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Parts 3 and 4: Outline/ScheduleParts 3 and 4: Outline/Schedule

2:002:00--2:452:45 MU TheoryMU Theory
2:452:45--3:303:30 channels for wirelinechannels for wireline
3:303:30--4:00 4:00 CoffeeCoffee
4:004:00--4:304:30 DSL and Ethernet archDSL and Ethernet arch
4:304:30--5:155:15 MultiuserMultiuser improvementsimprovements
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Outline Outline –– Part 4Part 4

DSL and Ethernet ApplicationsDSL and Ethernet Applications
Evolution of DSL and DSM Evolution of DSL and DSM vsvs SMSM

UnbundlingUnbundling
Towards Towards ethernetethernet

MultiuserMultiuser Spectrum BalancingSpectrum Balancing
Vectored VDSLVectored VDSL
Vectored EthernetVectored Ethernet
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DSL in 2001DSL in 2001

Data, some voice beginning, to 1.5/.5 MbpsData, some voice beginning, to 1.5/.5 Mbps
Conservative deployments (9 Million lines)Conservative deployments (9 Million lines)
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DSL Future ApplicationsDSL Future Applications

MultilineMultiline voice (voice (VoDSLVoDSL))
Video (internet, packet based)Video (internet, packet based)

Not likely Not likely ““traditionaltraditional”” TVTV
Small Businesses Small Businesses –– less asymmetricless asymmetric
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Part Fiber, Part DSL = VDSLPart Fiber, Part DSL = VDSL

Only 12,000 of 10Only 12,000 of 1077 businesses connected by fiber all businesses connected by fiber all 
the way the way –– essentially 0 residences essentially 0 residences 

Rather Rather ONUONU’’ss/remote terminals, incrementally with time/remote terminals, incrementally with time

How long is fiber?  TwistedHow long is fiber?  Twisted--Pair?Pair?
Incremental tradeIncremental trade--off with time/demandoff with time/demand
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Ethernet Ethernet –– 10BT10BT

STAR wiring STAR wiring –– collision detection not really usedcollision detection not really used
Hub is electronic version of a Hub is electronic version of a ““coaxcoax--wiredwired”” connectionconnection
All lines on Hub share the 10 MbpsAll lines on Hub share the 10 Mbps

100100’’s millions deployed on coppers millions deployed on copper
Manchester codingManchester coding
Category 5 Category 5 tptp (20 dB less (20 dB less xtalkxtalk than phone linesthan phone lines-- cat 3, 24 gauge)cat 3, 24 gauge)
Each line is 2 pairs (so 2 of 4 in cat 5)Each line is 2 pairs (so 2 of 4 in cat 5)

100 meters (systems run longer)100 meters (systems run longer)
Result of delay specification related to days in which HUB was aResult of delay specification related to days in which HUB was a coax.coax.

HubHub
(yellow(yellow
coax)coax)

InternetInternet
RouterRouter

ServerServer
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Introduction of BridgesIntroduction of Bridges

Little higher level than Hub, which is an electronic Little higher level than Hub, which is an electronic 
version of a version of a ““yellow coaxyellow coax””
Allows each lineAllows each line’’s 10 Mbps to be differents 10 Mbps to be different
Dedicated connection to each userDedicated connection to each user

HubHub

InternetInternet
RouterRouter

bridgebridge
ServerServer

HubHub
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Ethernet Ethernet –– 100BT100BT

Each user gets 100 Mbps, dedicated linkEach user gets 100 Mbps, dedicated link
MLT3 code (4B5B to ternary) MLT3 code (4B5B to ternary) –– 125 MHz125 MHz
100 meter range 100 meter range –– back compatible with 10BTback compatible with 10BT

Data sent when packets availableData sent when packets available
Delay spec really not needed on link anymoreDelay spec really not needed on link anymore
Remains a 2Remains a 2--wire duplex situationwire duplex situation
Lead suppliers do 170m rangeLead suppliers do 170m range

BridgeBridge
(router)(router)

ServerServer

InternetInternet
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Ethernet Ethernet –– 1000BT1000BT

Continuous, 250 Mbps on each of 4 lines for 1 Continuous, 250 Mbps on each of 4 lines for 1 GbpsGbps
totaltotal

Continuous onlyContinuous only
All 4 wires in cat 5 used by a single user in duplex, echoAll 4 wires in cat 5 used by a single user in duplex, echo--cancelled cancelled 
fashionfashion
125 MHz 5125 MHz 5--level (effective 4, or 2 bits) PAM on each linelevel (effective 4, or 2 bits) PAM on each line

100 meters 100 meters –– physical layer constraint (lead suppliers do 160 m)physical layer constraint (lead suppliers do 160 m)

RouterRouter
ServerServer

InternetInternet

44
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Ethernet Faster?Ethernet Faster?

10,000BT 10,000BT –– vectored vectored multiusermultiuser, 100 , 100 
metersmeters

RouterRouter
ServerServer

InternetInternet
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VDMTVDMT VDMTVDMT
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VDMTVDMTVDMTVDMT
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Ethernet Ethernet –– longer (EFM)longer (EFM)

VDSL=VDMTVDSL=VDMT
100BT (4 wires) > 1 km100BT (4 wires) > 1 km
Single wire Single wire –– very high speeds, very high speeds, 

Distance/rate tradeoffDistance/rate tradeoff
Vectored/spectrally balanced Vectored/spectrally balanced –– number of pairs number of pairs 
allocated, etc.  allocated, etc.  

RouterRouter
DSLAMDSLAM

ServerServer

InternetInternet

44

VDMTVDMT

VDMTVDMT

VDMTVDMT VDMTVDMT

VDMTVDMT
VDMTVDMT

VDMTVDMTVDMTVDMT

VDMTVDMT

Sites may nowSites may now
be at homes/businessesbe at homes/businesses
at end of at end of telcotelco lineslines
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Outline Outline –– Part 4Part 4

DSL and Ethernet ApplicationsDSL and Ethernet Applications
Evolution of DSL and DSM Evolution of DSL and DSM vsvs SMSM

UnbundlingUnbundling
Towards Towards ethernetethernet

MultiuserMultiuser Spectrum BalancingSpectrum Balancing
Vectored VDSLVectored VDSL
Vectored EthernetVectored Ethernet
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Unbundling in DSLUnbundling in DSL

Different service providers can Different service providers can ““rentrent”” lines to lines to 
customerscustomers

Consequent emissions between lines (crosstalk)Consequent emissions between lines (crosstalk)
Gets worse with wider bandwidths (shorter lines)Gets worse with wider bandwidths (shorter lines)

Can be reduced with asymmetric transmissionCan be reduced with asymmetric transmission
ILEC ILEC –– often wants asymmetricoften wants asymmetric
CLEC CLEC –– often wants symmetricoften wants symmetric

ILECILEC

CLECCLEC
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Spectrum ManagementSpectrum Management

Regulate the spectra of the different service Regulate the spectra of the different service 
providers within the cableproviders within the cable

Minimize radiation between cablesMinimize radiation between cables
Balance interest of symmetric/asymmetric (CLEC/ILEC)Balance interest of symmetric/asymmetric (CLEC/ILEC)

Fixed spectra defined for each type of DSL Fixed spectra defined for each type of DSL 
service, no matter where it is used in the world service, no matter where it is used in the world 

STATICSTATIC spectrum managementspectrum management

COCO--based SM before FCC for approvalbased SM before FCC for approval
ONU/fiberONU/fiber--feed case still under studyfeed case still under study
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Network

fiber
Central

Office SP #1 LTSP #1..

twisted pair, DSL

Fiber, FTTH

SP #2 SP #2
..

multiple fibers
in this area lead

to multiple fibers
to home

DSL LineDSL Line--Unbundled Evolution?Unbundled Evolution?

Fiber for each service provider?Fiber for each service provider?
Space at LT for each service provider?Space at LT for each service provider?
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HFC HFC –– Hybrid Fiber CoaxHybrid Fiber Coax

CableCable
Head endHead end

satellitesatellite

splitsplit
fiberfiber

Fiber from head end to first splitFiber from head end to first split
More bandwidth, easier More bandwidth, easier bidirectionallybidirectionally
Coax still shared among 100Coax still shared among 100’’s of users (500)s of users (500)
Multiple content providers, unbundling?Multiple content providers, unbundling?

Fiber or coaxFiber or coax

coaxcoax

50 MHz50 MHz
500 MHz500 MHz

55--40 MHz40 MHz

??
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Packet UnbundlingPacket Unbundling

Single fiber/LT controlled by one service providerSingle fiber/LT controlled by one service provider
SBC example:  FCC allowed in Sept 2000 at LT onlySBC example:  FCC allowed in Sept 2000 at LT only

Services unbundled at packet levelServices unbundled at packet level
MAC in LT to control crosstalk problemsMAC in LT to control crosstalk problems

Dynamic spectrum managementDynamic spectrum management

CentralCentral
OfficeOffice

Service 1Service 1

LTLT
fiberfiber

twisted pair, DSLtwisted pair, DSL

Fiber, FTTHFiber, FTTH

Service 2Service 2

xtalkxtalk
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The Main Technology IssueThe Main Technology Issue 
(a prime app for MU)(a prime app for MU)

Crosstalk Crosstalk –– interference between linesinterference between lines
Increases with frequency (data rate)Increases with frequency (data rate)
Largest source of noise and performance lossLargest source of noise and performance loss
Requires spectrum managementRequires spectrum management

Cross-section of cable
Also, space
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Static Spectrum ManagementStatic Spectrum Management

Up (green) does not like down (yellow)Up (green) does not like down (yellow)
Avoid overlap of yellow with green = static SMAvoid overlap of yellow with green = static SM

Fix allocations to compromise ILEC/CLECFix allocations to compromise ILEC/CLEC
but but xtalkxtalk/lines are different as are customers in /lines are different as are customers in 
each locationeach location

ILECILEC

CLECCLEC
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DYNAMIC SM = MU MethodsDYNAMIC SM = MU Methods

Line spectra/signals varied according to situationLine spectra/signals varied according to situation
Data rates/symmetries of customersData rates/symmetries of customers
Relative line lengthsRelative line lengths
Topology of cable loopsTopology of cable loops

Large Improvements PossibleLarge Improvements Possible
Migration Strategy to DSL/DSM of future Migration Strategy to DSL/DSM of future 
necessarynecessary

Line to packet unbundlingLine to packet unbundling
Static to dynamic spectrum managementStatic to dynamic spectrum management
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DSL Evolution GoalDSL Evolution Goal

ADSL VDSL VDSL- EFM VEFM
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Loop Plant of a Service ProviderLoop Plant of a Service Provider

Convenient pointsConvenient points
RT, SAI (distribution node), pedestalRT, SAI (distribution node), pedestal

Central
Office

Main
Distributing
Frame

equipment

SAI

feeder

distribution

pedestals

drop wire

Inside wire

Telephone Loop Plant
customer
premises

20,000 to                                     1,500 to          200 to                         4 to
160,000                                         4,000           800                            12

number of lines present at a site

22,000 feet                                 9,000 feet          3,000 feet                  500 ft
wire length to customer (90th percentile)

NID
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Dynamic Spectrum Management StepsDynamic Spectrum Management Steps

Spectrum balancing Spectrum balancing –– line unbundling line unbundling 
For existing For existing ““line unbundlingline unbundling”” situation where 3situation where 3rdrd party can make party can make 
recommendations to individual lines, all or somerecommendations to individual lines, all or some
Evolution to packet unbundling where situations are mixed Evolution to packet unbundling where situations are mixed pacpac/line/line
Implementation possible with current ADSL, VDSL systemsImplementation possible with current ADSL, VDSL systems

Vectoring Vectoring –– packet unbundlingpacket unbundling
Lines coordinated at ONU side (or CO side) in terms of signals Lines coordinated at ONU side (or CO side) in terms of signals 
placed on the line (packet placed on the line (packet unbundingunbunding))
Highest possible performance levels, shortest linesHighest possible performance levels, shortest lines
AddAdd--on (backward compatible) with ADSL, VDSLon (backward compatible) with ADSL, VDSL
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Towards EthernetTowards Ethernet

DSLAMsDSLAMs
Move toward customerMove toward customer
Speeds go up and DSM usedSpeeds go up and DSM used
Ethernet reused on top of DSLEthernet reused on top of DSL

MultiuserMultiuser methodsmethods
Spectrum balancingSpectrum balancing
VectoringVectoring
Combination of pairs to get 10, 100, or Combination of pairs to get 10, 100, or 
10001000
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Outline Outline –– Part 4Part 4

DSL and Ethernet ApplicationsDSL and Ethernet Applications
Evolution of DSL and DSM Evolution of DSL and DSM vsvs SMSM

UnbundlingUnbundling
Towards Towards ethernetethernet

MultiuserMultiuser Spectrum BalancingSpectrum Balancing
Vectored VDSLVectored VDSL
Vectored EthernetVectored Ethernet
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Spectrum BalancingSpectrum Balancing

ILEC

CLEC

Lines report informationLines report information
Helps with deployment, problem isolationHelps with deployment, problem isolation
Can be used for DSMCan be used for DSM

Cent main recommends line spectraCent main recommends line spectra

Central DSM/DSL MaintenanceCentral DSM/DSL Maintenance
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Need FiberPremium Service
Or
Maintenance necessary

Translation to Telco TermsTranslation to Telco Terms

Problem?

Data Rate?
Cheap service

time of daytime of day
as availableas available
guaranteedguaranteed
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DSLAMDSLAM MDFMDF
&/or&/or

splitter(s)splitter(s)

ADSLADSL

ADSLADSL

ADSLADSL

Network MaintenanceNetwork Maintenance

POTSPOTS
SwitchSwitch

MLTMLT

TelcoTelco’’s want to knows want to know
prevent problemsprevent problems
make $ make $ 

>$>$1B/rboc1B/rboc--ptt/yrptt/yr !!
Spec ManagementSpec Management

DSLTDSLT ADSLADSL
DynamicDynamic
SpectrumSpectrum

ManagementManagement
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Rate REGIONSRate REGIONS

Plot of all possible rates of linesPlot of all possible rates of lines
UpstreamUpstream
DownstreamDownstream

Any point in region is possible, but each with different spectraAny point in region is possible, but each with different spectra
Varies for each cable and loop topologyVaries for each cable and loop topology
Varies for each combination of desired (allowed) ratesVaries for each combination of desired (allowed) rates

RRshortshort

RRlonglong

Spectral pair 1Spectral pair 1

Spectral pair 2Spectral pair 2
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Simple Example Simple Example ––PBOPBO

4 lines at 30004 lines at 3000’’ (7.8 Mbps upstream)(7.8 Mbps upstream)
Line at 500, 1000, 1500, 2000, 2500Line at 500, 1000, 1500, 2000, 2500’’
Compare against best SSMCompare against best SSM

Very little coordination (power of line, rate)Very little coordination (power of line, rate)

500500 14.0               28.514.0               28.5
10001000 11.5             24.011.5             24.0
15001500 10.0              19.510.0              19.5
20002000 9.0              15.59.0              15.5
2500                8.5                11.02500                8.5                11.0

Ref length(SSM)    Ref length(SSM)    iterwateriterwater..
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So far, Static SMSo far, Static SM

PlansPlans
998 (USA) 998 (USA) –– more asymmetricmore asymmetric

997 (Europe) 997 (Europe) –– more symmetricmore symmetric

Flex planFlex plan
Number of bands programmableNumber of bands programmable
Start/stop frequencies programmableStart/stop frequencies programmable
USA VDSL Standard USA VDSL Standard –– part 3 (allows DSM)part 3 (allows DSM)
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998 with spectrum balancing998 with spectrum balancing
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flex with spectrum balancingflex with spectrum balancing

Line1500 ft versus 3000 ft.Line1500 ft versus 3000 ft.
26/13 Mbps on 300026/13 Mbps on 3000’’, 52/26 Mbps on 1500, 52/26 Mbps on 1500’’
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VDSL and ADSLVDSL and ADSL
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Yellow on short line acts like greenYellow on short line acts like green
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5/.5.5/.5.

Down 3000’ Down 4500’
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VDSL and ADSL with VDSL and ADSL with Hdsl/IdsnHdsl/Idsn

90009000’’ ADSLADSL
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Outline Outline –– Part 4Part 4

DSL and Ethernet ApplicationsDSL and Ethernet Applications
Evolution of DSL and DSM Evolution of DSL and DSM vsvs SMSM

UnbundlingUnbundling
Towards Towards ethernetethernet

MultiuserMultiuser Spectrum BalancingSpectrum Balancing
Vectored VDSLVectored VDSL
Vectored EthernetVectored Ethernet
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Vectoring ResultsVectoring Results
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Rate RegionsRate Regions
Last slide had all lines same lengthLast slide had all lines same length
Rate Region allows tradeoffs between lines (1500, 1000)Rate Region allows tradeoffs between lines (1500, 1000)
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No Data-Coordination
Vectored-VDSL       
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How much better can we do?How much better can we do? 
(ADSL) (ADSL) 
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Ultimate VDSLUltimate VDSL
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Outline Outline –– Part 4Part 4

DSL and Ethernet ApplicationsDSL and Ethernet Applications
Evolution of DSL and DSM Evolution of DSL and DSM vsvs SMSM

UnbundlingUnbundling
Towards Towards ethernetethernet

MultiuserMultiuser Spectrum BalancingSpectrum Balancing
Vectored VDSLVectored VDSL
Vectored EthernetVectored Ethernet
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EFM ExamplesEFM Examples
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EFM RangeEFM Range

2 lines, 100BT at 1 km2 lines, 100BT at 1 km
10BT at 1 km on one line easily10BT at 1 km on one line easily
4 lines, 100BT at 2 km4 lines, 100BT at 2 km

500 1000 1500
0

20

40

60

80

100

120

140

160

180

200

Wire Length (m)

D
at

a 
R

at
e 

(M
bp

s)

Data Rates achievable over a CAT-5 private network

Vectoring within bundle with 20dBm power  
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Ethernet ExamplesEthernet Examples

50 100 150 200 250 300 350 400 450 500
0

2

4

6

8

10

12

14

16

18

20

Wire Length (m)

D
at

a 
R

at
e 

(G
bp

s)
Data Rates achievable over a CAT-5 private network

VDSL          
Quad - 25 MHz 
Quad - 50 MHz 
Quad - 100 MHz
Quad - 200 MHz
Quad - 400 MHz



47 MultiuserMultiuser WondersWonders

Copper has more Copper has more bwbw than fiber?than fiber?

50 line bundle in last segment of phone 50 line bundle in last segment of phone 
networknetwork

50 lines (200 Mbps/line) = 10 50 lines (200 Mbps/line) = 10 GbpsGbps
FTTH shares 2.5 FTTH shares 2.5 GbpsGbps among several homes in among several homes in 
PON architecturePON architecture

Get bandwidth up in fiber connections to and Get bandwidth up in fiber connections to and 
within network within network 

Copper in last mile has more BW than system can Copper in last mile has more BW than system can 
handlehandle

100BT/100 Mbps to everyone, everywhere a 100BT/100 Mbps to everyone, everywhere a 
phone line goes, is possible in the next phone line goes, is possible in the next 
decade.decade.
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ConclusionsConclusions

Enormous wireline opportunity for Enormous wireline opportunity for multiusermultiuser
Gains may be even larger than for wirelessGains may be even larger than for wireless
Relatively stationary environmentRelatively stationary environment

The real broadbandThe real broadband
At least 100 BT to everyone anywhere over a At least 100 BT to everyone anywhere over a 
twisted pairtwisted pair

DataData
Voice, voice, voiceVoice, voice, voice
VideoVideo

Welcome to the broadband age in this century Welcome to the broadband age in this century 
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Parts 3 and 4: Outline/ScheduleParts 3 and 4: Outline/Schedule

2:002:00--2:452:45 MU TheoryMU Theory
2:452:45--3:303:30 channels for wirelinechannels for wireline
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