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Physical Media

and Channels

Ultimately thedesignof a digital communicationsystemdependson thepropertiesof the
channel.The channelis typically a part of the digital communicationsystemthat we cannot
change.Somechannelsaresimply a physicalmedium,suchasa wire pair or opticalÞber. On
theotherhand,the radiochannelis partof theelectromagneticspectrum,which is dividedby
governmentregulatorybodiesinto bandlimitedradio channelsthat occupy disjoint frequency
bands.In this bookwe do not considerthedesignof thetransducers, suchasantennas,lasers,
andphotodetectors,andhencewe considerthempart of the channel.Somechannels,notably
the telephonechannel,are actually compositesof multiple transmissionsubsystems.Such
composite channels derive their characteristicsfrom the properties of the underlying
subsystems.

Section18.1 discussescomposite channels.Sections 18.2 through 18.4 review the
characteristicsof the most commonchannelsusedfor digital communication,including the
transmissionline (wire pair or coaxial cable),optical Þber, and microwave radio (satellite,
point-to-pointand mobile terrestrialradio). Section18.5 discussesthe compositevoiceband
telephone channel, which is often used for voiceband data transmission. Finally,
Section18.6discussesmagneticrecordingof digital data,asusedin tapeanddiskdrives,which
has characteristics similar in many ways to the other channels discussed.

The most prevalent media for new installationsin the future will be optical Þber and
microwave radio,andpossiblylosslesstransmissionlinesbasedon superconductingmaterials.
However, there is a continuing strong interest in lossy transmissionlines and voiceband
channelsbecauseof their prevalencein existing installations.Thusall the mediadiscussedin
this chapter are important in new applications of digital communication.
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18.1 . COMPOSITE CHANNELS

It is commonfor many usersto sharea commoncommunicationmedium,for exampleby
time-division andfrequency-division multiplexing (Chapter16).

Example 18-1. Voicesignalsareroughlybandlimitedto frequencieslower than4 kHz. A suitable
basebandchannelthereforeneedsto passonly frequenciesup to 4 kHz. Sucha channelis often
derived from a muchhigherbandwidthphysical mediumthat is sharedwith otherusers.A voice
frequency (VF) channel derived from a coaxial cable (Section18.2) using single-sideband
modulation is shown in Fig. 18-1. The SSB modulator translatesthe VF channel to the
neighborhoodof a frequency wc for transmissiononthecoaxialcable.A VF channelcanbeusedfor
digital communication,as long as the modulationtechniqueconformsto the limitations of the
channel.

The channelin Fig. 18-1 is an exampleof a compositechannel, becauseit consistsof
multiple subsystems.If the VF channelwas designedfor voice transmission,it hascertain
characteristicswhich are beyond the control of the designerof the digital communication
system.The VF channelcharacteristicsin this casedependnot only on the propertiesof the
physical medium, but also on the design of the SSB modulation system.

Compositechannelsusually arisein the context of multiple access, which is deÞnedas
accessto a physical mediumby two or more independentusers.This is again illustratedby
example.

Example 18-2. Fig. 18-2 shows a frequency-divisionmultiplexing (FDM) approachusing SSB
modulation. In this casetwo VF channelsare derived from a single coaxial cable using SSB
modulation.The two channelsareseparatedby using two differentcarrier frequenciesin the two
modulators,f1 andf2, wherethesefrequenciesarechosenfar enoughapartthat thespectrafor the

Fig. 18-1. Composite data channel derived from an SSB modulation system, where fc is the carrier
frequency.
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Fig. 18-2. Two data channels derived from a single coaxial cable by FDM, where f1 and f2 are distinct
carrier frequencies. “TX” is the transmitter and “RECR” is the receiver.
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two modulatedVF channelsdo not overlap.Thesetwo VF channelscanbeusedindependentlyfor
digital communication.

In factFDM is a very commontechniquein the telephonenetwork for deriving many VF
channelsfrom a singlephysicalmediumsuchascoaxialcableor microwave radio (thousands
rather than just two as in the example!).

Another common composite channel is illustrated in the following example.

Example 18-3. A VF channel derived from a digital transmissionsystem using pulse-code
modulation(PCM) is illustratedin Fig. 18-3.The PCM systemsamplesthe VF channelat 8 kHz,
correspondingto amaximumbandwidthof 4 kHz, andthenquantizeseachsampleto eightbits.The
totalbit ratefor thePCMencodedVF channelis 64kb Ús.ThisderivedVF channelmaybeusedfor
datatransmission;again, any digital modulationtechniquecanbeusedsubjectto basicconstraints
imposedby the PCM system.The total bit rate that can be transmittedthroughthis derived VF
channelis lessthan64kb Ús, in factmoreof theorderof 20Ð30kb Ús.Thedirecttransmissionof the
bit streamover thedigital transmissionsystemwould obviously bemoreefÞcient,but thesituation
in Fig. 18-3 is still very commondueto the presenceof muchexisting PCM equipmentfor voice
transmission and the desire to transmit data over a channel designed primarily for voice.

Physicalmediaaswell asthecompositechannelsderivedfrom themimposeconstraintson
thedesignof a digital communicationsystem.Many of theseconstraintswill bementionedin
thischapterfor particularmedia.Thenatureof theseconstraintsusuallyfall within somebroad
categories:

¥ A bandwidthconstraint. Sometimesthis is in the form of a channelattenuationwhich
increasesgradually at high frequencies,and sometimes(particularly in the caseof
composite channels) it is in the form of a very hard bandwidth limit.

¥ A transmittedpowerconstraint. This is oftenimposedto limit interferenceof onedigital
communicationsystemwith another, or imposedby theinability of a compositechannel
to transmita power level greaterthansomethreshold,or by a limitation imposedby the
power supplyvoltageof thedigital communicationsystemitself. This power constraint
can be in the form of a peak-powerconstraint, which is essentiallya limit on the
transmitted voltage, or can be anaverage power constraint.

Example 18-4. An FDM systemsuchas that in Fig. 18-2, wherethereareperhapsthousandsof
channelsmultiplexedtogether, is designedunderassumptionson theaveragepowerof thechannels.
From this averagepower, the total power of the multiplexed signalcanbe deduced;this power is
adjustedrelative to the point at which ampliÞersin the systemstart to becomenonlinear. If a
signiÞcantnumberof VF channelsviolatetheaveragepower constraint,thenthemultiplexedsignal
will overloadtheampliÞers,andtheresultingnonlinearitywill causeintermodulationdistortionand
interference between VF channels.

Example 18-5. The PCM systemof Fig. 18-3 imposesa bandwidthconstrainton the datasignal,
which mustbelessthanhalf thesamplingrate.A peakpower constraintis alsoimposedby thefact
that the quantizer in the PCM system has an overload point beyond which it clips the input signal.

Fig. 18-3. Data transmission over a PCM-derived VF channel.
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Example18-6. Theregenerativerepeatersin Fig. 1-3areusuallypoweredby placingahighvoltage
on the endof the systemandthenstringing the repeatersin series(like Christmastree lights!); a
fractionof thetotal voltageappearsacrosseachrepeater. Thepowerconsumptionof therepeatersis
limited by theappliedvoltage,theohmiclossof thecable,andthenumberof repeaters.This places
anaveragepowerconstraintonthetransmittedsignalateachrepeater. In practicethereis alsoapeak
power constraintdueto the desirenot to have to generatea signalvoltagehigher thanthe supply
voltagedrop acrossthe repeater. An additionalfactor limiting the transmittedpower for wire-pair
systemsis crosstalkinto othercommunicationsystemsin thesamemulti-pair cable,asdiscussedin
Section18.2.4.

Example 18-7. TheopticalÞbermedium(Section18.3)becomessigniÞcantlynonlinearwhenthe
input power exceedsaboutonemilliw att.Thus,in many applicationsthereis a practicallimit on the
average transmitted power.

In additionto placingconstraintson the transmittedsignal,themediumor compositechannel
introducesimpairmentswhich limit therateat which we cancommunicate.We will seemany
examples of this in this chapter.

18.2 . TRANSMISSION LINES

Oneof themostcommonmediafor datatransmissionin thepasthasbeenthetransmission
line composedof a pair of wiresor a coaxialcable.Coaxialcableis commonlyusedfor digital
communicationwithin a building, as in a local-areanetwork, and for high-capacitylong-
distancefacilities in the telephonenetwork. Wire pairs are much more extensively used,
primarily for relatively short distancetrunking in the telephonenetwork betweenswitching
machinesin metropolitanareas.Thespacingbetweenregenerative repeatersis typically about
1.5 km, with bit ratesin the rangeof 1.5Ð6Mb Ús on wire pair to 270Ð400Mb Ús on coaxial
cable.In addition,wire pairsareusedfor connectionof thetelephoneinstrumentto thecentral
ofÞce,andwhile this connectionis primarily for analogvoicebandtransmission,thereis work
proceedingto usethis samemediumfor digital communicationat 144 kb Ús or higher in the
IntegratedServicesDigital Network (ISDN). This is called the digital subscriberloop, and
requires a distance for transmission of about 4-5 kilometers without repeaters.

18.2.1. Review of Transmission Line Theory

A uniformtransmissionline is a two-conductorcablewith a uniform cross-section.It may
consistof apairof wirestwistedtogether(twistedwirecable) or acablewith acylindrical outer
conductorsurroundinga wire (coaxial cable). While the detailsof the cablecharacteristics
depend on the cross-section geometry, the basic theory does not.
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A uniform transmissionline can be representedby a pair of conductorsas shown in
Fig. 18-4.We denotetheterminationof theline on theright asx = 0, andthesourceof theline
on the left as x = –L, wherex is the distancealong the line and L is the length of the line.
Assumethat the line is excited with a complex exponentialwith radianfrequency w. The the
voltageandcurrentalongtheline will bea functionof boththefrequency w andthedistancex.
Writing the voltageandcurrentat a point x, the dependenceon time is given by the complex
exponential,

V(x, w) = V(x)e f t , I(x, w) = I(x)e f t , (18.1)

whereV(x) and I(x) arecomplex numberswhich summarizethe amplitudeandphaseof the
complex exponential at distancex.

Thevoltageandcurrentasa functionof distancealongtheline consistsof two propagating
waves,onefrom sourceto terminationandthe otherfrom terminationto source.The Þrstwe
call thesourcewave, andthe latterwe call the reßectedwave. The total voltagesandcurrents
are the sum of the two waves, given by

V(x) = V+e– gx + V–e gx, I(x) = (V+e– gx – V–e gx) . (18.2)

In theseequationstheV+ termscorrespondto thesourcewave,andtheV – termscorrespondto
the reßectedwave. The complex impedanceZ0 is called the characteristic impedanceof the
transmissionline, sinceit equalsthe ratio of the voltageto currentat any point of the line
(independentof x) for eitherthe sourceor reßectedwave. The othercomplex quantityin this
equationis g, which is calledthepropagationconstant. Therealandimaginarypartsof gareof
importance in their own right, so in

g = a + jb (18.3)

therealparta andimaginarypartb arecalledrespectively theattenuationconstantandphase
constant. The attenuationconstanthas the units of nepers per unit distanceand the phase
constant has the units ofradians per unit distance.

There are three things that distinguish the source wave and its reßection:

¥ The amplitude and phase as expressed byV+ andV – are different.

¥ The current is ßowing in opposite directions.

¥ The sign of the exponent is different.

Fig. 18-4. A uniform transmission line, where x is the distance along the line.
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The third differenceis illustratedin Fig. 18-5.The dependenceof both waveson time at
any point alongthe line is shown in Fig. 18-5a.This is of coursejust a sinusoidof constant
amplitudeandphase,whereboth amplitudeandphasedependon the frequency of the wave.
For aÞxedtime t = t0, thesourcewave is shown in Fig. 18-5basafunctionof distancex, andis
given by

V(x) = V+e –axe –jbx. (18.4)

Theamplitudeof this wave decreaseswith distancex. Thewavelengthof thewave,or distance
between nulls, is2p ⁄ b.

Thephaseshift of thecomplex exponentialwith radianfrequency w for a transmissionline
of lengthL is bL radians,which correspondsto bL ⁄ 2p cycles.This phaseshift representsa
propagation delayof the sinusoid,andwe canreadily Þgureout the sizeof the delay. Since
eachcycle correspondsto 2p ⁄ w secondsfrom Fig. 18-5a,it follows that thetotal delayof the
complex exponential is

cycles× =  sec. (18.5)

The propagation velocity of the wave on the transmissionline is thereforerelated to the
frequency and phase constant by

v = . (18.6)

Since a is always greater than zero, the magnitudeof the wave is also decaying
exponentially with distancein accordancewith the term e –ax. This implies that at any
frequency thelossof theline in dB is proportionalto thelengthof theline. Wegetapower loss
in dB

g0 ×L = 10log10 , (18.7)

whereg0 = 20alog10e is thelossin dB perunit distance.Sincea is frequency dependent,sotoo
is g0.
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Fig. 18-5. The voltage on a uniform transmission line. a. The voltage at one point in the line as a
function of time. b. The magnitude of the voltage vs. distance for the source wave at a fixed time. c. (b)
repeated for the reflected wave.
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Similarly, shown in Fig. 18-5c is the reßectedwave amplitudeas a function of distance
along the line. This wave is also decayingexponentially with distancein the direction of
propagation, which is from termination to source.

Basedon theserelationships,we candeterminethe voltagealongthe line for any source
and termination impedances by simply matching up boundary conditions.

Example18-8. A transmissionline terminatedin impedanceZL is shown in Fig. 18-6a.Whatis the
relative size of the incident and reßectedwaves at the termination?This quantity is called the
voltage reßectioncoefÞcientandis usuallydenotedby G. Theboundaryconditionis thatZL is the
ratio of the voltage to current atx = 0, so from (18.2),

ZL = Z0 , G = = . (18.8)

Several special casesare of interest.When the load impedanceis equal to the characteristic
impedance,ZL = Z0, thenthereßectioncoefÞcientis zero,G= 0. Whentheline is opencircuited,
ZL = ¥ , thenG= 1 indicatingthatthereßectedvoltageis thesameastheincidentwaveat thepoint
of theopencircuit. Finally, whentheline is closedcircuited,ZL = 0, thenG= –1 indicatingthatthe
reßected voltage is the negative of the incident voltage.

Example 18-9. For the terminatedtransmissionline of Fig. 18-6a,what is the impedancelooking
into the line asa function of its length?Taking the ratio of the voltageto currentfrom (18.2)and
(18.8),

= Z0 , Zin = = Z0 . (18.9)

Whentheline is terminatedin its characteristicimpedance,G= 0 andtheinput impedanceis equal
to the characteristic impedance.

Example 18-10. For the terminatedline of Fig. 18-6bwith a sourceimpedanceof ZS, what is the
voltagetransferfunction from sourceVin to the load?Writing the nodevoltageequationat the
source,

V(–L) = Vin – I(–L)ZS (18.10)

and we have the two additional relations

V(–L) = V+(e gL + Ge –gL) , I(–L) = (e g L –Ge –g L) , (18.11)

whichenableusto solve for thethreeconstantsV+, V(–L), andI(–L). Finally, theoutputvoltageis

Fig. 18-6. A terminated transmission line. a. Without a source termination. b. With a source termination.
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V(0) = V+(1 + G) . (18.12)

Putting this all together, the desired voltage transfer function is

= . (18.13)

When the source impedance is equal to the characteristic impedance,ZS = Z0 this simpliÞes to

= e –gL. (18.14)

Whenfurther the line is terminatedin its characteristicimpedance,G= 0 andthe transferfunction
consistsof the attenuationand phaseshift of the transmissionline (times anotherfactor of 0.5
correspondingto the attenuationdueto the sourceandterminationimpedances).Whenthe line is
short-circuited,thenthetransferfunctionis zeroasexpectedsinceG= –1. Whathappenswhenthe
line is open circuited?

Transmissionlines areoften analyzed,particularlywherecomputerprogramsarewritten,
using the conceptof a chain matrix [1]. A twoport network is a network as illustrated in
Fig. 18-7,which hasaninput port andoutputport andfor which the input andoutputcurrents
are complementaryas shown. The chain matrix relatesthe input voltageand current to the
output voltage and current,viz.

= , (18.15)

whereall quantitiesare complex functionsof frequency. The chain matrix characterizesthe
twoporttransferfunctioncompletely, andcanbeusedto analyzeconnectionsof twoports(such
as transmission lines, thereby serving to analyze nonuniform transmission lines). Its
importance arises from the following fact.

Exercise 18-1. Show that if two twoportsare connectedin series,then the chain matrix of the
combination twoport is the product of the Þrst chain matrix times the second chain matrix.

The chain matrix of a uniform transmissionline is easily calculated,giving us a ready
techniquefor systematicallyanalyzingcombinationsof transmissionlines with other circuit
elements.

Exercise 18-2. Show that the chain matrix of a uniform transmission line is

. (18.16)
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Fig. 18-7. Illustration of a twoport network with definition of voltages and currents for the chain matrix.
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18.2.2. Cable Primary Constants

Thecharacteristicimpedanceandpropagationconstantarecalledsecondaryparametersof
the cablebecausethey arenot relateddirectly to physical parameters.A simplemodel for a
short sectionof the transmissionline is shown in Fig. 18-8. This model is in termsof four
parameters:the conductanceG in mhosper unit length, the capacitanceC in faradsper unit
length,theinductanceL in henriesperunit length,andtheresistanceR in ohmsperunit length.
All of theseparametersof thetransmissionline arefunctionsof frequency in general,andthey
differ for differentcross-sections(for example,twistedpair vs.coaxialcable).In generalthese
parameters are determined experimentally for a given cable.

This lumped-parametermodel becomesan exact model for the transmissionline as the
length of the line dx ® 0, and is useful since it displays directly physically meaningful
quantities.Theseparametersare called the primary constantsof the transmissionline. The
secondary parameters can be calculated directly in terms of the primary constants as

Z0 = , g = . (18.17)

Example18-11. A losslesstransmissionline is missingthetwo dissipativeelements,resistanceand
conductance.New superconductingmaterialsshow promiseof actually being able to realizethis
ideal. The secondary parameters in this case are

Z0 = , g = f . (18.18)

The characteristicimpedanceof a losslesstransmissionline is real-valuedandhenceresistive. A
pure resistive termination is often used as a reasonableapproximation to the characteristic
impedanceof a lossytransmissionline, althoughthe actualcharacteristicimpedanceincreasesat
low frequenciesand includes a capacitive reactive component.The propagation constant is
imaginary, and since a = 0 the losslesstransmissionline has no attenuationas expected.The
propagation velocity on a lossless transmission line is

v = = . (18.19)

Theprimaryconstantsof actualcablesdependon many factorssuchasthegeometryand
thematerialusedin theinsulation.For twistedwire pairs[2] thecapacitanceis independentof
frequency for the rangeof frequenciesof interest(0.083mFaradspermile, or 0.0515mFarads
perkilometeris typical), theconductanceis negligibly small,theinductanceis aslowly varying
function of frequency decreasingfrom aboutonemilliHenries (mH) per mile or 0.62mH per

Fig. 18-8. Lumped-parameter model for a short section of transmission line.
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km, at low frequenciesto about70% of that valueat high frequencies,and the resistanceis
proportionalto the squareroot of frequenciesat high frequenciesdue to the skin effect (the
tendency of the current to ßow near the surface of the conductor, increasing the resistance).

Example 18-12. What is the velocity of propagation on a twistedwire cable?From (18.19),for a
lossless line

v = = 1.1 ×105 miles Ú sec= 1.76 × 105 km Ú sec. (18.20)

Example18-13. Sincethespeedof light in freespaceis 3 ×105 km Úsec,thevelocityon theline is
a little greater than half the speedof light. The delay is about 5.65 msec per km. This
approximation is valid on practical twisted wire pairs for frequencies where .

Coaxial cable is popular for higher frequency applicationsprimarily becausethe outer
conductoreffectively shieldsagainstradiationto theoutsideworld andconverselyinterference
from outsidesources.At lower frequenciesnearvoicebandthis shielding is ineffective and
hencethe coaxialcabledoesnot have any advantageover the moreeconomicaltwistedwire
pair. In termsof primaryconstants,themaindifferencebetweencoaxialcableandwire pair is
that the coaxial inductance is essentially independent of frequency.

Example18-14. A moreaccuratemodelthanExample18-11of acable,wire pairor coaxial,would
be to assume thatG only is zero. Then the propagation constant of (18.17) becomes

a = w , b = w . (18.21)

At frequencies where ,

a » nepersper unit length, (18.22)

b » w . (18.23)

Hencethe velocity relation of (18.19) is still valid in this rangeof frequencies.Since at high
frequenciesR increasesasthesquareroot of frequency, the attenuationconstantin nepers(or dB)
hasthesamedependency. It follows thatthelossof theline in dB athigh frequenciesis proportional
to the square root of frequency.

Example 18-15. If the lossof a cableis 40 dB at 1 Mhz, what is theapproximatelossat 4 MHz?
The answer is 40 dB times the square root of 4, or 80 dB.

The resultsof Example18-14 suggestthat the propagation constantis proportional to
frequency. This linear phasemodelsuggeststhat the line offers, in additionto attenuation,a
constantdelayat all frequencies.However, a morereÞnedmodelof the propagation constant
[3] shows that thereis anadditionaltermin thephaseconstantproportionalto thesquareroot
of frequency. This impliesthatthecablewill have somegroupdelay, which is delaydependent
on frequency. This impliesthatthedifferentfrequency componentsof apulselaunchedinto the
line will arrive at the terminationwith slightly differentdelays.Both the frequency-dependent
attenuationandthegroupdelaycausedispersionon thetransmissionline, or spreadingin time

1

0.083 10 6±×( ) 10 3±( )
----------------------------------------------------------

R wLÇ

LC
2

-------- 1 R2

w2L2
--------------+ 1±

î þ
í ý
ì ü

1 2/
LC
2

-------- 1 R2

w2L2
--------------+ 1+

î þ
í ý
ì ü

1 2/

R wLÇ

R
2
---- C

L
----

LC



TRANSMISSION LINES 849

of a transmittedpulse. The attenuationcausesdispersionbecausethe band-limiting effect
broadensthe pulse,and delay distortion causesdispersionbecausethe different frequency
components arrive with different delays.

18.2.3. Impedance Discontinuities

The theory presentedthus far has considereda single uniform transmissionline. In
practice,it is commonto encounterdifferentgauges(diameters)of wire connectedtogether.
Thesegaugeschangesdo not affect thetransmissionmaterially, exceptfor introducinga slight
discontinuityin impedance,which will resultin small reßections.A moreseriousproblemfor
digital transmissionin thesubscriberloop betweencentralofÞceandcustomerpremisesis the
bridged tap, an additional open circuited wire pair bridged onto the main cable pair.

18.2.4. Cr osstalk

An important considerationin the design of a digital communicationsystemusing a
transmissionline asaphysicalmediumis therangeor distancewhichcanbeachievedbetween
regenerative repeaters.This rangeis generallylimited by thehigh frequency gain which must
be inserted into the receiver equalizationto compensatefor cable attenuation.This gain
ampliÞesnoiseandinterferencesignalswhichmaybepresent,causingthesignalto deteriorate
as the rangeincreases.The most importantnoiseand interferencesignalsare thermalnoise
(due to randommotion of electrons),impulsenoise(causedby switching relaysandsimilar
mechanisms),and crosstalkbetweencable pairs. Crosstalk,and interferencefrom external
sourcessuchaspower lines,canbe minimizedby usingbalancedtransmission, in which the
signalis transmittedandreceivedasa differencein voltagebetweenthe two wires; this helps
becauseexternal interferencecouplesapproximatelyequally into the two wires andhenceis
approximatelycanceledwhenthedifferencein voltageis takenat thereceiver. A commonway
to achieve balancedtransmissionis to usetransformercouplingof thetransmitterandreceiver
to thewire pair; in addition,thisaffordsadditionalprotectionagainstdamageto theelectronics
due to foreign potentials such as lightning strikes.

There are two basic crosstalk mechanisms,near-end crosstalk (NEXT) and far-end
crosstalk(FEXT), illustratedin Fig. 18-9.NEXT [4] representsacrosstalkof a local transmitter
into a local receiver, and experiences an attenuation which is accurately modeled by

|HNEXT(f )|2 = KNEXT |f|1.5 (18.24)

Fig. 18-9. Illustration of two types of crosstalk: far-end crosstalk (FEXT) and near-end crosstalk
(NEXT).
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where HNEXT(f ) is the transfer function experiencedby the crosstalk.FEXT representsa
crosstalk of a local transmitter into a remote receiver, with an attenuation given by

|HFEXT(f )|2 = KFEXT|C(f )|2|f|2 (18.25)

whereC(f ) is thelossof thecable.Wherepresent,NEXT will dominateFEXT becauseFEXT
experiencesthe lossof the full lengthof the cable(in additionto the crosstalkcouplingloss)
and NEXT does not. Both forms of crosstalk experience less attenuationas frequency
increases,andhenceit is advantageousto minimizethebandwidthrequiredfor transmissionin
a crosstalk limited environment.

18.3 . OPTICAL FIBER

The optical Þber cable is capableof transmitting light for long distanceswith high
bandwidthandlow attenuation.Not only this,but it offersfreedomfrom externalinterference,
immunity from interceptionby externalmeans,andinexpensive andabundantraw materials.It
is difÞcult to imagine a more ideal medium for digital communication!

Theuseof anopticaldielectricwaveguidefor high performancecommunicationwasÞrst
suggestedby KaoandHockhamin 1966[5]. By 1986thismediumwaswell developedandwas
rapidly replacingwire pairsandcoax in many new cableinstallations.It allows sucha great
bandwidthat modestcost that it will also replacemany of the presentusesfor satelliteand
radio transmission.Thus,it appearsthat digital communicationover wire-pairsandcoaxwill
bemostly limited to applicationsconstrainedto useexisting transmissionfacilities (suchasin
the digital subscriber loop).

Digital transmissionby satelliteandradio will be limited to specialapplicationsthat can
make useof their specialproperties.For example,radio communicationis indispensablefor
situationswhereone or both terminalsare mobile, for example in digital mobile telephony
(Section18.4) or deep spacecommunication.Radio is also excellent for easily bridging
geographicalobstaclessuchasriversandmountains,andsatelliteis excellentfor spanninglong
distanceswherethe total requiredbandwidthis modestandthe installationof an optical Þber
cablewould not be justiÞed.Furthermore,satellitehasuniquecapabilitiesfor certaintypesof
multiple-access situations (Chapter18) spread over a wide geographical area.

18.3.1. Fiber Optic Waveguide

Theprincipleof anopticalÞberwaveguide[6] canbeunderstoodfrom theconceptof total
internal reßection, shown in Fig. 18-10.A light wave, representedby a singleray, is incident
on a boundarybetweentwo materials,wherethe angleof incidenceis q1 and the angleof
refractionis q2. We deÞnea ray asthepaththat thecenterof a slowly diverging beamof light
takesasit passesthroughthesystem;sucha beammusthave a diameterlargewith respectto
the wavelengthin order to be approximatedasa planewave [7]. Assumingthat the index of
refractionn1 in the incidentmaterialis greaterthan the index of refractionof the refraction
medium,n2, or n1> n2. Then SnellÕs Law predicts that



OPTICAL FIBER 851

= < 1 . (18.26)

Theangleof refractionis largerthantheangleof incidence.Shown in Fig. 18-10bis thecaseof
a critical incidenceanglewherethe angleof refractionis ninety degrees,so that the light is
refracted along the material interface. This corresponds tocritical incident angle

sin(q1) = . (18.27)

For angleslarger than (18.27), there is total internal reßectionas illustrated in Fig. 18-10c,
where the angle of reßection is always equal to the angle of incidence.

This principle canbe exploited in an optical Þberwaveguideas illustratedin Fig. 18-11.
The core andcladdingmaterialsareglass,which transmitslight with little attenuation,while
the sheathis an opaqueplastic material that serves no purposeother than to lend strength,
absorbany light thatmightotherwiseescape,andpreventany light from entering(whichwould
representinterferenceor crosstalk).The coreglasshasa higher index of refractionthan the
cladding,with theresultthatincidentrayswith asmallangleof incidencearecapturedby total
internalreßection.This is illustratedin Fig. 18-12,wherea light ray incidenton theendof the
Þber is capturedby total internal reßectionas long as the angleof incidenceq1 is below a
critical angle(Problem18-4).Theray modelpredictsthatthelight will bouncebackandforth,
conÞnedto thewaveguideuntil it emergesfrom theotherend.Furthermore,it is obvious that
thepathlengthof a ray, andhencethetransittime, is a functionof theincidentangleof theray
(Problem18-5).

Fig. 18-10. Illustration of Snell’s Law and total internal reflection. a.Definition of angles of incidence q1
and refraction q2. The angle of refraction is larger if n1> n2. b. The critical angle of incidence at which the
angle of refraction is ninety degrees. c. At angles larger than the critical angle, total internal reflection
occurs.
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Fig. 18-11. An optical fiber waveguide. The core and cladding serve to confine the light incident at
narrow incident angles, while the opaque the sheath serves to give mechanical stability and prevent
crosstalk or interference.
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This variationin transittime for differentraysmanifestsitself in pulsebroadeningÑ the
broadeningof a pulselaunchedinto theÞberasit propagatesÑ which in turn limits thepulse
ratewhich canbe usedor the distancethat canbe transmittedor both.The pulsebroadening
canbereducedby modifying thedesignof theÞber, andspeciÞcallyby usinga graded-index
Þber in which the index of refraction varies continuously with radial dimension from the axis.

The foregoing ray modelgivessomeinsight into the behavior of light in an optical Þber
waveguide;for example,it correctlypredictsthat thereis a greaterpulsebroadeningwhenthe
index differencebetweencoreandcladdingis greater. However, this model is inadequateto
give anaccuratedescriptionsincein practicetheradialdimensionsof theÞberareon theorder
of the wavelengthof the light. For example,the ray model of light predictsthat there is a
continuumof anglesfor which the light will bounceback and forth betweencore-cladding
boundariesindeÞnitely. A morereÞnedmodelusesMaxwellÕsequationsto predictthebehavior
of light in the waveguide,andÞndsthat in fact thereareonly a discreteandÞnitenumberof
angles at which light propagates in zigzag fashion indeÞnitely. Each of these angles
correspondsto a modeof propagation,similar to the modesin a metallic waveguidecarrying
microwave radiation.When the core radiusis many times larger than the wavelengthof the
propagating light, therearemany modes;this is calleda multimodeÞber. As the radiusof the
coreis reduced,fewerandfewermodesareaccommodated,until at a radiuson theorderof the
wavelengthonly onemodeof propagationis supported.This is calledasinglemodeÞber. For a
singlemodeÞbertheray modelis seriouslydeÞcientsinceit dependson physicaldimensions
that are large relative to the wavelengthfor its accuracy. In fact, in the singlemodeÞberthe
light is not conÞnedto thecore,but in facta signiÞcantfractionof thepower propagatesin the
cladding.As theradiusof thecoregetssmallerandsmaller, moreandmoreof thepower travels
in the cladding.

For variousreasons,aswe will see,the transmissioncapacityof the singlemodeÞberis
greater. However, it is also more difÞcult to splice with low attenuation,and it also fails to
capturelight at thelargerincidentanglesthatwould becapturedby a multimodeÞber, making
it moredifÞcult to launcha givenoptical power. In view of its muchlargerultimatecapacity,
thereis a trend toward exclusive useof single modeÞberin new installations,even though
multimodeÞberhasbeenusedextensively in the past [6]. In the following discussion,we
emphasize the properties of single mode Þber.

We will now discussthe factorswhich limit the bandwidthor bit rate which can be
transmitted through a Þber of a given length. The important factors are:

¥ Material attenuation, thelossin signalpower thatinevitably resultsaslight travelsdown
an optical waveguide. There are four sourcesof this loss in a single mode Þber Ñ
scatteringof thelight by inherentinhomogeneitiesin themolecularstructureof theglass

Fig. 18-12. Ray model of propagation of light in an optical waveguide by total internal reflection. Shown
is a cross-section of a fiber waveguide along its axis of symmetry, with an incident light ray at angle q1
which passes through the axis of the fiber (a meridional ray).

CLADDING

CORE

CLADDING

q1

q2 f



OPTICAL FIBER 853

crystal, absorptionof the light by impurities in the crystal, lossesin connectors,and
lossesintroducedby bendingof the Þber. Generallytheselossesare affectedby the
wavelength of the light, which affects the distribution of power betweencore and
cladding as well as scattering and absorption mechanisms.The effect of these
attenuationmechanismsis that thesignalpower lossin dB is proportionalto the length
of theÞber. Therefore,for a line of lengthL, if thelossin dB perkilometeris g0, thetotal
lossof theÞberis g0 L andhencetheratioof transmittedpowerPT to receivedpowerPR
obeys

g0L = 10×log10 , PR = PT × . (18.28)

This exponentialdependenceof lossvs. lengthis thesameasfor the transmissionlines
of Section18.2.

¥ Modedispersion, or thedifferencein groupvelocity betweendifferentmodes,resultsin
the broadeningof a pulsewhich is launchedinto the Þber. This broadeningof pulses
results in interference between successive pulses which are transmitted, called
intersymbol interference(Chapter8). Since this pulse broadeningincreaseswith the
lengthof theÞber, this dispersionwill limit thedistancebetweenregenerative repeaters.
OnesigniÞcantadvantageof singlemodeÞbersis that modedispersionis absentsince
there is only one mode.

¥ Chromaticor materialdispersionis causedby differencesin thevelocity of propagation
at differentwavelengths.For infraredandlongerwavelengths,the shorterwavelengths
arrive earlierthanrelatively longerwavelengths,but thereis a crossover point at about
1.3 mm beyond which relatively longer wavelengthsarrive earlier. Since practical
optical sourceshave a non-zerobandwidth,calledthe linewidth, andsignalmodulation
increasestheopticalbandwidthfurther, materialdispersionwill alsocauseintersymbol
interferenceandlimit thedistancebetweenregenerative repeaters.Materialdispersionis
qualitatively similar to thedispersionthatoccursin transmissionlines(Section18.2)due
to frequency-dependentattenuation.Thetotal dispersionis usuallyexpressedin unitsof
picosecondspulsespreadingper GHz sourcebandwidthper kilometer distance,with
typical valuesin the rangeof zeroto 0.15 in the 1.3Ð1.6mmeterminimum attenuation
region [9][10]. It is very important that since the dispersionpassesfrom positive to
negative in theregionof 1.3mmeterwavelength,thedispersionis verynearlyzeroat this
wavelength.A typicalcurveof themagnitudeof thechromaticdispersionvs.wavelength
is shown in Fig. 18-13,wherethezerois evident.Thechromaticdispersioncanbemade
negligibly smalloverarelatively widerangeof wavelengths.Furthermore,thefrequency

PT
PR
-------- 10 g0L± 10¤

Fig. 18-13. Typical chromatic dispersion in silica fiber [10]. Shown is the magnitude of the dispersion;
the direction of the dispersion actually reverses at the zero-crossing.
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of this zero in chromatic dispersioncan be shifted through waveguide design to
correspond to the wavelength of minimum attenuation.

With theseimpairmentsin mind, we candiscussthe practicalandfundamentallimits on
informationcapacityfor a Þber. The fundamentallimit on attenuationis due to the intrinsic
materialscatteringof the glassin the ÞberÑ this is known as Rayleighscattering, and is
similar to the scatteringin the atmosphereof the earth that results in our blue sky. The
scatteringloss decreasesrapidly with wavelength (as the fourth power), and hence it is
generally advantageousto choosea longer wavelength. The attenuationdue to intrinsic
absorptionis negligible, but atcertainwavelengthslargeattenuationdueto certainimpuritiesis
observed. Particularly important are hydroxyl (OH) radicals in the glass,which absorbat
2.73mmeterswavelengthand harmonics.At long wavelengthsthere is infrared absorption
associated fundamentally with the glass, which rises sharply starting at 1.6mmeters.

A losscurve for a state-of-the-artÞberis shown in Fig. 18-14.Notethelosscurvesfor two
intrinsic effectswhich would bepresentin an idealmaterial,Rayleighscatteringandinfrared
absorption,andadditionalabsorptionpeaksat 0.95,1.25,and1.39mm dueto OH impurities.
Thelowestlossesareat approximately1.3and1.5mm, andthesearethewavelengthsat which
the highestperformancesystemsoperate.The loss is as low as about0.2 dB Úkm, implying
potentiallya muchlarger repeaterspacingfor optical Þberdigital communicationsystemsas
comparedto wire-pairsandcoax.A curve of attenuationvs. frequency in Fig. 18-15for wire
cable media and for optical Þber illustrates that the latter has a much lower loss.

Thelossperunit distanceof theÞberis amuchmoreimportantdeterminantof thedistance
betweenrepeatersthan is the bit rate at which we are transmitting.This is illustratedfor a
single-modeÞberin Fig. 18-16,wherethereis anattenuation-limitedregionwherethecurveof
repeaterspacingvs.bit rateis relatively ßat.As weincreasethebit rate,however, weeventually
approacha regionwheretherepeaterspacingis limited by thedispersion(modedispersionin a
multimodeÞberandchromaticdispersionin a singlemodeÞber).Themagnitudeof the latter
canbe quantiÞedsimply by consideringthe Fourier transformof a transmittedpulse,and in

Fig. 18-14. Observed loss spectrum of an ultra-low-loss germanosilicate single mode fiber together
with the loss due to intrinsic material effects [11].
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particular its bandwidthW. The spreadingof the pulsewill be proportionalto the repeater
spacingL andthebandwidthW, with a constantof proportionalityD. Thus,if we requirethat
this dispersion be less than half a pulse-time at a pulse rate ofR pulses per second,

D ×L ×W < . (18.29)

ThebandwidthW of thesourcedependson thelinewidth, or intrinsicbandwidthin theabsence
of modulation,and also on the modulation. Since a non-zerolinewidth will increasethe
bandwidthand hencethe chromaticdispersion,we can understandfundamentallimits by
assumingzero linewidth. We saw in Chapter5 that the bandwidth due to modulation is
approximately equal to the pulse rate, orW » R, and hence (18.29) becomes

Fig. 18-15. Attenuation vs. frequency for wire cable and fiber guiding media [10].The band of
frequencies over which the fiber loss is less than 1 dB Úkm is more than 1014 Hz.
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R2L < . (18.30)

This equationimplies that in the region wheredispersionis limiting, the repeaterspacingL
must decreaserather rapidly as the bit rate is increased,as shown in Fig. 18-16. More
quantitative estimatesof the limits shown in Fig. 18-16 are derived in Problem18-6 and
Problem18-11.

As a resultof theseconsiderations,Þrstgeneration(about1980)opticalÞbertransmission
systemstypically usedmultimodeÞberat a wavelengthof about0.8 mmeter, andachievedbit
ratesup to about150Mb Ús. TheRayleighscatteringis about2 dB perkm at this wavelength,
andthedistancebetweenregenerativerepeaterswasin the5 to 10km range.Secondgeneration
systems(around1985) moved to single modeÞbersand wavelengthsof about1.3 mmeters,
whereRayleighscatteringattenuationis about0.2dB Úkm (andpracticalattenuationsaremore
on the order of 0.3 dBÚkm).

TheÞnitelengthof manufacturedÞbersandsysteminstallationconsiderationsdictateÞber
connectors.ThesepresentdifÞcult alignmentproblems,all the moredifÞcult for singlemode
Þbersbecauseof the smallercore,but in practiceconnectorlossesof 0.1 to 0.2 dB can be
obtainedevenfor singlemodeÞbers.Sinceit mustbeanticipatedin any systeminstallationthat
accidentalbreakageand subsequentsplicing will be required at numerouspoints, in fact
connector and splicing loss is the dominant loss in limiting repeater spacing.

Bendinglossis dueto thedifferentpropagationvelocitiesrequiredon theouterandinner
radiusof the bend.As the bendingradiusdecreases,eventually the light on the outer radius
musttravel fasterthanthespeedof light, which is of courseimpossible.Whathappensinstead
is thatsigniÞcantattenuationoccursdueto a lossof conÞnedpower. Generallythereis a trade-
off betweenbending loss and splicing loss in single mode Þbers,since bending loss is
minimizedby conÞningmostof thepower to thecore,but thatmakessplicingalignmentmore
critical.

In Fig. 18-16, the trade-off betweenmaximum distanceand bit rate is quantiÞedfor a
singlemodeÞberfor aparticularsetof assumptions(theactualnumericalvaluesaredependent
on theseassumptions).At bit ratesbelow aboutoneGbÚs (109 bits persecond)thedistanceis
limited by attenuationandreceiver sensitivity. In this rangethe distancedecreasesasbit rate
increasessincethereceiver sensitivity decreases(seeSection18.3.3).At higherbit rates,pulse
broadeninglimits the distancebeforeattenuationbecomesimportant.The total Þbersystem
capacityis bestmeasuredby a Þgureof merit equal to the productof the bit rate and the
distancebetweenrepeaters(Problem18-10), measuredin Gb-kmÚsec.Current commercial
systems achieve capacities on the order of 100 to 1000 Gb-kmÚsec.

18.3.2. Sources

While optical Þber transmissionuseslight energy to carry the information bits, at the
presentstateof the art the signalsaregeneratedandmanipulatedelectrically. This implies an
electrical-to-opticalconversionat the input to the Þbermediumand an optical-to-electrical
conversionat theoutput.Therearetwo availablelight sourcesfor Þberdigital communication
systems: the light-emitting diode (LED) and the semiconductor injection laser. The
semiconductorlaseris themoreimportantfor high-capacitysystems,sowe emphasizeit here.

1
2D
--------
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In contrastto the LED, the laseroutput is coherent, meaningthat it is nearly conÞnedto a
singlefrequency. In fact the laseroutputdoeshave non-zerolinewidth, but by carefuldesign
the linewidth can be made small relative to signal bandwidthsusing a structure called
distributed feedback (DFB). Thus, coherent modulation and demodulationschemesare
feasible,although commercialsystemsuse intensity modulation.The laser output can be
coupledinto a singlemodeÞberwith very high efÞciency (about3 dB power loss),andcan
generatepowersin the0 to 10 mW range[9] with onemW (0 dBm) typical [10]. The laseris
necessaryfor singlemodeÞbers,exceptfor shortdistances,becauseit emitsa narrower beam
than the LED. The light output of the laser is very temperaturedependent,and henceit is
generallynecessaryto monitorthelight outputandcontrolthedriving currentusinga feedback
circuit.

There is not much room for increasingthe launchedpower into the Þber becauseof
nonlineareffectswhich arisein theÞber[9], unless,of course,we canÞndwaysto circumvent
or exploit these nonlinear phenomena.

18.3.3. Photodetectors

The optical energy at the output of the Þber is converted to an electrical signal by a
photodetector. Therearetwo typesof photodetectorsavailableÑ thePIN photodiode, popular
at about100 Mb Ús andbelow, andthe avalanchephotodiode(APD) (popularabove 1 GbÚs)
[12][10]. The cross-sectionof a PIN photodiodeis shown in Fig. 18-17. This diode hasan
intrinsic (non-doped)region (not typical of diodes) betweenthe n- and p-dopedsilicon.
Photonsof thereceivedopticalsignalareabsorbedandcreatehole-electronpairs.If thediode
is reversebiased,there is an electric Þeld acrossthe depletionregion of the diode (which
includesthe intrinsic portion), and this electric Þeld separatesthe holesfrom electronsand
sweepsthemto thecontacts,creatinga currentproportionalto the incidentopticalpower. The
purposeof theintrinsic region is to enlargethedepletionregion, therebyincreasingthefraction
of incident photonsconverted into current (carrierscreatedoutsidethe depletionregion, or
beyonddiffusiondistanceof thedepletionregion, recombinewith high probabilitybeforeany
current is generated).

The fraction of incidentphotonsconvertedinto carriersthat reachthe electrodesis called
the quantumefÞciencyof the detector, denotedby h. Given the quantumefÞciency, we can
easilypredictthecurrentgeneratedasa functionof thetotal incidentopticalpower. Theenergy
of onephotonis hn whereh is PlanckÕs constant(6.6×10Ð34Joule-sec)andn is the optical
frequency, related to the wavelengthl  by

nl  = c , (18.31)

Fig. 18-17. A PIN photodiode cross-section. Electrode connection to the n-and p-regions creates a
diode, which is reverse-biased.

LIGHT

n

i
p



858 Physical Media and Channels

wherec is thespeedof light (3 ×108 m Úsec).If the incidentopticalpower is P watts,thenthe
numberof photonsper secondis P ⁄ hn, and if a fraction h of thesephotonsgeneratean
electron with chargeq (1.6×10Ð19 Coulombs) then the total current is

i = . (18.32)

Example 18-16. For a wavelength of 1.5 mm and quantum efÞciency of unity, what is the
responsivity (deÞned as the ratio of output current to input power) for a PIN photodiode? It is

= = = = 1.21 ampsÚwatt . (18.33)

If the incident optical power is 1 nW, the maximum current from a PIN photodiode is 1.21nA.

With PIN photodiodes(and more generallyall photodetectors),thereis a trade-off between
quantumefÞciency and speed.QuantumefÞcienciesnear unity are achievable with a PIN
photodiode,but this requiresa long absorptionregion. But a long intrinsic absorptionregion
resultsin a correspondinglysmallerelectricÞeld(with resultingslower carriervelocity) anda
longerdrift distance,andhenceslower responseto an optical input. Higher speedinevitably
results in reduced sensitivity.

Sincevery small currentsaredifÞcult to processelectronicallywithout addingsigniÞcant
thermalnoise,it is desirableto increasethe outputcurrentof the diodebeforeampliÞcation.
This is the purposeof the APD, which hasinternalgain, generatingmorethanoneelectron-
holepairperincidentphoton.Like thePIN photodiode,theAPD is alsoareverse-biaseddiode,
but the differenceis that the reversevoltageis large enoughthat whencarriersarefreedby a
photonandseparatedby theelectricÞeldthey have enoughenergy to collide with theatomsin
the semiconductorcrystal lattice.The collisionsionize the lattice atoms,generatinga second
electron-holepair. Thesesecondarycarriers in turn collide with the lattice, and additional
carriers are generated.One price paid for this gain mechanismis an inherently lower
bandwidth.A secondprice paid in the APD is the probabilistic natureof the numberof
secondarycarriers generated.The larger the gain in the APD, the larger the statistical
ßuctuationin current for a given optical power. In addition, the bandwidthof the device
decreases with increasing gain, since it takes some time for the avalanche process to build up.

Both PIN photodiodesandAPDÕs exhibit a small currentwhich ßows in the absenceof
incident light due to thermal excitation of carriers.This current is called dark current for
obvious reasons, and represents a background noise signal with respect to signal detection.

18.3.4. Model for Fiber Reception

Basedon thepreviousbackgroundmaterialandthemathematicsof Poissonprocessesand
shotnoise(Section3.4) we candevelop a statisticalmodel for the outputof an optical Þber
detector. This signal hasquite different characteristicsfrom that of other mediaof interest,
since randomquantumßuctuationsin the signal are important.Since the signal itself has
random ßuctuations, we can consider it to have a type ofmultiplicative noise.

hqP
hn
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P
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hc
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In commercialsystems,the direct detectionmodeof transmissionis used,aspicturedin
Fig. 18-18. In this mode, the intensity or power of the light is directly modulatedby the
electrical source(data signal), and a photodetectorturns this power into anotherelectrical
signal. If the input current to the sourceis x(t), then the output power of the sourceis
proportional tox(t).

Two badthingshappento this launchedpower asit propagatesdown the Þber. First, it is
attenuated,reducingthe signal power at the detector. Second,it suffers dispersiondue to
chromaticdispersion(andmodedispersionfor a multimodeÞber),which canbemodeledasa
linear Þlteringoperation.Let g(t) be the impulseresponseof the equivalentdispersionÞlter,
including the attenuation, so that the received power at the detector is

P(t) = x(t) * g(t). (18.34)

In theÞnalconversionto electricalcurrentin thephotodetector, thesituationis a bit more
complicatedsince quantumeffects are important. The incident light consistsof discrete
photonswhich are convertedto photoelectron-holepairs in the detector. Hence,the current
generatedconsistsof discretepacketsof chargegeneratedat discretepointsin time. Intuitively
we might expectthatthearrival timesof thechargepacketsfor a Poissonprocess(Section3.4)
sincethereis noreasonto expecttheinterarrival timesbetweenphotonsto dependononeother.
In fact,this is predictedby quantumtheory. Let h(t) betheresponseof thephotodetectorcircuit
to a singlephotoelectron,andthenanoutcomefor thedetectedcurrenty(t) is a ÞlteredPoisson
process

Y(t) = å m h(t – tm) , (18.35)

wherethe{ tm} arePoissonarrival times.ThePoissonarrivalsarecharacterizedby therateof
arrivals, which is naturally proportional to the incident power,

l (t) = P(t) + l 0 (18.36)

whereh is the quantumefÞciency and l 0 is a dark current.Note from CampbellÕs theorem
(Section3.4.4) that the expected detected current is

E[Y(t)] = l (t) * h(t) = x(t) * g(t) * h(t) + l 0H(0) . (18.37)

Theequivalentinput-outputrelationshipof thechannelis thereforecharacterized,with respect
to the mean-valueof the detectoroutputcurrent,by the convolution of the two ÞltersÑ the
dispersionof the Þber and the responseof the detectorcircuitry. Of course,there will be
statisticalßuctuationsaboutthis average.This simplelinearmodelfor thechannelthat is quite

Fig. 18-18. Elements of a direct detection optical fiber system.
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accurateunlessthe launchedoptical power is high enoughto excite nonlineareffects in the
Þber and source-detector.

Avalanche Photodetector

In the caseof an APD, we have to modify this model by addingto the ÞlteredPoisson
process of (18.35) the random multiplier resulting from the avalanche process,

y(t) = å m gmh(t – tm) , (18.38)

the statisticsof which hasalreadybeenconsideredin Chapter3. DeÞnethe meanandsecond
moment of the avalanche gain,

= E[Gm] ,  = E[Gm
2] . (18.39)

Then from Section3.4.6,we know that the effect of the avalanchegain on the secondorder
statisticsof (18.35)is to multiply themeanvalueof thereceivedrandomprocessby andthe
variance by .

If the avalancheprocessweredeterministic,that is precisely secondaryelectronswere
generatedfor eachprimaryphotoelectron,thenthesecondmomentwould bethesquareof the
mean,

= 2. (18.40)

The effect of the randomnessof the multiplication processis to make the secondmoment
larger, by a factorFG greater than unity,

= FG
2 (18.41)

whereof courseFG = ⁄ 2. ThefactorFG is calledtheexcessnoisefactor. In fact,adetailed
analysis of the physics of the APD [13] yields the result

FG = k× + (2 – 1 ⁄ ) ×(1 – k) (18.42)

where0 £ k £ 1 is a parameterunder the control of the device designercalled the carrier
ionizationratio. Notethatask ® 1, FG ® , or theexcessnoisefactoris approximatelyequal
to the avalanchegain. This saysthat the randomnessgets larger as the avalanchegain gets
larger. On the other hand, as k ® 0, FG ® 2 for large , or the excessnoise factor is
approximatelyindependentof theavalanchegain. Finally, when = 1 (thereis no avalanche
gain),FG = 1 and there is no excess noise. This is the PIN photodiode detector.

Fiber and PreampliÞer Thermal Noise

Any physical systemat non-zerotemperaturewill experiencenoisedue to the thermal
motionof electrons,andopticalÞberis no exception.This noiseis oftencalledthermalnoise
or Johnsonnoise in honor of J.B. Johnson,who studiedthis noise experimentallyat Bell
Laboratoriesin 1928.Theoreticalstudyof thisnoisebasedonthetheoryof quantummechanics
wascarriedout by H. Nyquistat aboutthesametime. Thermalnoiseis usuallyapproximated
aswhite Gaussiannoise.TheGaussianpropertyis a resultof thecentrallimit theoremandthe
fact that thermalnoise is composedof the superpositionof many independentactions.The
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white propertycannotof courseextendto inÞnitefrequenciessinceotherwisethe total power
wouldbeinÞnite,but ratherthisnoisecanbeconsideredaswhiteup to frequenciesof 300GHz
or so. NyquistÕs result was that thermal noise has an available noise power per Hz of

N(n) = , (18.43)

whereh is PlanckÕsconstant,n is thefrequency, k is BoltzmannÕsconstant(1.38 ×10 –23 Joules
perdegreeKelvin), andTn is thetemperaturein degreesKelvin. By availablenoisepowerwe
meanthepower deliveredinto a loadwith a matchedimpedance.If we considerthis asa two
sided spectral density, we have to divide by two.

At frequenciesup throughthemicrowave, theexponentin (18.43)is very small,andif we
approximateex by 1 + x we get that the spectrum is approximately white,

N(n) » kTn . (18.44)

This corresponds to a two-sided spectral density of size

= kTn ⁄ 2 . (18.45)

However, at high frequencies,this spectrumapproacheszero exponentially, yielding a Þnite
total power.

Therearetwo possiblesourcesof thermalnoiseÑ at the input to thedetector, andin the
receiver preampliÞer. At the input to the detectoronly thermalnoiseat optical frequenciesis
relevant (the detectorwill not respondto lower frequencies),and at thesefrequenciesthe
thermal noise will be negligible.

Example 18-17. At room temperaturekTn is 4 ×10 –21 Joules. At 1 GHz, or microwave
frequencies,hn is about10 –24 Joules,andwe arewell in the regime wherethe spectrumis ßat.
However, at 1 mm wavelength,or n = 3 ×1014 Hz, hn is about2 ×10Ð19Joules,andhn ⁄ kTn is
about50.Thus,thethermalnoiseis muchsmallerthankTn at thesefrequencies.Generallythermal
noiseat optical frequenciesis negligible in opticalÞbersystemsat wavelengthsshorterthanabout
2 mm [14].

Since the signal level is very low at the output of the detectorin Fig. 18-18, we must
amplify thesignalusingapreampliÞerastheÞrststageof a receiver. Thermalnoiseintroduced
in the preampliÞeris a signiÞcantsourceof noise,andin fact in many optical systemsis the
dominantnoise source.Since the signal at this point is the basebanddigital waveform, it
occupies a bandwidth extending possibly up to microwave frequenciesbut not optical
frequencies,hencethe importanceof thermalnoise.This thermalnoiseis the primary reason
for consideringtheuseof anAPD detectorin preferenceto a PIN photodiode.A moredetailed
consideration of the design of the preampliÞer circuitry is given in [14].

18.3.5. Advanced Techniques

Two exciting developmentshave beendemonstratedin thelaboratory:solitontransmission
and erbium-dopedÞberampliÞers. The soliton operateson the principle of the optical Kerr
effect, a nonlineareffect in which the index of refractionof the Þberdependson the optical
power. As previously mentioned,in chromaticdispersion,the index of refractionalsodepends

hn

ehn kT n¤ 1±
------------------------------

N 0
2
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on thewavelength.Solitonsareopticalpulsesthathaveapreciseshapeandpeakpowerchosen
sothattheKerreffectproducesachirp (phasemodulation)thatis justappropriateto cancelthe
pulsebroadeninginducedby group-velocity dispersion.The result is that all the wavelengths
canbemadeto travel at thesamespeed,essentiallyeliminatingmaterialdispersioneffects.In
soliton transmission, material attenuation is the only effect that limits repeater spacing.

An optical ampliÞercanbe constructedout of a Þberdopedwith the rare-earthelement
erbium, together with a semiconductorlaser pumping source. If the pumping source
wavelengthis 0.98 or 1.48 mm, then the erbium atomsare excited into a higher state,and
reinforce1.55mm incidentlight by stimulatedemission.With about10mW of pumpingpower,
gains of 30 to 40 dB at 1.55 mm can be obtained.A receiver designedusing this optical
ampliÞeris shown in Fig. 18-19.TheopticalampliÞerhasgain G, which actuallydependson
the input signal power becauselarge signalsdepletethe excited erbium atomsand thereby
reducethegain.TheampliÞeralsogeneratesaspuriousnoisedueto spontaneousemission,and
the purposeof the optical bandpassÞlter is to Þlter out spontaneousnoiseoutsidethe signal
bandwidth (which dependson sourcelinewidth as well as signal modulation).There is a
premiumon narrow linewidth sources,becausethat enablesthe optical Þlter bandwidthto be
minimized.

Theeffect of theampliÞeris similar to anavalanchedetector, in that it increasesthesignal
power (renderingelectronicthermalnoiseinsigniÞcant)while addingadditionalspontaneous
noise.The major distinction betweenthe ampliÞerand avalanchedetector, however, is that
much of the spontaneousnoisein the ampliÞercan be optically Þlteredout, whereasin the
detectorit cannot.It is alsopossibleto placeopticalampliÞersat intermediatepointsin a Þber
system, increasing the repeater spacing dramatically.

18.4 . MICR OWAVE RADIO

ThetermÒradioÓis usedto refer to all electromagnetictransmissionthroughfreespaceat
microwave frequenciesandbelow. Therearemany applicationsof digital transmissionwhich
usethis medium,primarily at microwave frequencies,a representative set of which include
point-to-point terrestrial digital radio, digital mobile radio, digital satellite communication,
anddeep-space digital communication.

Terrestrialdigital radio systemsusemicrowave horn antennasplacedon towersto extend
the horizon and increasethe antennaspacing.This medium has been used in the past
principally for analogtransmission(using FM and more recently SSB modulation),but in
recentyearshasgraduallybeenconvertedto digital transmissiondueto increaseddemandfor
data services.

Fig. 18-19. A direct-detection optical receiver using an optical amplifier.
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Example 18-18. In North America there are frequency allocationsfor telephony digital radios
centeredat frequenciesof 2, 4, 6, 8, and11 GHz [15]. In theUnitedStatestherewereover 10,000
digital radio links in 1986, including a cross-country network at 4 GHz.

A related application is digital mobile radio.

Example18-19. Thefrequency bandfrom 806to 947MHz is allocatedin theUnitedStatesto land
mobileradioservices[16]. Thisbandis usedfor cellular mobileradio [17], in whichageographical
areais divided into a lattice of cells, eachwith its own Þxed omnidirectionalbaseantennafor
transmissionand reception.As a vehicle passesthroughthe cells, the associatedbaseantennais
automaticallyswitchedto the closestone.An advantageof this conceptis that additionalmobile
telephonescan be accommodatedby decreasingthe size of the cells and addingadditionalbase
antennas.

Satellitesare used for long-distancecommunicationbetweentwo terrestrial antennas,
where the satellite usually acts as a non-regenerative repeater. That is, the satellite simply
receives a signal from a terrestrialtransmittingantenna,ampliÞesit, and transmitsit back
towardanotherterrestrialreceiving antenna.Satellitechannelsoffer anexcellentalternative to
Þberandcablemediafor transmissionover long distances,andparticularlyover sparseroutes
wherethe total communicationtrafÞc is small.Satellitesalsohave thepowerful characteristic
of providing a natural multiple accessmedium, which is invaluable for random-access
communicationamonga numberof users.A limitation on satellitesis limited power available
for transmission,since the power is derived from solar energy or expendableresources.In
addition,theconÞgurationof the launchvehiclesusuallylimit thesizeof the transmittingand
receiving antennas(which areusuallyoneandthe same).Most communicationsatellitesare
put into synchronousorbits,sothat they appearto bestationaryover a point on theearth.This
greatly simpliÞes the problems of antenna pointing and satellite availability.

In deep-spacecommunication,the object is to transmitdatato and receive datafrom a
platform that is at a greatdistancefrom earth.This applicationincludesthe featuresof both
satelliteandmobilecommunication,in that thevehicleis usuallyin motion.As in thesatellite
case, the size of the antenna and the power resources at the space vehicle are limited.

With theexceptionof problemsof multipathpropagationin terrestriallinks, themicrowave
transmissionchannelis relatively simple.Thereis anattenuationintroducedin themediumdue
to the spreadingof the energy, wherethis attenuationis frequency-independent,and thermal
noise introducedat the antennaand in the ampliÞersin the receiver. Theseaspectsof the
channelare covered in the following subsectionsfollowed by a discussionof multipath
distortion.

18.4.1. Micr owave Antennas and Transmission

Microwave propagationthroughfree-spaceis very simple,asthereis anattenuationdueto
the spreadingof radiation.The attenuationvaries so slowly with frequency that it can be
consideredvirtually Þxed within the signal bandwidth.ConsiderÞrst an isotropic antenna;
namely, onethatradiatespowerequallyin all directions.Assumethetotal radiatedpower is PT
watts, and assumethat at distanced metersfrom this transmitantennathere is a receive
antennawith areaAR meters2. Then the maximum power that the receive antennacould
captureis thetransmitpower timestheratio of AR to theareaof a spherewith radiusd, which
is 4pd2. Therearetwo factorswhichmodify this receivedpower. First, thetransmitantennacan
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bedesignedto focusor concentrateits radiatedenergy in thedirectionof thereceiving antenna.
Thisaddsa factorGT calledthetransmitantennagain to thereceivedpower. Thesecondfactor
is theantennaefÞciencyhR of thereceive antenna,a numberlessthan(but hopefullycloseto)
unity; the receive antennadoesnot actuallycaptureall the electromagneticradiationincident
on it. Thus, the received power is

PR = PT GThR . (18.46)

At microwavefrequencies,apertureantennas(suchashornor parabolic)aretypically used,
and for these antennas the achievable antenna gain is

G = h , (18.47)

whereA is theareaof theantenna,l is thewavelengthof transmission,andh is anefÞciency
factor. Expression(18.47) applies to either a receiving or transmittingantenna,where the
appropriateareaandefÞciency aresubstituted.This expressionis intuitively pleasing,sinceit
saysthat the antennagain is proportionalto the squareof the ratio of antennadimensionto
wavelength.Thus,the transmitantennasizein relationto the wavelengthis all that countsin
the directivity or gain of the antenna.This antennagain increaseswith frequency for a given
antennaarea,andthushigherfrequencieshave theadvantagethata smallerantennais required
for a given antennagain. The efÞciency of an antennais typically in the rangeof 50 to 75
percent for a parabolical reßector antenna and as high as 90 percent for a horn antenna [18].

An alternative form of the received power equationcanbe derived by substitutingfor the
area of the receive antenna in (18.46) in terms of its gain in (18.47),

= GTGR ; (18.48)

this is known asthe Friis transmissionequation. The term in bracketsis calledthe path loss,
while the termsGT and GR summarizethe effects of the two antennas.While this loss is a
function of wavelength,the actualpower over the signal bandwidthdoesnot generallyvary
appreciablywhere the bandwidth is very small in relation to the center frequency of the
modulatedsignal.TheFriis equationdoesnot take into accountotherpossiblesourcesof loss
such as rain attenuation and antenna mispointing.

Theapplicationof theserelationsto a particularconÞgurationcandeterminethe received
power and the factorscontributing to the loss of signal power. This processis known as
generating thelink power budget, as illustrated by the following examples.

Example 18-20. Determinethe received power for the link from a synchronoussatellite to a
terrestrialantennafor the following parameters:Height 40,000 km, satellite transmittedpower
2 watts,transmitantennagain 17 dB, receiving antennaarea10 meters2 with perfectefÞciency, and
frequency 11 GHz. The wavelengthis l = c ⁄ n = 3 ×108Ú11 ×109 = 27.3mm. The receive antenna
gain is

10log10GR = 10log10 =  52.2 . (18.49)

Next, the path loss is

AR
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10log10 = 20log10 = –205.3 dB . (18.50)

Finally, we are in a position to calculatethe received power, which we expressin dBW (decibels
relative to one watt) and recognizing that the transmit power is 3 dBW,

10 log10 = 3 dBW + 17 + 52.3 – 205.3 = –133 dBW . (18.51)

Example 18-21. TheMariner-10 deep-spacemissionto Mercury in 1974useda transmitterpower
of 16.8 watts and frequency 2.3 GHz. The transmitantennadiameteron the spacecraftwas 1.35
meterswith efÞciency 0.54, which resultsin an antennagain of 27.6 dB. The terrestrialreceive
antennadiameterwas64 meterswith efÞciency 0.575,for anantennagain of 61.4dB. Thedistance
from the spacecraftto ground was 1.6×1011 meters,for a path loss of 263.8dB. Finally, the
received power was

10log10PR = 10 log1016.8 + 27.6 + 61.4 – 263.8 = –162.6 dBW . (18.52)

The two dominanteffects of microwave propagation are attenuationand delay. It is of
interestto determinethe effect on a passbandsignal,representedby its complex envelopeof
Section2.4.2.Assumethe attenuationis A, the distanceof propagation is d, andthe speedof
propagationis c. Thedelaythesignalexperiencesis t = d ⁄ c, andgivenapassbandsignalof the
form of Fig.2-5, the output of the channel is

Re{ Au(t – t )e j2pfc(t – t )} = Re{ Au(t – t )e –jkde j2pfct} , (18.53)

where

k = = = (18.54)

is called the propagation constant. The equivalent complex-basebandchannel,shown in
Fig. 18-20,characterizestheeffect of propagationon theequivalentcomplex-basebandsignal.
Not surprisingly, the basebandsignal is delayedby t , the sameas the passbandsignal. In
addition,thereis a phaseshift by kd = 2pd ⁄ l radians,or 2p radiansfor eachwavelengthof
propagationdistance.Theequivalentcomplex-valuedimpulseresponseof thepropagationis an
impulsewith delayt andareaAe –jkd, andtheequivalenttransferfunctionis Ae –jkde –j2pft . The
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Fig. 18-20. The equivalent complex baseband channel for free-space propagation with attenuation A
and distance d. a) Equivalent system, b) the equivalent impulse response, and c) the equivalent
baseband transfer function.
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only frequency dependenceis linear in frequency, dueto the delay. For mobile receivers,the
effect of small changesin d on the basebandchannelresponseis particularlysigniÞcant.The
effect is dramatically more pronounced for the phase shift than for the delay.

Example 18-22. For a carrier frequency of 1 GHz (typical for mobile radio), the propagation
constantis k = 2pfc ⁄ c = 21 radiansÚmeter. Thus,a p ⁄ 2 radianphaseshift, which will be very
signiÞcantto demodulators,occurswith every 7.4 centimeterschangein propagation distance.In
contrast,the propagation delaychangesby 3.3 nanosecondsfor eachmeterchangein propagation
distance.In relation to typical basebandbandwidths,this is totally insigniÞcant.For example,at
1 MHz, the changein phaseshift dueto this delaychangeis only 2pft = 2p ×0.0033,or roughly
one degree.

18.4.2. Noise in Microwave Amplif iers

On a radio link noiseentersthe receiver both throughthe antennaand as internal noise
sourcesin the receiver. We saw in (18.45)thatbothsourcesof noiseareGaussianandcanbe
consideredaswhiteupthroughthemicrowavefrequencies.Whitenoiseis completelyspeciÞed
by thespectraldensityN0 ⁄ 2, givenby (18.45).However, in radiotransmissionit is commonto
express this spectraldensity in terms of an equivalent parameter, the noise temperature
expressedin degreesKelvin. This customderivesfrom the functionalform of (18.45),where
N0 is strictly a functionof thetemperature.Thecustomof specifyingnoisetemperaturederives
from thefactthatTn is reasonablein size,on theorderof tensor hundredsof degrees,whereas
N0 is a very smallnumber. Notehowever thatthetotal thermalnoiseat somepoint in a system
maybe thesuperpositionof many thermalnoisesourcesat differenttemperatures.Hence,the
noise temperatureis merely a convenient speciÞcationof the noise power, and is not
necessarilyequalto the physical temperatureof any part of the system!For example,if we
amplify thenoisewe increasethenoisetemperaturewithout affectingthephysicaltemperature
of the source that generated that noise.

There are two sourcesof noise Ñ the noise incident on the antennaand the noise
introducedinternallyin thereceiver. Thenoiseincidenton theantennadependson theeffective
noisetemperaturein the direction the antennais pointed.For example,the sun hasa much
highereffective temperaturethantheatmosphere.Thenoiseintroducedinternalto thereceiver
dependson the designand sophisticationof the receiver. It is customaryto refer all noise
sourcesto theinput to thereceiver (theantenna),anddeÞneanequivalentnoisetemperatureat
thatpoint.Sincethestagesof areceiver typically have largegains,thenoiseintroducedinternal
to the receiver usually hasa much smallernoise temperaturewhen referredto the receiver
input.Thesereceiver noisetemperaturesrangefrom aboutfour degreesKelvin for supercooled
maserampliÞersto the rangeof 70 to 200 degreesKelvin for receivers without physical
cooling.

Example 18-23. Continuing Example18-21 for the Mariner-10 mission the effective noise
temperatureof the antennaplus receiver was 13.5 degreesKelvin. A bit rate of 117.6kb Ús was
used.What is thesignal-to-noiseratio in thereceiver assumingthebandwidthof thesystemis half
the bit rate,58.8kHz? (We saw in Fig. 5 that this is the minimum possiblebandwidthfor binary
transmission.) The total noise power within the receiver bandwidth would be

Pn = kTnB = 1.38 ×10–23 ×13.5 ×58.8 ×103 = –169.6 dBW. (18.55)

The signal-to-noise ratio is therefore
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SNR = –162.6 + 169.6 = 7.0 dB. (18.56)

In practicethe noisebandwidthwill be larger thanthis, andthe SNR will be lower, perhapsby a
coupleof dB. This SNR will supportdatatransmission,albeit at a ratherpoor error rate.Coding
techniques (Chapters 12 and 13) can compensate for the poor SNR.

TheSNRascalculatedin this exampleis a usefulquantitysinceit will not bechangedby the
large gain introduced in the receiver (both signal and noise will be affected the same way).

18.4.3. Emission Masks

A radiochanneldoesnot in itself provide any signiÞcantrestrictionon thebandwidththat
we can use for digital communication.Moreover, the free-spacechannelintroducesonly a
slowly varying dependenceof attenuationon frequency (dueto antennagain). Thus,thereis
nothinginherentaboutthechannelto introducesigniÞcantmotivationto bespectrallyefÞcient.
Enterthe regulatoryagencies!Sincethe radio spectrumis a scarcecommodity, it is carefully
allocatedto individual users.Unlike optical-Þber, wheredifferentuserscan install their own
Þber, we mustall sharea singleradioenvironment.To preventsigniÞcantinterferencebetween
users,spectral emissionmasksare speciÞedby regulation. An example of such a mask is
shown in Fig. 18-21. In this case,the regulatory agency has assigneda nominal 30 MHz
bandwidthcenteredat fc to a particularuser, but for practicalreasonshasallowed thatuserto
transmit a small amount of power (down more than 50 dB) outside that band.

Thismaskis usuallyadheredto by placingaverysharpcutoff Þlterin theradiotransmitter.
Sincethis Þlter is imposedby externalconstraints,it is naturalto think of this Þlter asbeing
part of the channel(this logic is oversimpliÞedof coursesincethe Þlter requirementsdepend
on the spectrumof the signal feedingthe Þlter). From this perspective, the microwave radio
channelhasa very sharpcutoff at thebandedges,in contrastto themediawe have seenearlier
which have at most a gradualincreaseof attenuationwith frequency. This characteristicis
sharedby thevoicebanddatachannelin thenext section,andfor this reasonsimilarmodulation
techniques are often employed on the two media.

Fig. 18-21. A spectral emission mask referenced to a nominal 30 MHz channel bandwidth. The vertical
axis is transmitted power spectrum referenced to the power of an unmodulated carrier. The user signal
must stay under the mask. (This mask applies to the United States.)
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18.4.4. Multipath F ading

We have seenhow the link budgetcanbedeterminedfor a radio link. Thecalculationwe
madeassumedfor themostpartidealizedcircumstances,whereasin practiceadditionalsystem
margin must be included in the link budget to account for foreseen or unforeseen
circumstances.For example,at higherfrequenciestherewill beanadditionalrain attenuation
during rainstormsat the earthreceiving antenna.In terrestrialmicrowave systems,thereis an
additionalimportantsourceof attenuationthatmustbeaccountedfor Ñ multipathfading[19].
Both rainattenuationandmultipathfadingresultin anattenuationon thesignalpaththatvaries
with frequency. A signiÞcantdifferenceis that unlike rain attenuation,multipath fading can
result in a large frequency-dependentattenuationwithin the narrow signal bandwidth.This
phenomenon is known asselective fading.

The mechanismfor multipath fading, shown in Fig. 18-22, is very similar to mode
distortionin multimodeopticalÞbersandto thedistortionintroducedby bridgedtapsin wire-
pairs, except that it is time varying. The atmosphereis inhomogeneousto electromagnetic
radiation due to spatial variationsin temperature,pressure,humidity, and turbulence.This
inhomogeneityresultsin variationsin theindex of refraction,resultingin possiblytwo or more
ray pathsfor electromagneticwavesto travel from transmitterto receiver. Anothersourceof
multipathis thereßectionof radiowavesoff of obstacles,suchasbuildings.Theeffective path
lengthsmay be different for the differentrays,andin generalwill interferewith oneanother
since the receiver will perceive only the sum of the signals.

We candeterminetheeffect of multipathfadingon a passbandsignalusingtheequivalent
complex-basebandresponsefor a single path and applying superposition.If we assumetwo
pathshave attenuationsA1 and A2 and propagation distancesd1 and d2, correspondingto
propagationdelayst 1 = d1 ⁄ c andt 2 = d2 ⁄ c, wecandeÞnetwo parametersDd = d1 – d2 andDt
= t 1 –t 2. Then by superposition the equivalent complex-baseband channel transfer function is

A1e –j2pft 1e –jkd1 + A2e –j2pft 2e –jkd2 = A1e –j2pft 1e –jkd1 . (18.57)

TheÞrsttermshave a constantandlinearphaseshift dueto the delayt 1, identicalto theÞrst
path.Thetermin parenthesesis important,becauseit candisplayacomplicateddependenceon
frequency due to constructive and destructive interference of the two signals at the receiver.

The critically importantparameteris Dt, which is called the delay spread. Two distinct
casescan be distinguished.The Þrst occurs when, for basebandfrequenciesof interest,
|fDt|<< 1, sothatthefrequency-dependenceof thesecondtermis insigniÞcant.This is called
thenarrowbandmodel. For thiscase,thetwo pathpropagationis similar to asinglepath,in that

Fig. 18-22. Illustration of two ray paths between a transmit and receive radio antenna. Fading
attenuation results when the two paths have different propagation delays.
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it resultsin a delay(linearphaseshift with frequency) plusa constantphaseshift. Thecontrary
caseis calledthe broadbandmodel, andresultsin a morecomplicatedfrequency dependence
due to constructive and destructive interference.

Example 18-24. Assumethat we deÞnethe transition betweenthe narrowband and broadband
model as a delay spreadsuchthat |fDt| = 0.005at the highestbasebandfrequency of interest.
Equivalently, we expect that f = 1 ⁄ 200Dt for the highestfrequency. Thenif the delayspreadis
1 ns, basebandchannelswith a bandwidth less than 5 MHz are considerednarrowband, and
bandwidthsgreaterthan5 MHz (especiallythosesigniÞcantlygreater)areconsideredbroadband.If
thedelayspreadincreasesto 100ns,thenthenarrowbandchannelhasbandwidthlessthan50 kHz
accordingto this criterion.Note that all that countsis the delayspread,andnot the absolutedelay
nor the carrier frequency. Also note that the actualpassbandsignal hasa bandwidthdouble the
equivalent complex baseband signal.

Example 18-25. For the two-pathcase,the magnitude-squaredof the frequency responsefor the
frequency-dependent term of interest is

|1 + r ej2pfDt|2 = 1 +|r |2 + 2 ×Re{ r ej2pfDt} (18.58)

for somecomplex constantr . We will chosea delayspreadof 10 nanoseconds(a typical worst-case
numberin anurbanenvironment)anda fairly large|r |= 0.99.This is plottedin dB in Fig. 18-23
over a ±50MHz frequency range, a broadbandmodel, and a narrower frequency range, a
narrowband model. Note the large notchesdue to destructive interferenceat somefrequencies,
accentuatedby thefactthatthetwo pathsarenearlythesameamplitude.Also notethecloseto 6 dB
gain at somefrequenciesdueto constructive interference.Thenarrowbandmodelis plottedover a
±500kHz frequency range,which by thecriterionof Example18-24is a narrowbandmodel.Note
that the channel response varies only a couple of dB over this range.

The two-path model, which is usually adequatefor Þxed terrestrial microwave systems,
suggeststhatfadingmayresultin eithera monotonicgain change(or slope)acrossthechannel
or asa dip (or notch) in the channelresponsewithin the bandwidth.A typical fadedchannel
responseis shown in Fig. 18-24, and the typical parametersthat characterizethe fade are
identiÞed [15].

In Section18.4.1,we showed that the power lossin free-spaceradio propagation obeys a
square-law relationship;that is, the receive power decreasesas d–2, or the path loss in dB
increasesas20 ×log10d. For terrestrialmicrowave transmission,the path loss increasesmore
rapidly thanin freespace,typically morelike d–4 or 40 ×log10d in dB. This canbeexplained

Fig. 18-23. Complex baseband channel amplitude response over a wide frequency range and a narrow
frequency range for a two-path model with r  = 0.99j.
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usingthesimplemodelof Fig. 18-25.Evenfor highly directionalantennas,for a larged there
will be a substantialreßectionoff the groundinterferingat the receive antenna.Typically the
groundis closeto a short circuit for oblique anglesof incidenceat microwave frequencies,
implying a reßectioncoefÞcientnear–1 (so that the net incidentandreßectedelectricÞelds
sum to zero).

Exercise18-3. For thegeometryof Fig. 18-25,consideronly thereßectionresultingif theground
acts like a perfect mirror, and that both the direct and indirect pathssuffer a free spaceloss.
Assumingthe distancebetweenantennasis much higher than the antennaheights,show that the
resulting net power loss is approximately

= . (18.59)

Hence,theeffectof thereßectionis adestructive interferencethatincreasesthepathlossby another
factor ofd –2 over and above the free space loss.

Notethat,not unexpectedly, it is advantageousto have high antennas(thelossdecreasesasthe
square of the antenna heights).

EvenwhenthetransmitterandreceiverareatÞxedlocationsrelative to oneanother, fading
is a time-varying phenomenonfor large distances(30 km or greater)due to atmospheric
phenomena.Of considerableimportanceto designersof radiosystemsis notonly thedepthbut
alsothe durationof fades.Fortunately, it hasbeenobserved that the deeperthe fade,the less

Fig. 18-24. A typical frequency-selective notch due to fading with some terminology. Note that the
impact on the channel depends strongly on the location of the notch relative to the channel bandwidth.
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frequentlyit occursandtheshorterits durationwhenit doesoccur. Also, theseverity of fades
increasesas the distancebetweenantennasincreasesor as the carrier frequency increases.
Fadingcanalsobemitigatedby usingdiversity techniques, in which two or moreindependent
channelsaresomehow combined[20]. Thephilosophy hereis thatonly oneof thesechannels
at a time is likely to be affected by fading.

18.4.5. Mobile Radio

Oneof themostappealingusesfor radiotransmissionis for communicationwith peopleor
vehicleson the move. For this type of communicationthereis really no alternative to radio
transmission,except for infrared,which doesnot work well outdoors.Mobile radio exhibits
somecharacteristicsthat are different from point-to-pointtransmission.First, antennasmust
generallybeomnidirectional,andthusthey exhibit muchlessantennagain. Second,therecan
beobstaclesto directpropagation,causinga shadowingeffectthatresultsin largevariationsin
received signal power with location.Third, the most commonapplicationis in urbanareas,
wheretherearemany opportunitiesfor multiple reßections,andthetwo-pathmodelis usually
not accurate.Fourth, the user is often moving, resulting in extreme time-variations in
transmissionconditions over even short distances,as well as Doppler shift in the carrier
frequency.

The two-pathmodelis easilyextendedto an M-pathmodel,again usingsuperposition.In
this case, the complex-baseband output of the channel is

Aiu(t – t i)e
–jkdi , (18.60)

wheretheAi arereal-valuedattenuationcoefÞcients,di is the lengthof the i-th path,andt i is
the propagation delay of the i-th path. There may be a dominantpath whoseattenuation
coefÞcientobeys the fourth-power law with distance,but the othercoefÞcientsdependon the
reßectioncoefÞcientsof indirect pathsandhencebeara complicatedrelationshipto position.
Furthermore,dueto shadow effects,theremay even be no dominantpath.for exampleif the
mobilereceiver is locatedbehinda building; theradiowaveswill suffer a diffractionloss.This
shadowing losstypically variesmarkedly over a distanceof tensto hundredsof meters.If we
averagethe received power over an areaon the orderof 1 km2, we will seethe fourth-power
loss with distance,but if we averageover an areaon the order of 1 meter2 we will seean
additionalßuctuationwith positiondueto shadowing. Shadowing is oftenassumedto resultin
a log-normaldistribution in local-averagereceived power; that is, the power expressedin dB
hasa Gaussiandistribution. The standarddeviation of the power expressedin dB is roughly
4 dB for typical urban areas.

Whenwe examinelocal received power, not averagedover an area,we begin to seewild
ßuctuationsdueto multipathfading.For a moving vehicle,fadesof 40 dB andmorebelow the
local-averagelevel arefrequent,with successive minimaoccurringevery half wavelengthor so
(a fractionof a meterat microwave frequencies).Thus,themotionof thevehicleintroducesa
whole new dimension to the fading experiencedon a point-to-point system,where the
ßuctuationsaremuchslower. This rapid ßuctuationis known asRayleighfading becausethe
distribution of the envelope of the received carrier often obeys a Rayleigh distribution [21].

i 1=

M
å
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To understandRayleigh fading, we must examine the effect of vehicle motion, which
resultsin a time variation in received carrier phase.As before, this can be understoodby
consideringasinglepath,andthenapplyingsuperpositionto multiplepaths.Thegeometryof a
singlepathis shown in Fig. 18-26,includinga reßectionbetweenthetransmitterandreceiver.
As shown, a virtual transmittercanbedeÞnedbehindthereßectorwith a linearpropagationto
the receiver. Let d be a vector from virtual transmitterto receiver at time t = 0, let v be the
velocityvectorfor thevehicleat time t = 0, andlet q betheanglebetweend andv, or theangle
of incidenceof the propagation path relative to the vehicle velocity. Let the scalar initial
distanceandvelocitybed = ||d ||andv = ||v ||.Thevectorfrom transmitterto receiver is d + vt,
and the propagation distance as a function of time is

||d + vt||= ( d2 + v2t2 + 2ád , v ñt )1 ⁄ 2, (18.61)

wheretheinnerproductis ád , v ñ= dv ×cosq. This distanceis not changinglinearly with time,
but can be approximated by a linear function of time.

Exercise 18-4. Show that if t << d ⁄ v, then (18.61) can be approximatedaccuratelyby
d + vtcosq. For example, if d = 1 km and v = 30 m Úsec(approximately100 km Úhr) then the
approximation holds fort << 66 sec.

Thetime scaleover which thelinearapproximationto distanceis valid is quitelargerelative to
thesigniÞcantcarrierphaseßuctuations,andhenceit is safeto assumethat thedistanceto the
receiver is changingasv ×cosq ×t. This changein distancehasslope+v whenthe receiver is
moving directlyawayfrom thetransmitter, –v whenit is moving directly towardthetransmitter,
and zero when the receiver is moving orthogonally to the transmitter.

With this basic geometric result in hand, the received complex-baseband signal is

A ×Re . (18.62)

We seehereseveral propagation effects.First, the basebandsignalu(t) is delayedby a time-
varyingamount,dueto thechangingpropagationdistance.Thiseffect is generallyinsigniÞcant
at the basebandfrequenciesof interest.Second,thereis a staticphaseshift e –jkd due to the
propagation distanceat t = 0. Third, andmost interesting,is a phaseshift that is linear with
time. In effect, this is a frequency offset,known astheDopplershift. Thecarrierfrequency is
shifted fromfc to fc – fd, where the Doppler frequency is

fd = vcosq = cosq . (18.63)

Fig. 18-26. Trajectory of motion for a vehicle moving at constant velocity, relative to a propagation path
including a reflection.
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When the receiver is moving away from the transmitter, the Doppler shift is negative; it is
positive when the receiver is moving toward the transmitter.

Example 18-26. If thevehiclevelocity is v = 30 m Úsec(100km Úhr), andthecarrierfrequency is
1 GHz(l = 0.3 meters),thenthemaximumDopplershift is fd = v ⁄ l = 100Hz. This illustratesthat
relative to the carrierfrequency, the Dopplershift is typically quite small,but relative to baseband
frequenciesit canberelatively large.Also observe that for a constantvehiclevelocity, theDoppler
shift becomes larger as the carrier frequency increases.

In additionto affecting the propagation distanceandangleof incidence,the reßectionin
Fig. 18-26will alsoaffect theattenuationconstantandaddanunknown phaseshift dueto the
reßection coefÞcient.

TheDopplershift by itself might not bea big issue,sinceit resultsin anoffset in a carrier
frequency thatmight not betoo preciselyknown in theÞrstplace.Themoresubstantive effect
occurswhen thereare two or more paths,eachwith different Doppler shifts becausetheir
incidentanglesat the receiver aredifferent.If thedelayspreadof thedifferentpathsis small,
we canassumea narrowbandmodel;that is, thedifferentdelaysof thearriving replicasof the
basebandsignal u(t) are insigniÞcantfor the basebandfrequenciesof interest.The resulting
superpositionof differentDopplershiftscanresultin arapidlyßuctuatingphaseandamplitude.
For example,for a setof pathswith amplitudeAi, delayst i = t assumedto bethesameon all
paths(which is thenarrowbandmodel),phaseshiftsf i at timezero,maximumDopplershift fd,
and angles of incidenceqi, the receive complex baseband signal is

Re  = Re{ u(t – t )r(t)} , (18.64)

where

Fig. 18-27. A model for the baseband channel with a receiver in motion at uniform velocity.
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Fig. 18-28. Amplitude and phase of r(t) resulting from the superposition of two paths with Doppler shift
of 0 and 100 Hz, with A1 = 1 and A2 = 0.9.

 Ðp

p

0

100500

Phase (radians)

Time (msec)0 50 100
-30

0

Time (msec)

Amplitude (dB)

Aiu t t i±( )e j f i vdt qicos±( )
iå

î þ
í ý
ì ü



874 Physical Media and Channels

r(t) = . (18.65)

The basic equivalent basebandchannel model is shown in Fig. 18-27. The effect is
multiplicationby a complex-valuedwaveform r(t). It is instructive to plot this waveformfor a
coupleof cases.For example,we show in Fig. 18-28the effect of addingtwo carrierswith a
relative 100 Hz Dopplershift. The result is fadesat 10 msecintervals, the 10 msecbeingthe
reciprocal of the relative Doppler shift. There are periodic very rapid phase jumps,
correspondingpreciselyto the times at which thereare large amplitudefades.This effect is
explainedby Fig. 18-29, which shows a polar plot. The waveform r(t) follows the circular
trajectoryshown, wheretheangularvelocity is constant.Theamplitudefadesoccurwhenthe
trajectory comesnear the origin, which coincideswith time that the phasechangesmost
rapidly.

Theseplots are repeatedfor 40 signals arriving from uniformly-spaceddirections in
Fig. 18-30andFig. 18-31.While theresultis qualitatively similar, thetrajectoryis muchmore
complicatedand random-looking.Again there are occasionaldeepamplitudefades,which
coincidewith rapidphasevariations.Thetimescaleof thesedeepfadesis againon theorderof
10 msec,which is thereciprocalof themaximumDopplerfrequency. This alsocorrespondsto
the time the receiver traverses a half of a wavelength at the carrier frequency.

The very chaoticchangein amplitudeand phasewith time shown in Fig. 18-30 can be
characterizedstatistically employing the central limit theorem.Returning to the model of
Fig. 18-27,we canmodel the multiplicative signalr(t) asa randomprocessR(t). Examining
this processat somepoint in time t0, the phaseof the i-th incidentpathis given by xi = f i –
vdcos(qi)t0. Since the phasesf i are very sensitive functions of the initial position, it is
reasonableto assumethat the xi are i.i.d. uniform randomvariableson the interval [0, 2p).
Writing the real and imaginary parts independently,

Re{ R(t0)}  = å i Aicosxi , Im{ R(t0)}  = å i Aisinxi , (18.66)

whereeachtermis thesumof independentrandomvariables.By thecentrallimit theorem,as
thenumberof termsincreasesbothRe{ R(t0)} andIm{ R(t0)} will beGaussiandistributed,and
henceR(t) will be a complex-valued Gaussian random variable.

Exercise 18-5. Show that, with the assumption that thexi are i.i.d. uniform random variables,

Aie
j f i vdt qicos±( )

iå

Fig. 18-29. Polar plot of the trajectory of r(t) for the same case as Fig. 18-28.

QUADRATURE

IN-PHASE

-2 0 2
-2

0

2



MICROWAVE RADIO 875

E[(Re{ R(t0)} )2] = E[(Im{ R(t0)} )2] = s2 = å i Ai
2 , (18.67)

E[Re{ R(t0)} Im{ R(t0)} ] = 0 . (18.68)

When

R(t0) = Re jQ (18.69)

is a complex-valuedGaussianrandomvariablewith identically-distributed and independent
real and imaginary parts, thenR is a Rayleigh-distributed random variable,

fR(r) = , (18.70)

andthephaseQ will beuniformly distributedon [0, 2p). TheamplitudeR is theenvelopeof the
receivedcarrier, andQ is thephase,sowecansaythattheenvelopehasaRayleighdistribution
and the phase is uniform.

Fig. 18-30. a) The amplitude and b) phase for the superposition of 40 signals arriving at uniform angles,
each with the same amplitude and random phases.
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Fig. 18-31. Polar plot for the same case as Fig. 18-30.
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The conclusionis that whena CW carrier is transmitted,the received signalR(t) is well
approximatedas a complex Gaussianprocess.The power spectrumof that processcan be
calculated,if we make assumptionsaboutthe distribution of arriving power vs. angle.This is
becausethefrequency of anarriving componentdependsdirectly on thecosineof theangleof
arrival. Let R(t) have power spectrumSR(f ). The contribution to R(t) arriving at angleq is at
frequency fc + fd cosq. This impliesthatSR(f ) is conÞnedto frequency band[fc – fd , fc + fd]. In
particular, the total power arriving in band[f0, fc + fd] correspondsto angleof arrivals in the
range

fc + fd cosq ³ f0, or |q| £ q0 = cos–1 . (18.71)

If we assume,for example,thata total receivedpower P is arriving uniformly spreadover all
angles|q| £ p, then the portion of the power arriving in band[f0, fc + fd] mustbe P ×q0 ⁄ p.
Thus,

= , (18.72)

and differentiating both sides with respect tow0, the power spectrum is

SR(f ) = , |f – fc | £ fd, (18.73)

andzeroelsewhere(of coursethespectrumis symmetricaboutf = 0). This power spectrumis
plottedfor positive frequenciesin Fig. 18-32,wherewe seethat the power is concentratedin
the region of frequenciesfc ± fd. A samplefunction of a randomprocesswith this power
spectrumwill look like a randomversionof thedeterministicsignalcos(2pfct)×cos(2pfdt), since
thelatterhasaFouriertransformthatconsistsof deltafunctionsat fc ± fd. ThisAM-DSB signal
is the carriermultiplied by anenvelopewith periodiczerocrossings(fades)spacedat l ⁄ (2v)
secintervals. This is just the time it takes for the vehicle to travel a half wavelength.Thus,
temporally, Rayleigh fading exhibits a strong tendency toward fadesevery half wavelength
when the power is uniformly spread over all incoming angles.
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Fig. 18-32. The Doppler power spectrum of the received carrier for a vehicle traveling at velocity v,
assuming the received signal power is spread uniformly over all angles of arrival.
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Example 18-27. If the vehicle velocity is 100 km Úhr and the carrier frequency is 1 GHz, the
maximumDopplerfrequency is approximately100Hz. Thismeansthattheindividualpathscoming
into thereceiver canhave Dopplershiftson theorderof ±100Hz, or thebandwidthof thepassband
signal is increasedby approximately200 Hz dueto the motion of the vehicle.The wavelengthis
about 0.3 meters, so that the time it takes the vehicle to travel a half wavelength is

t = = 5 msec. (18.74)

We canexpectsigniÞcantfadesapproximatelyevery 5 msec,which happensto bethereciprocalof
the 200 Hz range of Doppler shifts.

Themodelof Fig. 18-27andtheRayleighfadingderivationassumeda narrowbandmodel;
thatis, thedelayspreadis smallwith respectto thereciprocalof thebandwidth,or equivalently
that delayst i in (18.64) are identical over all paths.Thus, the model must be modiÞedto
accommodatea widebandmodel, when the signal bandwidth is too large. Usually this is
handledas follows. First, any given reßection,like off a high-rise building, is actually a
complicated superpositionof multiple reßections,where the delay spread across these
reßectionsis small enoughto obey the narrowbandmodel. Thus, this single reßectioncan
actuallybe representedby a narrowbandRayleighfadingmodelwith an associateddelayt 1.
Now if thereis a secondreßectionwith a signiÞcantlydifferentdelay, it canberepresentedby
anothernarrowbandRayleighfadingmodelwith delayt 2 ¹ t 1. The broadbandmodelfollows
from superposition of these narrowband models.

A two-pathbroadbandmodelis illustratedin Fig. 18-33.Thecomplex-basebandsignalu(t)
experiencesthe two path delays t 1 and t 2, and the two delay outputs are multiplied by
independentcomplex-Gaussianprocessesr1(t) and r2(t). Each path also has an associated
attenuationAi, andastaticphaseshift whichcanbesubsumedin r1(t) andr2(t). Thisbroadband
model is easily generalized to an arbitrary number of paths.

18.5 . TELEPHONE CHANNELS

Most locationsin the world can be reachedover the public telephonenetwork, so the
voicebandchannelis analmostuniversalvehiclefor datacommunication.Thedesignof digital
modemsfor telephonechannelsis challenging,becausethechannelwasdesignedprimarily for
voice,andimpairmentsthat arenot seriousfor voice canbe debilitatingfor datasignals.The
telephonechannelis a primeexampleof a compositechannel,consistingof many mediasuch

0.15meters
30 meters/sec
---------------------------------

Fig. 18-33. A broadband two-path model, where each path is assumed to be independently Rayleigh
fading.
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aswire pairs,satellitechannels,coaxialcables,terrestrialmicrowave links, andoptical Þber.
Even more importantthan the mediaare the many modulationsystemsbuilt on top of these
media,suchaspulse-codemodulationandsingle-sidebandmodulation.The characteristicsof
the channelvary widely dependingon the particularconnection.It is useful to discussthese
characteristics,not only becauseof the importanceof this particularchannel,but alsobecause
we encounter many impairments that occur in other situations as well.

18.5.1. Measured Performance of Telephone Channels

Becauseof the wide variety of possible connections,there is no simple analytical
characterizationof thetelephonechannel.Modemdesignersrely ratheronstatisticalsurveysof
telephonecircuits. In the U.S., a comprehensive survey was conductedin 1969-70[22] and
again in 1982-83[23]. The data in this sectioncomesprimarily from interpretationof the
secondsurvey. A modemdesignerneedsto determinethe acceptablepercentageof telephone
connectionsover which the modemwill perform,andthenÞndthe parameterthresholdsthat
are met or exceededby that percentageof channels.The resulting thresholdscan be quite
sensitive to the percentage.

Example 18-28. According to the 1982-83 connectionsurvey, 99% of end-to-endchannels
attenuatea1004Hz tone27dB or less.But 99.9%of channelsattenuatethesametone40dB or less.
To get the extra 0.9% coverage, an additional 13 dB of loss must be tolerated.

In Table18-1 we give typical worst-caseÞguresassumedfor someof the impairmentson the
channel.The percentageof telephonechannelsthat exceedthis performanceis roughly 99%.
Lineardistortionis a major impairmentthat is missingfrom the tablebecauseit is difÞcult to
summarizeconcisely. It is discussedbelow, followed by discussionsof the remaining
impairments.

Linear Distortion

The frequency responseof a telephonechannelcanbe approximatedby a linear transfer
functionB(f ), roughlyabandpassÞlterfrom 300to 3300Hz. Thisbandwidthis chosento give
acceptablevoice quality in the network, and is enforcedby bandpassÞlters in analogand
digital modulationsystemsusedin the network. A typical transferfunction of a telephone
channelis illustrated in Fig. 18-34, using traditional terminologythat we now will explain.

Table 18-1. Typical worst-case impairments for telephone channels. Roughly 99% of the telephone
circuits measured in the 1982-83 connection survey [23] meet or exceed this performance.

Impairment Impairment

Attenuation of a 1004Hz tone 27dB

Signal to C-notched noise ratio 20dB

Signaltosecondharmonicdistortionratio 34dB

Signal to third harmonic distortion ratio33dB

Frequency offset 3 Hz

Peak to peak phase jitter(2Ð300Hz) 20û

Peak to peak phase jitter (20Ð300Hz) 13û

Impulse noise (Ð4dB threshold) 4 per minute

Phase hits (20û threshold) 1 per minute

Round trip delay (no satellites) 50ms
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Amplitude distortion, the magnitudeof the frequency response,is plotted as attenuation(or
loss) vs. frequency. Amplitude distortion is often summarizedas a set of slope distortion
numbers,which attempt to captureimagessuch as Fig. 18-34a.A typical slope distortion
measureis theworstof two differences,(1) the lossat 404Hz minusthe lossat 1004Hz and
(2) the loss at 2804 Hz minus the loss at 1004 Hz. For 99% of telephoneconnections,that
numberis less than 9 dB. Several other slopedistortion characterizationsare found in the
literature,but they aredifÞcult to usein practice.We refer interestedreadersto theconnection
survey [23].

Interestingly, the attenuationin Fig. 18-34ais almostpreciselythe typical attenuationof
the local loop from the1980survey [24] combinedwith the typical frequency responseof the
Þltersin the PCM modulatorsin Fig. 18-3,suggestingthat thesearethe dominantsourcesof
frequency-dependent attenuation.

Phasedistortion,the deviation from linear of the phaseresponseof B(f ), is traditionally
describedas envelope delay distortion. Envelope delay is deÞnedas the negative of the
derivativeof thephaseof thereceivedsignalwith respectto frequency, andhencemeasuresthe
deviation from a linearphaseresponse.Envelopedelaydistortionis oftensummarizedby a set
of numbers,muchas the magnituderesponseis summarizedby slopedistortion.For details
see[24].

The overall attenuationof the channel is typically measuredat 1004Hz, where the
attenuationis usuallynearits minimum. The attenuationis usuallyabout6 dB betweenone
local switch and another, to which is added the loss of the local loops at each end.

Noise Sources

In additionto attenuation,thereis noisepresenton thevoicebandchannel,primarily from
four sources:quantizationnoise, thermalnoise, crosstalk, andimpulsenoise. We discussthem
in order of increasing importance.

Fig. 18-34. The attenuation (a) and envelope delay distortion (b) of a typical telephone channel as a
function of frequency. The attenuation is given relative to the attenuation of a 1004 Hz tone, and the
envelope delay distortion relative to 1704 Hz, where it is near its minimum value [23].
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Crosstalkof the type discussedin Section18.2 is oneimpairmentthat is moreseverefor
voicethanfor data,soit haslargely beeneliminatedfrom thenetwork. Inductionof interfering
tonesat60Hz andits harmonics(50Hz in Europe)from power linesis moresigniÞcant.As on
other communicationchannels,thermal noise is an important impairment. Impulse noise
consistsof sudden,large spikesof shortdurationandis measuredby countingthe numberof
timesthenoiseexceedsa given threshold.Impulsenoiseis dueto electromechanicalswitches
in the network, suchas in telephoneswitchesanddial telephones.Impulsenoiseis not well
characterized, and modem designs are not heavily inßuenced by its presence.

The dominantsourceof noise is quantizationerror introducedby PCM systems,as in
Fig. 18-3.Quantizationerror is a consequenceof usinga limited numberof bits to represent
eachsamplein thePCMsystem.While thequantizationerroris deterministicallydependenton
the signal, the randomnessof the signal usually gives quantizationerror a Ònoise-likeÓ
characteristic.It hasanapproximatelywhite power spectrum,andthe level of noiseis usually
measuredby thesignal-to-quantization-noiseratio (SQNR). TheSQNRfor a singlequantizer
asencounteredin theU.Stelephonenetwork is illustratedin Fig. 18-35.Notethatoveraninput
rangeof about30 dB (-40 to -10 dBm0) the SQNRvariesby only about6 dB (33 to 39 dB).
This relatively constantSQNRimpliesthatthequantizationerrorpower variesalmostin direct
proportionto thesignalpower; thatis, it is notconstantindependentof thesignalasfor thermal
noise.A thoroughstudyof thisnoiseis givenin [25]. For thefastestvoicebanddatamodems,it
canbe the dominantimpairment.For lower speedmodems,it is adequatelyapproximatedby
white Gaussian noise.

In Table18-1, the noise is labeledC-notched noise, which refers to a particular Þlter
applied to the noise prior to measurementof power. This Þlter is chosenon the basisof
subjective effectsfor voice,andif thenoiseis white hasno effect beyonda Þxedoffset in the
measuredpower. Quantizationerrorpower is measuredby applyinga holding tone, usuallyat
1004Hz, andÞlteringout this tonewith a deep(Ð50dB) notchÞlterprior to themeasurement
of the remaining quantization error with a C-message weighted Þlter.

Fig. 18-35. SQNR as a function of the absolute input signal power for three different types of inputs.
The Gaussian and Laplacian inputs are random, with the latter approximating the p.d.f. of speech
samples [23].
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Nonlinear Distortion

Nonlinear distortion is due to imperfectionsin ampliÞersand also to tracking errors
betweenA ÚD andD ÚA converters.Becauseof its relatively low level, non-lineardistortionis
a signiÞcant impairment only for the most elaborate, highest data-rate modems.

Frequency Offset

Frequency offset is peculiarto telephonechannelsandchannelswith Dopplershift. If the
input to thechannelis x(t), with FouriertransformX(f ), andthechannelhasa frequency offset
of w0 radians, and no other impairments, then the output of the channel has Fourier transform

Y(f ) = . (18.75)

This small shift in the spectrumof signal has important implications for carrier recovery
(Chapter15) and echo cancellation (Chapter20).

Exercise 18-6. We saw in Chapter2 that passband data signals can be expressed in the form

x(t) = Re{ s(t)e j2pfct} , (18.76)

wherehe complex envelope s(t) is a complex-valued basebanddata signal and fc is the carrier
frequency. Show that the effect of a frequency offset on the channel is a received signal

y(t) = Re{ s(t)e j2p(fc – f0)t} . (18.77)

In effect, thecarrierfrequency hasbeenshiftedby f0. Assumethatf0 > 0 ands(t) is bandlimitedso
thatS(f ) = 0 for |f|> fc.

Frequency offset is a consequenceof using slightly different frequenciesto modulateand
demodulatesingle-sideband(SSB) signalsin analogtransmissionfacilities (Fig. 18-1). It is
allowed becauseit hasno perceptibleeffect on speechquality, and can be compensatedby
proper design in voiceband data modems.

Phase Jitter

Phasejitter on telephonechannelsis primarily a consequenceof the sensitivity of
oscillatorsusedfor carrier generationin SSB systems(Fig. 18-1) to ßuctuationsin power
supplyvoltages.Sincepower supplyßuctuationsareoftenat 60 Hz or harmonicsthereof,the
largestcomponentsof phasejitter areoften at thesefrequencies.Phasejitter is measuredby
observingthedeviation of thezerocrossingsof a 1004Hz tonefrom their nominalpositionin
time.

Phasejitter canbe viewed asa generalizationof frequency offset. If the phasejitter on a
channel isq(t), the effect on the transmitted signal of (18.76) is a received signal of the form

y(t) = Re{ s(t)e j(2pfc t + q(t))} . (18.78)

A phasejitter of q(t) = 2pf0t amountsto frequency offset. It is commonfor q(t) to have
oscillatorycomponentsat thepower line frequency (50 or 60 Hz) andharmonics.If we simply
demodulatethis signalusingthecarriere j2pfc t, we recover a distortedbasebandsignals(t)e jq(t)
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rather than the desireds(t). To mitigate this distortion, it is common in carrier recovery
(Chapter15) to include algorithms designed to track and remove this undesired phase jitter.

A phasehit is anabruptchangein thenominalphaseof a receivedsinusoidalsignallasting
at least4 ms.Thereis little thatcanbedoneto defenda modemagainstthis degradation,but it
must be taken into account in the design of the carrier recovery (Chapter15).

Delay and Echo

Delay andecho arethe Þnal impairmentsin telephonechannelsthat we will consider. A
simpliÞedtelephonechannelis shown in Fig. 18-36.Thelocal loop, which is thetwistedwire
pair connectingthe central ofÞce with customerpremise,is usedfor transmissionin both
directions.Both signalssharethesamewire pair. At thecentralofÞce,a circuit calleda hybrid
separatesthe two directionsof transmission.Longerdistancefacilitiesarefour-wire, meaning
that the two directions of transmission are physically separated.

Onepossibleimplementationof thehybrid circuit is shown in Fig. 18-37.Thesignalfrom
the otherendof the two-wire facility is fed throughto the receive port. The transmitsignal
appearsat the transformerasa voltagedivider with impedancesR andZ0, wherethe latter is
the input impedanceof the two-wire facility. We cancel this undesiredfeedthroughby
constructinganothervoltagedivider with a balanceimpedanceZB. When ZB = Z0, the loss
from transmitto receive port is inÞnite.In practice,a ÞxedcompromiseimpedanceZB is used,
anda componentof thereceive signal(A) canleakthroughto (B) with anattenuationassmall
as 6 to 10 dB due to the variation in impedance of the two-wire facility.

The signaland two typesof echopathsfor the conÞgurationof Fig. 18-36areshown in
Fig. 18-38.An echo is deÞnedasa signalcomponentthat hastaken any pathother than the
talker speech path. The talker echo is the signal that leaks through the far-end hybrid and

Fig. 18-36. A simplified telephone channel, showing the two-wire local loop and the four-wire
transmission facility.
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Fig. 18-37. An electronic hybrid. To avoid leakage of the receive signal (A) into the transmit path (B) the
impedance ZB should exactly match the impedance of the transformer and two-wire facility.

(B)

TRANSMIT

FACILITY
WIRE
TWO

r(t) + y(t)

RR

ZB

G(A)
y(t)

RECEIVE

r̂ t( )



TELEPHONE CHANNELS 883

returnsto thesender(talker). The listenerecho is thecomponentof the talker echothat leaks
throughthenear-endhybrid andreturnsagain to the listener. This echois similar to multipath
propagationon radiochannels(Section18.4).The lengthof the telephonechanneldetermines
theround-tripechodelay. Echoesfrom thenearendof theconnectiontypically undergozeroto
2 msec of delay, whereasfar-end echoescan have round-trip delays of 10-60 msec for
terrestrial facilities, or up to 600 msec on satellite connections.

To mitigatetheeffectsof echoonspeechquality, severalstrategiesco-exist on thenetwork.
The effect of eachstrategy on datasignalsis different.For shortdelays,loss is addedin the
talker speechpath,which is advantageousbecausethe echoesexperiencethis lossmorethan
once.This loss,plusthelossof thesubscriberloopsateachend,is thesourceof theattenuation
thatmustbeaccommodatedby datatransmission;it canbeashigh as40 dB (at 1004Hz). For
longer delays, devices known as echo suppressors and echo cancelers are added to the
connection.

A full-duplex (FDX) modemis one that transmitsand receives on the sametelephone
channel.Sucha modemrequiresaninternaltwo-to-four-wire conversion,asshown in Fig. 18-
39. Becauseof imperfectbalanceimpedancesof the hybrids, someof the transmittedsignal
echoesinto thereceiverandinterfereswith theweaker datasignalfrom thefar end.Thehybrid
echolossmaybeaslow asabout6 dB, andthereceivedsignalmayhave experiencedasmuch
as40 dB loss,so the desiredfar-endsignalmay be asmuchasabout34 dB belowthe echo.
Ways of dealing with this problem are discussed in Chapters 17 and 20.

18.5.2. Channel Capacity Compared to Practical Modems

Roughestimatesof thecapacityof avoicebandtelephonechannelindicateit is over30,000
b Ús. In Table18-2we summarizethebit ratesachievedby existing standardizedvoicebanddata
modems.Bit ratesas high as 28,800b Ús are envisioned,althoughthe higher ratesmay be
achievableon a smallerfraction of possibleconnections.Indeed,several of the higherspeed
modemsare usedexclusively with leasedlines, which can be conditionedfor guaranteed
quality.

Fig. 18-38. Three of many possible signal paths in a simplified telephone channel with a single two-to-
four-wire conversion at each end.
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Fig. 18-39. Two modems connected over a single simplified telephone channel. The receiver on the
right must be able to distinguish the desired signal (A) from the signal leaked by its own transmitter (B).
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18.6 . MA GNETIC RECORDING CHANNELS

Digital communicationis usednot only for communicationover a distance(from hereto
there),but alsofor communicationover time(from now to then).Thelatterapplicationis called
digital storageor recording, andis usuallyaccomplishedusingamagneticmediumin theform
of a tapeor disk. More recently, particularly in the context of read-onlyapplications,optical
storage media have been used as well.

Example 18-29. The compactdisk ROM, an offshoot of a similar consumeraudio technology,
allows 600megabytesof datato bestoredon a singleplasticdisk 12 cm in diameter[26]. Thebits
arestoredassmallpits in thesurface,andarereadby spinningthedisk,shininga laserdiodeon the
surface, and detecting the reßected light with an optical pickup.

Digital recordingis of courseusedextensively in computingsystems,but is increasinglyused
in addition for the storage of music [27][28] or voice.

Example 18-30. The compactdisk digital audio system,which is a great commercialsuccess,
recordsmusicdigitally usingasimilar technologyto thecompactdiskROM. Themusicis converted
to digital using16bitspersampleatasamplingrateof 44.1kHz for eachof two channels,for a total
bit rate of about 1.4 MbÚs. Up to 70 minutes of material can be recorded on a single disk.

Example 18-31. Digital storageon disk drivesis usedin speechstore-and-forwardsystems,which
areessentiallythefunctionalreplacementfor telephoneansweringsystems,exceptthatthey serve a
number of customers.

Digital recordingoffers someof the sameadvantagesover analogrecordingaswe discussed
earlierfor transmission.Theprincipleadvantageagain is the regenerativeeffect, in which the
recordingdoesnot deterioratewith time (except for the introductionof randomerrorswhich
can be eliminatedby coding techniques)or with multiple recordingsand re-recordings.An
additionaladvantageis the compatibility of digital recordingwith digital signal processing,
which offers very powerful capabilities.

Table 18-2. Important standardized voiceband data modems are summarized here. The “duplex” column
indicates whether a single channel is shared for both directions of transmission (full) or separate channels
must be used for each direction (half). For full duplex modems, it also indicates whether frequency division
multiplexing (FDM) or echo cancellation (EC) is used for multiple access (Chapter 17). The “CCITT std”
column identifies the international standard that applies to this type of transmission. Finally, the
“modulation” column identifies the type of modulation, which are discussed in Chapters 5 and 13. The
numbers indicate the number of symbols in the alphabet. The “TC” in the V.32 and V.33 refers to trellis
coding (Chapter 13).

speed
(b Ús)

symbolrate
(Hz)

duplex Ñ method CCITT standard modulation

£ 300 £ 300 full Ñ FDM V.21 2-FSK

1200 1200 half V.23 2-FSK

1200 600 full Ñ FDM V-22 4-PSK

2400 1200 half V.26 4-PSK

2400 600 full Ñ FDM V.22bis 16-QAM

2400 1200 full Ñ EC V.26ter 4-PSK

4800 1600 half V.27 8-PSK

4800 2400 full Ñ EC V.32 4-QPSK

9600 2400 half V.29 16-AM ÚPM

9600 2400 full Ñ EC V.32 32-QAM + TC

14,400 2400 full Ñ EC V.32bis 128-QAM+ TC

£ 28,800 £ 3429 full Ñ EC V.fast (V.34) 1024-QAM+ TC
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Magnetic tapeor disk can be consideredas a transmissionmedium in much the same
manneras other mediasuchas wires and Þbers[29][30]. We will now brießy discussthe
properties of that medium.

18.6.1. Writing and Reading

In thewriting process,a magneticÞeldis generatedin anelectromagnetcalleda headasit
passesat high speedover a ferric oxide magneticmedium,therebyorientingthe directionof
magnetizationalonga trackin anearbymagneticmediumon thediskor tape[31]. On reading,
whentheorientedmagneticpatternpassesunderthatsamehead,it producesa voltagethatcan
be sensed and ampliÞed.

Thereare two basic typesof recording.Saturation recording is almostalways usedfor
digital recording,in which themagnetizationis saturatedin onedirectionor theother. Thus,in
saturationrecording,themediumis constrainedto beusedfor binarytransmission;thatis, only
two levels are allowed. This is in contrastto wire and coaxial media in which multi-level
transmissioncanbeconsidered.Theotherform of magneticrecordingis a.c.biasrecording, in
which the signalis accompaniedby a muchlarger andhigherfrequency biassinusoidfor the
purposeof linearizingthechannel.A.c. biasrecordingis necessarilyusedin analogrecording,
where linearity is important, but has not beenapplied to digital recordingbecauseof the
deteriorationin signal-to-noiseratio and the fact that saturationrecordingis appropriatefor
binary modulation and demodulation techniques.

The magneticrecordingprocessis qualitatively illustrated in Fig. 18-40. For saturation
recording,the voltageappliedto the write headassumesonepositive andonenegative value
correspondingto thetwo directionsof desiredmagnetization.In Fig. 18-40ait is assumedthat
a squarewave correspondingto thebinarysequenceÒ1101Óis appliedto thewrite head.This
waveformcorrespondenceto abit sequenceis callednon-returnto zero, or NRZ. Thebit stream
is recordedon linear (tape)or circular (disk) trackson themagneticmedium,andonetrack is
shown in Fig. 18-40b. Notethetwo directionsof magnetization,schematicallyindicatedby the
arrows.Thevoltageon thereadhead(which is physically thesameasthewrite head)duringa
readoperationis shown in Fig. 18-40c.As long asthemagnetizationis constant,no voltageis
inducedin the readheadcoil, but upona change in magnetizationthereis a voltageinduced
(recall thatthevoltageinducedin a coil is proportionalto thederivativeof themagneticÞeld).
The polarity of that voltage is determined by thedirection of change in magnetization.

Fig. 18-40. Illustration of magnetic recording. a. The NRZ waveform applied to the record head
corresponding to bit sequence “1101.” The abscissa is time, but this is proportional to distance on the
medium for constant velocity of the head. b. The magnetization of one track after saturation recording. b.
The voltage on the read head coil corresponding to position of the read head, which at constant velocity
is the same as time.

(c)

(b)

(a)



886 Physical Media and Channels

This write-readmagneticrecordingprocesscanbeviewedasa communicationchannelif
we observe only the input and output voltagewaveformsin Fig. 18-40aandFig.18-40cand
ignorethephysicalmediumof Fig. 18-40b. Both of thesewaveformsrepresentsignalsin time,
just like in communications,althoughthereis a conceptuallyinsigniÞcantand indeterminate
time delaybetweenthewrite andreadoperations.Viewedasacommunicationchannel,wesee
that the magnetic recording channel of Fig. 18-40 inherently includes a differentiation
operation.Anotherway of looking at this is thatthechannelis sensitive to only thetransitions
in theinputwaveformratherthanits polarity. Therefore,from adigital communicationpointof
view, we wantto maptheinput bits into transitionsin theinput waveformratherthanabsolute
polarity.

18.6.2. Linearity of the Magnetic Channel

The magneticchannelcan be madelinear in a specialsenseto be speciÞednow. This
linearity is a very desirable feature, in that it will greatly simplify system design.

The view of Fig. 18-40 is oversimpliÞedin that it assumesthat the magnetizationis in
either one direction or the other. In fact, the tape medium containsa multiplicity of tiny
magneticparticles,andeachparticlemustindeedbemagnetizedin onedirectionor theother.
The total net magnetizationcan assumealmost a continuumof values,dependingon the
number of particles magnetized in each direction. Unfortunately this continuum of
magnetizationdependsnonlinearlyon theappliedmagneticÞeld,anddisplayshysteresis,and
thereforethe write processis highly nonlinear. On the other hand,the readprocessis very
linear, in that the voltage induced on the read head is a linear function of the magnetization.

If theappliedÞeldto therecordingheadis strongenoughandheldlong enoughsothatthe
mediumis fully saturated,thenthe outputof the readheaddisplaysa form of superposition.
This is becausethis saturation destroys the memory of the hysteresis.This form of
superpositionis illustratedin Fig. 18-41.If theresponseto apositive transitionat time t is h(t),
and the responseto a negative transitionat time t + D is –h(t + D), then the responseto the
positive followed by negative transition obeys superposition, and is

h(t) – h(t + D) . (18.79)

This is truewith greataccuracy as long as the time betweentransitionsD is larger thansome
thresholdD0. This thresholdis determinedby thetime to achieve full saturationof themedium
in onedirectionor the othersincethe last transition,anddependson the designof the write
head as well as the medium.

Fig. 18-41. Superposition in the reading process of magnetic recording.

D
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18.6.3. Noise on the Magnetic Channel

The noise impairmentsare very complicatedon the magneticchannel,consistingof
additive andmultiplicative noisecomponents.A majorsourceof noiseis dueto thegranularity
of the medium. The total responseof the headis the superpositionof the responsesto a
multiplicity of magneticparticles.This discretenatureof the signalis similar to the quantum
natureof theopticaldetectionprocess(Section18.3)with oneimportantdistinction.In optical
detectionwe have only photons(or photoelectrons)or the absenceof same,whereasin
magneticsthere are both positively and negatively magnetizedparticles.Thus, in optical
detection,when thereis no signal incoming thereis alsono quantumnoise(neglectingdark
current).In the magneticreadingprocessthe particlesare presentwhetheror not thereis a
signal,or putting it anotherway theabsenceof a signalis representedby anequalnumberof
positively and negatively magnetizedparticles. Hence, the granular noise in magnetic
recording is present independentof the signal, and is therefore truly an additive noise
phenomenon.Its spectrumis not white becauseit is Þlteredby thereadheadresponse,andin
fact its power spectrum tends to be similar to the spectrum of the read signal.

Zero crossing jitter results from variations in the compositionof the medium and the
distancebetweenthewrite headandthemedium.Theeffect is a small jitter in thepositionof
the read pulses.Another phenomenonis amplitude modulation of the received signal, a
multiplicative noise phenomenondue to medium density ßuctuations.An extreme form of
amplitudemodulationis the tapedropout,in which thesignallevel getstoo small for reliable
detection.Sincedropoutsarea reproducibleeffect,dependingonpositionon themedium,they
are often ßaggedin disk Þles so that these areasare not used for recording. Another
phenomenonis interferencefrom adjacenttracks,which is similar to thecrosstalkexperienced
in multi-wire-pair cables and the interference between radio systems.

18.7 . FURTHER READING

The literature on communicationmedia is vast and scattered.We offer here some
suggestionsthat may help the readerget started.The basic theory of transmissionlines is
covered in [1]. There are a number of books devoted to optical Þber devices
[32][6][33][34][35][36][37][38] andasmallernumberthatconcentrateon thenoiseandsystem
issuesof primaryinteresthere[39][13][14]. A specialissueof IEEEJournalonSelectedAreas
in Communications(November, 1984) is devoted to undersealightwave communication.It
containsnumeroususeful articles describingthe specialproblemsthat arise in this hostile
environment.Anotherissue(November, 1985)coversÞberopticsfor localcommunication,and
concentrateson networking issues.Yet anotherissue(December, 1986)is devotedto terrestrial
Þberoptics,andincludespaperson reliability, economics,andnetworking issues.Finally, the
OpticalSocietyof AmericaÕsJournalof LightwaveTechnologyis agoodsourceof information.

Thereareavailablebookson satellite[18] andmobile radio [21] design.Specialissuesof
theIEEE Journal on SelectedAreasin Communicationsin July 1984,June1987,andJanuary
1989areis devotedto mobile radio communication.Many of the papersproposemodulation
schemesthat are robust in the presenceof multipath fading. More speciÞcallydirectedto
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multipathfadingchannelsis anotherspecialissue(February1987).Anotherissue(April 1987)
is devoted to point-to-point digital radio, and yet another(January1985) to broadcasting
satellites.

Further information about characteristicsof the telephonechannelis best obtainedby
going directly to the publishedline surveys [22][23][24]. Specialissuesof IEEE Journal on
SelectedAreas in Communications(September1984, and August and December1989) are
devoted to modulation and coding for the telephone channel.

A specialissueof IEEE Journal on SelectedAreasin Communicationsin January1992is
devoted to recent results on magnetic recording channels.

Problems

Problem18-1. Show thatfor a terminatedtransmissionline with real-valuedcharacteristicimpedance,
the maximum power to the load is obtained in Fig.18-6b whenZS = ZL = Z0.

Problem18-2. For a transmissionline, derive the relation l f = v, where f is the frequency of a
propagating wave in Hz,l  is the wavelength in meters, andv is the velocity of the wave in metersÚsec.

Problem18-3. In subscriberloop wire-pair cables,it is commonin somecountriesto have bridged
taps, which areopencircuitedwire-pairsbridgedin parallelon themainpair. Assumethata sourcehas
impedanceequalto thewire-paircharacteristicimpedance,thewire-pairis terminatedat theotherendby
its characteristicimpedance,andthatthewire-pairhasasinglebridgedtap.Let thedistancefrom source
to tap beL1, from tap to terminationL2, and let the length of the bridged tap beL3.

(a) Find anexpressionfor thetransferfunctionof thewire-pairincludingbridgedtap.Besureto take
advantage of the simpliÞcations due to the terminations with the characteristic impedance.

(b) Show thatwhenthebridgedtapis very long, it causesa Þxedattenuationat all frequencies.What
is that attenuation?

(c) State intuitively what you would expect the responseat the termination to be to a single
transmitted pulse as a function of the length of the bridged tap.

(d) Discuss what happens intuitively when the bridged tap approaches zero length.

Problem18-4. UseSnellÕs law to show that in Fig. 18-12a ray will becapturedby theÞberaslong as
the incident angle obeys

sin(q1) < . (18.80)

This conÞrms that rays incident at small angles are captured, and those at larger angles are not.

Problem18-5. Let the length of the Þber beL.

(a) Show that the path length for a ray is equal toL ×sec(q2).

(b) Show thatthepathlengthvariesfrom L to L. Thus,thelargerthedifferencein index of
refractionof core to cladding,the larger the rangeof capturedangles,but also the larger the
variation in the transit time of rays through the length of the Þber.
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Problem18-6. Assuming that the chromatic dispersion in a single mode fiber is 0.15 psec ⁄ km-GHz,
evaluate numerically (18.30). Sketch the curve of repeater spacing vs. bit rate in the range of repeater
spacings between 1 and 1000 km as limited by dispersion.

Problem18-7. In an optical fiber receiver, assume the received optical power is P, the bit rate is R
bits ⁄ sec.

(a) Find the number of received photons per bit.

(b) Show that for a constant number of photons per bit, the required received optical power is
proportional to the bit rate.

(c) Find the received optical power necessary to receive 100 photons per bit at a wavelength of
1.5 mmeter and a bit rate of 1 Gb ⁄ s.

(d) For the same conditions as part (c), assume you can launch one mwatt power into the fiber, and
that the fiber loss at that wavelength is 0.2 dB per km. What is the distance that we can transmit?

Problem18-8. A typical direct detection optical receiver requires about N = 2000 photons per bit in
the notation of Problem 18-7.

(a) Derive the following formula [9] for the required received power at an optical detector at a
wavelength of 1.5 mmeter for this value of N,

PdBm = –65.8 + log10RMb , (18.81)

where PdBm is the received power in dBm required and RMb is the bit rate in Mb ⁄ s. Note how
the required power increases as the bit rate increases. In particular, each order of magnitude
increase in bit rate increases the required power by only one dB.

(b) Assuming 0 dBm launched power into the fiber, and 0.2 dB per km loss in the fiber, what is the
allowable distance between repeaters at bit rates of 100 and 1000 Mb ⁄ s? You can assume that
loss is the dominant impairment limiting repeater spacing.

Problem18-9. Change the assumptions in Problem 18-8 to those that might better reflect fundamental
limits [9]: A launched signal power of 20 dBm and 20 photons per bit required at the receiver.

Problem18-10. Suppose we have a system requirement that a total bit rate of RT must be transmitted
over a distance of LT using a set of parallel repeatered transmission lines (wire cable or fiber). In each
repeater span we have as design parameters the bit rate B and repeater spacing L. Show that the total
number of repeaters is minimized when the quantity B ×L is maximized for the given transmission
technology. Thus, if the repeaters are the dominant transmission cost, we want to maximize the product
of the bit rate and the distance for each technology.

Problem18-11.

(a) Derive the following relationship between repeater spacing and bit rate, using the assumptions of
Problem 18-8, and assuming a fiber loss of g0 dB ⁄ km:

L = . (18.82)

You can assume that the number of received photons per bit is held constant and the transmit
power is held constant at 0 dBm.

(b) Sketch this relation for the range of bit rates between 1 Mb ⁄ s and 10,000 Mb ⁄ s and a fiber loss of
0.2 dB ⁄ km and verify that Fig. 18-16 is qualitatively correct is predicting this loss-limited region.

65.8 log10RMb±

g0
-------------------------------------------
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(c) Using the results of Problem 18-10, argue that it will be best to increase the bit rate until
dispersion becomes the controlling impairment, if the criterion is to minimize the number of
repeaters.

Problem18-12. The available thermal noise power in a bandwidth B Hz is kTnB. For a resistor
generating thermal noise, the noise source can be modeled as either a series voltage source or a parallel
current source. Show that the voltage source has mean-squared voltage 4kTnRB and the current source
has mean-squared current 4kTnB ⁄ R within bandwidth B for a resistance of R ohms.

Problem18-13. At 6 GHz, what is the diameter of a circular aperture antenna that has an antenna gain
of 40 dB with a 70% efficiency?

Problem18-14. A radio channel with bandwidth 30 MHz is centered at 6 GHz. What is the difference
in decibels in the path loss between the high and low end of this channel? At which end is the loss the
minimum? (Caution: The antenna gains are a function of frequency.)

Problem18-15. Compare the trade-off between repeater spacing d and transmitted power PT,
assuming that the received power PR is held constant for the following two media:

(a) Metallic cable or fiber optics with loss g0 dB per km.

(b) A microwave radio system.

(c) For which medium does the transmitted power have the most impact?

Problem18-16. Develop the following formula which relates the free-space loss between isotropic
radiators in dB, the distance dkm between radiators in km, and the frequency fGHz in GHz,

Loss (dB) = 92.4 + 20log10dkm + 20log10fGHz. (18.83)

Note the dependence of this loss on distance and frequency.

Problem18-17. In this problem we will determine how to combine noise sources in a radio receiver
with different noise temperatures to yield a single equivalent noise source. For the configuration of
Fig. 18-42 where the noise temperature of the three noise sources ni(t) are Ti, find the relationship
between these noise temperatures such that the two systems will have the same SNR. The parameter G is
the power gain of an amplifier, i.e., the ratio of input to output power.

Fig. 18-42. Illustration of the combination of two noise sources into a single equivalent noise source
referenced to the input of the system.
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Problem18-18. Use the results of Problem 18-17 to find the equivalent noise temperature at the input
to the receiver of Fig. 18-43, where each of the circuit elements is assumed to be noiseless with an
associated noise source with associated noise temperature.

Problem18-19. Estimate the delay spread for the two-path ground-reflection model of Exercise 18-3
for a spacing of antennas by 3 km and antenna height of 50 meters. What is the approximate baseband
bandwidth over which the narrowband model is applicable?

Problem18-20. Suppose the incoming power in a Rayleigh fading scenario does not arrive at a moving
vehicle uniformly spread over all angles. Describe qualitatively how you would expect the power
spectrum of Fig. 18-32 to be affected under the following conditions:

(a) The vehicle is driving toward the transmitter, and more power is arriving from the direction of the
transmitter than other directions.

(b) A lot of power is reflecting off a nearby mountain, so that more power is arriving at the vehicle
from the side (relative to the direction of motion) than any other direction.

Problem18-21. Consider a SSB analog voice transmission system embedded in the telephone network.
Suppose that the carrier frequency fc is nominally 1 MHz. In practice, the transmitter and receiver will be
designed with components that yield modulating and demodulating frequencies that are slightly off.
Component manufacturers often express the accuracy of precision parts in partsper million, instead of
percent (which is parts per hundred). How accurate (in parts per million) do the modulating and
demodulating oscillator frequencies have to be to guarantee less than 3 Hz frequency offset?

Problem18-22. Suppose that a data signal

x(t) = Re{s(t)e j2pfct} (18.84)

is transmitted over a telephone channel with frequency offset f0 and sinusoidal phase jitter with
frequency fp and amplitude a. Assume there are no other impairments. Give an expression for
the received signal.
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