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:'0�LQ�WKH�,QWHUQHW

z ,PSURYHG�FDSDFLW\
y /LQN�EDQGZLGWK��H�J��VWULSLQJ��LQYHUVH�PX[�
y &RQQHFWLYLW\�PXOWLSOLHU��GLDPHWHU�UHGXFWLRQ�

z :DYHOHQJWK�PDQDJHPHQW
y 6WDWLF�WRSRORJ\
y '\QDPLF�WRSRORJ\

x *OREDOO\�RSWLPL]HG��H�J��OLQHDU�SURJUDPPLQJ�
x /RFDOO\�RSWLPL]HG��H�J��ODEHO�VZLWFKLQJ�
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3DFNHWV�RYHU�:DYHOHQJWKV
�32:���$VVXPSWLRQV

z :LGH�DUHD�VZLWFKLQJ�URXWLQJ
z :'0�ZDYHOHQJWK�VHOHFWLYH�FURVVFRQQHFW
z 'HIDXOW�DFWLRQ�LV�WR�IRUZDUG�SDFNHWV
z 'HWHFWHG�IORZV�ERXQG�WR�ZDYHOHQJWKV�LQ
UHDO�WLPH

z &RPPRQ�DSSURDFK
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3UREOHP�6WDWHPHQW

z :KDW�LV�WKH�H[SHFWHG�SHUIRUPDQFH�RI
32:"
y :DYHOHQJWK�OLPLWHG�HQYLURQPHQW�YV��FKDQQHO�
ULFK�HQYLURQPHQW

y 5HDO�WUDIILF�DQG�WRSRORJ\
y 5HDOLVWLF�WHFKQRORJ\�DVVXPSWLRQV

z :KDW�FDQ�EH�GRQH�WR�LPSURYH�WKH
SHUIRUPDQFH�RI�32:"
y 2SWLFDO�DQG�SURWRFRO�WHFKQRORJLHV
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3HUIRUPDQFH�0HWULF

Routed
Mode

Mixed
Switched

and Routed
Mode

What fraction of packets will use switched mode?
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32:�*RDOV

z 6FDOH
y 1XPEHU�RI�EDFNERQH�VZLWFKHV����×�WR����×
y 1XPEHU�RI�DFWLYH�IORZV�����×�WR�����×

z 3HUIRUPDQFH
y ����WR�����RI�SDFNHWV�VZLWFKHG
y *LJDELW�SHU�VHFRQG�OLQN�VSHHG
y +LJKHU�OLQN�XWLOL]DWLRQ

z 5REXVWQHVV
y 1R�PDQXDO�FRQILJXUDWLRQ
y 7UDIILF�VWDELOLW\�DIWHU�UHFRQILJXUDWLRQ
y 2SWLFDO�VWDELOLW\�DIWHU�URXWLQJ�FKDQJHV
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32:�$VVXPSWLRQV

z 6WDWH�RI�WKH�SUDFWLFH�URXWHU
y �������±SDFNHWV�SHU�VHFRQG�IRUZDUGLQJ�UDWH
y �������HQWU\�URXWLQJ�WDEOH

z :'0�WHFKQRORJ\
y ��WR����ZDYHOHQJWKV
y 1RQKRPRJHQHLW\�RI�OLQNV



11/16/98 8

32:�6ZLWFK²5RXWHU�0RGHO

IP Forwarding
Engine

WDM Switching
Fabric

Local
Router

Links

WDM Fibers to
Other Switches

WDM Fibers to
Other Switches
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2SWLFDO�/DEHO�6ZLWFKLQJ

z /LNH�$70�EDVHG�ODEHO�VZLWFKLQJ�RU�03/6
y )DU�IHZHU�ZDYHOHQJWKV�WKDQ�9&V

z 'HIDXOW�RSHUDWLRQ�LV�WR�URXWH�DORQJ�HDFK
KRS

z :KHQ�URXWHU�GHWHFWV�D�ERQD�ILGH��IORZ��LW
EHJLQV�D�VHTXHQFH�RI�DFWLRQV�WR�DVVLJQ�WKH
IORZ�WR�D�IUHH�ZDYHOHQJWK
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)ORZ�&ODVVLILHU�IRU�/DEHO
6ZLWFKLQJ

z ;�<�IORZ�FODVVLILHU
z )ORZ�UHFRJQLWLRQ�E\�VWUHDP�FKDUDFWHULVWLFV

y ≥�;�SDFNHWV��;� ����
y ≤�<�VHFRQGV��<� ����
y )ORZ�LV�GHFODUHG�VZLWFKDEOH

z )ORZ�GHOHWLRQ�E\�VWUHDP�FKDUDFWHULVWLFV
y ≤�:�SDFNHWV��:� ���
y ≥�=�VHFRQGV��=� ����
y )ORZ�LV�GHFODUHG�XQVZLWFKDEOH
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9,17�QV�6LPXODWLRQ�0RGHO

Router Link
OC-12

SWIFT
Signaling

Agent

Other Agent

Flow Analyzer Router Link
OC-12

Interswitch Link
OC-48

Interswitch Link
OC-48

Interswitch Link
OC-48

Wavelength
Converter

Wavelength
Converter

Address
Classifier

entry_

Flow
Classifier

out_dmux_

classifier_

IP Router

. . .

Address
Classifier

Port
Classifier•Accepts real packet

dumps
•Library of Internet
protocols
•Instrumented for
statistics collection
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Y%16�%DFNERQH�7RSRORJ\

RTO

HAY
DNJ

DNG

HSJ

AST

NOR
PYM

WOR

NCSA

SDSC

WAE

CHT
SEJ

PSC

NCAR

Active Node
Inactive Node
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7UDIILF�0RGHO

z 5HDO�WUDIILF�WUDFHV
y Y%16�WUDIILF�PDWUL[
y /%1/�SDFNHW�WUDFHV

z Y%16���������KRXUO\�VWDWLVWLFV
y $OO�SDLUV�PDWUL[
y /RZ�ORDG

z /%1/���������WFSGXPS�WUDFHV��/%/�3.7���
y ��������SDFNHWV�IRU���KRXU
y /RZ�WKURXJKSXW
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Y%16�7UDIILF�0DWUL[

$67 '1* '1- +$< +6- 125 3<0 572 :25

$67 ������� ������� ������� ������� ������� ������� ������� ������� �������

'1* ������� ������� ������� ������� ������� ������� ������� ������� �������

'1- ������� ������� ������� ������� ������� ������� ������� ������� �������

+$< ������� ������� ������� ������� ������� ������� ������� ������� �������

+6- ������� ������� ������� ������� ������� ������� ������� ������� �������

125 ������� ������� ������� ������� ������� ������� ������� ������� �������

3<0 ������� ������� ������� ������� ������� ������� ������� ������� �������

572 ������� ������� ������� ������� ������� ������� ������� ������� �������

:25 ������� ������� ������� ������� ������� ������� ������� ������� �������

Traffic measured hourly on September 18, 1998,
and averaged over the day.
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)ORZ�*UDQXODULW\

z &RDUVH��DJJUHJDWHG�E\�LQJUHVV�DQG
HJUHVV�SRLQWV
y �VUFGRP��GHVWGRP!

z 0HGLXP��DJJUHJDWHG�E\�,3�DGGUHVVHV
y �VUFGRPDLQ��VUFDGGU��GHVWGRP��GHVWDGGU!

z )LQH��QR�DJJUHJDWLRQ
y �VUFGRP��VUFDGGU��VUFSRUW�
GHVWGRP��GHVWDGGU��GHVWSRUW!
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*UDQXODULW\�,OOXVWUDWHG

Backbone

Domain

Domain

Coarse
Flow

switch to
switch

Medium
Flow
host to

host

Fine
Flow

application to
application

Ingress

Egress
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5RXWLQJ�LQ�32:

z 7KH�LQWHULRU�URXWLQJ�SURWRFRO�PXVW�UHYHDO
ERWK�WKH�QH[W�KRS�DQG�HJUHVV�URXWHUV

z 7KLV�FDSDELOLW\�LV�SURYLGHG�E\�PRGHUQ
URXWLQJ�SURWRFROV
y /LQN�VWDWH�SURWRFRO
y 'LVWDQFH�SDWK�YHFWRU�SURWRFRO



11/16/98 18

32:�6LJQDOLQJ�3URWRFRO

z $VVXPH�WKDW�WKH�LQWHULRU�URXWLQJ�SURWRFRO
FDQ�SURGXFH��first_hop��last_hop!
LQIRUPDWLRQ�IRU�HDFK�GHVWLQDWLRQ�DGGUHVV
y ,6�,6
y (,*53

z 6LJQDOLQJ�SURWRFRO�XVHV�first_hop�DQG
last_hop�LQIRUPDWLRQ�WR�VHW�XS�D�VZLWFKHG
OLJKWSDWK�EHWZHHQ�WKHVH�HQGSRLQWV
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6LPXODWLRQ�5HVXOWV
1XPEHU�RI

:DYHOHQJWKV
)ORZ

*UDQXODULW\
6LJQDOLQJ
2YHUKHDG

3DFNHWV
6ZLWFKHG

)LQH ������ ������

0HGLXP ������ ��������

&RDUVH ������ �������

)LQH ������ �������

0HGLXP ������ ���������

&RDUVH ������ �������

)LQH ������ �������

0HGLXP ������ ���������

&RDUVH ������ �������

)LQH ������� �������

0HGLXP ������ ���������

&RDUVH ������ �������
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6ZLWFKLQJ�3HUIRUPDQFH

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 8 16 32 64

fine

medium

coarse
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:DYHOHQJWK�0HUJHU

z )XUWKHU�DJJUHJDWLRQ�FDQ�EH�DFKLHYHG�E\
PHUJLQJ�DOO�IORZV�WKDW�H[LW�WKH�EDFNERQH
YLD�WKH�VDPH�HJUHVV�VZLWFK

z 5HTXLUHV�WKH�XVH�RI�D�:'0�VZLWFKLQJ
IDEULF�WKDW�FDQ�PXOWLSOH[�D�ZDYHOHQJWK
IURP�GLIIHUHQW�LQSXW�ILEHUV
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:DYHOHQJWK�0HUJHU�)DEULF
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:DYHOHQJWK�0HUJLQJ

Ingress 1

Egress

BackboneIngress 2

Ingress 3

Ingress 1 → Egress
coarse flow

Ingress 1+2 → Egress
coarser flow

Ingress 1+2+3 → Egress
ultracoarse flow
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6LPXODWLRQ�5HVXOWV�IRU
0HUJLQJ

1XPEHU�RI
:DYHOHQJWKV

)ORZ
*UDQXODULW\

6LJQDOLQJ
2YHUKHDG

3DFNHWV
6ZLWFKHG

)LQH ������ �������

� &RDUVH ������ �������

)LQH ������ �������

�� &RDUVH ������ �������

)LQH ������ �������

�� &RDUVH ������ �������

)LQH ������ �������

�� &RDUVH ������ �������
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6ZLWFKLQJ�3HUIRUPDQFH
ZLWK�0HUJLQJ

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 8 16 32 64

fine

coarse
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&DYHDW�$XGLWRU

z 3DFNHW�WUDFHV�ZHUH�FROOHFWHG�LQ�����
z 3DFNHW�WUDFHV�UHSUHVHQW�ORZ�WKURXJKSXW
WUDIILF

z 7HFKQLFDO�GLIILFXOWLHV�SUHYHQWHG�WKH�XVH�RI
PRUH�VXLWDEOH�WUDFHV
y 1HZHU�DQG�EHWWHU�WUDFHV�ZLOO�EH�VLPXODWHG
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6\VWHP�+DUGZDUH
5HTXLUHPHQWV

z 0HUJLQJ�RI�WZR�RU�PRUH�VDPH�ZDYHOHQJWK
LQSXWV�RQWR�RQH�RXWSXW�RI�WKH�VDPH
ZDYHOHQJWK

z &RQILJXUDEOH�IURP�WKH�URXWHU�LQ
PLFURVHFRQG�HSRFKV

z 5HVROXWLRQ�RU�DYRLGDQFH�RI�FRQWHQWLRQ�RU
FROOLVLRQV�EHWZHHQ�GDWD�LQ�WKH�PHUJHG
VWUHDPV



11/16/98 28

)XQFWLRQV�(QDEOHG�E\
2SWLFV

z 7XQDEOH�GLVSHUVLRQ�FRPSHQVDWLRQ
z 6\QFKURQL]DWLRQ
z 7XQDEOH�KHDGHU�UHFRJQLWLRQ�IRU�URXWLQJ
z 7LPH�RU�VXEFDUULHU�PXOWLSOH[LQJ�RI
ZDYHOHQJWKV

z %DVHEDQG�DQG�VXEFDUULHU�VLJQDOLQJ
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7XQDEOH�1RQOLQHDUO\�
&KLUSHG�)%*

λ+
λ−

Reflected
t

λ− λ+
Incident

t

λ+ λ−

Mechanical 
Stretcher

Chirped FBG

Relative 
Time 
Delay 
(ps)

Wavelength (nm)
Linearly Chirped FBG

λ

No Slope Change at λ
Stretch

Relative 
Time 
Delay 
(ps)

Wavelength (nm)

Nonlinearly Chirped FBG
λ

Slope Change at λ
Stretch

1000 ps/nm

300 ps/nm
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'\QDPLF�'LVSHUVLRQ�
&RPSHQVDWLRQ

WDM 
Demux

Space 
Switch 
for λ1

WDM 
Mux

Space 
Switch 
for λ2

WDM 
Mux

WDM 
Demux

Space 
Switch 
for λ3

WDM 
Mux

WDM 
Demux

Space 
Switch 
for λ4

WDM 
Mux

WDM 
Demux

Electronic Control

INPUT OUT PUT

λ1 ...  λ4
from 10 km away

λ1 ...  λ4
from 100 km away

λ1 generated from 

either  
10 or 100  km away



11/16/98 31

'\QDPLF�'LVSHUVLRQ�&RPSHQVDWLRQ
8VLQJ�1RQOLQHDUO\�&KLUSHG�)%*

50 ps/div

50 km no  
compensation

100 km no 
compensation

50 km w/ grating 
compensation

10 Gb/s 
baseline

-13
-19 -17 -15

10-3

10-5

10-7

10-9

Power (dBm)
B

it
 E

rr
or

 R
at

e

10 Gb/s Baseline
50 km w/o grating
50 km w/ grating
104 km w/o grating
104 km w/ grating

100 km w/ grating 
compensation



11/16/98 32

3DFNHW�&RPSUHVVLRQ�IRU
&RQWHQWLRQ�5HVROXWLRQ

Packets can be compressed

All Optical 
Packet Compressor 

+  
Time Multiplexing

t
A

B

C

D
P2

P1 P1 P2

t

t
λ1 

λ1 

λ1 

Optical Chirping techniques  
optical buffers 
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0XOWLSOH[LQJ�IRU
&RQWHQWLRQ�5HVROXWLRQ

Wavelength Shifting  
(WS)

P1

Optical 
SwitchP2

λ1 

λ1 

P2
P1

λ1 

Subcarrier Multiplexing  
(SCM)

P1

P2

λ1 

λ1 

P1λ1 

f

BB

f

BB

f

SCBB

BB - Baseband 
SC - Subcarrier

t

t
A

B

C

D

No extra wavelength 
required

Uses  wavelength 
domain

t
Optical 
Switch

P2λ2 

A

B

C

D

P1
P1

P2

P2
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,GHQWLFDO�λ�+HDGHU
5HSODFHPHQW

PayloadNew  Header

Original Header Payload

Payload Data
Original 
 HeaderFlag

Payload DataFlag

In
co

m
in

g 
P

ac
ke

t
O

ut
go

in
g 

P
ac

ke
t
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$OO�2SWLFDO�,GHQWLFDO�λ
+HDGHU�5HSODFHPHQW

Switching  
Node

F: Flag
H: Header

FDATA H1

FDATA H2

CW  
Generator

Ext. 
Mod.

Gate

New 
Header

Tap
   Switch

Control 
Electronics

......F Coupler

H2

H2

DATA

Head er Replacement Module

DATA H1

FDATA H1

F H2 F

FDATA H2

- Must ensure that output is at exactly  the same λ as input- Must ensure that output is at exactly  the same λ as input
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$OO�2SWLFDO�+HDGHU
5HFRJQLWLRQ�	�6ZLWFKLQJ

1
2

3

Wavelength shifter: 
Time-to-wavelength  

mapping

Wavelength  
selective  

delay  

t 

Optical Switch  
1  3  2  Payload  

Data Packet  
t 

1
2
3

t Electronic 
Decoder

Accepted to OFC’ 99

Output 1
Output 2

2.5 Gb/s packets with 1.6 nsec guard time 

Correlator  

Control signal

Output  port 1

Output  port 2

101 111 110

t

Input packets

No match
Match
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$OO�2SWLFDO�+HDGHU
5HFRJQLWLRQ�	�6ZLWFKLQJ

Transparent Optical Core

IP 

IP 

IP 

IP 

IP 
IP 

Optical 
Switch

Optical 
Switch

Optical 
Switch

All-Optical 
Look-up table

1 32 Payload
Data Packet

t
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7XQDEOH�5)�)LEHU�/RRS
0LUURU�)LOWHU�

0 100 200 300 400 500 600 700 800

FREQUENCY (MHz)

0

5

10

15

20

25

N
O

T
C

H
 F

IL
T

E
R

 R
E

SP
O

N
SE

 (
dB

)

1.0 m
0.7 m
0.5 m

Theoretical response  
SATURABLE

GAIN OR
ABSORBER

50/50
COUPLER

Signal to be  
filtered  

Filter forming CW  
pump signal  

temporary grating  

Accepted to OFC’ 99  

Frequency (MHz)  

F
ilt

er
 R

es
po

ns
e 

(d
B

) 
 

Pump signal forms a temporary  

grating that filters signal  

 Bandwidths from sub-MHz to beyond GHz  
 Configurable to either bandpass or notch  
 Built in interferometric phase alignment  

EDF Lengths  
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7XQDEOH�5)�)LEHU�/RRS
0LUURU�)LOWHU�

Bandpass filter

Notch filter

λ
100MHz

λ

λ

Subcarriers used for routing in NGI 
Current Optical filters for RF signal processing: 

Limited tunability 
FWHM is too wide

Optical Switch

Subcarrier 
Channels

Optical 
Carrier
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%LW�6\QFKURQL]DWLRQ�8VLQJ
6XEFDUULHUV

Local Clock

Unsynchronized Input Bits

500 ps

125 ps

1 ns /div

Synchronized Output Bits
1 ns /div

Channel 1 
(1542 nm)

Channel 2 
(1552 nm)

 Resolution <1/8 bit time
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%LW�6\QFKURQL]DWLRQ�8VLQJ
6XEFDUULHUV

Synchronization Node

Unsynchronized 
Input Bits

Mux 
or 

Switch 
Synchronized 
Output Bits

Local CLK

0.5 bit0.125 bit 0.25 bit

Space Switch

Fiber Delay

Synchronization 
Electronics

Channel 1

Channel 2

Control Signals

Control Signals

Synchronization 
Electronics

A

D

C

B
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&RQFOXVLRQ

z 7R�SHUIRUP�ZHOO�LQ�D�ZDYHOHQJWK�OLPLWHG
�≤����λ��V\VWHP��32:�UHTXLUHV�LQWHQVLYH
IORZ�DJJUHJDWLRQ

z )XUWKHU�VWXG\�LV�UHTXLUHG
y %HWWHU�WUDIILF�WUDFHV
y /DUJH�VFDOH�QHWZRUNV
y 7HFKQRORJ\�HQKDQFHPHQWV��H�J��λ�PHUJHU�


