
AM Lightwave Technology

Carl J. McGrath Therapid evolution oflightwave transmission systems, from the early 45­
megabit-per-second Ff-3to the present 2.4-gigabit-per-second Ff-2000, took
place during a period inwhich telephone networks have added only digital
capacity. As a result, the primary applications for lightwave transmission
technology, and the infrastructure required to support it, have been almost
entirely digital. Theapplicability ofavailable lightwave technology to CATV
systems is notobvious. In thispaper, we compare broadband analog sys­
tems to available digital technology, focusing oncritical parameters for each
application. We report onthe significant improvements inelectronic and
media components thatare partofaworking AM broadband system, and on
the architectural flexibilities thatresult from having broadband analog
aswell ashigh-speed digital facilities available for future lightwave system
architectures.
Introduction

Fiber-optic cable,an idealmediumfor
long-haul digital transmission, has madethe
digital networkofthe 1980s possible. The
most recent step in this digital evolution, the
mass deployment ofsingle-mode cableand
the availability ofdistributedfeedback (DFB)
lasers, has openeda newapplication: broad­
band analognetworks. (See Panel1for
definitions ofabbreviations, acronyms, and
terms.) The mostwidely deployed analog
networkstodayare operatedfor cabletelevi­
sion (CATV) systems.From a smallstart in
1988, today'sAM lightwave applications in
CATV are the foundation ofnext-generation
broadbanddistribution networks. The rapid
evolution oflightwave transmission technol­
ogy used for telephony and data transmission
is stimulated by twosignificant factors: large
demandand well-established, cost-effective
interfaces. The availability ofadvanced infor­
mation age servicescreates the demandfor
increasedcallervolumes and more sophisti­
cated business and consumerdata transmis­
sion.As networkcapabilities increaseand
costs continueto drop in real dollars, custo­
mer interest in newapplications and services
"creates" the need for expandedfacilities.

For transmission technologists, the
impactofinterface efficiency is subtle and
oftenoverlooked. Humanhearingis stillan
analogprocess,and the most common cus­
tomer interface-the telephone-is analog
as well. Analog signalsare converted to digi­
tal signalsby low-eost, high-performance ana­
log to digital (AID) and digital to analog (D/A)
coder/decoder (CODEC) devices. Early
CODEC applications required severallarge
circuitpacks. They were alsodifficult to
manufacture and practical onlyfor use in cen­
tral offices. Overthe years, advances in sili­
con integratedcircuittechnology have
significantly improved the performance
and availability of CODECs. In manycases,
CODECs are function cellsthat designersof
application-specific integratedcircuits (ASICS)
can select fromdesignlibraries, just as they
would select memoryor complex digital
logicfunctions. End-to-end digital connec­
tivity is more flexible in networkroutingand
switching, sincethe degradations that are
inherent in cascadedanalog connections are
eliminated. This flexibility has stimulated the
development ofmanynewtelecommunica­
tions servicesthat consumersnowdemand
fromtheir serviceproviders.
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There are well over90million television sets in
NorthAmerican, and about15million are beingadded
eachyear. Currently, at least 55percentofthese receive
their primary signal from coaxial cable broadband net­
works, known originally as community antennatelevision
(CATV), and currentlyas cableTV. The demand for new
video services continually challenges suppliers of
transmission technology to expand the bandwidth and
performance ofthese coaxial networks. The components
and subsystems ofthese coaxial systemscan operateat
up to 1gigahertz (GHz); however, the practical limit for
domestic U. S.networks is between 550 and 600
megahertz (MHz), limited by the need for longamplifier
cascades. (Long amplifier cascades are long [distance]
strings ofamplifiers.)

Single-mode fiber-optic cable, nowthe dominant
medium forhigh-capacity transmission in the AT&T net­
work, has characteristics important to the broadband
industry, which include low cost,robust cable designs,
extremely low signal loss,and high bandwidth.

Panel 1.
ND
AM
ASIC
BER
CATV

CODEC
D/A
DFB
FCC
FDM
FM
FP

FfF
lIN
NF
NTSC
RIN
RMS
UHF
VHF
VSB

Abbreviations, Acronyms, and Terms

analog to digital
amplitude modulation
application-specific integrated circuit
bit error rate
cabletelevision, originally community

antennatelevision
coder/decoder device
digital to analog
distributed feedback
FederalCommunications Commission
frequency division multiplexing
frequency modulation
Fabry-Perot, an optical circuittuned bythe

transit timebetween two (optically) reflec­
tive interfaces.'

fibertrunk andfeeder
interferometric intensity noise
noisefigure
National Television System Committee
relative intensity noise
root meansquare
ultrahigh frequency
veryhighfrequency
vestigial sideband transmitted carrier

However, digital applications havespurredthe
development offiber technology. Atpresent,no simple,
economical interface existsfordelivering entertainment
video overdigital networks. To meet this need,AT&T
has developed LaserLink, an analog electro-optical inter­
face technology. (Laser Link, developed byAT&T Bell
Laboratories, is a trademark ofAnixter Cable TV.) AM
fiberhas opened significant newmarketopportunities
for broadband service to the home.

Broadband Systems Architecture
Currentsystemsarchitecture is the keyto under­

standing the applications ofAM fiber-optic technology.
The Source Signal. In the U. S. today, video is

delivered to hometelevision sets usingan analog­
encoding systemknown as NTSC, developed bythe
National Television System Committee andfinalized in
1953. The committee succeeded inupgrading the previ­
ous black-and-white transmission standard to makecolor
broadcasts compatible with the existing black-and-white
sets, while allowing forthe inevitable changesthatwould
come. The composite signal spectrum, shown in Fig-
ure 1, includes the luminance (brightness), or picture
signal, the chroma (color) signal on a separatesubcar­
rier, and a monaural audio channel addedas a
frequency-modulated (FM) subcarrier.

Delivery Systems Architecture. Broadcasters first
delivered video usingover-the-air transmission from
high-power transmitting stations byfrequency shifting
the analog signal spectrum ofFigure1 intoa channel, or
bandofspectrum, assigned by the Federal Communica­
tionsCommission (FCC). Initially, thirteen 6-MHz chan­
nelswereallocated in the VHFfrequency bandbetween
54and 216 MHz. Later, as the needfor morechannels
developed, the FCC allocated themin the UHFfrequency
bandbetween 470 and 806 MHz. For both VHF andUHF
channels, the analog signal is delivered usingvestigial
sideband (VSB) modulation, which provides the optimum
balance between transmission efficiency andcostof
implementation in the consumers' television sets.

Back to BasiCS-AM Transmission Technology
The signals transported on AM broadband links

are fundamentally different from those encountered in
classical digital telephony. Ascomponent and system
providers, research organizations inAT&T Microelec­
tronics, AT&T Network Systems, AT&T Network Cable
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Figure 1. (a) Analog
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Systems, andAT&T Bell Laboratories haveinvested
heavily in developing both a theoretical! and working­
understanding of the critical parametersthat affect per­
formance as viewed by the end user. Notsurprisingly,
several parameters that are ofonly secondary impor­
tance in traditionally basebanddigital applications are
ofprimeimportance in the designofAM links.

Figure2 showsa simplified model ofthe sig­
nificant parametersthat determine performance in AM
systems.

parameters are important, noisefigure (NF) and linearity
are dominant.

Network engineering ofconcatenated analog
facilities is part ofthe heritageoftelephony that has been
nearly lost to the digital transmission revolution in both
copperandfiber media. The L-carrier coaxial system,
developed byAT&T, wasa widely used analog transmis­
sionsystemthat, in the past few years,has been made
obsolete by digital fiber-optic technology. Some trans­
mission engineersmayrememberit;Reference 3 offers
somebackground.

Noise and Distortion in Analog Systems
The CATV network designer treats the fiber-optic

linkas an amplifier whoseoutputis separatedfrom its
inputby severalkilometers offiber. For systemdesigns,
the AM linkbecomesone "amplifier" in a cascade, or
serialconnection, ofmanyamplifiers. While many

Noise
The addition ofnoiseto a transmitted signal,

commonly referredto as reducing the signal-to-noise
(SIN) ratio, is often the performance parameterthat
determines the designofboth analog and digital
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facilities. For well-designed digital links, it is the dom­
inantsource ofbit error rate (BER) degradation. In digital
systems, aftera bit has been regeneratedwithout error,
it propagates oversuccessive linksin the transmission
pathwithout accumulating degradation; conversely, ana­
logsignals gather noiseas they traversea transmission
facility. To compensate, systemsdesignersrequire signif­
icantly higher per-link performance, limited concatena­
tionlengths, or both.While it is difficult to compare
requiredperformance in analog and digital linksdirectly,
ingeneral, CATV applications require noiseimprove­
ments on the order of20 to 30 decibels (dB). Ofparticu­
lar interestare the dominant sources ofnoise. In virtually
alldigital applications, the dominant noise sourceis the
noiseperformance ofthe receiver, which resultsfrom
thermaleffects in the amplifier electronics. InAM applica­
tions, significant noisesourcesare:
- Shotnoise
- Laserintensity noise
- Interferometric noise
- Front-end noise.
In the discussions that follow, wewill see that shot noise
and laser intensity noise, causedboth by the laser device
itselfand the interaction between the laser's optical spec­
trum and the transmission media, dominate the noise
performance in AM applications. These contributors are
seldom significant in typical digital systemapplications.

Shot Noise. Quantum, or shot, noisein the
receiver stems from the quantum mechanical processof
photon (light) absorption and conversion to electron or
current flow in the detectordiode. It resemblesquantiza­
tionnoisein analog-to-digital conversion systems, in that
the light-to-current conversion occursin discretesteps,
determined bythe amountofphoton energythe conver­
sionsystemreceives. Energylost in this discrete

conversion processis characterized as noise. In an ideal
square lawdetector, the shot noise is given by:

2 A2
<I> = 2elp Hz (1)

whereeequalsthe electron chargeand1p is the detected
photocurrent.

Laser Relative Intensity Noise. Alaser is an oscilla­
tor operating at optical frequencies. Aswith electronic
oscillators, small fluctuations in the amplitude ofthe oscil­
latoroutputare introduced by non-ideal fabrication andby
quantum mechanics. For lasers,the amplitude is termed
intensity, and the amplitude noise ofa real-world device is
known as relative intensity noise (RIN). Ourexperience
with AM systemshas shown that only carefully manufac­
tured DFB laserscan meet systemnoiseobjectives. For
comparison, both Fabry-Perot (FP) structuremultimode
lasersand DFBs, used in popular 100- to 600-megabit-per­
seconddigital applications, typically operate with RIN per­
formance of-110 to -120 dB/Hz.The minimum RIN useful
in AM applications is three to fourorders ofmagnitude
lower, -150 dB/Hz, or lower. Mostlaserscurrently used
in AM applications exhibitperformance lower than -155
dB/Hz, with RIN as a secondary contributor. Consistently
achieving low levels ofRIN requiresoptimum chipdesign,
fabrication, and packaging processes. Optical power
reflected back to the laser device canbe a significant con­
tribution to such noise and mustbe kept at least 55dB
below the laser outputlevel. Since the return lossfrom a
normal fiberis about-30 dB, the outputofthe laser device
requiresan optical isolator.

Interferometric Noise. Reflections in optical com­
ponents such as splices andcouplers, causedby index of
refraction differences between materials and imperfect
surfaces, and eventhe intrinsic Rayleigh backscatter in
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the fiberitself, introduce a systemimpairment that
appears at the receiver as Gaussian noise. Figure 3 gives
a graphical view ofthis effect, termedinterferometric
intensity noise (lIN).4,5 Multiple images ofthe transmit­
ted signal arrive at the photodiode receiver, combining
with the primary image that traversed the low-loss fiber.
The multiple reflected images arrive later,attenuated by
the concatenated reflections. These images are randomly
correlated with the main signal and result in an addi­
tional noise sourceat the receiver. The carrier-to-noise
ratio (CNR) resulting from this effect is given by:

CNR = .,j21t~ B1/2
8 R1R2 NBw

InEquation 2,R1 andR2 are the effective forward and
back reflectances in the transmission path, as shown in
Figure 3.B1/2 is the half-width ofthe optical spectrum
and NBW is the noise bandwidth ofthe channel, bywhich
convention for NTSC video measurements is 4 MHz.
Acknowledging the potential degradations caused by
reflections inAM andhigh-speed digital systems, several
vendors ofoptical components havemadecomponents
available with return lossvalues far lower than -40 dB,
which makes their contribution to CNR degradation
caused bythis phenomenon insignificant. Rayleigh back­
scatter, however, is unavoidable and asymptotically
approaches -30 dBas a function offiberloss. Its contri­
bution, viaEquation 2,will be combined with other con­
tributions in the discussion on controlling parameters.

Front-End Noise. Typically, receiver noise perfor­
mance forAM and digital lightwave systems is given in
terms ofan equivalent inputnoise currentat the inputto
an "ideal" amplifier. The noise currentand signal current
arethenadded to form the total inputcurrent. The per­
formance ofthese amplifier devices, which mustbe flat
and linear from 10to 600+ MHz, typically is 8 to 15
pAN (Hz) 1/2. Although high-performance transimped­
ance designs with less than 4 pAd (Hz) 1/2 are available
fordigital applications, these amplifiers generally fail to

meet the typical linearity requirements forAM applica­
tions. Aswewill see later, amplifiers performing at the
presentlevel do notproduce a dominant noise source,
leaving little motivation forfurtherimprovement.

Linearity
The importance oflinearity in active circuits

has been reducedsignificantly bythe digital revolution.
Developing a product forbroadband AM applications
requiresextensive reexamination ofthe important cri­
teriaandmeasurement techniques, bothfordesign and
manufacture. Simply stated, a device or subsystem is
linearif doubling the inputexactly doubles the output. A
deviation from this ideal of1percentwould be measured
as a -20 dBnonlinearity. Semiconductor lasersare
inherently nonlinear whenallinteractions among the
physical, mechanical, optical, andelectrical characteris­
ticsofpractical packaged devices are considered. How­
ever, there is a frequency bandofinterestforCATV appli­
cations inwhich state-of-the-art DFB laserscanmeet
extremely stringentcostand performance criteria.
Looked at broadly, laserdevices have several inherent
nonlinearities. The applications described in this paper
fall in a region ofoperation wherethe nonlinearities can
be avoided or changed. Considered thisway, typical
CATV applications requirelinearity ofabout-70 to -90
dB. While developing the Laser Link system, wefound
three dominant contributors to system nonlinearity:
- Device (laser, detector) nonlinearity caused bydevice

imperfections, leakage paths, and non-ohmic intercon­
nections

- Fundamental limits on modulation depth, owing to
device constraints

- Complex interactions among optical reflections, non­
ideal (real-world) waveguide phenomena (subject to
fabrication perturbations andinstallation effects), and
nonideal device behavior, which affect time-domain
characteristics ofthe transmission channel, and, in
tum, resultin nonlinear performance.
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Figure4 presents a composite view ofthe first
two contributors. Atypical curveofsemiconductor laser
lightversus current (L-I) depicts the "transducerperfor­
mance." The slope, or firstderivative (dLidl) ofthe L-I
curve, must be constantto maintain the linearity ofthe
device. While L-I curvelinearity is useful to evaluate
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devices initially for analog performance, it is impossible
to guaranteefrom measurement and observation ofthe
L-I characteristic whether it is adequate. To achieve ade­
quatemeasurement accuracy, wetested all steps in the
manufacturing processthat replicate systemconditions.
Wehavesubstantially improved the linearity ofDFB
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Figure 6. The progression of fiber system deploy­
ment in AM broadband systems, starting with
(a) CATV tree and branch architecture,
(b) cascade reduction with fiber optics, pro­

gressing to (c) fiber trunk and feeder, and evolv­
ing to the current (d) fiber to the bridger.

devices manufactured byAT&T Microelectronics and
haveset performance standardsfor the AM industryby
combining device designandfabrication techniques and
a patented6 biasingtechnique. Careful consideration7 of
the fundamental limits on modulating threshold-limited
devices, as depicted in Figure4b,wascritical to an under­
standing ofthe inherent capabilities ofthe devices and
their potential inAM applications. This work, later verified
by laboratory evaluation, placeslimits on the achievable
indexofmodulation (amplitude) of individual carriers in
a multichannel systemload. The best achievable perfor­
mance for typical CATV applications is given by:

(3)

where u, the RMS modulation depth, is given by:

Il == m-lN/2 (4)

Here,N is the number ofchannelsand m is the optical
modulation indexper channel. Avalue ofmodulation

indexabout2 dBbelow the theoretical limit is normally
used for systemmodeling and comparative performance
calculations to account for the other processesin the
overall system.

Controlling Parameters
Figure5 showsa composite view ofthe parame­

ters that determine carrier-to-noise performance. This
chart wasgeneratedfor a typical device that operates
2 dBbelow the theoretical limit for indexofmodulation.
It demonstrates how, together, these several parameters
determine the overall LaserLink systemperformance as
a function ofoptical lossbetween the transmitterand the
receiver.

The total CNR curve in Figure5 is given by:
CNR == Carrier

Noise
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where, in the denominator, N BW is the noise bandwidth
for the channel ( 4 MHz for NTSC) and in the parentheses
the noise contributions for shot noise, RIN (lasernoise),
front-end noise, and lIN (interferometric noise), respec­
tively, are summed. The numerator ofEquation 5gives
the signal or carrier signal level. Wecan draw several
conclusions from Figure 5:
- The dominant contributor to carrier-to-noise (C/N)

degradation in these systems is shot noise, a funda­
mental limitation that cannotbe overcome.

- Generally, lIN, which is generatedfrom laser-media
interaction, degradesperformance morethan laser
device RIN, which is produced by state-of-the-art laser
devices.

- Unlike the performance ofdigital systems, which exhi­
bits a significant roll-off oncethe critical design length
has been reached, the performance ofanalog systems
degradesslowly.

Deployment
Since 1988, whenthe firstfield experiments with

AM broadband systems werecompleted, the CATV indus­
try has developed newsystemarchitectures that match
the technology to their evolving networks. Figures 6a
through 6d showthe progression offiber systemdeploy­
ment in these networks, startingconservatively with cas­
cade reduction applications andevolving rapidly to the
current deployment strategyknown as "fiberto the
bridger," or fibertrunk andfeeder (ITF). ITF andsimilar
architectures, such as the one shown in Figure 6d, can
transform traditional tree and branchsystems to star
architectures serving between 500 and 2000 individual
subscribers. These focused networks createan oppor­
tunity forservices that are tailored to specific serving
areas, suchas foreign language channels, special interest
movies, and, at the limit, virtual dedicated channels to
each subscriberas the serving area size is reduced.

Today, ITF or similar architectures are the pre­
ferred replacement forvirtually allCATV systems that are
upgraded or rebuilt. Even thoughAM lightwave technol­
ogyoffers higher bandwidth, reducedamplifier cas­
cades, and the flexibility to accommodate newservices,
its cost is competitive with that ofcoaxial cables.

Summary
Wehavelooked at the significant parameters and

keycontributors to performance in transmitting multi-
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channel AM channel loads overspecial AM fiber-optic
systems such as the AT&T Laser Link system. AM
lightwave systems provide CATV operators with cost­
competitive, technically advanced network elements that
deliver improved reliability and performance to entertain­
mentandbusiness video networks. Although these links
operate within a few decibels ofseveral fundamental phy­
sicallimits, theyhave revolutionized the coaxial-based
CATV networks oftoday. Clearly, theywill playa signifi­
cant rolein the nextgeneration ofCATV systems, bothin
the U. S.andworldwide.
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