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Fiber in the Loop

The close ofthe 1980s saw many trials and applications ofjiber in the loop or
FITL. Most delivered traditional telephony (i.e., narrowband) services to the
home, but a few provided bothnarrowband and entertainment video (i.e.,
broadband) services. During that time, the local-exchange carriers (LECs)
also formulated theirobjectives and strategies for deploying FITL. As they
gained a betterunderstanding ofthe marketplace and the political realities
ofdelivering video services, the LECs adopted an FITL-deployment strategy
based onstrict cost-effectiveness for the delivery oftraditional telephone
services. However, any fiber-optic access architecture theyadopt has to sup­
portbroadband services in the future. To address the costand service chal­
lenges ofFITL, the LECs and vendors must continually evaluate many alter­
native access architectures to identify potential advantages that can help
fiber access achieve costparity with copper access. Total system costs must
be considered including electrical and optical components, powering sys­
tem, fiber andcable components, and life-cycle costs (Le., administration,
maintenance, assignment, and provisioning operations).

Introduction
In recentyears, the telecommunica­

tionsindustry has piqued its customers' inter­
est with the promise offuturistic services that
would revolutionalize their lifestyles bothat
homeand at the office. Simultaneous trans­
mission ofhigh-resolution video, digital audio,
and datawill opena newworld ofinteractive
services to users. Onecan envision such capa­
bilities as electronic encyclopedias, shopping
catalogs, travel anddining services, banking,
andmuchmorebeingbroughtto the home.
Pay-per-listen services, with the ability to pro­
vide full-range audio andhigh-resolution
video on demand, will makehomeentertain­
mentan entirely newexperience. Telernedi­
cineand othervideo-imaging applications will
allow better use ofour most important
resources (i.e., special expertssuchas a
world-class heart surgeon) and improve the
efficiency ofour workforce ingeneral.

Critical to the realization ofthese
services is the availability ofa transmission
medium to each user, a medium that has the

necessary bandwidth capability. Arguably,
copper pairsandcoaxial cable canaccomplish
that taskforseveral ofthese services. Butas
oneenvisions the broadband services
expected overthe nextdecade and beyond,
fiber is generally accepted as the appropriate,
longerterm solution. Telecommunications
providers recognize the opportunity these
services offer to generatemorerevenue from
their networks andare anxious to put in place
the necessary fiberinfrastructure.

Fiber Enters the Network. The existing
loop portion ofthe network-i.e., the media
that connect subscribers to the central
office-consists predominantly ofpairs of
copper conductors. In 1982 whenAT&T intro­
duced the firstfiber SLC® carriersystem,1

fiber startedto provide the feeder portion of
the loop (seeFigure 1a). [The feeder is the
partbetween the central office andthe
remote terminal (RT). The RT is usually
located at a distribution point in the outside
plantfrom which a particular geographic area
ofcustomers is served.] The use offiber-
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(a)Figure 1. Evolution of
fiber access in the
loop. (a) The fiber
SLC carrier system
provided fiber in the
feeder portion of the
loop. Copper was still

used in the distribu­
tion portion.
(b) Initially, the flber­

to-the-home feature of
the SLC Series 5 car­

rier system added
fiber to the distribu­
tion portion of the
loop, but each home
required a separate

distant terminal.
(c) With fiber to the

curb, a cluster of
homes may be fed
from a single distant

terminal.

based feederhas been a quickly growing trend in recent
years,and is now a widely accepted practice in the indus­
try. However, the distribution portion ofthe loop (i.e., the
part between the remote terminal and the subscribers)
has remained allcopper. (Panel 1 defines acronyms and
terms used in this paper.)

AT&T recognized the need for an infrastructure
with greater bandwidth capability to each subscriber
and, in 1988, introduced the firstjiber-to-the-home (FITH)
system. The system (see Figure 1b) used existing SLC®
Series5 equipment over several high-speed fiberlinks
between the centraloffice and remoteterminal. For the
remote terminal, AT&T had developed special channel
units and optical cards that allow two or four DSO chan­
nels to be transmitted overa singlefiber to a distant ter­
minal (DT) mounted on the side ofa subscriber'shome.
Atthe distantterminal, the optical signals werecon­
verted to electrical signals and demultiplexed.

Conventional copperdropwireswere then run
from the distantterminal intothe home.Each distantter­
minal had the necessarypowerconversion equipment,

ringinggenerator,and batteries. This architecture pro­
vided POTS (plain old telephone service) to subscribers
overa nearly all-fiber loop.

FilL Deployment. Mosttrialsand earlyapplications
wereconcerned with the delivery oftraditional narrow­
band service to the home,i.e., POTS. However, a few
trialswere designed to showthat the LECs could deliver
both narrowband and entertainment video services to the
home. In general, this wasa period ofexperimentation as
several LECs deployed systemsfrom several vendors who
used different approaches forfiberaccess.

This wasalsothe timewhenthe LECs defined
their FITL objectives andformed strategiesfor FITL
deployments. Theybegan to understandthe marketplace
and the political realities oftheir entry intothe delivery
ofvideo services. Strictcost-effectiveness became their
FITL deployment strategyfor POTS delivery. However,
they expected futureopportunities that would require
fiberaccess to supportand carrybroadband service-in
particular, community-antenna television (CAlV) in the
near term,and broadband integrated services digital
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Panel 1. Abbreviations, Acronyms, and Terms

AM - amplitude modulated
BISDN - broadband integrated services digital network
CAlV - community-antenna television; cable television

is the mostprevalent form
distribution - portion ofthe loop between the remote

terminal and the subscribers
DLC - digital loop carrier
DSO - digital signal level 0; a transmission rate of

64kb/s (one channel) in the time-division­
multiplexing hierarchy

DT - distantterminal
EMI - electromagnetic interference
FDM - frequency-division multiplexing
feeder - the portion ofthe loop between the central

office and the remoteterminal
FITL - fiberin the loop
FITC - fiberto the curb
FITH - fiberto the home
IFC - installed firstcost
InGaAsP - indium gallium arsenide phosphide
InP-InGaAs -layered indium phosphide and indium

gallium arsenide
LEC -local-exchange carriers
LED -light-emitting diode

network (BISDN) in the longterm. (Cable television is
probably the mostwidely known form ofCAlV and is
often used as the meaning ofthis acronym.)

In this paper, wediscuss the issues identified in
the FITL trials, and the economics offiberaccessversus
copper access. Wealso briefly describe alternative archi­
tectures foran FITL system, and discussthe rolesofstan­
dardsand standard interfaces. Finally, wedescribe the
technologies used inAT&T's FITL system.

Field Trials and Issues
The LECs wereextremely interested in examin­

ingthe FITH concept and have conducted field trialsover
the lastfew years. While other telecommunications sup­
pliers have introduced FITH systems, mostofthe field
trials in the United StatesusedAT&T equipment. These
trialsencompassed a diverse groupofRegional Bell

loop - the media that connect subscribers to the cen­
traloffice

ur -living unit
MLT-LMOS -loop-maintenance operations system for

mechanized loop testing
MSDT - multiservices distant terminal
OAM&P - operations, administration, maintenance, and

provisioning
PIN - positive-intrinsic-negative
PON - passive optical network
POTS - plain oldtelephone service
OILU - optical interface unit
RT- remote terminal; located at a distribution point in

the outside plantfrom which a particular geo­
graphic area ofcustomers is served

tapered fiber- diameter ofthe optical fiberincreases
(ordecreases) with distance along the fiber's opti­
calaxis

SIR - signal-to-interference ratio
lV- television
UHF - ultrahighfrequency
VCR - video-cassette recorder
VHF - veryhighfrequency
VSB-AM - vestigial sideband, amplitude modulated
WDM - wavelength-division multiplexer

Operating Companies and independent LECS, and
involved a wide cross-section ofgeographic locations.

The AT&T trials, which focussed on the delivery
oftraditional narrowband telephone service, were consid­
ered so successful that allthese systems are still in ser­
vice and there are no plans to replace them. Oursystem
metbothAT&T's and ourcustomers' expectations for
installation, network performance, andhardware reliabil­
ity. However, these trialsidentified several issuesthat
mustbe solved before fibercanbe deployed ubiquitously
in the loop:
- Costoffiberloops versuscopper loops
- Powering arrangements fordistant terminals
- Operations, administration, maintenance, andprovi-

sioning (OAM&P) procedures.
Cost Parity with Copper. The first issuethat faces

the FITL concept is to achieve life-cycle cost parity with
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copperloops. (Life-eycle cost refers to all the expenditures
associated witha system'speriod ofdeployment; i.e.,
installation, cost ofequipment, operating costs, mainte­
nance, capital depreciation, and replacement ofworn-out
itemssuch as batteries.)

Because the servicesavailable todaydo not man­
date the installation offiber in the loop, the LECs have
based their FITL deployment strategyon strict,cost­
effective delivery oftraditional telephone services. The
trialactivity confirms that this will be an imposing target.

The high initial costs offiber, active optical
devices, and relatedelectronics suggest that the FITH
architecture cannotshowcost parity in the near term
with low-eost, conventional copper-access alternatives.

Powering the DTs. The secondissue is howto sup­
plypowerreliably and efficiently to the distantterminals.
Copper distribution plantdoes not require remote power­
ing.But if electronics and optics are placed near the
homes, these components do require a remote power
source.In addition, allapplications require backuppower
arrangements, e.g.,batteries, which are used when nor­
malpoweris not available. (We will return to this power­
ing issue shortly.)

OAM&P Procedures. Athird major issue is to estab­
lish efficient operations, administration, and maintenance
proceduresfor FITL applications. To offset the first-cost
penalties associated withFITL systems, the LECs are rely­
ing on the life-eycle cost benefitsofa fiber loop. This
means that the"cost ofadministration, maintenance, and
assignment operations must be reduced, compared to
this cost withthe copperalternative. (SeeAppendix A)

FITL systemsneed to be designedwithbuilt-in
maintenance, testing, and monitoring capabilities that
must be compatible withthe LECS' existing methods,
procedures, and operations supportsystems.

Interrelated Solution. Because these issues are
interrelated, they cannotbe solved individually. Asthe
LECs try to move from the trialphase to the deployment
phase, the need for immediate, cost-effective FITL solu­
tionshas becomethe overriding consideration. Aformid­
ablechallenge for systemdesignerswill be to solve these
issueswhile increasing the overall reliability ofthe loop.

Economics
The Public Utility Commissions will closely scru­

tinize the use of FITL technology and require that the
LECs justify the cost ofthis technology economically
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versus that oftraditional copperalternatives.
Toward that end, the FITH architecture

describedearlierhas evolved to z fiber-to-the-curb (FITc)
concept (see Figure lc). While the FITH configuration is
compelling becauseofits simplicity and maximum fiber
penetration, the placement ofactive electronics and
optics on each house cannotbe justified economically.
The need to share these costs has driven the LECs to
relocate the distantterminal to curbside, wherecommon
costs can be spread amongseveralcustomers. Copper
drops are run fromthe distantterminal to each subscri­
ber's home; standarddistant-terminal equipment readily
accommodates distancesup to 1300 feet.

The hybrid, fiberand copperdistribution portion
ofthe loop shouldbe adequate for near-term services.
However, each FITL vendoris developing an evolution
strategyto use fiberall the way to the hometo provide
BISDN service in the longer term.

In responseto the need foran FITC vehicle,
AT&T has developed its second-generation FITL system.
The newSLC-2000® multiservices distantterminal
(MSDT) will operate initially witha SLC Series5 remote
terminal but is designedto be compatible with the
upcoming SLC-2000 accesssystem. The MSDT can pro­
videup to 24DSO channels, which are transported from
the remoteterminal overa single, bidirectional fiberlink.
Unlike the earlier FITH system, the MSDT provides a full­
range of POTS and special services for residential and
small-business customers.

Increasedsharingofelectronics is the near­
term key to FITL economics. Whenthe MSDT is deployed
at the higher sharinglevels it permits, its cost allows the
LECs to meet their FITL cost objectives. The LEC cost tar­
gets are based on comparisons to copperalternatives. To
develop these targets, one generally uses a model for the
costs ofinstalling the distribution portion ofthe entire
loop. Any preconditioning forfutureservices-such as
installing more than one fiberper distantterminal, or
placing wavelength-division multiplexers (WDM) for
future transportofsimultaneous signals on a common
fiber-will lowerthe remaining cost targets for the
active electronics.

The challenge here is to develop a schemeto
upgradea network from POTS to BISDN service, yet use
the smallestnumber offibersper distantterminal. Plans
for services beyond telephony, and perhapscabletelevi­
sion, mustbe adjusted regularly untila demand for such



LUs per DT

The requirements for the early FTTH systems
specified that the distantterminals be powered from an
ac (alternating current) sourceprovided by the electric
utility and haveup to 8 hours ofbatteryreserve. How­
ever, the FTTH trialspointed out that coordination
between the LECs and the electric utilities could be an
administrative problem.

Atthe requestofsomecustomers, AT&T devel­
opedan alternative arrangement that obtained power
directly from the customer's premises. In this approach,
a low-voltage de (direct current) power supply was
installed on the outside wall ofeachhouse bythe LEC
craftsperson. Although this local-power alternative elimi­
nates the coordination issuewith commercial power,
concernsremain aboutthe performance, reservetime,
life expectancy, monitoring, and replacement ofthe
multitude ofbatteries.

Operation duringlong-term power failures is
impractical with both the commercial- andlocal-power
arrangements.

The move to an FTTC conceptenables the LECs
to considera third power alternative, i.e., network power­
ing. Here,-130V (volts) ofde power would be provided to
each distantterminal from a centralized pointowned by
the LEC. This schemewould centralize batteriesat one
location (perhaps, at the remoteterminal), which elimi­
nates their need at each distantterminal. In addition, net­
workpowering permits easierservicing and allows a
motorgenerator to be used in emergencies. However,
somecopperis requiredfrom the centralpower point
to each distantterminal to supply the power.

Figure2 compares pricecurvesfor FITL equip­
mentwith local power andwith network power. (See
Appendix Bforfurtherdiscussion ofthe powering issue.)
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services exists in the residential environment.
The numberofliving units (LUS) that a distant

terminal serves dependson the:
- LEC'S cost targets
- Topology ofthe particular area to be served
- Planning and engineering practices used bythe LEC.
As one can see from the typical installed-first-eost (IFC)
targetand FITL prices in Figure2,most LEC cost targets
canbe met whena distantterminal serves8 to 16living
units. To be effectively deployed in this environment
(i.e., meet the LEC's FITL cost targets), distantterminals
mustbe ableto serve24or morelines.

Figure 2. Flber-in-the-Ioop (FITL) price targets. Most
installed-f1rst-cost (IFC) targets can be met when a distant
terminal (DT) serves 8 to 16 living units (LUs). Because
power to the distant terminals comes from a central point
(e.g., the remote terminal), the network-powering scheme
needs fewer battery sites than the local-power approach but
requires a copper distribution network.

Powering the Fiber Loop
Aswestatedearlier, the second FITL issue to be

addressed is that ofdeveloping practical and affordable
powering arrangements. Recent natural disasters-such
as the California earthquakesin SanFrancisco in 1989
andLos Angeles in 1990, and Hurricane Hugoin the
Southeast in 199G-haveemphasized the need ofthe tele­
phone network to operatefor extended periodswhen
commercial power has been lost. Disastershavealso
broughtintoquestion the powering architecture and
requirements for fibersystems.

Alternative Architectures
The need to reducethe costper living unitof

FITL systemshas prompted an aggressive searchamong
alternative fiber-access architectures as a possible way to
moderate the high costs ofnewoptical technologies.

The AT&T offering currently uses a technique
known as the active stararchitecture (Figure 3a).In this
arrangement, certainnetwork-management functions
(suchas switch interfaces andbandwidth management)
andhigh-speed multiplexing are doneat the remotenode
(orthe remoteterminal inAT&Tssystem). Individual
low bit-rate [i.e., 1.5 Mb/s (megabits per second)], low-
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Figure 3. Architectural alternatives for FIll access. (a) In
the star configuration, network management and high-speed
multiplexing occur at the remote node, i.e., the remote ter­
minal in AT&T's current system. Indivlduallow-bit-rate (Le.,
1.5 Mb/s), low-loss links are established between the node
and each distant terminal. (b) In the passive optical net­
work or PON, the network-management functions are done
at an office node (or central office in the AT&T terminology).
From there, a high bit-rate (l.e., 20 Mb/s) link is established
to a point near the distant terminals. Several distant termi­
nals share the cost of the optics, and fewer fibers are used.
(c) Analysis of the installed first costs of two alternatives
for narrowband services shows that neither architecture
offers an economic advantage. However, increased sharing
improves the economics of both alternatives.

loss linksare established between the remotenodeand
each distantterminal.

Another alternative, the passive optical network
(PON) architecture in Figure3b, is based on the principle
ofsharing the cost ofthe optics across several distant
terminals and reducing the totalnumberoffibersused.
In a PON arrangement, the network-management func­
tionsare moved back to an office node (or the central
office in AT&T terminology). Fromthis point, a high bit­
rate (i.e., 20Mb/s) linkis established to a pointnear the
distantterminals.

Conceptually, the PON arrangement would
appearto provide a significant cost benefit. Butwhen
one does a comprehensive comparison ofthe economics
ofthe two architectures, that is not the case.

Three components-the distantterminal, power,
and media-dominate the cost ofthe FITL systems. The
distant-terminal and powercosts for the two
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architectures are the same.While the PON may use
somewhat less fiber than the star, the media costs are
influenced largely by the laborcomponent (i.e., trench­
ingand placement) and,therefore, are not significantly
different for the two architectures. Finally, the cost ofthe
higher speed,higher poweroptics ofthe PON offsets
muchofanymediaadvantage.

Acomprehensive analysis (Figure 3c) shows
that no architecture has compelling economic advantage
relative to the alternatives, based on installed first costs
fornarrowband services. To the first order, allproposed
architectures are at parity.

The choice ofarchitecture is receiving a tremen­
dousamountofattention within the industry. Unfortu­
nately, those discussions often cloudthe real issues,
which are independent ofarchitecture. Asthe analysis
shows, it is increased sharingofdistantterminals that
has the major impact on cost with both ofthese alterna­
tives. While distant-terminal costs maymoderate over
time, anywide-scale deployment for the next 5 to 10years
mustbe madebased on an FTfC approach. The sharing
ofdistant-terminal costs over8 to 16living unitsallows
FITL systemsto satisfy LEC cost targets.

Standards and Standard Interfaces
Several design parameters define the voice­

frequency transmission performance ofa loop transmis­
sion system. For DLC terminals, these parametersare
carefully defined and specified in Bellcore's TR57. 2 (DLC
standsfordigital loop carrier, e.g., the SLC Series5 car­
rier.) Duringthe development ofthe initial FITL system
andfrom field-deployment experiences, it becameclear
that there are significant differences between a typical
DLC systemand an FITL system.

If the only consideration were the operation of
simple telephone sets, then the batterysupply could be
as low as lOY. This would be desirable from a powering
viewpoint, but there are reasonsthat preclude the use of
a low-voltage feed:
- Answering machines havea 2lVthresholdthat is used

to detecton off-hook on the line, i.e., someone lifted
the handset to begina call. (This thresholdis speci­
fied byTlCl, the committee ofthe American National
Standards Institute that sets standardsforcustomer­
premisesequipment.)

- Maintenance termination units, which are test isola­
tors used by many companies, havea nominal 36V

breakdown threshold.
- Weare dealing with a largeembedded base ofloop

terminal products designed to expectthat a 48V bat­
tery circuitwould be used to feed the loop.

For many cases (e.g., microphone requirements and
Touch-Tone dialing), the use ofa lower voltage is not
a problem. Set designerswill probably continue to
assumea 48V feed. However, until a specific standard
existsthat describes a low-voltage interface, it is prudent
forchannel-unit circuits to havea minimum open-eircuit
voltage of42.5V, the voltage that corresponds to DLC and
central-office channel units.

Telephone dialers are requiredto operate with
loop currents as low as 18rnA (milliamperes). Again,
from a power-consumption viewpoint, it would be desir­
ableto operate at this current. There is a fundamental
reasonto set the value ofloop current higher: Telephone
sets are normally designed with loop-length compen­
sators that increase the gainon longloops bysensing
the loop current.Although wecould cancel this effect by
increasing channel-unit loss, the compensators cannot
completely makeup for the progressively reducedand
uncharacterized efficiency ofcarbon microphones below
30rnA. To compensate for the increased gain, wecould,
in principle, precisely adjustthe gainin eachdirection.
However, the symmetry requirement (i.e., TR57) and the
uncharacterized natureofmicrophone performance call
fora minimum loop current of30rnA.

Mostloop-transmission plans specify a channel­
terminal impedance of900 ohmsin serieswith 2.16 micro­
farads. Thisvalue is a compromise based on a best, com­
posite grade ofservice forallcustomers within the ser­
vice area ofthe system. Customers located closeto the
channelcircuitor at the end ofthe serving rangereceive
poorertransmission performance than those near the
centerofthe serving range. All customers on an FITL sys­
tem are connected with a zero-loss loop. Hence, a more
appropriate terminal impedance is 600 ohms, i.e., the
nominal impedance ofthe telephone set alone.

Transmission plans for loops alsospecify a nomi­
nalloss based on a compromise grade ofservice. When
telephone sets are connected directly to central-office or
DLC channel units, users generally rateda call's sound
quality as too loud. Ourstudiesshowthat, to compensate
for the zero-loss loop, 3 dB (decibels) ofadded lossin
both directions is requiredat a loop current of30rnA.
Asan addedbenefit, this extra loss reduces idle-channel
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Figure 4. The SLC Series 5 carrier system's f1ber-to-the­
home feature. (a) The link model for the system had an
outside-plant loss requirement of 8.2 dB, which Includes
some margin for repair splices. For a two-fiber, analog AM
video and narrowband system (video is on the second fiber),
the video transmission parameters limit outside plant loss,

which then exactly meets Bellcore's requirements. (b) At
the remote terminal and distant terminal, an optical Inter­
face unit serves as the interface to the optical media.

noise (i,e., the residual "hiss" presentwhen neitherparty
is talking). Callers are usually pleased bythe "clear,
quietsound" produced with these parameters. The
return-loss requirements ofTR57 mustbe metbut must
be measured with a 60Ck>hm termination to account for
the newchannel-unit impedance.

Because the veryshort loops ofthe FITL have
minimal exposure to surges andcrosseswhencompared
with normal loops, onemightconclude that a less robust
protection circuit could be used. (Robust refersto the
circuit's ability to tolerate repeated stress.) The possible
consequences oflightning-induced surgesandpower
crossesare so seriousthat webelieve the protection
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requirements shouldnot be compromised at all.
FITL loops alsohavegreatlyreducedexposure to

longitudinal interference. Therefore, the longitudinal bal­
ancerequirement can be reducedfrom 60dBto 40dB or
less. Also, the requirementto accepta longitudinal inter­
fering current without distorting the signal canbe
greatly reduced.

The sizeofthe local ringing generatorin an FITL
system can take intoaccount the reducedloop loss. But
like anyDLC system, the FITL systemmustallow for five
ringerson each lineand cannotmakeassumptions about
coincidence on different lines. Thus, these systemscan
reducethe ringing voltage to 70Vac (volts alternating
current) and stillmaintain full service capability. The pro­
vision ofringing voltage is, perhaps, the mostonerousof
the powering issuesfor loop-fiber systems.

To isolate a problem, designersofloop-testing
systemsgo to great lengths to model and measurethe
electrical characteristics ofa questionable circuitwith
high accuracy. The longloopis the sourceofmany of
the measuring difficulties. Whena veryshort drop is
used,one can ignorethe effects oflongitudinal interfer­
ence.The masking effect ofthe loop resistance on ringer
detection and receiver off-hook detection is removed,
and it is possible to designa cost-effective test module
that canbe used in each terminal.

These findings are beingincorporated intothe
nextgeneration ofFITL systemsand haveprovided input
to Bellcore's newstandard, TA-NWT-00909.3

Optical Technologies and Architecture
Before the FITL systemwasdeveloped, several

decisions aboutthe general systemdesignwereneces­
sary, including:
- Choice offiber type (l.e., single modeversus multi-

mode)
- Optical device technologies to be used
- General transmission architecture.
Although wediscussthem sequentially here, these top­
icsobviously are interrelated and decision making wasa
feedback process.

Optical Medium. In some respect, the typeofopti­
calmedium wasan easychoice. Our customers dictated
that we use single-mode fiber. The reasonfor this was
clear: The entirepurposeofinstalling a fiber-optic infra­
structurewasto be readyto transportfuture services to
subscribers. Because manyofthese are likely to be wide

bandwidth services, the use ofmultimode fibercould
presenta bandwidth bottleneck to service evolution.

Clearly, there weresomeeconomic benefits to
the use ofmultimode fiber. In 1987 whenAT&T's FITL
systemwasinitially designed, multimode splices and
connectors wereless expensive than their single-mode
equivalents. Also, the timerequired to makemultimode
splices in the field wasshorter and,therefore, theywere
less expensive than single-mode splices. However, it was
alsoclearat the timethat learning-curve effects would
bringthe two technologies to equality within a short
time. This has sinceproved to be true.

Oneofthe moredifficult decisions madewas
aboutthe numberoffibers per distantterminal to be
used only for narrowband services. Because these ser­
vices are bidirectional, wehad two choices:
- Usetwo fibers to obtain bidirectionality, as in most

optical telecommunications systems.
- Useone fiberand someform ofoptical or electronic

bidirectionality.
After careful analysis ofthe economic tradeoffs ofthe
various techniques, AT&T decided that a single-fiber
systemwasthe best option for the lowest cost system
to provide only narrowband services.

The systemwasrequired to operate overa
range of3.6 km (kilometers). The outside-plant loss
requirement (see Figure4a) established for the system
designwas8.2 dB, which includes somemargin for
repairsplices. This exceedsthe point-to-point equivalent
requirement of6.5 dBin Bellcore's TA-NWT-00909.3

But if the systemis deployed as a two-fiber, analog AM
(amplitude modulation) video and narrowband system!
(where video is on the secondfiber), then the outside­
plantloss is limited bythe video transmission parame­
ters and exactly meets the Bellcore requirements. This
mayseem to be veryhigh loss fora 3.6-km range. How­
ever,it is important to understand that distribution plant
typically contains many splices becauseofthe high
degree ofbranching andtapering ofthe fibernetwork
within this portion ofthe loop.

Optical Device Technology. The mostfundamental
optical parameter to be dealtwith is the choice ofwave­
length. Three wavelength windows are available: 800 nm
(nanometer), 1310 nm,and 1550 nm.

In many respects, the 800-nm window is attrac­
tive. The lasers madeforcompact diskplayers operate at
800 nm and are available at low cost.These lasersare
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packaged and screenedfor reliable operation in the
telecommunications environment and have enough opti­
calpower outputto overcome the increased fiber lossat
these short wavelengths (i.e., SOO nm). The primary diffi­
culty with the use ofshort-wavelength devices is that
there currently are no standards on the use ofthe short­
wavelength window on single-mode fiber, although the
Telecommunications Industry Association is developing
such a standard. The real issue is that single-mode fiber
is no longersingle mode below about900 nm.Without
these standards, our customers are unlikely to support
the use ofthe SOo-nm window.

Weruledout the 155O-nm window because of
the lackofwidespread availability of155O-nm devices,
their increased cost (over 131o-nm devices) whereavail­
able, and technical issues involved with their operation
and reliability in high-temperature applications.

Given this, the wavelength choice was1310 nm.
Eithersurface-emitting LEDs (light-emitting diodes),
edge-emitting LEDs, or laserscould be considered as the
optical source. 5

Surface-emitting LEDs would representthe most
cost-effective solution, both from a device-eost viewpoint
and because ofthe simplicity ofthe required drive and
control circuitry. However, the coupled outputpower
into single-mode fiberwasdeemed inadequate. Edge­
emitting LEDs offer greater coupled outputpower than
surface-emitting LEDs, but at a cost that approaches
lasers.Also, their increased drive-circuit complexity
approaches that ofa laser driver. For these reasons, the
system uses lasersas the optical sources.

The laserused in the systemis optimized forthis
application. Typical telecommunications lasersandtheir
packaging have been optimized for long-haul operation.
In such applications, the goalsare veryhighcoupled out­
putpower and speed. These requirements leadto:
- Expensive, low-eapacitance andlow-inductance packages
- Thermoelectric coolers
- Stringent requirements on the laserchipitself.

For our application, the laser operates at
1.544 Mb/s and needs only modest outputpower; there­
fore, the chipand package requirements wereconsider­
ably relaxed. Also, inFITH applications, the costand
power dissipation associated with thermoelectric cooling
is undesirable. Therefore, wedesigned the laserand
associated drive circuitry to accommodate an operating
temperature rangefrom -40°C to +S5°C, without the use
ofa thermoelectric cooler.
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Transmission Architecture. The mostdirectway to
obtain bidirectional transmission on a single fiberis to
use the optical equivalent ofthe hybrid transformer"
used ina standard telephone set and to transmit inboth
directions at baseband. The optical equivalent ofthis
transformer is a 2 x 2 optical coupler with oneporttermi­
natedin the characteristic impedance (Le., the refractive
index) ofthe fiber. Figure 4ashows this technique.

This technique has the sameshortcomings here
as it doesfora two-wire, twisted-pair copper network.
That is, it is sensitive to reflections in the network, and
the coupler at eachend introduces (ideally) 3 dBofloss.
The advantages ofthe technique are that simple elec­
tronics are neededforthe transmitter and receiver, and
the optical assemblies (including the transmitter and
receiver) are identical.

Wecanovercome the reflection sensitivity in
several electronic ways. Onemethod is echocancella­
tion, which is used in the long-haul networks. Another is
to separatethe two directions oftransmission in the time
domain viatime-compression multiplexing. However,
both methods still requiresplitters (and their inherent
loss) and complicate the required electronics.

Obviously, an optical way to reduce (butnot
necessarily eliminate) reflection impairments is to use
wavelength-division multiplexing to separate the two
directions oftransmission. However, this doesnotcome
without certain drawbacks, including extracost.

Because the single wavelength, baseband
transmission architecture wasso attractive, weanalyzed
the effects ofoptical reflections on system performance.
Atheoretical analysis7 showed that, if the signal-to­
interference ratio (SIR) wasgreater than 6.5 dB, then the
degradation in receiver sensitivity caused bynear-end,
reflection-induced crosstalk could be keptbelow 1 dB.
(This wasverified byexperimental data.)

Next, wegenerated a model ofwhatcould be
viewed as the mostextreme loop configuration (Fig-
ure 4a). The loop lengthis 6.5 km, which exceeds the
maximum specified lengthbymorethan 50percent.
There are fourstandard splices in the outside plant, one
dropsplice, fourrepairsplices, onecabinet entrance
splice, two WDMs (for possible upgrade use), fourcon­
nectors, and two optical couplers. All contribute reflec­
tions. To model the systemmoreaccurately, weused the
statistical lossand reflection parameters to calculate the
system performance. (Since wedidthis study, the
reflection statistics have improved compared thosewe
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used.) Figure 5ashowsthe total return loss statistics we
generatedusingMonte Carlo methods. The data shows
the probability ofa return lossvalue ofless than 27dBis
less than 0.0001.

We alsocalculated the signal-to-interference
ratio for this link. To stress the systemto its limit, we:
- Usedend-of-life values for allcomponents.
- Assumed worst-case temperatureconditions.
- Added the 3-dB recommended systemmargin as

excess loss to the signal, but not to the reflected
interference.

Figure 5b showsthe tailofthe calculated SIRfor this
extremeconfiguration, which is operating at its perfor­
mance limits. Aswecan see, the probability that the SIR
will be below the 6.5-dB limit is less than 0.0005. In the
realworld, this implies that the probability that anysys­
temwill fail becauseofoptical reflections, for allpractical
purposes, is zero.

Optical Interface Ughtguide Unit. Figure4b is an
exploded view ofthe optical interface unit (OILU) , which
servesas the interface to the optical medlum.f The
InGaAsP laser and InP-InGaAs backface monitor (which
is used to monitor the laser outputpower) are mounted
in an inexpensive, hermetically sealedpackage. The
detectorused is a low-capacitance, lowdark current,
InP-InGaAs PIN photodiode. The splitteris fabricated
usingfused, tapered-fiber technology. "Fiberpigtails"

connectthese components and an optical connector.
All the optical and electrical components are

mounted on one side of the circuitboard. Aplastic orga­
nizersecurelyhouses the optical components and pig­
tailsto protectthem duringassembly and handling ofthe
circuitboard.Because ofthe openarea in its design, the
organizer surrounds electrical components on the circuit
board. The result is a ruggedfinal assembly that can be
handledthe same as anyother circuitboard.

System Evolution. Sofar, our description ofthe
FITL systemhas focused on an implementation for cost­
effective delivery ofnarrowband services. Clearly, the
long-term goalof FITL is to supportbroadband services.
But in the short term, legal, regulatory, and business
issues inhibit the deployment ofthese services in the
telephone industry.

Today, the only commercially proven broadband
service available to residential subscribersis entertain­
ment television. TVsignalsare delivered to homes in
three ways:
- Over-the-air broadcast, at VHF and UHF frequencies.
- Satellite, predominantly at C-band.
- Coaxial cable, at 50MHz (megahertz) and above. This

transportmethodis referred to as CATV.
Currently, CATV is available to 85million homes.

Alarge,nationwide, coaxia1-cable network linksthe ser­
vice providers with the programming providers. In
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Figure 6. A simple double-star architecture delivers analog

VSB-AM video to the home. At the central office, the VSB
spectrum is distributed electrically to optical transmitters,
one for each remote-node site. At the remote node, the opti­
cal signal becomes an electrical signal that is fanned out to

optical line cards that reconvert it to the optical domain.
From there, the optical video signal is transmitted over a
separate fiber in the distribution part of the plant to each

distant terminal, which reconverts the signal to the electri­
cal domain and distributes it to subscribers via coaxial-cable
drop wiring.

addition, a largebase ofcustomer-premises equipment
exists that is designed to interface directly with this ser­
vice. In the United States, over50percentofthe TV sets
and nearly allthe video-cassette recorders (VCRS) have
inputsthat are defined as cable ready. That is, theycan
interface directly with the outputfrom the coaxial cable
without anyfrequency or format translation.

CATV transmission uses a VSB-AM format; that is,
vestigial sideband, amplitude-modulated channelsare
multiplexed togetherviafrequency-division multiplexing
(FDM). 4 This is a broadcastform oftransmission, where
allchannelsare delivered simultaneously to a subscriber
and the TV set or VCR selectsthe correctchannel.

AT&T is usingthe same philosophy forvideo as
has been described for the narrowband services. Its initial
introduction ofvideo transportfor the FITH systemwill
deliver the TV channels viaVSB-AM FDM transmission.

Architectural Considerations. Figure6 shows the
distribution offunctionality fora VSB-AM video system
configured in a star-star architecture. Ascanbe seen,
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this system'sdesign is simple compared to other pro­
posedFITH video systems.

Atthe head end or CATV centraloffice, the VSB
spectrum is distributed electrically to individual optical
transmitters, each servicing a particular remote-node
site.Atthe remotenode, the optical signal is converted
back to an electrical signal that is then fanned out (dis­
tributed) again to individual optical linecardsthat recon­
vert the signal to the optical domain. Fromthere, the
optical video signals are transmitted in the distribution
part ofthe plant (perhaps, afterbeingoptically splittwo
to fourways based on today's technology limits) to dis­
tant terminals. Atthis point, the signal is reconverted to
the electrical domain and distributed to the subscribers
viacoaxia1-cable dropwiring, just as it is today. The
system's current design uses a separatefiber in the dis­
tribution part ofthe plantforvideo transmission.

Summary
FITL is not a revolution, but an important next

step in the evolution ofthe accessnetwork that began
overa decade ago. Experience with FITL deployment is
neededto helpguideand drive technology and system
features toward practical adaptations.

To date,wehavelearnedthat economic parity
with copperdemands FITC, with each distantterminal
serving 8 to 12living units. Wehavealsolearnedthat
active and passive optical-access architectures are at
rough economic parity with each other fordelivery of
narrowband service. Thus, the choice ofarchitecture will
be dictated by other considerations, such as the upgrade
to broadband services andlocal preference. Finally,



continued experimentation and field trials are essential
to surmount the formidable challenges imposed by pow­
ering for distant terminals and the evolutionof the
OAM&P infrastructure.
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Appendix A. Effect of FIlL on LEeOAMap

FITL systems will need enhanced OAM&P func­
tions, such as those suggested by Bellcore'sTR303.8

Only FITL systems that can manage the large amount of
bandwidth available at each customer's locationcan
efficiently use switch and feeder resources. Such band­
width management can be realized onlyby operations
support systems that assign and directly administer the
loop network.This flow-through operation is essential to
reduce the activity required of craftspeopleto installa
particular service. Other advanced operations required
for the loop network include detailed alarm reporting,
inventory,monitoring,and testing. Because they reduce
operations cost for either a copper or FITL network, these
functions are a required part of any network upgrade.

The initialFITL systems had simple maintenance
and testing capabilities. However, these areas had to
improve (beyond parity with copper systems) to aid the
economicjustification of FITL systems. Testing must be
compatiblewith the embedded base of MLT-LMOS gener­
ics and test-center operations and procedures, yet must
offerenough reliable information for repair people to be
dispatched accurately. (MLT-LMOS is the loop­
maintenance operations system for mechanized loop test­
ing. Generic refers to a specificversion of the software
system.) Tests of FITL systems deployed in cluster
arrangements must also report the status of the copper
drop beyond the distant terminal.

For these new OAM&P functionsto be available
in a timelyway, the LECs and Bellcore need to develop
plans to providethe necessary interfaces and new capa­
bilities in the infrastructure for these operations support
systems.
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Appendix B. Distant Terminal Powering
The change to a cluster configuration affects

distant-terminal powering. Usually, a distantterminal
located on the side ofa house waspowered locally. Such
an arrangementwaseasyto provide in newconstruc­
tions, but requiredcostly electrical workat each living
unit in rehabilitation areas.Whenthe distantterminal is
moved to the curb, local powering becomesmore diffi­
cult to obtain, yet network powering becomesfeasible
(from a shared central source, such as the remote termi­
nal). Powering arrangementscertainly affect the cost of
the FITL system. Therefore,a detailed analysis ofboth
local powering (Figures B-la and B-lb) and network
powering (Figures B-lc and B-ld) is required.

Clearly, regulatory agencies, electrical codes,
and local practices, together withthe average and peak
powerdemandsofthe distantterminal, impose limita­
tionsthat rapidly constrain the application ofthese
distant-terminal powering alternatives. Whatdetermines
the amountofpowera distantterminal requires is the
designofthe optical and electrical interface and the
station equipment-such as telephones, answering
machines, and connected telemetry systems-that are
embeddedin the existing network. Onemayentertain
the notion ofnewtelephones designed specifically for
FITL applications. However, one cannotignore the reality
ofseveral hundreds ofmillions oftelephones that were
builtto workwith the existing network, and regulators
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who are concernedabout technical decisions and how
theyaffect whatconsumerspayfor service.

In the United States, Bellcore's TR572 is a domi­
nant, current standard that affects electronics in the local
loop. This standardhas been interpretedto determine:
- How manytelephones a fiberdistantterminal must

serve
- Whatthe loop current must be
- How manyringers maybe on a singleline
- How manylinesfroma given distantterminal maybe

ringingsimultaneously.
Aconservative readingofTR57 results in a demandfor
highpowerlevels.

In addition, TR57 was originally written for tradi­
tionalloops that had a maximum length of 12,000 feet
andit did not address short loopsadequately. Because
FITL systemsalways feed short loops, the opportunity
existsto optimize transmission parametersfor this case
andthereby reduce powerrequirements.

Mostcost studies ofpowering alternatives for
FITL systemsunder existing constraints showa clear
first-eost advantage for local powering. However, this
configuration raises severalconcernsabout the perfor­
mance, reserve time, life expectancy, monitoring, and
replacement ofthe multitude oflocal batteries spread
throughoutthe outsideplant. Network powering does
address these issues, but it requires a copperpath to
eachdistantterminal.

New batterytechnology, sophisticated monitor­
ingsystems, reduced-power operation, and newstan­
dardswill contributefinally to a powersolution. In the
meantime, vendorsmust provide both alternatives to
enable LEes to select the solution that best meets local
requirements.
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