paternity leave ©)
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— The course is intended to provide students with the
knowledge and tools necessary to design and plan
communication networks

e Two main languages for design: optimization & queueing theory

— The first part of the course focuses on optical networks
e From devices to network (book Mukherjee)

e Design approaches based on mathematical modeling (integer linear
programming) and heuristic approaches are discussed (notes)

- Here we will see applications of optimization!
e Lab: Net2Plan
e Industry seminar and projects’ presentation: Nokia

— In the second part of the course:
e Protection (book Vasseur)

o Traffictheory for the design of circuit switching networks (notes)
- Here we will see application of queueing theory
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Detailed program

1. Introductionto optical networks

- Optical networking principles and challenges: telecom network overview, business
models, traffic engineering vs network engineering vs network design, Wavelength
Division Multiplexing (WDM), WDM evolution.

- Enabling Technologies: optical fiber, optical transmitters, optical receivers, optical
amplifiers, switching elements.

2. Exact and heuristic (optical core) network design methodologies

- Network design based on mathematical modelling: flow formulation, route formulation.
Modelling of network protection: dedicated protection, shared protection. Network design
by heuristic approaches: greedy, local search.

3. Lab Session
— Net2Plan

4. Protection techniques

- Network survivability: various protection techniques. Single- and multi-layer protection
techniques: protection at IP layer, protection at physical layer. Protection techniques in
SONET/SDH or OTN . Protection in the optical layer: solutions forring networks.

5. Queueing Theory: design of circuit-switched networks
— Queueing theory primer: Markov, birth death and Poisson process.
— Introduction: Network and communication services: network types and performance
targets. Traffic modeling: definition and properties. Source model: single and multiple
source. Analysis of multiple-server system with assumption LCC, LCH, LCR. Evaluation of

congestion and statistics of carried/lost traffic. Voice network structure and routing
techniques. Dimensioning of overflow trunk: Wilkinson, Fredericks and Lindberger.
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Exams & Material

e Prereqguisites

— A basic course on «Computer Networks»
— A basic course on «Statistics and Probability»

e Bibliography
— Mukherjee, Optical Networks, Springer, 2006
- Vasseur, et al, Network recovery, Morgan Kaufmann, 2004.
— Material/booklets distributed by the lecturer
— Additional reading:

e Medhi, Ramasamy, Network routing, Morgan Kaufmann, 2007.
e Kleinrock, Queueing Systems (Vol. 2: Computer Applications), Wiley, 1976

e Exam
— Written test + oral examination, plus points for lab activities

e This year, all lectures will be recorded!
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Optical Networks
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What is an optical network?
Why are we using optical networks?
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» Success of optical communications
Main technical reasons

e Optical fiber advantages
- Huge bandwidth (WDM)
— Long range transmission (EDFA optical amplifiers)
- Strength
— Flexibility (transparency)
— Low noise
— Low cost
— Interference immunity

e Optical components
— Rapid technological evolution, but still need work for:

e increase reliability
e decrease costs

e Ok, but from a network perspective?

— Convergence of services over a unique transport
platform
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Fiber has immense spectrum

... see spectrum of the main transmission media

| Wavelength 1 [m]

104 101" 100 101" 102 102 104 10° 10°
[ _ _ [ [ [ [ | ._ _
Radio Microwave Visible light
¥ ey .
TV
> Optical
Coaxial cable __ Satellite fiber
-} f | P -
Twisted pair
- - >
| LF | MF | HF |VHF [UHF [SHF |EHF | THF |
104 10° 109 107 108 109 1010 10" 1012 1013 1014 1019
Frequency [Hz]

LF = Low Frequency
MF = Medium Frequency
HF = High Frequency

VHF = Very High Frequency

UHF = Ultra High Frequency

SHF = Super High Frequency

EHF = Extremely High Frequency
THF = Tremendously High Frequency
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Fiber has very low attenuation!

(a) All-wave fiber (true wave, Leaf, etc.) (b) Traditional fiber
~. 0.6 -
£
g 0.9 -
o OH~ Peak
= 0.4 -
2
T 0.3 - P 2
2 Low-water-peak fiber ™~ ._ -~
2 02T 1310 nm %
m Rand 50 THz 4
S-Band C L-Band
O.‘— _________________ _______;___________I_____________

1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

 Removal of water molecule absorption peak. WDM = wavelength-
division multiplexing
« Compare attenuation in fiber vs copper after 1km!  (wavelength = channel)
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Optical networks: a “layered vision”

e Optical Networks (aka WDM layer) basic functions
— Offers optical circuit (LIGTHPATH) for electronic layers
— Common transport platform for a multiple protocol in L2

and L3
Electronic layers Lightpath connection
SDH | ATM IP « request
Otical lavers WDM Layer ﬂ Lightpath connection
_ o
P y Optical transmission provisioning

e Two fundamental operations

- Transmission: Wavelength Division Multiplexing, data

carried on different channels (i.e., different wavelengths)
on the same fiber

|m<<:n_=:"<<_u_<_mm83mm<<_ﬂn:oznm_:oémm:ﬁ:mmmnm
(fiber) an <<m<m_m:m.% domains P P I
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@) > Passive Optical

Muliplexer

1300 nm

|o|v> o)
Ch2
1310 nm

\ 4
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ITU-T «fixed>» grid for WDM

® & ¢ ¢ 100 GHz e 5 0 o
Frequency
1934 1933 1932 1931 1930 1929 1928 (THz) (V)
Wavelength
1560.12 1550.92 1551.72 155252 1553.33 1554.13 1554.94 (nm) (A)

Check: ITU-T G.694.1 Spectral grids for WDM applications: DWDM frequency grid, Feb 2012.

P.S.: This is evolving to a more complex «flexible» grid, we will mention more during the course.
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The concept of lightpath
Example: A European WDM Network
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North American Fiber Routes

NORTH AMERICAN FIBEROPTIC LONG-HAUL ROUTES PLANNED AND IN PLACE
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California Fiber Routes

Davis (Massimo)

NORTH ANERICAN TERRESTIAL
LONG-HALL CARMIERS

e South Dakota Network - s
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ASIA-PACIFIC TERRESTRIAL AND UNDERSEA
FIBEROPTIC ROUTES PLANNED AND IN PLACE
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South Korea Fiber Routes
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e Optics in telecom networks
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Telecom Network Overview

Core (or “long-haul™)
- 100s-1000s km

- Mesh
- Mainly WDM networks (OTN)

Metro (interoffice)

- 10s of km

- Rings

- Sonet/SDH, GE, RPR

Access

- a few km

- Hubbed rings, PONs
- Dial-up modems, xDSL, T1/E1

@ =

Users
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Core Router

N
.

/m 0OXC

Core Router

Core
Network

S
—

~

~
3,

\ Core Router
N =<

\

Metro Network (Optical WDM ring)

SONET ADM

X
0XC Edge Router Broadband Network

. Gateway

L Ethernet Switch

“dge Router

Access Network
Metro Network (Ethernet)
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Central Office

Apartment
building
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Increasing penetration of
optics In access

Home / Building Cabinet Central Office Metro Access Node
B s ;) e
> FTTEx :_.1 " w> regation Network r
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@ _ _
3 FTTB @noaaﬂmg Network I
i _
w FTTH @>33am=o= Network I
— . Access bit rate v

®
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Summarizing...
What Is An Optical Network?

It is NOT NECESSARILY all optical

Characteristics of an optical network

- Transmission: optical
— Switching: could be optical, could be electronic, could be hybrid
could be circuit, could be packet, could be burst

Most Used Approach Toda

— Electronic and optical circuit switching

Example Utility for IP Networking

— Connect any two IP routers (geographically far apart) with a direct
(“virtual”) bandwidth pipe... of whatever capacity (1G, 10G, 100G?)

— Increase (or decrease or delete) the capacity on demand
— Dynamically control the “topology” connecting the IP routers
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e What is network design
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Traffic Engineering (TE)
— “Put the traffic where the bandwidth is”

Network Engineering (NE)
— “Put the bandwidth where the traffic is”

Network Planning (NP)

- “Put the bandwidth where the traffic is forecasted to be”

plocking robabill

TE - online, dynamic provisioning, ms to mins time scale

NE - intermediate problem, months time scaleExhaustion Probability
NP - offline, static, dimensioning problem, 5-yr time scale

Different traffic types Cost (Y TL$$S)

e Static, dynamic, scheduled, incremental...

M. Tornatore: Communication Network Design Page 32



Different design problems,
different performance metrics

e Network planning

— Optimization Metric: cost, energy, capacity
e Note on cost: CAPEX vs OPEX!

e Traffic engineering

— Blocking probability
e Connection vs. Bandwidth Blocking Probability

e Network engineering

— Upgrade time, upgrade cost, blocking ,
penalty, exhaustion probability, etc....
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Business model vs.
Design problem

e Network operator
- Level 3, PG&E (?)

e Service provider
- Netflix, Google ("HyperGiants”.)

e Network operator AND service provider
— AT&T, Verizon

e Bandwidth broker

— Many service provider, many network
operators and a bandwidth broker which
manages negotiation between them
e 60 Hudson in New York, AMPATH in Miami, Palo

Alto Internet Exchange (PAIX) in Palo Alto,
Startap in Chicago
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In the meanwhile, in Italy...

e Network operator
— ENEL, SNAM, (Telecom)

e Service provider
— Tiscali, Sky, Dazn

o Network operator AND service provider
— Telecom, Fastweb

e Bandwidth broker

— Many service provider, many network
operators and a bandwidth broker which
manages negotiation between them

e E.g., https://www.mix-it.net/en/services-for-
carriers/#content-1
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Hyper Giants

National
backbone
operators

- ]

Regional
access
providers
Local
access
providers

Customes IP
networks

Global

Intesrnet core

Regional/tier 2
providers

Customer IP
networks

Textbook Internet, 1995-2007
ﬂmt;:r MCI, UUnet, PSINet

S g R @-I-- S

0[0/0200/00/0/0100/0
(a)

Internet, 2009

Global transi "Hyper giants”
national Large content, consumes,
backbones hosting CDN

Figure 1. Intemet evolution [1]: a) 1995-2007; b) 2009.

(a) Top ten, 2007 (b) Top ten, 2009
Rank | Provider % Rank Provider %
1 Level(3) 5.77 1 Level(3) 9.41
2 Global Crossing 455 2 Global Grossing 5.7
3 ATT 335 3 Google 5.2
4 Sprint 3.2 4
5 NTT 26 5
6 Cogent 277 6 Comcast 3.12
7 Verizon 2.24 7
8 TeliaSonera 1.82 8
9 Sawvis 135 9
10 AboveNet 1.23 10

Table 1. ATLAS top 10 public Internet bandwidth generating domains [1].

C. Lam, et al. “Fiber optic communication technologies:
What's needed for datacenter network operations”,
IEEE Communications Magazine 2010
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From Static to Dynamic Traffic (1)

« Traditional planning: Static Traffic
Nodes | 1 | 2 | 3 415|167 8 9 10 (11 | 12 | 13 | 14
1 0|21 11141 1 2 1 1 1 1 1
2 2102 18|21 5 3 5 1 5 1 4
3 11210 21321 20 | 5 2 1 1 1 2
4 11112 o]l 1|12 1 2 2 1 2 1 2
5 1 S| 3 1 0|33 T 3 3 1 5 2 5
6 41 2| 2 11302 1 2 2 1 1 1 2
7 1 1 11 213210 9 4 20 1 2 1 4
8 1|5 (2|1 |7 |1]9 0 27T | T 2 3 2 4
O 21 31| 56 213124 27 | O h | 2 9 3 1
10 |1 |5 | 2 213|122 T 75 | 0 1 1 2 1
11 (111 11|11 2 2 1 0] 2 1 61
12 |1 |51 2|15 1|8 3 9 1 2 0 1 81
13 (1|11 11211 2 3 2 1 1 0 2
14 (1|4 2 2|15 2|4 4 1 1 61 | 81 | 2 0
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TABLE 1
ExaMPLE OF THREE SCHEDULED LIGHTPATH DEMANDS (SLDs)
"No. s d n a w
01 2 8 2 08:00 14:40
é2 3 7 3 11:00 13:00
ds 5 6 2 17:00 19:30

3+2 =5 WDM channels

404

Solution | (shortest path)
«-(§) 2-3-4-7-8
<« (§z) 3-4-7
+—-(d3) 1-5-86
WDM channels: 18
Wavelengths: 5
Congestion: 5

(a) Solution 1

;, 168

TRRaL, 404

Solution 2
.?_v-,-u 6-8 *

« _® ) 3~-4-7 W A b .

. (83) 1-5-8 2 WDM channels

WDM channels: 14
Wavelengths: 3
Congestion: 3

(b) Solution 2

Fig. 2. Two alternative routing solutions for the SLDs of Table L.
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vynamic Traffic (3)

e Dynamic Traffic

— Starting time of connections is not known in
advance

Two options:

e Duration Aware: connection duration is known, and
can be used to improve network utilization

e Duration Unaware

to:

at instant t, we don’t have knowledge of future connections,

M. Tornatore: Communication Network Design Page 41



®m Incremental traffic: once
connections are routed,
they stay in the network

Internet Traffic Forecast, 2009-2014

70,000

60,000

50,000

40,000

PB/Month

30,000

20,000

10,000

2009 2010 2011 2012 2013 2014
m Mobile Internet (108% CAGR) 91 228 538 1,158 2,132 3,528
a hternet Video to TV (107% CAGR) 107 263 Al 1,502 2,686 4,075
m hternet Video to PC (48% CAGR) 2776 4725 7,718 11,026 14,838 19,468
@ PTV Svc Provider VoD (35% CAGR) 329 B 504 714 948 1,209 1,463
m Cable VoD (33% CAGR) 2,277 3,176 4,534 6,147 7,850 9411
0 Other (Video Calling, Gaming, Cons. VolP) (31% 268 348 460 595 778 1,052

CAGR)

0 Web/Email/Data Dow nloads (29% CAGR) 3,701 4795 6,095 7617 9,281 11,240
@ P2P & Other File Shr (23% CAGR) 4,091 5,075 6,197 7,492 9,215 11,340
o Business intranet (17% CAGR) 1,046 1,283 1,523 1,756 2,019 2,325

X T T
R
R

AN

o et et et

NSRRI

............................ o~
z,,/d.,w/”o,w”o,w“ Vessesans
/f.//f.//f.//f./x
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Analytical models and tools

n
min Y~ g
i=1

subject to

= = . $i+qj-w—3 —§i-w=aj, Ve € G'
. .ﬁm.ﬁ—n .ﬁ—\lm —n pi=Si—Si+tw-Xj<=w-—p;, Vi jwherei<jandT7;.T;j €T’
n

where
Sie(0,w—1),4 =0,% €(0,1),

o — Integer Linear Programming | s nee.
— Heuristic Optimization
\ - U\.\..
e Dynamic Traffic

~.— Markov chains
(analytical approach)

Covered in the course?

— Simulation —_—
+ Switching&Routing (Prof.Maier) i =~
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Challenge: cross-layer network
planning

Applications (“Customer” needs)

_ q 4 Differentiated Services: h
Bandwidth: OC-192, OC-48, ..., STS-1, VT1.5, ..
Failure-Recovery Delay: The "50-ms myth!”

Network Economics: Pricing, SLA, ... )

.

l |

Network Architect | (Design,TE..)

| q + routing protocols that account for channel
! impairments

] |

Physical Layer (optical/wireless channel) --
materials, devices, subsystems
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e Migration from ring to mesh
e From IPoOSONEToWDM to IPoWDM
e Optical bypass

e A primer on optical equipment
- (R-)OADM
- OXC
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_.o:u -Haul, Backbone Network

Legacy (SONET) Net Current trend

& N &

—
, o — — OXC —
11
OADM [1P ] SONET [ATM]
Months to roll out new connections - Minutes (or seconds) to set up connections
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Core Network: Mesh vs. Ring

e Rings are not suitable for the core:

— 50% capacity waste.

- Large amount of “pass-through traffic” at inter-
ring junctions... unnecessary, extra processing?

- Need same bandwidth (and same “lambda
spectrum”) on all fiber segments of the ring.

— Mesh is the natural topology for the core...
that’s how the fiber is laid out!
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") SDH/SONET-Centric View (Dying?)

IP over SDH over WDM

Link Layer Router Router
Multiplexing PH Ht
Protection Line m — A v —
Framing Section

Optical Laver

e What SDH gives:

— Proven reliability
— No QoS problem for voice & leased lines
- Extensive performance monitoring
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IP-Centric View

IP (over PPP) over WDM

IP

v Router

Router A
Framing Section

Optical Laver

Don’t need SSH (except perhaps for framing)
e Expensive
e IP can handle both voice and data
e Divide SDH functions between IP & optical layer
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WDM layer

E
M
o

‘U WDM Transponders
- (t,)

IP layer

WDM layer
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Traceroute Example

2:33pm pepper (~) 27 : traceroute aland.bbn.com

traceroute to aland.bbn.com (68.22.232.249), 30 hops max, 40 byte packets

1 169.237.4.254 (169.237.4.254) 6.961 ms 0.699 ms 0.448 ms

2 169.237.246.238 (169.237.246.238) 0.623 ms 0.661 ms 0.691 ms

3 area2-13-area2.ucdavis.edu (128.120.2.49) 0.926 ms 0.685 ms 0.849 ms

4 area2-area0.ucdavis.edu (128.120.0.133) 0.846 ms 0.642 ms 0.591 ms

5 area0-ucd.ucdavis.edu (128.120.0.114) 67.471 ms 67.633 ms 70.661 ms

6 inet-oak-isp--ucd-ge.cenic.net (137.164.24.233) 7.581 ms 8.460 ms 11.830 ms

7 f5.ba01.b003070-1.sfo01.atlas.cogentco.com (38.112.6.225) 73.018 ms 65.948 ms 55.990 ms
8 p10-0.core01.sjc03.atlas.cogentco.com (66.28.4.133) 69.680 ms 53.346 ms 74.431 ms
9 eqg2-g4-2-1.egsjca.sbcglobal.net (151.164.249.185) 70.071 ms 83.845 ms 82.674 ms
ex1-p9-0.eqgsjca.sbcglobal.net (151.164.191.201) 71.123 ms 65.604 ms 64.093 ms

11 bb1l-p6-0.crsfca.sbcglobal.net (151.164.41.9) 71.285 ms 68.963 ms 68.596 ms

12 corel-p4-0.crsfca.sbcglobal.net (151.164.240.133) 136.819 ms 182.120 ms 217.642 ms
13 corel-p5-0.crskut.sbcglobal.net (151.164.42.11) 95.375 ms 63.709 ms 71.437 ms

14 corel-p2-0.crdnco.sbcglobal.net (151.164.243.242) 102.403 ms 71.730 ms 91.980 ms
15 corel-p3-0.crkcmo.sbcglobal.net (151.164.188.34) 84.839 ms 67.509 ms 62.889 ms
16 core2-p11-0.crchil.sbcglobal.net (151.164.240.118) 80.109 ms 101.998 ms 82.066 ms
17 bb2-p5-0.sfldmi.ameritech.net (151.164.242.130) 76.808 ms 65.863 ms 74.787 ms
18 bb1-p15-0.sfldmi.ameritech.net (151.164.40.181) 74.925 ms 108.616 ms 103.503 ms
19 bb1-p3-0.Igtpmi.sbcglobal.net (151.164.40.101) 112.321 ms 96.089 ms 80.460 ms
20 distl-vlan30.lgtpmi.ameritech.net (65.42.245.97) 92.278 ms 72.988 ms 78.367 ms
21 rback3-g1-0.Igtpmi.sbcglobal.net (65.42.245.230) 73.354 ms 83.651 ms 77.640 ms

22 adsl-68-22-232-254.dsl.Igtpmi.ameritech.net (68.22.232.254) 86.725 ms 100.490 ms 90.429
ms

23 adsl-68-22-232-249.dsl.Igtpmi.ameritech.net (68.22.232.249) 85.333 ms 94.014 ms 90.203 ms
e 2:41pm pepper (~) 28 :

e 6 6 6 o6 o6 o o o o o o o o o o o o o o o o o o
=
o
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“"Dial” for bandwidth

“"Resolve the perpetual Internet backbone
bottleneck problems by providing a scalable,
cost-effective solution that empowers the
service providers to offer a range of new,

diverse, [JUSESIASEIME services.”

= P Routers (and other edge devices) should be able to
“dial for bandwidth” (OC-192, OC-48, ...) on demand in
real time.
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O_u_“_nm_ network components
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Optical Transmission Components

OLT OLT
EDFA
Transmitter Receiver
(laser) “ . (filter)
Multiplexer Demultiplexer
OADM
®
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Enabling Optical Technologies

e Optical Line Terminal (OLT) (a.k.a. DWDM)

e Transmitter/Receiver + Mux/Demux
e Point-to-point application

e Optical Add-Drop Multiplexer (OADM)

e Add/drop a small number of wavelengths
e Pass most wavelengths through

e Optical Crossconnect (OXC)

e Flexible connectivity of wavelengths between OLTs
and OADMs (wavelength switching)

e Mesh protection

e Erbium-Doped Fiber Amplifier (EDFA)
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t> N x N active switch can route N*
1> But routing matrix is reconfigurable

t> Fault tolerance is an issue

Dutputs
1
Input Fiber 1 Output Fiber 1
Al ” AL LA
Toput Fiber 2 Output Fibe: 2, :
LN LM
Input Fiber3 | .. Output Fiber 3 3
ua T PRR]
lnput Fiber 4 | = Output Fiber4 %
M AL L A4
Passive Star

1> N x N star can route N simultaneous connections, all in broadcast mode
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simultzaneous connections {like pzssive router)

> Fixed routing matrix (no broadcast)

t> N x /N pzssive router can route NZ simultaneous connections

Introduction

M. Tornatore:

Communication Network Design Page 57




END

M. Tornatore: Communication Network Design Page 58



(

Unit 1a: Introduction M. Tornatore: Communication Network Design Page 59



, . Proprietary NNI
N\ /
J /

M. Tornatore: Communication Network Design Page 60



Wavelength “Layers”

Data
Channels

ControlChannel
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Call Setup

Conn ID|IN port [OUT port| STATE TYPE

1,4,0 |5, AreD liocal, R4a] UP__ | primary

Conn ID|IN port |OUT port| STATE TYPE
140 llocal R116, Aren| UP | primary

LC Req...4
< w
LC Resp:ACK
LCReq...4
<
Mapping: Lrep
Conn ID|IN port [OUT port| STATE TYPE Conn ID|IN port [OUT port| STATE TYPE
1,4,0 11, Aren |5, Aren| UP_ | primary 140 |6, Aren|4, Aren| UP | primary
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@ Lightpath
(OXC to OXC)

> Service path
(ED to ED)

Control Channel

e 7

- N
I
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@ Lightpath
(OXC to OXC)

Service path

(ED to ED)

Conn IN mo&._. memm ._w<vm
e R Aol UP Toacien Q0 “Backup”
= , [ | A A S A Lightpath
Backup

Service path

Control Channel
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- - / Fiber Cut Occurs!
vAg

M FaultDetected by “6”!

- Alarm: Link 6= 5 Broken!

0.. Switch to Backup!!
Switch to >
Backup!!

O Connection Rerouted/
Restored!

N
N
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@ Lightpath
(0C-192)

Service path 1:
R1 to R2
@ 0C-48

Service path 2:
ADM1 to ADM2
@ 0C-48
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(Carriers--AT&T, C&W, CSELT, Enron, GTS, Level 3, MCI Worldcom/UUNET, NTT,

Sita Equant, Sprint, T-Nova DT, Williams)

Rapid automatic end-to-end bandwidth (lightpath) provisioning including
routing

Provide restoration, diverse routing, and other QoS features on a per-service-

path basis

Support policy-based call acceptance, peering policies, and usage-based
accounting

Offer carrier-specified “branded” services

Rapid deployment of new technologies/capabilities with minimum service
disruption

Protect security and reliability of the optical (control plane) layer
Preserve network operator’s ability to control network resources

Reduce need for carrier-written software through heavy use of open
protocols/software

Ensure scalabilty of the optical layer

OXCs and other products from different vendors or employing different
technologies should interwork at the control-plane level
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OXC Configurations

O/E/QOl——n0u] O/E E/O —UJO/E/O
| Electrical . Opaque OXC
[ core
O/E/O | O [E /O . O/E/O | O [E /O O_uzom_uooq.m OXC:
| — Optical — ) — Calient, et al.
core “E: not future proof”
“O: fabric not robust”
O/E/O O/E/O .
[ core
. All-Optical Network:
| Optical N Corvis, et al.
[ core

®
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“"Opaque” vs. "Transparent” OXC

Opaque

Transparent

Optical Properties

Switching occurs in silicon.
Increases power but limits
scalability. Transponder allows
optical links to be optimized for
unique characteristics.

Dispersion, cross talk, noise,
amplifier gain flatness
accumulate, limiting network
scalability.

Cost

$25K per OC-48 port.

Components must all be
specified forthe worst-case
paths, increasing costs.

Network Complexity

Fits seamlessly into today’s
DWDM networks.

Entire networks must be
engineered from the outset,
limiting expansion & scalability.

System Complexity

Higher degree of complexity,
with transponders and multiple
switching stages (CLOS).

Can be quite simple but
unproven — MEMS switch can
be put on a single chip.

Performance Monitoring Easy Difficult
Fault Location

Wavelength Translation Easy Difficult
Multivendor Interworking Easy through transponders Difficult
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Backup shdes
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What is a Carrier?

e There are different companies’ profiles in
the carrier industry:
— Inter-Exchange Carriers (IXC)
e I.e., long-distance telephone company

— Global Carriers (or “"Greenfield” network
operators)

e Level 3, Qwest
— National/Global Internet Service Providers
- ILECs, CLECs, Carrier Hotels
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Carriers: IXCs

Major Players

AT&T, WorldCom, Sprint

Requirement

Technology to support voice and data services over a common

platform.
ATM -- due to its ability to support voice and data over a common platform,
Current excellent traffic engineering capabilities, and QoS features. 60-70% trafficis
Solution pass-through only at each node, expensive SONET ADM and DCS is used to send
0OC-48 through the node.
ATM less attractive due to cost and advancements in IP and MPLS-based routing.
_|03© Term Deploy DWDM and move to IP-based routing.

Unit 1a: Introduction
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Carriers: Next-Generation National Carriers
(“"Greenfield” Network Operators)

Major Players

Williams Communications , PF.Net, Global Crossing, Qwest,
Level 3, BroadWing, WorldWide Fiber

Requirement

Provision high-bandwidth circuits throughout their networks to offer
wholesale services to ISPs. Provide mesh architectures instead of

inefficient SONET.
Current Terabit routers with ATM switches for traffic aggregation and
Solution management; SONET ADMs and DCS for provisioning.
Long Term Replace SONET ADMs and DCS with OXCs to switch and provision

wavelengths.

Unit 1a: Introduction
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Carriers: National ISPs

Major Players UUNet, Cable & Wireless USA, Winstar, Concentric

Need forflexible, scalable bandwidth throughout their networks. Need

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

Use “routed edge, switched core” architecture based on IP routers and ATM

Cu Z.m.jﬂ switches; ATM used for traffic management and statistical multiplexing
Solution capabilities.
Use MPLS for simplifying the operation and management of complexbackbones;
Long Term e e opere J blex

DWDM solution forthe ability to lease wavelengths
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/ Carriers: ILECs, CLECs, Carrier Hotels

Major Players

Metromedia (Above Net, PAIX), Bell Atlantic, SBC, New
England Telephone, Covad, Northpoint

Requirement

Need to integrate disparate geographic and service-oriented networks into one
common platform. Provide neutral colocationspace.

Cu Z.m._{n Use SONET and ATM based networks.
Solution
OXC and core optical network equipmentthat will allow the management of their
Long Term core infrastructure and establish a platform for delivering high-bandwidth circuits

(DWDM).

Unit 1a: Introduction
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“'Soft Optics” Features

e Network topology discovery (OSPF based)
e Lightpath provisioning
— Intelligent routing (MPLS/CR-LDP based)
— User-selectible routes
— Conduit identification (for shared risk groups)

e SONET/SDH configurable interfaces
e Lightpath monitoring
e Fault detection and recovery (rerouting around failed links)

— Differentiated fault-recovery schemes
— Guaranteed recovery-time service

e Hitless upgrade of network segments: lightpath rolling
o Efficient grooming of sub-rate circuits

e Optical OSPF areas

e Optical VPNs

e Network Planning Tool
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UNI Messages

Type Field UNI-C > UNI-N UNI-N > UNI-C
Lightpath Create Request 0x01 x (1) X
Response 0x02 X x (1)
Delete Request 0x03 x (1) X
Response 0x04 X x (1)
Modify Request 0x05 x (1) X
Response 0x06 X x (1)
Status Enquiry 0x07 X
Status 0x08 X
Status Response 0x09 X
UNI Hello Ox0A X X

M. Tornatore: Communication Network Design
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Lightpath Create Request

Fields Octets Optional Fields Octets
Source Interface Addr. 4 Source Interface Sub-Addr. TLV 5
Destination 4 Destination 5
Source User Group Identifier 8 Protection Mode TLV 3
Destination 8 Lightpath Retention Mode TLV 2
Lightpath ID 6 Lightpath Priority TLV 2
Lightpath Bandwidth 2 Authentication TLV Var
Transparency 2
Drop-Side Protection 2
Directionality (default: bidir) 2
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Lightpath Create (More...)

o _._@Z_umﬂ: Bandwidth = Protection Mode TLV
0x00: Reserved Mode
- 0x01: OC-48 = 0x00: Unprotected & not preemptable
- 0x02: 0C-192 = 0x01: Unprotected & preemptable
- 0x03: OC-768 = 0x02: 1+1, end-to-end“1+1” protection
- 0x04: STS-1 = 0x03: Shared-path protection
Reversion
e Lightpath Priority = 0x01: Revert to primary path after repair
- 1 (lowest) ... 8 (Highest) = 0x02: Do not revert

= Retention Mode TLV

= (0x01: Retain unrestorable primary path
= 0x02: Delete unrestorable primary path
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NMS GUI

Toolbar
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Challenges in All-Optical Nets.

Impairment |P2P Link |Network-wide
W%Mv Dispersion Present Accumulates
W%Mv Nonlinearities Present Accumulates
W%Mv Crosstalk Somewhat Significant
:\ Laser Stability Needed Strongly needed
l\ Filter Passband Narrow Wide/stable
, Closed Amp Loops -- Need to eliminate
Amp. Transients -- Need to eliminate
Power Variations Somewhat Significant

A(ﬁ\v B. Ramamurthy, D. Datta, H. Feng, J. P. Heritage, and B. Mukherjee, “Impact of transmission impairments on the teletraffic performance of
4 wavelength-routed optical networks,” IEEE Journal of Lightwave Technology,vol. 17, no. 10, pp. 1713-1723, Oct. 1999.

_ “Transparent vs. opaque vs. translucent wavelength-routed optical networks,” OFC-99, San Diego, Paper TuF2, pp. 59-61, Feb. 1999.

l\ D. Datta, J. P. Heritage, and B. Mukherjee, “Impact of frequency drift and finite linewidth of lasers on bit-error rates in wavelength-routed
optical networks,” Proc., NCC, IIT Kharagpur, pp. 485-490, Jan. 1999.

%Ms@mmvw._ﬂwﬁﬁscnr%vw.choaoPw:mﬁ.w»_wv:_u::m:wma:cmw:-%aom_nua_mmmsSm%-m:ﬁ:--dﬁmgo_&nm_:mgcqun;mmmgocam_om
Lightwave Technology, vol. 14, pp. 1207-1217, June 1996.
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ges in All-Optical Nets. (contd.)

e Impairments:
e Need to combat
e Leading-edge research conducted at UC Davis
o All fibers, transmission equipment, lasers, and filters must
support “exactly the same” wavelength spectrum!
e Cannot mix and match fiber types,
e.g., Lucent all-wave fiber with traditional fiber
e Lacks interoperability... tied down to a few vendors
e Not viable... until all-optical A converters are commercial #
e \Very specialized solution!

3¢ B. Ramamurthy and B. Mukherjee, “Wavelength conversion in optical networks: Progress
\4/

and Challenges,” 1EEE Journal on Selected Areas in Communications, vol. 16, no. 7, pp. 1061-
1073, Sept. 1998.
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e Link budget “reset”: impairments do not accumulate!
e Full performance monitoring

e Wavelength conversion is built in
e higher link utilization efficiency, simpler protocol

e Multicast and broadcast
e Built in with most electrical crossconnect chips
e Challenge: power consumption, get the heat
out!
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The Opaque OXC Competition

Base System Size
(7' bay) Status Problems/Challenges
Ports Rate

Tellium
(Aurora512) 512x512 0C-48 4 shipping Footprint too large!
Sycamore Optical backplane cabling (?)
AMZHOOOOV 256x256 0C-48 1.5 Trials Heat Avv
Ciena/Lightera
CoreDirector 256x256 0C-48 1 shipping Getting the heat out!
Cisco/ . Not working?
Monterey WR 226x256 OC-48 4 Discontd. WaRP software: elementary
Brightlinks -

g ? 0C-48 ? Um:y\m_%U Hypertorus: academic?

M. Tornatore: Communication Network Design
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Bandwidth “Currency”

© | S
0 Packet or Bit Wavelength or Lambda
__ D\_ 13 ” ON
Big Fat Router (BFR) Awﬂm% OM.UB .
Electrical ... "Cisco” approach Cienallightera
-—ﬁ=ﬁﬂ= _ —-w—u::-m-—u—-wo_moo\_,\_oam@\
Bottieh Today!

Ot._“mnm_ :_Im—um_: mS\_HO—.__:Q >__IOU._“_Om_ v( moc._”_:@
(“transparent” OXC)

Q3=T0~—3W
<QO—O03SS50O®-—

Optical ortel/Xros
plica ﬂﬁ%ﬁ&—é——&‘- m_m=< _ Wchmﬂ__ﬂAOo_im.
. I Agilent, MEMS R Us
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Node Architecture (IP/WDM)

- . OXC Fabric > ~  FiberLink : —
" " Multiplexer : '
| |
_ _ > N Demultiplexer : A
|-||."|“ “|".|||-|v Wavelength O : -->
" i : " Wavelength 1 : =
| |
OXC | L Wavelength 2 : —
Iy % !
| I vy —\ | I ;
Transmitterarray : TX
T = I 1 S Y
HE OXC
Receiver array : RX
UNI-N \oo::o_ Y
Control component :
v i
UNI-C Control Message : e >
MG_QO HE L\ 2
Device: ( ) )
Router LR MPLS/IP Router RX Edge Device (ED) (Router) can
N R provide flexible software-based
bandwidth provisioning capability.
Other ports
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What i1s a God Box?

e aka MSPP: Multi-Service Provisioning Platform

e Maintains circuit and cell-based services while allowing packet-
based services in a bandwidth efficient manner

- Typically combines electronic switching with wavelength switching
and includes optical transponders

CISCO ONS 15454 SONET MULTISERVICE
PROVISIONING PLATFORM (MSPP)

Introduction

The Cisco ONS 15454 SONET
Multiservice Provisioning Platform
(MSPP) provides the functions of
multiple network elements in a
single platform. The Cisco ONS
15454 SONET provides TDM
solutions with interfaces such as
DS-1. DS-3, EC-1, and data
solutions with 10/100/1000 Ethernet
solutions with OC-3 to OC-182 '
optical transport bit rates including m
ntegrated DWDM wavelengths.
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Closing Quotes

e "It is a great embarassment to the photonics fraternity to
be unable, in any known branch of the art, to exhibit a
cost reduction curve that comes anywhere even close to
the Moore's Law curve of electronic LSI. Shame on us."

Dr. Paul Green, "Father of Optical Networking,"

many years at IBM, recently retired from Tellabs, in the
article "Progress 1n Optical Networking,“ IEEE Communications
Magazine, January 2001.

e "Unlike electronic circuits, these [MEMS switches] are
mechanical devices, and [their] reliability for
telecommunication applications is still to be proven.”

Dr. Armand Neukermans, Founder and CTO of Xros (now
Nortel) & Dr. Rajiv Ramaswami, VP of Xros (now Nortel), in
the article "MEMS Technology for Optical Networking
Applications, ™ IEEE Communications Magazine, January 2001.
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2001)

CESS

o AC

Accordion: MTU
Adva

Advanced Fiber
Alloptic: PON

Anda

Apian

Aurora Nets.

Blaze

Broadband Tech
Finisar

First Fiber

Intelect

Internet Photonics
Lantern

Laurel Nets.
Luminous Nets
LuxN

LuxPath Nets.: MTU
Mainsail

Optical Solutions
Optranet: MTU

Pair Gain

Quantum Bridge
Sirocco (Sycamore)
Tenor

TransCom: PON
World Wide Packets

he "Optical Battleground” (an.

Metro

Alidian

Astral Point
Atmosphere Nets
Atoga

Atrics: metro gigE
Centerpoint

Chromatis, Ignitus (Lucent)

Ciena

Coriolis

Cratos

Geyser

Kestrel

Lumentis (Ericson)
Mahi

Metera
Metro-Optix
MetroPhotonics
Net Insight

Nortel

ONI

Ocular

Osicom (Sorrento)
Qeyton

Roshnee

Tellabs

Terawave

Tropic

Zaffire (New Access)

e Core/OXC

Tellium

Sycamore

Ciena (Lightera)
Cisco (Monterey)
Brightlink (Corvia)

Calient

Corvis

Ilotron

Lucent

Nayna

Nortel (Xros, Qtera)
LuxCore

MEMS 'R Us

(see components)
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CapEx Slowdown-1

Company 2002E 2001E 2000 1999 1998
AT&T $7,000 $8,750 $14,600 $14,300 $7,820
BellSouth $5,400 $5,750 $7,000 $6,200 $5,200
Broadwing $360 $670 $844 $381 $143
Genuity $840 $1,200 $1,730 $744 $588
Global Crossing $1,120 $4,500 $4,290 $1,960 $554
Level 3 $200 $2,700 $5,940 $3,440 $910
Qwest $4,250 $8,500 $6,590 $3,940 $2,670
SBC $9,600 $12,000 $13,100 $10,300 $8,880
Sprint $3,500 $5,400 $7,200 $6,100 $4,200
Verizon $12,000 $17,100 $17,600 $13,000 $12,800
Williams $475 $1,500 $3,310 $1,590 $353
WorldCom $5,500 $7,500 $10,100 $7,430 $4,820
Totals $50,245 $75,570 $92,304 $69,385 $48,938
Sources: Optical Oracle, Light Reading
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CapEx Slowdown-2

Company 2000 2001 % of Change Between2000 2002 % of Change Between
E and 2001E E 2001E and2002E

AT&T $14,6  $8,75  -40% $7,00  -20%

BellSouth $7,00  $5,75  -18% $5,40  -6%

Broadwing  $844 $670 -21% $360 -46%

Genuity $1,73 $1,20  -31% $840 -30%

Global $4,29  $4,50 5% $1,12  -75%

Level 3 $5,94  $2,70  -55% $200 -93%

Qwest $6,59  $8,50  29% $4,.25  -50%

SBC $13,1 $12,0  -8% $9,60  -20%

Sprint $7,20  $5,40  -25% $3,50  -35%

Verizon $17,6  $17,1 -3% $12,0  -30%

Williams $3.31 $1,50  -55% $475 -68%

WorldCom  $10,1 $7,50  -26% $5,50  -27%

Totals $92,3 $75,5  -18% $50,2  -34%
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WDM Network Evolution: 2. Optical
Add/Drop Multiplexer (OADM)

DEMUX )

A 1 "

.\._\. \ z

L ol iy N

{, : S

J.J““ .\ | .

.._.._ _ﬂ,_ ...
A
. =
eI ————— L.,

/|

®
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WDM Network Evolution: 3a.
Crossconnect - Passive Star

Input Fiber 1 | Output Fiber 1
y N ==—— : T o7 AL

H#J{ll- .f|.r . l[lll,‘ljll'.l . . © \l\l\-\
. g SR M . & - .
Input Fiber 2 U R e T -\-\.\p e Output Fiber w”..
e o R e Wi R i R AL, ... A4
el TlneTmell T e
loput Fiber3 |, .:-=--" " LT el T e | Output Fiber 3
-............. e .\-v...\.u. .o “\I.-...].ﬂ.l.. ..... -.rl.u.-.r ....... I\.Ilblsl.bﬂ. =
d y“ c M\l(.l-.\n. .l\l\\lulnllul "o .llll”UA\llfllll FHU LA | y#
Aay e T T
Input Fiberd | =" — %74 s T | Output Fiber 4

—— K., - M ™

- 4 ..s — .

Passive Star

> N x N star can route N simultaneous connections, all in broadcast mode
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WDM Network Evolution: 3b.
Crossconnect - Passive Router

Inpos al Dutpots

IJ
|
/ \l
\I
/
/
4 5\
y 4
b y
|I
'—LA—AI’—
\
f
.I
f
n

o> N x /N pzassive router can route N Z simultaneous connections

> Fixed routing matrix {rio broadcast)
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WDM Network Evolution: 3c.
Crossconnect - Active Switch

Inpat Fiber L

Al, .. A4

Inpart Fiber 2

A, .. Al

Inpat Fiber 3

AL, ., A4

Inpat Fiber 4

Al, .. A4

Swirch
Al

Switch
A2

Ourpat Fibec 1
A1, .. A4

Switch [

A3

Ourput Fiber 2
AL, L AA

Outpat Fiber 3

Switch
Ad

Al, .. A4

Ourput Fiber 4

A1, .. R4

> N x A active switch can route N* simultaneous connections {like pzssive router)

t> But routing matrix is recanfigurable

> Fzult tolerance is an issue

Unit 1b: Introduction (contd.)
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An All-Optical OXC

v(w

>
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| Mim][m] A

./

M*M switch

\
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!
=

A NM*NM Crossconnect without A Conversion
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Metro-Access |
1G/10Gbps

-

Access Network Metro Area Network i Leng-haul Backbone Network
(a few km) (10s of km) (100s - 1000s km)

N
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~400 offices
50,000 route miles @ $100k/mile = A $5B investment
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AT&T OC-48 IP Backbone

ﬁ — Note:

Fiber laid in bundles

Example:

864 strands/bundle,
10 bundles/conduit

Intelligent software

1. SEATTLE \_~ ~— . OMAHA .
2. SACRAMENTO _ . MINNEAPOLIS architecture for
3. SAN FRANCISCO o ( N 15. ST.LOUIS . . - .
4. LOS ANGELES ~ _\u 16. CHICAGO diversified routing of
5. SAN DIEGO . 17. DETROIT :
6. PHOENIX - 0C-12 18. ATLANTA “worki 3@: and
7. SALT LAKE CITY 19. ORLANDO n "
8. DENVER w— 0C-48 20. PITTSBURGH _umn_ACU _umﬂjm
9. AUSTIN 21. WASHINGTON DC
10. DALLAS ‘ BACKBONE NODE 22. PHILADELPHIA
11. HOUSTON 23. NEW YORK
12. KANSAS CITY . DUAL NODE CITY 24. HARTFORD
25. BOSTON/CAMBRIDGE
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e "The industry is 1-2 yrs. into a 10-20 yr. growth curve during
which time the communications, information, commerce, and
entertainment industries will transform to operate primarily on
new optical communication networks.”

— The network (Internet) will need to grow several 1000 times its current size
over this time... over 5000 times in the US, and over 20,000 times worldwide!

e "Optical technologies are today where computing was 30 years
ago when the bulky vacuum tube was the building block of
computer

... Wit SoundView (venture capital company)
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e The optical core network will be the most important area

during the next few years... technologies adopted at the core
will naturally migrate closer to the edge with time.

e At the backbone, carriers are moving towards a OXC-based
mesh network.

- As the number of wavelengths increases rapidly, carriers are forced to look
to OXCs for managing wavelengths, provisioning big pipes of bandwidth,
protection/restoration, and traffic grooming using mesh architecture.

- 512x512 OXCs needed today by several carriers; 1000x1000 (and higher)
needed soon by AT&T, MCIWorldcom, others?

e Carriers are increasingly deploying IP directly over WDM
using PoS at OC-48c and OC-192c interfaces.
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Then (2000)... Later (2002)...
e March 2000—Xros e Jan. 2002—Astral Point
- Monster 3D MEMS Xconnect - Metro optical equipment vendor
- Acquired by Nortel for ~$3.25B — Acquired by Alcatel for ~$135M
— “We have paida very, very fair price for this,” - VCinvestment: ~$115M
Clarence Chandran, then Nortel #2 person — Annual revenue = ~$4.5M
— No revenue/customers
- Recently discontinued e Corvis—- trading at 60 cents/share; down

from $80/share!

August 2000—Corvis
— All-optical long-haul networking solution e Carrier bankruptcies/difficulties/scandals:

— Spectacular IPO (with no revenue) ... (mainly “greenfield” networks)
— Raised ~$1B from IPO (then valuation: - Worldcom
~$30B)

-  Williams Comm.
- Global Crossing

e Many other eye-popping IPOs and M&A - McLeodUSA, Yipes,

-  Prompted several new “look-alikes”

e Valuations are tumbling—public+private
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MURRAY HILL, N.J. -- Lucent Technologies (NYSE: LU - message board) today
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Under the multi-year agreement, Lucent and Movaz will jointly develop new, next- Allied ._.Q_QMV\D
generation metro dense wavelength division multiplexing (DWDM) solutions for
Lucent's service pravider customers using Movaz's DWDM technology. The new
solutions will complement Lucent's existing Metropolis{rD portfolio of metro

optical networking products, now deployed by more than 100 customers. Lucent COPPER
and Moavaz will jointly develop solutions amm_m_zma for the metro DWDM market,
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The metro DWDM equipment market segment is expected to grow from an
estimated $600 million in 2004 to $800 million in 2008. Currently Lucent's metrg
DWDM portfolio focuses on large metropolitan-wide network technology.

closer to the service providers’ customers, enabling enterprises to take full
advantage of the capabilities of service providers' advanced optical networks.
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