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Physical Media
and Channels

Ultimately the designof a digital communicatiorsystemdepend®on the propertiesof the
channel.The channelis typically a part of the digital communicationsystemthat we cannot
change Somechannelsaresimply a physical medium,suchasa wire pair or optical Pber On
the otherhand,the radio channelis part of the electromagnetispectrumwhich is divided by
governmentregulatory bodiesinto bandlimitedradio channelsghat occupy disjoint frequeng
bands.n this bookwe do not considerthe designof the transduces, suchasantennaslasers,
and photodetectorsandhencewe considerthempart of the channel.Somechannelsnotably
the telephonechannel,are actually compositesof multiple transmissionsubsystemsSuch

composite channels derive their characteristicsfrom the properties of the underlying
subsystems.

Section18.1 discussescomposite channels. Sections 18.2 through 18.4 review the
characteristicof the mostcommonchannelsusedfor digital communicationjncluding the
transmissionline (wire pair or coaxial cable), optical bber and microwave radio (satellite,
point-to-pointand mobile terrestrialradio). Section18.5 discusseghe compositevoiceband
telephone channel, which is often used for voiceband data transmission. Finally,
Section18.6discussemagnetiaecordingof digital data,asusedin tapeanddisk drives,which
has characteristics similar in maways to the other channels discussed.

The most prevalent mediafor new installationsin the future will be optical Pberand
microwave radio,andpossiblylosslesgransmissionines basedon superconductingnaterials.
However, there is a continuing strong interestin lossy transmissionlines and voiceband
channelshecausef their prevalencein existing installations.Thusall the mediadiscussedn
this chapter are important inwepplications of digital communication.
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18.1. COMPOSITE CHANNELS

It is commonfor mary usersto sharea commoncommunicatiormedium,for exampleby
time-divisionandfrequency-division multipkeng (Chapterl6).

Example 18-1. Voice signalsareroughly bandlimitedto frequenciedower than4 kHz. A suitable
basebanahannelthereforeneedsto passonly frequenciesup to 4 kHz. Sucha channelis often
derived from a much higher bandwidthphysical mediumthatis sharedwith otherusers.A voice
frequency (VF) channel derived from a coaxial cable (Section18.2) using single-sideband
modulation is shovn in Fig. 18-1. The SSB modulator translatesthe VF channel to the
neighborhoodf afrequeny w, for transmissioronthecoaxialcable A VF channektanbeusedfor
digital communication,as long as the modulationtechniqueconformsto the limitations of the
channel.

The channelin Fig. 18-1 is an example of a compositechanne] becausdt consistsof
multiple subsystemslf the VF channelwas designedfor voice transmissionjt hascertain
characteristicavhich are beyond the control of the designerof the digital communication
system.The VF channelcharacteristicsn this casedependnot only on the propertiesof the
physical medium, bt also on the design of the SSB modulation system.

Compositechannelsusually arisein the context of multiple accesswhich is debnedas
accesdo a physical mediumby two or more independentisers.This is again illustrated by
example.

Example 18-2. Fig. 18-2 shavs a frequency-divisiomnultiplexing (FDM) approachusing SSB
modulation. In this casetwo VF channelsare derived from a single coaxial cable using SSB
modulation.The two channelsare separatedy usingtwo differentcarrierfrequenciesn the two
modulatorsf; andf,, wherethesefrequenciesare chosernfar enoughapartthatthe spectrafor the

DATA VF SsB COAXIAL SSB VE DATA
TRANSMITTER MODULATOR DEMODULATOR RECEIVER
CHANNEL CABLE CHANNEL
fe fe
Fig. 18-1. Composite data channel derived from an SSB modulation system, where f, is the carrier
frequency.
DATA VF SSB SSB VF DATA
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Fig. 18-2. Two data channels derived from a single coaxial cable by FDM, where f; and f, are distinct
carrier frequencies. “TX” is the transmitter and “RECR” is the receiver.
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two modulatedvVF channelgddo not overlap. Thesetwo VF channelssanbe usedindependentlyor
digital communication.

In factFDM is a very commontechniquein the telephonenetwork for derving mary VF
channeldrom a single physical mediumsuchascoaxialcableor microwave radio (thousands
rather than just tavas in the ample!).

Another common composite channel is illustrated in theviatig example.

Example 18-3. A VF channelderived from a digital transmissionsystem using pulse-code
modulation(PCM) is illustratedin Fig. 18-3. The PCM systemsampleghe VF channelat 8 kHz,
correspondingo a maximumbandwidthof 4 kHz, andthenquantizesachsampleto eightbits. The
total bit ratefor the PCM encoded/F channels 64 kb U&. This derived VF channelmaybe usedfor
datatransmissionagain, ary digital modulationtechniquecanbe usedsubjectto basicconstraints
imposedby the PCM system.The total bit rate that can be transmittedthroughthis derved VF
channels lessthan64 kb U, in factmoreof theorderof 20D3kb L. Thedirecttransmissiorof the
bit streamover the digital transmissiorsystemwould obviously be more efbcient,but the situation
in Fig. 18-3is still very commondueto the presencef muchexisting PCM equipmentfor voice
transmission and the desire to transmit da& a channel designed primarily farive.

Physicalmediaaswell asthe compositechannelglerived from themimposeconstraintson
the designof a digital communicatiorsystemMarny of theseconstraintawill be mentionedn
this chapterfor particularmedia.The natureof theseconstraintsusuallyfall within somebroad
cateyories:

¥ A bandwidthconstaint. Sometimeghis is in the form of a channelattenuationwhich
increasesgradually at high frequencies,and sometimes(particularly in the case of
composite channels) it is in the form ofery hard bandwidth limit.

¥ A transmittecpowerconstaint. Thisis oftenimposedo limit interferenceof onedigital
communicatiorsystemwith anotheyor imposedby theinability of a compositechannel
to transmita power level greaterthansomethresholdor by a limitation imposedby the
power supplyvoltageof the digital communicatiorsystemitself. This power constraint
can be in the form of a peak-powerconstaint, which is essentiallya limit on the
transmitted wvltage, or can be aawverage power cons#int.

Example 18-4. An FDM systemsuchasthatin Fig. 18-2, wherethereare perhapsthousandf

channelsnultiplexedtogetheyis designedinderassumptionsn the averagepower of the channels.
From this averagepower, the total power of the multiplexed signal canbe deducedthis power is

adjustedrelative to the point at which amplibersin the systemstartto becomenonlinear If a

signibcanhumberof VF channelsriolate the averagepower constraintthenthe multiplexed signal
will overloadtheamplibersandtheresultingnonlinearitywill causantermodulationdistortionand
interference between VF channels.

Example 18-5. The PCM systemof Fig. 18-3 imposesa bandwidthconstrainton the datasignal,
which mustbe lessthanhalf the samplingrate.A peakpower constraints alsoimposedby thefact
that the quantizer in the PCM system has\arload point bgond which it clips the input signal.

DATA VF PCM DIGITAL PCM VF DATA

TRANSMITTER MODULATOR DEMODULATOR RECEIVER
CHANNEL TRANSMISSION CHANNEL

Fig. 18-3. Data transmission over a PCM-derived VF channel.
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Example 18-6. Theregeneratie repeaterin Fig. 1-3 areusuallypoweredby placingahigh voltage
on the end of the systemandthen stringing the repeatersn series(like Christmastree lights!); a
fractionof thetotal voltageappear@acrosseachrepeaterThe powver consumptiorof therepeaterss
limited by the appliedvoltage the ohmiclossof the cable,andthe numberof repeatersThis places
anaveragepower constrainbnthetransmittedsignalat eachrepeaterin practicethereis alsoapeak
power constraintdue to the desirenot to have to generatea signal voltagehigherthanthe supply
voltagedrop acrossthe repeaterAn additionalfactorlimiting the transmittedpower for wire-pair
systemds crosstalkinto othercommunicatiorsystemsn the samemulti-pair cable,asdiscussedn
Sectionl8.2.4.

Example 18-7. The optical Pbermedium(Section18.3) becomessignibcantlynonlinearwhenthe
input pawer exceedsaboutonemilliw att. Thus,in mary applicationghereis a practicallimit onthe
average transmitted peer.

In additionto placingconstrainton the transmittedsignal,the mediumor compositechannel
introducesmpairmentswhich limit the rateat which we cancommunicateWe will seemary
examples of this in this chapter

18.2. TRANSMISSION LINES

Oneof themostcommonmediafor datatransmissiornn the pasthasbeenthetransmission
line composedf 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 extensvely used,
primarily for relatively short distancetrunking in the telephonenetwork betweenswitching
machinesn metropolitanareasThe spacingbetweerregeneratie repeaterss typically about
1.5 km, with bit ratesin the rangeof 1.5D6Mb s on wire pair to 270D40Mb (s on coaxial
cable.In addition,wire pairsareusedfor connectiorof the telephonanstrumento the central
ofbce,andwhile this connectionis primarily for analogvoicebandransmissionthereis work
proceedingo usethis samemediumfor digital communicatiorat 144 kb U or higherin the
Integrated ServicesDigital 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 uniformtransmissiorine is a two-conductorcablewith a uniform cross-sectionlt may
consistof a pair of wirestwistedtogethertwistedwire cablé or acablewith acylindrical outer
conductorsurroundinga wire (coaxial cablg. While the details of the cable characteristics
depend on the cross-section geometrg basic theory does not.
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A uniform transmissionline can be representedy a pair of conductorsas shavn in
Fig. 18-4.We denotetheterminationof theline ontheright asx = 0, andthe sourceof theline
on the left asx = —-L, wherex is the distancealongthe line and L is the length of the line.
Assumethattheline is excited with a complex exponentialwith radianfrequeng w. The the
voltageandcurrentalongtheline will beafunctionof boththefrequeny w andthedistancex.
Writing the voltageandcurrentat a point x, the dependencen time is given by the comple
exponential,

Vix, W) = Ve fL, I(x, W) = I(x)e fL (18.1)

where V(x) and I(x) are complex numberswhich summarizethe amplitudeand phaseof the
comple exponential at distance

Thevoltageandcurrentasafunctionof distancealongtheline consistof two propagting
waves,onefrom sourceto terminationandthe otherfrom terminationto source.The brstwe
call the source wave andthe latterwe call thereRectedvave Thetotal voltagesandcurrents
are the sum of the swvaves, gven by

V() = Ve &+ Ve, 1) = - (Vi %~ Ve 9. (18.2)
0

In theseequationghe V, termscorrespondo the sourcewave, andthe V _ termscorrespondo
the re3ectedwvave. The complex impedanceZ,, is calledthe characteristicimpedanceof the
transmissiorline, sinceit equalsthe ratio of the voltageto currentat ary point of the line
(independenof x) for eitherthe sourceor rel3ectedvave. The othercomplex quantityin this
equationis g, whichis calledthe propagationconstant Therealandimaginarypartsof gareof
importance in theirwn right, so in

g=a-+jb (18.3)

therealparta andimaginarypartb arecalledrespectrely the attenuationconstantandphase
constant The attenuationconstanthasthe units of nepes per unit distanceand the phase
constant has the units ddians per unit distance

There are three things that distinguish the sousse &nd its ref3ection:

¥ The amplitude and phase agpressed by, andV _ are diferent.
¥ The current is R@ing in opposite directions.
¥ The sign of thexgonent is diferent.

< +\ 4

SOURCE TERMINATION

1l
[«

x=-L x x

Fig. 18-4. A uniform transmission line, where X is the distance along the line.
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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.

The third differenceis illustratedin Fig. 18-5. The dependencef both waveson time at
ary point alongthe line is shovn in Fig. 18-5a.This is of coursejust a sinusoidof constant
amplitudeand phase whereboth amplitudeand phasedependon the frequeng of the wave.
Forabxedtimet = ¢, thesourcewave is shovn in Fig. 18-5basafunctionof distancer, andis
given by

V(x) = Vye 3% b (18.4)

Theamplitudeof this wave decreasewith distancex. Thewavelengthof thewave, or distance
between nulls, ig€p/b.

The phaseshift of the complex exponentialwith radianfrequeng w for atransmissiotine
of length L is bL radianswhich corresponds$o bL /2p cycles.This phaseshift representa
propagtion delay of the sinusoid,andwe canreadily Pgureout the size of the delay Since
eachcycle corresponds$o 2p /w secondgrom Fig. 18-5a,it follows thatthe total delayof the
comple exponential is

bL o cless2P SEC = b
% cycles W Sycles WL sec. (18.5)
The propagtion velocity of the wave on the transmissionline is thereforerelatedto the
frequeny and phase constant by

v= ‘é". (18.6)

Since a is always greater than zero, the magnitude of the wave is also decaying
exponentially with distancein accordancewith the term e ¥ This implies that at ary
frequeny thelossof theline in dB is proportionalto thelengthof theline. We geta powerloss
in dB

o XL = 101oglog%g, (18.7)

whereg, = 20alog; e is thelossin dB perunit distance Sincea is frequeny dependentsotoo
iS G-
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Similarly, shavn in Fig. 18-5cis the reRectedwave amplitudeas a function of distance
along the line. This wave is also decayingexponentially with distancein the direction of
propagtion, which is from termination to source.

Basedon theserelationshipswe candeterminethe voltagealongthe line for ary source
and termination impedances by simply matching up boundary conditions.

Example 18-8. A transmissiorine terminatedn impedanceZ;, is shavn in Fig. 18-6a.Whatis the
relative size of the incident and reRectedwaves at the termination?This quantity is called the
voltage ref3ectioncoepcientandis usuallydenotedby G The boundaryconditionis that Z; is the
ratio of the wltage to current at = 0, so from (18.2),

_y VetV oo Vo _ZLPZ,
oV, BV’ V, Z,+Z,

Zr (18.8)

Several special casesare of interest. When the load impedanceis equal to the characteristic
impedanceZ;, = Z,, thenthereRectioncoebcientis zero,G = 0. Whentheline is opencircuited,

Z7, = ¥,thenG =1 indicatingthatthereRected/oltageis the sameastheincidentwave atthe point

of theopencircuit. Finally, whentheline is closedcircuited,Z;, = 0, thenG = -1 indicatingthatthe

reRected wltage is the rgative of the incident eltage.

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

V(x)_ , eB+Ge¥ 7~ V(BL)_ , 1+Ge™ox
I(x) = 70 cBur pGegr’

i TL) 2T Dogor (18.9)

Whentheline is terminatedn its characteristiempedance(s = 0 andtheinputimpedances equal
to the characteristic impedance.

Example 18-10. For the terminatedine of Fig. 18-6bwith a sourceimpedanceof Zg, whatis the

voltage transferfunction from sourceV;, to the load? Writing the node voltage equationat the
source,

V(-L) =V, - I(-L)Zg (18.10)

and we hae the tvo additional relations

V(-L) = V(e &+ G 9y, I-L) = ;—+ (9L -G 9Ly (18.11)
0

which enableusto solve for thethreeconstantd/,, V(-L), andI(-L). Finally, the outputvoltageis

1
LT
(a) Z, |j é\./) Zs (b) Z, |j
x=-L

x=0

Fig. 18-6. A terminated transmission line. a. Without a source termination. b. With a source termination.
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V0o)y=v,1+G. (18.12)
Putting this all togethethe desiredaltage transfer function is

V(0) _ Zo(1+G)

, 18.13
Vin (Zo+Zg)eOL + G(Z,  Z g)e*oL (18.13)

When the source impedance is equal to the characteristic impedgned;, this simplipes to

V(0)_1+G g
o= % (18.14)

mn

Whenfurthertheline is terminatedn its characteristiémpedanceG = 0 andthe transferfunction
consistsof the attenuationand phaseshift of the transmissionline (times anotherfactor of 0.5
correspondingo the attenuatiordueto the sourceandterminationimpedances)Whenthe line is
short-circuitedthenthe transferfunctionis zeroasexpectedsinceG = —-1. Whathappensvhenthe
line is open circuited?

Transmissiorlines are often analyzed particularlywherecomputerprogramsare written,
using the conceptof a chain matrix [1]. A twoport networkis a network as illustratedin
Fig. 18-7,which hasaninput port andoutputport andfor which the input andoutputcurrents
are complementanas shavn. The chain matrix relatesthe input voltage and currentto the

output wltage and current;z.
\%
=|4 B|| "2 (18.15)
C D||1,

whereall quantitiesare complex functionsof frequeng. The chain matrix characterizeshe
twoporttransferfunctioncompletely andcanbe usedto analyzeconnection®f twoports(such
as transmissionlines, thereby serving to analyze nonuniform transmissionlines). Its
importance arises from the foling fact.

Vi
I

Exercise 18-1. Shaw thatif two twoportsare connectedn series,then the chain matrix of the
combination twport is the product of the brst chain matrix times the second chain matrix.

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

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

cosh(gL) Z,sinh(gL)

. (18.16)
sinh(gL) &, cosh(gL)

I I
+ —— ——o +
Vl TWOPORT V2

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

Thecharacteristiempedancendpropagtionconstantarecalledsecondaryparametes of
the cablebecausdhey are not relateddirectly to physical parametersA simple modelfor a
short sectionof the transmissiorine is shovn in Fig. 18-8. This modelis in termsof four
parametersthe conductances in mhosper unit length, the capacitance” in faradsper unit
length,theinductance. in henriesperunit length,andtheresistancek in ohmsperunit length.
All of theseparametersf thetransmissiorine arefunctionsof frequeng in generalandthey
differ for differentcross-sectionffor example,twistedpair vs. coaxialcable).In generathese
parameters are determinegerimentally for a gien cable.

This lumped-parametemodel becomesan exact model for the transmissiorline asthe
length of the line dx ® 0, and is useful since it displaysdirectly physically meaningful
guantities. Theseparametersre called the primary constantsof the transmissionline. The
secondary parameters can be calculated directly in terms of the primary constants as

_ [R+jwL _ - .

Example 18-11. A losslesgransmissiotiine is missingthetwo dissipatve elementsresistancand
conductanceNew superconductingnaterialsshav promiseof actually being able to realizethis
ideal. The secondary parameters in this case are

Zy= J% g=fJLC . (18.18)

The characteristidmpedanceof a losslesstransmissioriine is real-valuedand henceresistve. A

pure resistve termination is often used as a reasonableapproximationto the characteristic
impedanceof a lossytransmissioriine, althoughthe actualcharacteristiampedancancreasesat

low frequenciesand includes a capacitve reactve component.The propagtion constantis

imaginary and sincea = 0 the losslesstransmissionline hasno attenuationas expected.The

propagtion \elocity on a lossless transmission line is

ols
H|>—A
Q.

(18.19)

The primary constantof actualcablesdependon mary factorssuchasthe geometryand
thematerialusedin theinsulation.For twistedwire pairs[2] the capacitancés independenof
frequeny for the rangeof frequencief interest(0.083nfaradsper mile, or 0.0515nfarads
perkilometeris typical), the conductancés negligibly small,theinductances aslowly varying
function of frequeng decreasingrom aboutone milliHenries (mH) per mile or 0.62mH per

Ldx

I Rdx I +dI
» 000/ ANV »
+ J_ +
\%4 Gdx _|_ Cdx V+dV
le )l
1€ 2

dx

Fig. 18-8. Lumped-parameter model for a short section of transmission line.
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km, at low frequenciedo about70% of that value at high frequenciesand the resistances
proportionalto the squareroot of frequenciesat high frequenciesdue to the skin effect (the
tendenyg of the current to 3@ near the sudte of the conductpincreasing the resistance).

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

v= 1 =1.1 x10° miles U sec1.76 x10° km U sec (18.20)

A(0.083 x106)(10%3)

Example 18-13. Sincethe speedf light in freespaces 3 x10° km Usec thevelocity ontheline is
a little greaterthan half the speedof light. The delay is about 5.65 nsec per km. This
approximation is alid on practical twisted wire pairs for frequencies whBréwlL .

Coaxial cable is popular for higher frequeng applications primarily becausethe outer
conductoreffectively shieldsagainstradiationto the outsideworld andcorverselyinterference
from outsidesources At lower frequenciesnear voicebandthis shieldingis ineffective and

hencethe coaxial cabledoesnot have ary advantageover the more economicalwisted wire

pair. In termsof primary constantsthe main differencebetweencoaxialcableandwire pairis

that the coaxial inductance is essentially independent of freguenc

Example 18-14. A moreaccuratenodelthanExamplel8-11of a cable wire pair or coaxial,would
be to assume thét only is zero. Then the propaiipn constant of (18.17) becomes

a= W/\/7 / w2L2+1% , b= WF /1+ +1% . (18.21)

At frequencies wherg& CwL,
a » ;/% nepersper unit length, (18.22)
b » wJ/LC. (18.23)

Hencethe velocity relation of (18.19)is still valid in this rangeof frequencies.Since at high
frequenciesk increasessthe squareroot of frequengy, the attenuatiorconstantin nepers(or dB)
hasthesamedependeng It follows thatthelossof theline in dB at high frequenciess proportional
to the square root of frequenc

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

The resultsof Examplel8-14 suggestthat the propagtion constantis proportionalto
frequeng. This linear phasemodel suggestghat the line offers, in additionto attenuationa
constantdelayat all frequenciesHowever, a morerebnedmodel of the propagtion constant
[3] shaws thatthereis anadditionaltermin the phaseconstanfproportionalto the squareroot
of frequeng. Thisimpliesthatthe cablewill have somegroupdelay whichis delaydependent
onfrequeng. Thisimpliesthatthe differentfrequeny componentsf a pulselaunchednto the
line will arrive at the terminationwith slightly differentdelays.Both the frequeng-dependent
attenuatiorandthe groupdelaycauseadispesionon thetransmissiorine, or spreadingn time
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REC < TX
) NEXT

> ﬁ > REC
FEXT .
> > REC

Fig. 18-9. lllustration of two types of crosstalk: far-end crosstalk (FEXT) and near-end crosstalk
(NEXT).

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

18.2.3. Impedance Discontinuities

The theory presentedthus far has considereda single uniform transmissionline. In
practice,it is commonto encountedifferentgauges (diameters)f wire connectedogether
Thesegaugeschangegsio not affect the transmissiommaterially exceptfor introducinga slight
discontinuityin impedancewhich will resultin smallreRectionsA moreseriousproblemfor
digital transmissionn the subscribetoop betweencentralofbceandcustomeipremisess the
bridged tap an additional open circuited wire pair bridged onto the main cable pair

18.2.4. Crosstalk

An important considerationin the designof a digital communicationsystemusing a
transmissioriine asa physicalmediumis therange or distancewhich canbe achievzedbetween
regeneratre repeatersThis rangeis generallylimited by the high frequenyg gain which must
be insertedinto the recever equalizationto compensatdor cable attenuation.This gain
ampliPesoiseandinterferencesignalswhich maybe presentcausingthe signalto deteriorate
asthe rangeincreasesThe mostimportantnoise and interferencesignalsare thermalnoise
(dueto randommotion of electrons)impulsenoise (causedby switching relaysand similar
mechanisms)and crosstalkbetweencable pairs. Crosstalk,and interferencefrom external
sourcessuchaspower lines, canbe minimized by using balancedtransmissionin which the
signalis transmittedandreceved asa differencein voltagebetweenthe two wires; this helps
becausexternalinterferencecouplesapproximatelyequally into the two wires and henceis
approximatelycanceledvhenthe differencein voltageis takenattherecever. A commonway
to achieve balancedransmissioris to usetransformercouplingof thetransmitterandrecever
to thewire pair; in addition,this affords additionalprotectionagainstdamageo theelectronics
due to foreign potentials such as lightning stsik

There are two basic crosstalk mechanismsnearend crosstalk (NEXT) and far-end
crosstalk(FEXT) illustratedin Fig. 18-9.NEXT [4] represents crosstalkof alocaltransmitter
into a local receier, and &periences an attenuation which is accurately modeled by

| Hyexr(f) 1% = Kngxr 1f11° (18.24)
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where Hygxr(f) is the transferfunction experiencedby the crosstalk.FEXT representsa
crosstalk of a local transmitter into a remote nemeivith an attenuation gen by

| Hrpxr(f) |2 = Kpgxr | C() |2 1 f]2 (18.25)

whereC(f) is thelossof the cable.WherepresentNEXT will dominateFEXT becausd-EXT
experienceshe lossof the full lengthof the cable(in additionto the crosstalkcouplingloss)
and NEXT does not. Both forms of crosstalk experienceless attenuationas frequeny
increasesandhencaeit is advantageouso minimize the bandwidthrequiredfor transmissionn
a crosstalk limited esronment.

18.3. OPTICAL FIBER

The optical Pber cable is capableof transmitting light for long distanceswith high
bandwidthandlow attenuationNot only this, but it offers freedomfrom externalinterference,
immunity from interceptionby externalmeansandinexpensve andalundantraw materialsit
is difbcult to imagine a more ideal medium for digital communication!

The useof an optical dielectricwaveguidefor high performancecommunicationwvasprst
suggestethy KaoandHockhamin 1966[5]. By 1986this mediumwaswell developedandwas
rapidly replacingwire pairsandcoaxin mary new cableinstallations.It allows sucha great
bandwidthat modestcostthatit will alsoreplacemary of the presentusesfor satelliteand
radio transmissionThus, it appearghat digital communicatiorover wire-pairsand coaxwill
be mostlylimited to applicationsconstrainedo useexisting transmissiorfacilities (suchasin
the digital subscriber loop).

Digital transmissiorby satelliteandradiowill be limited to specialapplicationsthat can
make useof their specialproperties.For example,radio communicationis indispensabldor
situationswhere one or both terminalsare mobile, for examplein digital mobile telephory
(Section18.4) or deep spacecommunication.Radio is also excellent for easily bridging
geographicabbstaclesuchasriversandmountainsandsatelliteis excellentfor spannindgong
distancesvherethe total requiredbandwidthis modestandthe installationof an optical Pber
cablewould not be justibPed.Furthermoresatellitehasuniquecapabilitiesfor certaintypesof
multiple-access situations (Chapld) spreadwer a wide geographical area.

18.3.1. Fiber Optic Waveguide

Theprinciple of anoptical Pberwaveguide[6] canbe understoodrom the concepf total
internal reBectionshavn in Fig. 18-10.A light wave, representedby a singleray; is incident
on a boundarybetweentwo materials,wherethe angleof incidenceis g; andthe angle of
refractionis g,. We debPnearay asthe paththatthe centerof a slowly diverging beamof light
takesasit passeshroughthe system;sucha beammusthave a diameterdarge with respecto
the wavelengthin orderto be approximatedasa planewave [7]. Assumingthatthe index of
refractionn; in the incidentmaterialis greaterthanthe index of refractionof the refraction
medium,ng, Or n;>ny. Then SnelLav predicts that
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Fig. 18-10. lllustration of Snell's Law and total internal reflection. a.Definition of angles of incidence q;
and refraction qg,. The angle of refraction is larger if n,> no. 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
occeurs.
sin n
: @)_ny _ 1. (18.26)
s1n(q2) n,

Theangleof refractionis largerthantheangleof incidence Shavn in Fig. 18-10bis the caseof
a critical incidenceanglewherethe angleof refractionis ninety degrees,so that the light is
refracted along the material intace. This corresponds tatical incident angle

. ny
sin(gy) = —. (18.27)
ny
For angleslarger than (18.27),thereis total internal reBectionasillustratedin Fig. 18-10c,
where the angle of reRection isvalys equal to the angle of incidence.

This principle canbe exploited in an optical Pberwaveyuide asillustratedin Fig. 18-11.
The core andcladding materialsare glass,which transmitslight with little attenuationwhile
the sheathis an opaqueplastic materialthat senes no purposeotherthanto lend strength,
absorbary light thatmight otherwiseescapeandpreventary light from entering(which would
represeninterferenceor crosstalk).The core glasshasa higherindex of refractionthanthe
cladding,with theresultthatincidentrayswith a smallangleof incidencearecapturedoy total
internalreRection.Thisis illustratedin Fig. 18-12,wherealight ray incidenton the endof the
Pberis capturedby total internal reRectionaslong as the angleof incidenceq; is belov a
critical angle(Problem18-4). Theray modelpredictsthatthelight will bouncebackandforth,
conbnedo the waveguideuntil it emegesfrom the otherend.Furthermoreijt is obviousthat
the pathlengthof aray, andhencethetransittime, is a function of theincidentangleof theray
(Problem18-5).

CORE

© 9 )
= /)

CLADDING SHEATH

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 differentrays manifeststself in pulsebroadeningN the
broadeningf a pulselaunchednto the Pberasit propagitesN which in turn limits the pulse
rate which canbe usedor the distancethat canbe transmittedor both. The pulsebroadening
canbereducedby modifying the designof the Pber andspecibcallyby usinga graded-inde
Pberin which the inde of refraction aries continuously with radial dimension from the axis.

The foregoing ray model gives someinsightinto the behaior of light in an optical Pber
waveguide;for example,it correctlypredictsthatthereis a greatermpulsebroadeningvhenthe
index differencebetweencore and claddingis greater However, this modelis inadequatdo
give anaccuratalescriptionsincein practicetheradialdimensionf the Pberareon the order
of the wavelengthof the light. For example,the ray model of light predictsthat thereis a
continuumof anglesfor which the light will bounceback and forth betweencore-cladding
boundariesndepPnitely A morerebnednodelusesMaxwell@equationgo predictthebeharior
of light in the waveguide,and Pndsthatin factthereareonly a discreteand Pnite numberof
angles at which light propagtes in zigzag fashion indebnitely Each of these angles
corresponds$o a modeof propagtion, similar to the modesin a metallic waveguide carrying
microwave radiation.Whenthe core radiusis mary times larger than the wavelengthof the
propagting light, therearemary modesihis is calleda multimodebber As the radiusof the
coreis reducedfewer andfewer modesareaccommodatedjntil at aradiuson theorderof the
wavelengthonly onemodeof propagtionis supportedThisis calleda singlemodebber For a
singlemodebberthe ray modelis seriouslydepciensinceit dependn physical dimensions
that arelarge relative to the wavelengthfor its accurag. In fact, in the single mode bberthe
light is notconbPnedo the core,but in facta signibcanfraction of the power propagtesin the
cladding.As theradiusof the coregetssmallerandsmaller moreandmoreof the powertravels
in the cladding.

For variousreasonsaswe will see,the transmissiorcapacityof the singlemodebberis
greater However, it is also more difbPcult to splice with low attenuationand it also fails to
capturelight atthe largerincidentanglesthatwould be capturedoy a multimodebber making
it moredifbcultto launcha given optical power. In view of its muchlarger ultimate capacity
thereis a trend toward exclusive use of single mode bberin new installations,even though
multimode bPber hasbeenusedextensvely in the past[6]. In the following discussionwe
emphasize the properties of single mode Pber

We will now discussthe factorswhich limit the bandwidthor bit rate which can be
transmitted through a Pber of agm length. The importanaétors are:

¥ Material attenuationthelossin signalpower thatinevitably resultsaslight travelsdown
an optical waveguide. There are four sourcesof this lossin a single mode bberN
scatteringof thelight by inherentinhomogeneitiein the molecularstructureof theglass

CLADDING

CORE

01 E;
CLADDING

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 q;
which passes through the axis of the fiber (a meridional ray).
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crystal, absorptionof the light by impuritiesin the crystal, lossesin connectorsand
lossesintroducedby bendingof the Pber Generallytheselossesare affected by 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
attenuatiormechanismss thatthe signalpower lossin dB is proportionalto the length
of thebber Thereforefor aline of lengthL, if thelossin dB perkilometeris g,, thetotal
lossof the Pberis g, L andhencetheratio of transmittedoower P to recevedpower Pp
obeys

P
oL = 10%0g;, P—T, Pp = PpX0*%L =10, (18.28)
R

This exponentialdependencef lossvs. lengthis the sameasfor the transmissiorines
of Sectionl18.2.

¥ Modedispesion, or thedifferencein groupvelocity betweendifferentmodes resultsin
the broadeningof a pulsewhich is launchedinto the Pber This broadeningof pulses
results in interference between successie pulses which are transmitted, called
intersymbolinterference (Chapter8). Since this pulse broadeningincreaseswith the
lengthof the Pber this dispersiorwill limit the distancebetweerregeneratre repeaters.
Onesignibcantadwantageof singlemodebbersis that modedispersionis absentsince
there is only one mode.

¥ Chromaticor materialdispesionis causedy differencesn thevelocity of propagtion
at differentwavelengths For infrared and longerwavelengths the shorterwavelengths
arrive earlierthanrelatively longerwavelengthsbut thereis a cross@er point at about
1.3 mm beyond which relatively longer wavelengthsarrive earlier Since practical
optical sourceshave a non-zerobandwidth,calledthe linewidth, andsignalmodulation
increasedhe optical bandwidthfurther, materialdispersiorwill alsocausentersymbol
interferenceandlimit thedistancebetweerregeneratie repeatersMaterialdispersioris
gualitatively similarto thedispersiorthatoccursin transmissiotines (Section18.2)due
to frequeng-dependenattenuationThetotal dispersionis usuallyexpressedn units of
picosecondspulse spreadingper GHz sourcebandwidthper kilometer distance,with
typical valuesin the rangeof zeroto 0.15in the 1.3b1.6meterminimum attenuation
region [9][10]. It is very importantthat since the dispersionpassedrom positive to
negative in theregion of 1.3mmeterwavelength thedispersionis very nearlyzeroatthis
wavelength A typical curve of themagnitudeof the chromaticdispersionvs. wavelength
is shawvn in Fig. 18-13,wherethe zerois evident. The chromaticdispersiorcanbe made
negligibly smallover arelatively wide rangeof wavelengthsFurthermorethefrequeng

20 +

DISPERSION (psec/km-nm)

0 Y } >

1.3 1.6
WAVELENGTH (IMm)

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 avelength of minimum attenuation.

With theseimpairmentsin mind, we candiscussthe practicaland fundamentalimits on
information capacityfor a Pber The fundamentalimit on attenuations dueto the intrinsic
material scatteringof the glassin the PberN this is known as Rayleighscattering and is
similar to the scatteringin the atmosphereof the earth that resultsin our blue sky. The
scatteringloss decreasesapidly with wavelength (as the fourth power), and henceit is
generally advantageousto choosea longer wavelength. The attenuationdue to intrinsic
absorptions negligible, but at certainwavelengthdarge attenuatiordueto certainimpuritiesis
obsenred. Particularly important are hydroxyl (OH) radicalsin the glass,which absorbat
2.73nmeterswavelengthand harmonics.At long wavelengthsthereis infrared absorption
associated fundamentally with the glass, which rises sharply startingrahétérs.

A losscunwe for a state-of-the-arbberis shavn in Fig. 18-14.Notethelosscurvesfor two
intrinsic effectswhich would be presentin anideal material,Rayleighscatteringandinfrared
absorptionandadditionalabsorptionpeaksat 0.95,1.25,and1.39 nm dueto OH impurities.
Thelowestlossesareat approximatelyl.3and1.5 nm, andthesearethe wavelengthsat which
the highestperformancesystemsoperate. The lossis aslow as about0.2 dB km, implying
potentiallya much larger repeaterspacingfor optical Pberdigital communicatiorsystemsas
comparedo wire-pairsandcoax.A curve of attenuatiorvs. frequeng in Fig. 18-15for wire
cable media and for optical Pber illustrates that the latter has a muahidss.

Thelossperunit distanceof the Pberis amuchmoreimportantdeterminanof thedistance
betweenrepeaterghanis the bit rate at which we are transmitting.This is illustratedfor a
single-modécberin Fig. 18-16,wherethereis anattenuation-limitedegion wherethe curve of
repeatespacingyvs. bit rateis relatively 3at.As we increasehebit rate,however, we eventually
approaclaregion wheretherepeatespacings limited by the dispersionmodedispersiorin a
multimodebPberandchromaticdispersionin a singlemodebber).The magnitudeof the latter
canbe quantipedsimply by consideringthe Fourier transformof a transmittedpulse,andin

100 T T T T T T I T I T
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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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particularits bandwidth W. The spreadingof the pulsewill be proportionalto the repeater
spacingL andthe bandwidthW, with a constanof proportionalityD. Thus,if we requirethat
this dispersion be less than half a pulse-time at a pulse r&tpu$es per second,
1

DXLXW < = . (18.29)
ThebandwidthW of the sourcedepend®n thelinewidth, or intrinsic bandwidthin theabsence
of modulation,and also on the modulation Since a non-zerolinewidth will increasethe
bandwidth and hencethe chromatic dispersion,we can understandundamentallimits by
assumingzero linewidth. We sav in Chapters that the bandwidth due to modulationis
approximately equal to the pulse rate}or» R, and hence (18.29) becomes

A
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Fig. 18-15. Attenuation vs. frequency for wire cable and fiber guidinq media [10].The band of
frequencies over which the fiber loss is less than 1 dB UWkm is more than 104 Hz.
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Fig. 18-16. Trade-off between distance and bit rate for a single mode fiber with a particular set of
assumptions [8].The dots represent performance of actual field trial systems.
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9 1
R’L< 55 (18.30)
This equationimplies that in the region wheredispersionis limiting, the repeaterspacingL
must decreaserather rapidly as the bit rate is increased,as shavn in Fig.18-16. More
guantitatve estimatesof the limits shovn in Fig. 18-16 are derived in Problem18-6 and
Problem18-11.

As aresultof theseconsiderationgprstgeneration(about1980)optical Pbertransmission
systemdypically usedmultimodebPberat a wavelengthof about0.8 mmeter andachieved bit
ratesup to about150 Mb . The Rayleighscatterings about2 dB per km at this wavelength,
andthedistancebetweerregeneratie repeatersvasin the5 to 10 km range Secondyeneration
systems(around1985) moved to single mode Pbersand wavelengthsof about1.3 nmeters,
whereRayleighscatteringattenuatioris about0.2 dB Lkm (andpracticalattenuationsiremore
on the order of 0.3 dBkm).

Thepnitelengthof manufcturedrpbersandsysteminstallationconsiderationslictatepber
connectorsThesepresentdifbcult alignmentproblems.all the moredifbcult for singlemode
Pbersbecauseof the smallercore, but in practiceconnectorlossesof 0.1to 0.2 dB canbe
obtainedevenfor singlemodebbers Sinceit mustbeanticipatedn arny systeminstallationthat
accidentalbreakageand subsequensplicing will be required at numerouspoints, in fact
connector and splicing loss is the dominant loss in limiting repeater spacing.

Bendinglossis dueto the differentpropagtion velocitiesrequiredon the outerandinner
radiusof the bend.As the bendingradiusdecreasesgventually the light on the outerradius
musttravel fasterthanthe speedof light, whichis of courseimpossible Whathappensnstead
is thatsignibcanattenuatioroccursdueto alossof conbnegower. Generallythereis atrade-
off betweenbending loss and splicing loss in single mode Pbers, since bending loss is
minimizedby conPningmostof the power to the core,but thatmakessplicingalignmentmore
critical.

In Fig. 18-16, the trade-of betweenmaximum distanceand bit rate is quantibedfor a
singlemodebberfor a particularsetof assumptiongthe actualnumericalvaluesaredependent
ontheseassumptions)At bit ratesbelov aboutoneGb U (109 bits persecondYhe distances
limited by attenuatiorandrecever sensitvity. In this rangethe distancedecreasess bit rate
increasesincetherecever sensitvity decreaseéseeSection18.3.3).At higherbit rates pulse
broadenindimits the distancebefore attenuationbecomesmportant. The total Pbersystem
capacityis bestmeasuredoy a bgureof merit equalto the productof the bit rate and the
distancebetweenrepeatergProblem18-10), measuredn Gb-km(ec. Currentcommercial
systems achie capacities on the order of 100 to 1000 Gbtkec.

18.3.2. Sources

While optical Pbertransmissionuseslight enegy to carry the information bits, at the
presentstateof the art the signalsare generatecand manipulatecklectrically This impliesan
electrical-to-opticalcorversion at the input to the Pber medium and an optical-to-electrical
corversionat the output. Therearetwo availablelight sourcedor bberdigital communication
systems: the light-emitting diode (LED) and the semiconductorinjection laser The
semiconductolaseris the moreimportantfor high-capacitysystemssowe emphasizét here.
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In contrastto the LED, the laseroutputis coheent meaningthat it is nearly conbnedo a

singlefrequeng. In factthe laseroutputdoeshave non-zerolinewidth, but by carefuldesign
the linewidth can be made small relative to signal bandwidthsusing a structure called
distributed feedbak (DFB). Thus, coherentmodulation and demodulationschemesare
feasible, although commercial systemsuse intensity modulation. The laser output can be
coupledinto a single modePberwith very high efbcieny (about3 dB power loss),and can
generatgowersin the 0 to 10 mW range[9] with onemW (0 dBm) typical [10]. The laseris

necessaryor singlemodebbers exceptfor shortdistancesbecausédt emitsa narraver beam
thanthe LED. The light output of the laseris very temperaturedependentand henceit is

generallynecessaryo monitorthelight outputandcontrolthe driving currentusinga feedback
circuit.

There is not much room for increasingthe launchedpower into the Pber becauseof
nonlineareffectswhich arisein the bber[9], unless pf coursewe canbndwaysto circumwent
or exploit these nonlinear phenomena.

18.3.3. Photodetectors

The optical enegy at the output of the bberis corvertedto an electrical signal by a
photodetectarTherearetwo typesof photodetectoravailableN the PIN photodiodepopular
atabout100 Mb Us andbelow, andthe avalande photodiode(APD) (popularabove 1 Gb (%)
[12][10]. The cross-sectiorof a PIN photodiodeis shovn in Fig. 18-17. This diode hasan
intrinsic (non-doped)region (not typical of diodes) betweenthe n- and p-dopedsilicon.
Photonsof the receved optical signalare absorbedandcreatehole-electrorpairs. If the diode
is reversebiased,thereis an electric beld acrossthe depletionregion of the diode (which
includesthe intrinsic portion), and this electric beld separateshe holesfrom electronsand
sweepghemto the contactscreatinga currentproportionalto the incidentoptical power. The
purposeof theintrinsicregionis to enlagethe depletionregion, therebyincreasinghefraction
of incident photonscorvertedinto current(carrierscreatedoutsidethe depletionregion, or
beyond diffusion distanceof the depletionregion, recombinewith high probability beforeary
current is generated).

The fraction of incidentphotonscorvertedinto carriersthatreachthe electrodess called
the quantumefpciencyof the detector denotedby h. Given the quantumefbcieng, we can
easilypredictthe currentgenerate@sa functionof thetotal incidentopticalpower. Theenepgy
of one photonis An whereh is Planck®constant(6.6 ><1OD34JouIe-sec)and n is the optical
frequeng, related to the awelengthl 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.
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wherec is the speedof light (3 x10° m Usec).If theincidentoptical power is P watts,thenthe
numberof photonsper secondis P /hn, andif a fraction h of thesephotonsgeneratean
electron with chayeq (1.6><10919Coulombs) then the total current is

._hqgP
P=—= (18.32)
Example 18-16. For a wavelength of 1.5 nm and quantumefbcieny of unity, what is the
responsivitydebned as the ratio of output current to inpuiged for a PIN photodiode? It is

i _al o (LEXN(LEXI0D) _ g 51 amindivatt. (18.33)
P hn  hc  (6.6x10%3%)(3.0x108)

If the incident optical pwer is 1 nWthe maximum current from a PIN photodiode is Al

With PIN photodiodeqand more generallyall photodetectors)thereis a trade-of between
gquantumefbcieny and speed.Quantumefbcienciesnear unity are achiezable with a PIN

photodiode but this requiresa long absorptionregion. But a long intrinsic absorptionregion

resultsin a correspondinglysmallerelectricbeld (with resultingslower carriervelocity) anda
longerdrift distance and henceslower responsdo an optical input. Higher speedinevitably

results in reduced sensity.

Sincevery small currentsaredifbcultto processlectronicallywithout addingsignibcant
thermalnoise, it is desirableto increasehe outputcurrentof the diode beforeamplibcation.
This is the purposeof the APD, which hasinternalgain, generatingmorethan one electron-
hole pair perincidentphoton.Like the PIN photodiodethe APD is alsoareverse-biasediode,
but the differenceis that the reversevoltageis large enoughthatwhencarriersarefreedby a
photonandseparatetby the electricbeldthey have enoughenengy to collide with theatomsin
the semiconductocrystallattice. The collisionsionize the lattice atoms,generatinga second
electron-holepair. Thesesecondarycarriersin 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 nature of the number of
secondarycarriers generated.The larger the gain in the APD, the larger the statistical
Buctuationin currentfor a given optical power. In addition, the bandwidth of the device
decreases with increasingig, since it taks some time for thevalanche process taiitd up.

Both PIN photodiodesand APD@® exhibit a small currentwhich Rows in the absenceof
incident light due to thermal excitation of carriers.This currentis 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 the previous backgroundnaterialandthe mathematic®f Poissorprocesseand
shotnoise (Section3.4) we candevelop a statisticalmodelfor the output of an optical Pber
detector This signal has quite different characteristicsrom that of other mediaof interest,
since random quantumfuctuationsin the signal are important. Since the signal itself has
random Ructuations, we can consider it teeha type ofnultiplicative noise
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In commercialsystemsthe direct detectionmodeof transmissioris used,as picturedin
Fig.18-18. In this mode, the intensity or power of the light is directly modulatedby the
electrical source (data signal), and a photodetectotturns this power into anotherelectrical
signal. If the input currentto the sourceis x(¢), then the output powver of the sourceis
proportional tox(z).

Two badthingshappento this launchedpower asit propa@tesdown the bber First, it is
attenuatedreducingthe signal power at the detector Second,it suffers dispersiondue to
chromaticdispersion(andmodedispersiorfor a multimodebber),which canbe modeledasa
linear bltering operation.Let g(¢) be the impulseresponsef the equivalentdispersionpblter,
including the attenuation, so that the rgedipaver at the detector is

P(t) =x(2) * g(t). (18.34)

In the Pnalcornversionto electricalcurrentin the photodetectqrthe situationis a bit more
complicatedsince quantum effects are important. The incident light consistsof discrete
photonswhich are corvertedto photoelectron-holgairsin the detector Hence,the current
generateatonsistof discretepacletsof chage generatedt discretepointsin time. Intuitively
we might expectthatthe arrival timesof the chage pacletsfor a PoissorprocesgSection3.4)
sincethereis noreasorto expecttheinterarrval timesbetweerphotongo dependn oneothet
In fact,thisis predictedoy quantuntheory Let A(t) betheresponsef the photodetectocircuit
to a singlephotoelectronandthenanoutcomefor the detectecturrenty(z) is a PlteredPoisson
process

Y) =4, ht-t,), (18.35)
wherethe{¢,,} arePoissorarrival times.The Poissorarrivals arecharacterizedby the rate of
arrivals, which is naturally proportional to the incidentveg

| () = ;% P +1 (18.36)

whereh is the quantumefbcieny andl , is a dark current.Note from Campbell®theorem
(Section3.4.4) that thexgected detected current is

ElY®)] =1 @) * h@t) = }-?r-]x(t) *g(t)* h(t) + 1 gH(O) . (18.37)

The equialentinput-outputrelationshipof the channeiis thereforecharacterizedyith respect
to the mean-alue of the detectoroutputcurrent,by the convolution of the two bltersN the
dispersionof the bPberand the responseof the detectorcircuitry. Of course,therewill be
statisticall3uctuationsaboutthis average This simplelinearmodelfor the channelhatis quite

POWER = P(t)
x(t) LASER AN PHOTO Y(t)
—> or >
ELECTRIC CURRENT LED OPTICAL FIBER DETECTOR DETECTED CURRENT

Fig. 18-18. Elements of a direct detection optical fiber system.



860 Physical Media and Channels

accurateunlessthe launchedoptical power is high enoughto excite nonlineareffectsin the
Pber and source-detector

Avalanche Photodetector

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

y(O) =8, guh(t —1ty) (18.38)

the statisticsof which hasalreadybeenconsideredn Chapter3. DePnethe meanandsecond
moment of thealanche gin,

G=E[G,] , G2 =E[G,Y . (18.39)

Thenfrom Section3.4.6,we know that the effect of the avalanchegain on the sec_ondorder
statisticsof (18.35)is to multiply the meanvalueof therecevedrandomprocesdy G andthe
variance byG2.

If the avalancheprocessveredeterministicthatis preciselyG secondaryelectronswere
generatedor eachprimary photoelectronthenthe secondnmomentwould be the squareof the
mean,

G2=G2. (18.40)

The effect of the randomnes®f the multiplication processis to make the secondmoment
larger, by a fictorF; greater than unity

G2=F;G? (18.41)

whereof courseF; = G2/G2 ThefactorFg; is calledtheexcessnoisefactor. In fact,a detailed
analysis of the pysics of the APD [13] yields the result

Fg=hkG +(2-1/G) *x1-k) (18.42)

where0 £k £1 is a parametemunderthe control of the device designercalled the carrier

ionizationratio. Notethatask ® 1, F;® G, ortheexcessnoisefactoris approximatelyequal
to the avalanchegain. This saysthat the randomnesgetslarger as the avalanchegain gets
larger On the other hand,as k® 0, F;® 2 for large G, or the excessnoise factor is

approximatelyindependenof the avalanchegain. Finally, when G = 1 (thereis no avalanche
gain), F; = 1 and there is noxeess noise. This is the PIN photodiode detector

Fiber and Preampliber Thermal Noise

Any physical systemat non-zerotemperaturewill experiencenoise due to the thermal
motion of electronsandoptical bberis no exception.This noiseis often calledthermalnoise
or Johnsonnoisein honor of J.B. Johnsonwho studiedthis noise experimentally at Bell
Laboratoriesn 1928.Theoreticaktudyof this noisebasedn thetheoryof quantummechanics
wascarriedout by H. Nyquistat aboutthe sametime. Thermalnoiseis usuallyapproximated
aswhite Gaussiamoise.The Gaussiarpropertyis a resultof the centrallimit theoremandthe
fact that thermal noiseis composedof the superpositionof mary independentctions.The
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white propertycannotof courseextendto inPnitefrequenciesinceotherwisethe total power
would beinbnite,but ratherthis noisecanbe considerea@swhite up to frequenciesf 300 GHz
or so. Nyquis&xesult vas that thermal noise has amiéable noise poer per Hz of

hn

NN = —7—,
SN ET, 4 1

(18.43)
wherer is Planckéconstantn is thefrequeng, % is Boltzmann€constan{1.38 x10 ~22 Joules
perdegreeKelvin), and T, is thetemperaturén degreesKelvin. By availablenoisepowerwe
meanthe power deliveredinto a load with a matchedmpedancelf we considerthis asa two
sided spectral densjtwe hae to dvide by two.

At frequenciesup throughthe microwave, the exponentin (18.43)is very small,andif we
approximate® by 1 + x we get that the spectrum is approximately white,

N©) » kT, . (18.44)

This corresponds to a tasided spectral density of size

Ny

5 = kT2 (18.45)

However, at high frequenciesthis spectrumapproachegzero exponentially yielding a bnite
total paver.

Therearetwo possiblesourcesof thermalnoiseN at the input to the detectoy andin the
recever preampliberAt the input to the detectoronly thermalnoiseat optical frequencieds
relevant (the detectorwill not respondto lower frequencies)and at thesefrequenciesthe
thermal noise will be ridigible.

Example 18-17. At room temperaturekT),, is 4 X0 =21 Joules. At 1GHz, or microvave
frequencieshn is about10 —24 Joules,andwe arewell in the regime wherethe spectrumis Rat.
However, at 1 mm wavelength,or n = 3 x10'4 Hz, &n is about2 x10P1° Joules,and hn/ kT, is
about50. Thus,the thermalnoiseis muchsmallerthankT), atthesefrequenciesGenerallythermal
noiseat optical frequenciess negligible in optical Pbersystemsat wavelengthsshorterthanabout
2 m [14].

Sincethe signal level is very low at the output of the detectorin Fig. 18-18, we must
amplify thesignalusinga preamplibeasthe brststageof arecever. Thermalnoiseintroduced
in the preamplibeiis a signibcantsourceof noise,andin factin mary optical systemss the
dominantnoise source.Since the signal at this point is the basebandligital waveform, it
occupiesa bandwidth extending possibly up to microwave frequenciesbut not optical
frequencieshencethe importanceof thermalnoise.This thermalnoiseis the primary reason
for consideringhe useof an APD detectorin preferenceo a PIN photodiode A moredetailed
consideration of the design of the preampliPer circuitryviergin [14].

18.3.5. Advanced Techniques

Two exciting developmentshave beendemonstratech thelaboratory:solitontransmission
and erbium-dopedc,beramplibes. The soliton operateson the principle of the optical Kerr
effect a nonlineareffect in which the index of refractionof the Pberdependson the optical
power. As previously mentionedjn chromaticdispersionthe index of refractionalsodepends
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onthewavelength.Solitonsareoptical pulseshathave a preciseshapeandpeakpower chosen
sothattheKerr effect producesa chirp (phasemodulation)thatis just appropriatedo cancelthe
pulsebroadeningnducedby group-\elocity dispersion.The resultis thatall the wavelengths
canbe madeto travel at the samespeed gssentiallyeliminatingmaterialdispersioreffects.In
soliton transmission, material attenuation is the orfgcethat limits repeater spacing.

An optical amplibercan be constructecbut of a Pberdopedwith 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
reinforcel.55mm incidentlight by stimulatedemission With about10 mW of pumpingpower,
gains of 30 to 40 dB at 1.55 nm can be obtained.A recever designedusing this optical
ampliberis shovn in Fig. 18-19.The opticalampliberhasgain G, which actuallydependn
the input signal power becausdarge signalsdepletethe excited erbium atomsand thereby
reducethegain. Theampliberalsogeneratea spuriousnoisedueto spontaneousmissionand
the purposeof the optical bandpasdlter is to blter out spontaneousoiseoutsidethe signal
bandwidth (which dependson sourcelinewidth as well as signal modulation). Thereis a
premiumon narrav linewidth sourcespecausdhat enableshe optical blter bandwidthto be
minimized.

Theeffect of theampliberis similar to anavalanchedetectoyin thatit increaseshe signal
power (renderingelectronicthermalnoiseinsignibcant)while addingadditionalspontaneous
noise. The major distinction betweenthe ampliperand avalanchedetector however, is that
much of the spontaneousioisein the amplibercan be optically blteredout, whereasin the
detectoiit cannot.lt is alsopossibleto placeopticalamplipersat intermediatepointsin a Pber
system, increasing the repeater spacing dramatically

18.4. MICR OWAVE RADIO

Theterm Oradio@ usedto referto all electromagnetitransmissiorthroughfree spaceat
microwave frequenciesandbelov. Therearemary applicationsof digital transmissiorwhich
usethis medium, primarily at microwave frequenciesa representatie setof which include
point-to-pointterrestrial digital radio, digital mobile radio, digital satellite communication
anddeep-space digital communication

Terrestrialdigital radio systemsusemicrowave horn antennaplacedon 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
recentyearshasgraduallybeencorvertedto digital transmissiordueto increasediemandor
data services.

OPTICAL
AMPLIFIER PHOTODETECTOR

OPTICAL
oron MEUT BANDPASS —@_. i)
PTICAL SIGNAL FILTER

Fig. 18-19. A direct-detection optical receiver using an optical amplifier.
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Example 18-18. In North America there are frequeng allocationsfor telephory digital radios
centeredat frequenciesf 2, 4, 6, 8, and11 GHz [15]. In the United Statesherewereover 10,000
digital radio links in 1986, including a cross-country ratwat 4 GHz.

A related application is digital mobile radio.

Example 18-19. Thefrequeny bandfrom 806to 947 MHz is allocatedn the United Statego land
mobileradioserviced16]. This bandis usedfor cellular mobileradio[17], in which ageographical
areais divided into a lattice of cells, eachwith its own Pxed omnidirectionalbaseantennafor
transmissiorand reception.As a vehicle passeghroughthe cells, the associatedaseantennais
automaticallyswitchedto the closestone. An adwantageof this conceptis that additionalmobile
telephonesan be accommodatedby decreasinghe size of the cells and adding additionalbase
antennas.

Satellitesare usedfor long-distancecommunicationbetweentwo terrestrial antennas,
where the satellite usually acts as a non-rgeneratie repeater That is, the satellite simply
receves a signal from a terrestrialtransmittingantenna,amplibesit, and transmitsit back
toward anotherterrestrialreceving antennaSatellitechannelffer an excellentalternatve to
Pberandcablemediafor transmissiorover long distancesandparticularly over sparseroutes
wherethe total communicatiortrafbcis small. Satellitesalsohave the powerful characteristic
of providing a natural multiple accessmedium, which is invaluable for random-access
communicatioramonga numberof users A limitation on satellitesis limited power available
for transmissionsincethe power is derived from solar enegy or expendableresourcesin
addition,the conbguratiorof the launchvehiclesusuallylimit the size of the transmittingand
receving antennagwhich are usually one and the same).Most communicationsatellitesare
putinto synchronou®rbits, sothatthey appearo be stationaryover a point on the earth.This
greatly simplibpes the problems of antenna pointing and satef#itilaility.

In deep-spaceommunicationthe objectis to transmitdatato and receve datafrom a
platform thatis at a greatdistancefrom earth.This applicationincludesthe featuresof both
satelliteandmobile communicationjn thatthe vehicleis usuallyin motion. As in the satellite
case, the size of the antenna and theepaesources at the spaahicle are limited.

With the exceptionof problemsof multipathpropagtionin terrestrialinks, the microwvave
transmissiorthanneis relatively simple.Thereis anattenuationintroducedn themediumdue
to the spreadingof the enegy, wherethis attenuationis frequeng-independentand thermal
noise introducedat the antennaand in the amplibPersin the recever. Theseaspectsof the
channelare covered in the following subsectiondfollowed by a discussionof multipath
distortion.

18.4.1. Micr owave Antennas and TFansmission

Microwave propagtionthroughfree-spaces very simple,asthereis anattenuatiordueto
the spreadingof radiation. The attenuationvaries so slowly with frequeng that it can be
consideredvirtually bxed within the signal bandwidth.Considerbrst an isotropic antenna
namely onethatradiategpower equallyin all directions Assumethetotal radiatedpoweris Py

watts, and assumethat at distanced metersfrom this transmitantennathereis a receve
antennawith aread, meteré. Then the maximum power that the receie antennacould
captureis the transmitpower timestheratio of Ay to the areaof a spherewith radiusd, which
is 4pd2. Therearetwo factorswhich modify this recevedpower. First, thetransmitantennacan
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bedesignedo focusor concentratdts radiatedenegy in thedirectionof thereceving antenna.
ThisaddsafactorG, calledthetransmitantennagain to thereceved power. Thesecondactor
is theantennaefbciencyh  of the receive antennaa numberlessthan (but hopefully closeto)
unity; the receve antennadoesnot actually captureall the electromagneticadiationincident
on it. Thus, the recegd paver is

P = Pp R Grh 18.46
r=Prs 8 CTR (18.46)
At microwave frequenciesapertureantennagsuchashornor parabolic)aretypically used,
and for these antennas the achlde antennaajn is

G = 4%4 h, (18.47)

whereA is the areaof the antennal is the wavelengthof transmissionandh is an efPcieny
factor Expression(18.47) appliesto either a receving or transmitting antenna,where the
appropriateareaandefbcieny aresubstitutedThis 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 antennaThis antennagain increaseswith frequeng for a given
antennaareaandthushigherfrequenciedave the advantagehata smallerantennas required
for a given antennagain. The efbcieny of an antennais typically in the rangeof 50 to 75
percent for a parabolical reRector antenna and as high as 90 percent for a horn antenna [18].

An alternatve form of the received power equationcanbe derived by substitutingfor the
area of the receé antenna in (18.46) in terms of i@igin (18.47),

[—’R | .2

_E_ el 0.

P, GTGRe4pdz ; (18.48)
this is known asthe Friis transmissiorequation The termin bracletsis calledthe pathloss
while the terms G and G summarizethe effects of the two antennasWhile this lossis a
function of wavelength,the actualpower over the signal bandwidthdoesnot generallyvary
appreciablywhere the bandwidthis very small in relation to the centerfrequeny of the
modulatedsignal. The Friis equationdoesnot take into accountotherpossiblesourcesof loss
such as rain attenuation and antenna mispointing.

The applicationof theserelationsto a particularconbguratiorcandeterminethe receved
power and the factors contrituting to the loss of signal power. This processis knovn as
generating thénk power ludget, as illustrated by the folwing examples.

Example 18-20. Determinethe receved power for the link from a synchronoussatellite to a

terrestrialantennafor the following parametersHeight 40,000 km, satellite transmittedpower

2 watts,transmitantennaggain 17 dB, receving antennaarealO meter$ with perfectefbcieng, and

frequeny 11 GHz. Thewavelengthis| =c¢/n=3 x108(11 x10° = 27.3mm. The receie antenna
gain is

4p %10

— =522, 18.49
(27.3 x10%3)2 ( )

10log;oGg = 10log

Next, the path loss is
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227.3 x10%3g _

.2
1010g10§ﬁ8 = 20log =_205.3 dB. (18.50)

081084 5%4 x1079
Finally, we arein a positionto calculatethe receved power, which we expressin dBW (decibels
relative to one watt) and recognizing that the transmityao is 3 dBW

.2
10 1oglogi—:—3—ag =3 dBW + 17 + 52.3 — 205.3 = 133 dBW.. (18.51)

Example 18-21. The Mariner10 deep-spacenissionto Mercuryin 1974useda transmitterpower
of 16.8 wattsandfrequeng 2.3 GHz. The transmitantennadiameteron the spacecraftvas 1.35
meterswith efbcieny 0.54, which resultsin an antennagain of 27.6 dB. The terrestrialreceve
antennaiametewas64 meterswith efbciengy 0.575,for anantennayain of 61.4dB. Thedistance
from the spacecrafto groundwas 1.6 x10!* meters,for a path loss of 263.8dB. Finally, the
receved paver was

10log;oPg = 10 log;(16.8 + 27.6 + 61.4 — 263.8 = —162.6 dBW. (18.52)

The two dominanteffects of microwave propagtion are attenuationand delay It is of
interestto determinethe effect on a passbandignal, representedby its complex envelope of
Section2.4.2. Assumethe attenuatioris A, the distanceof propagtionis d, andthe speedof
propagtionis c. Thedelaythesignalexperiencesst = d /¢, andgivena passbhandignalof the
form of Fig.2-5, the output of the channel is

Re{Au(t - t)e/ZPlet =D} = Ref Au(t — t)e Thde2pfet} | (18.53)

where

d c

opfit 2
p=2Plt 2Pl -ZIP (18.54)

is called the propagation constant The equivalent comple-basebandchannel, shavn in
Fig. 18-20,characterizethe effect of propagtion on the equivalentcomple-basebandignal.
Not surprisingly the basebandignal is delayedby t, the sameas the passbandsignal. In
addition, thereis a phaseshift by kd = 2pd /| radians,or 2p radiansfor eachwavelengthof
propagtiondistance The equivalentcomple-valuedimpulseresponsef the propagtionis an
impulsewith delayt andareade 7*¢, andthe equivalenttransferfunctionis Ae 7*de 72Pt_ The

Ae Tkd

u(®) DELAY % OUTPUT
L
t

(a)

> Ae dkdp 20t ——>

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.



866 Physical Media and Channels

only frequeny dependencés linearin frequeny, dueto the delay For mobile recevers,the
effect of small changesn d on the basebana@hannelresponses particularly signipcant.The
effect is dramatically more pronounced for the phase shift than for the delay

Example 18-22. For a carrier frequeny of 1 GHz (typical for mobile radio), the propagtion
constantis k£ =2pf, /c =21 radiansUeter Thus, a p / 2 radianphaseshift, which will be very
signibcantto demodulatorspccurswith every 7.4 centimeterschangein propagtion distance.n
contrastthe propagtion delay changedy 3.3 nanosecondfor eachmeterchangein propagtion
distance In relationto typical basebandandwidths this is totally insigniPcant.For example, at
1 MHz, the changein phaseshift dueto this delaychangeis only 2pft = 2p x0.0033,0r roughly
one dgree.

18.4.2. Noise in Microwave Amplifiers

On aradio link noise entersthe recever both throughthe antennaand as internal noise
sourcedn therecever. We sav in (18.45)that both sourcesf noiseare Gaussiarandcanbe
considereaswhite up throughthe microwave frequenciesWhite noiseis completelyspecibed
by thespectradensityN, /2, givenby (18.45).However, in radiotransmissiorit is commonto
expressthis spectraldensity in terms of an equialent parameterthe noise tempeature
expressedn degreesKelvin. This customderivesfrom the functionalform of (18.45),where
N, is strictly afunctionof thetemperatureT he customof specifyingnoisetemperaturelerves
from thefactthat T, is reasonablén size,on the orderof tensor hundredof degreeswhereas
N, is avery smallnumber Note however thatthe total thermalnoiseat somepointin a system
may be the superpositiorof mary thermalnoisesourcesat differenttemperatureg-ence the
noise temperatureis merely a corvenient specibcationof the noise power, and is not
necessarilyequalto the physical temperatureof any part of the system!For example,if we
amplify thenoisewe increasehe noisetemperaturavithout affectingthe physicaltemperature
of the source that generated that noise.

There are two sourcesof noise N the noise incident on the antennaand the noise
introducednternallyin therecever. The noiseincidentontheantennalepend®ntheeffective
noisetemperaturdn the directionthe antennais pointed.For example,the sunhasa much
highereffective temperatureéhanthe atmosphereThe noiseintroducedinternalto the recever
dependson the designand sophisticationof the recever. It is customaryto refer all noise
sourcego theinputto therecever (the antenna)anddebPnean equivalentnoisetemperatureat
thatpoint. Sincethe stage®f arecevertypically have large gains,thenoiseintroducednternal
to the recever usually hasa much smaller noisetemperaturevhen referredto the recever
input. Theserecever noisetemperaturesangefrom aboutfour degreesKelvin for supercooled
maseramplipersto the rangeof 70 to 200 degreesKelvin for recevers without physical
cooling.

Example 18-23. Continuing Examplel8-21 for the Mariner10 mission the effective noise
temperatureof the antennaplus recever was 13.5 degreesKelvin. A bit rateof 117.6kb (s was
used.Whatis the signal-to-noiseatio in the recever assuminghe bandwidthof the systemis half
the bit rate,58.8kHz? (We sav in Fig. 5 thatthis is the minimum possiblebandwidthfor binary
transmission.) The total noisevper within the receier bandwidth wuld be

P, =kT,B=1.38 x10723 x13.5 x58.8 x10% = -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 SNRwill be lower, perhapsby a
coupleof dB. This SNRwill supportdatatransmissionalbeit at a ratherpoor error rate. Coding
techniques (Chapters 12 and 13) can compensate for the poor SNR.

The SNR ascalculatedn this exampleis a usefulquantitysinceit will not be changeddy the
large auin introduced in the reaadr (both signal and noise will befedted the sameay).

18.4.3. Emission Masks

A radiochanneldoesnot in itself provide ary signibcantestrictionon the bandwidththat
we can use for digital communicationMoreover, the free-spacechannelintroducesonly a
slowly varying dependencef attenuatioron frequeng (dueto antennagain). Thus,thereis
nothinginherentaboutthe channelo introducesignibPcaninotivationto be spectrallyefPcient.
Enterthe regulatoryagenciesiSincethe radio spectrumis a scarcecommodity it is carefully
allocatedto individual users.Unlike optical-bberwheredifferentuserscaninstall their own
Pber we mustall sharea singleradioenvironment.To preventsignibcaninterferencebetween
users,spectal emissionmasksare specibedby regulation. An example of sucha maskis
shavn in Fig. 18-21. In this case,the regulatory ageng has assigneda nominal 30 MHz
bandwidthcenteredat £, to a particularuser but for practicalreasonshasallowed thatuserto
transmit a small amount of per (davn more than 50 dB) outside that band.

This maskis usuallyadheredo by placingavery sharpcutoff blterin theradiotransmitter
Sincethis blteris imposedby external constraintsjt is naturalto think of this blter asbeing
part of the channel(this logic is oversimplibedof coursesincethe blter requirementslepend
on the spectrumof the signalfeedingthe plter). From this perspectie, the microvave radio
channehasavery sharpcutoff atthe bandedgesijn contrasto the mediawe have seenearlier
which have at mosta gradualincreaseof attenuationwith frequeng. This characteristids
sharedby thevoicebanddatachannein the next sectionandfor thisreasorsimilar modulation
technigues are often emghkxd on the tw media.

-80 [~ ) \
j/1—26 15 0 15 26 f-fe (MHz)

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 thelink budgetcanbe determinedor a radiolink. The calculationwe
madeassumedor the mostpartidealizedcircumstancesyhereasn practiceadditionalsystem
margin must be included in the link budget to account for foreseenor unforeseen
circumstanced-or example,at higherfrequenciegherewill be anadditionalrain attenuation
during rainstormsat the earthreceving antennaln terrestrialmicrovave systemsthereis an
additionalimportantsourceof attenuatiorthatmustbe accountedor N multipathfading[19].
Both rain attenuatiorandmultipathfadingresultin anattenuatioron the signalpaththatvaries
with frequeng. A signibcantdifferenceis that unlike rain attenuationmultipath fading can
resultin a large frequeng-dependentttenuationwithin the narrov signal bandwidth. This
phenomenon is kmen asselective fading

The mechanismfor multipath fading, shovn in Fig. 18-22, is very similar to mode
distortionin multimodeoptical Pbersandto the distortionintroducedby bridgedtapsin wire-
pairs, except that it is time varying. The atmospherds inhomogeneouso electromagnetic
radiation due to spatial variationsin temperaturepressure humidity, and turbulence. This
inhomogeneityesultsin variationsin theindex of refraction,resultingin possiblytwo or more
ray pathsfor electromagnetiovavesto travel from transmitterto recever. Another sourceof
multipathis there3ectionof radiowavesoff of obstaclessuchasbuildings. The effective path
lengthsmay be differentfor the differentrays,andin generalwill interferewith one another
since the receer will perceve only the sum of the signals.

We candeterminethe effect of multipathfadingon a passbandignalusingthe equivalent
comple-basebandesponsdor a single path and applying superpositionlf we assumewo
pathshave attenuationsd; and A, and propagtion distancesd; and dy, correspondingo
propa@tiondelayst ; = d;/c andty = dy/ ¢, we candebPngwo parameter®d = d; — dy andDt
=t -t,. Then by superposition the egaiient complg-baseband channel transfer function is

AjeIZPRig—hdy 1 Ao T2PM s —ikdy = A 0 2PM1oTRd1 ] 1 _2,j2pfDtjkDdO (18 57)
e " A, o

The brsttermshave a constantandlinear phaseshift dueto the delayt ;, identicalto the brst
path.Thetermin parentheseis important,becausét candisplayacomplicateddependencen
frequeng due to constructe and destruate interference of the twsignals at the reaar.

The critically importantparameteiis Dt, which is called the delay spread Two distinct
casescan be distinguished.The brst occurs when, for basebandrequenciesof interest,
| /Dt|<< 1, sothatthefrequeng-dependencef thesecondermis insignibcantThis is called
thenarrowbandmodel For this casethetwo pathpropagtionis similarto asinglepath,in that

Path 1

M

Path 2

TX. ANTENNA REC. ANTENNA

Fig. 18-22. lllustration 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 adelay(linearphaseshift with frequeny) plusa constanphaseshift. Thecontrary
caseis calledthe broadbandmode] andresultsin a morecomplicatedrequeny dependence
due to constructe and destruacte interference.

Example 18-24. Assumethat we dePnethe transition betweenthe narrovband and broadband
modelas a delay spreadsuchthat | /Dt | = 0.005 at the highestbasebandrequeng of interest.
Equivalently, we expectthatf = 1 /200Dt for the highestfrequeng. Thenif the delay spreadis
1 ns, basebandchannelswith a bandwidth less than 5 MHz are considerednarravband, and
bandwidthgyreaterthan5 MHz (especiallythosesignibcantlygreater)areconsideredroadbandlf
the delayspreadncreaseso 100 ns,thenthe narravbandchannehasbandwidthlessthan50 kHz
accordingto this criterion. Note thatall that countsis the delay spread and not the absolutedelay
nor the carrier frequeng. Also note that the actual passbandsignal hasa bandwidthdoublethe
equivalent complg baseband signal.

Example 18-25. For the two-pathcase,the magnitude-squaredf the frequeny responsdor the
frequeng-dependent term of interest is

11+ 71e2PPY2 =141 |2 + 2 xRe{r &2PPY (18.58)

for somecomplex constant . We will chosea delayspreacbf 10 nanosecond& typical worst-case
numberin anurbanervironment)anda fairly large |r |= 0.99.This is plottedin dB in Fig. 18-23
over a x50MHz frequeng range, a broadbandmodel, and a narraver frequeng range, a
narravband model. Note the large notchesdue to destructve interferenceat somefrequencies,
accentuately thefactthatthetwo pathsarenearlythe sameamplitude Also notethe closeto 6 dB
gain at somefrequenciesiueto constructve interferenceThe narravbandmodelis plottedover a
+500 kHz frequeng range,which by the criterion of Examplel8-24is a narravbandmodel.Note
that the channel responsaries only a couple of dBver this range.

The two-path model, which is usually adequatefor bxed terrestrial microvave systems,
suggestshatfadingmayresultin eithera monotonicgain changeor slope)acrosghechannel
or asadip (or notch)in the channelresponsewithin the bandwidth.A typical fadedchannel

responsds showvn in Fig. 18-24, and the typical parameterghat characterizethe fade are
identibed [15].

In Section18.4.1,we shoved thatthe power lossin free-spaceadio propa@tion obeys a
square-lav relationship;that is, the receve power decreasesis d 2, or the pathlossin dB
increasesas 20 xlog;yd. For terrestrialmicrovave transmissionthe pathlossincreasesnore
rapidly thanin free spacetypically morelike d* or 40 xlog;,d in dB. This canbe explained

10 WIDEBAND MODEL 5 NARROWBAND MODEL

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 = 0.99;.
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usingthe simplemodelof Fig. 18-25.Evenfor highly directionalantennasfor alarged there

will be a substantiake3ectionoff the groundinterferingat the receize antennaTypically the

groundis closeto a shortcircuit for oblique anglesof incidenceat microvave frequencies,
implying a rel3ectioncoebcientnear-1 (so thatthe netincidentandrefRectedelectric belds
sum to zero).

Exercise18-3. For the geometryof Fig. 18-25,consideronly the re3ectionresultingif the ground
actslike a perfect mirror, and that both the direct and indirect paths suffer a free spaceloss.
Assumingthe distancebetweenantennass much higherthanthe antennaheights,showv that the
resulting net paer loss is approximately

P .. h.h .2
R :g&?g gélp 6" (18.59)
P T P T freespace I d

Hence theeffect of thereRectionis a destructve interferencdahatincreaseshe pathlossby another
factor ofd 2 over and abee the free space loss.

Notethat,not unexpectedlyit is advantageouso have high antennagthelossdecreaseasthe
square of the antenna heights).

Evenwhenthetransmitterandrecever areat bxedlocationsrelative to oneanotheyfading
is a time-varying phenomenorfor large distances(30 km or greater)due to atmospheric
phenomenaOf considerablémportanceo designer®f radiosystemss notonly the depthbut
alsothe durationof fades.Fortunately it hasbeenobsenred thatthe deeperthe fade,the less

PATH GAIN (dB)
1+ RF CHANNEL

UNFADED RESPONSE

" MEDIAN
DEPRESSION

~ NOTCH
DEPTH

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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Fig. 18-25. The attenuation of a terrestrial microwave system is increased by the ground reflection.
There will be ground reflections from all points between the two antennas, but the single reflection
resulting if the ground acts like a perfect mirror is shown. The transmit antenna height is h;, the receive
antenna height is A,, and the distance between antennas is d.
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frequentlyit occursandthe shorterits durationwhenit doesoccur Also, the severity of fades
increasesas the distancebetweenantennasncreasesor as the carrier frequeny increases.
Fadingcanalsobe mitigatedby usingdiversity techniquesin which two or moreindependent
channelsaaresomeha combined[20]. The philosoply hereis thatonly one of thesechannels
at a time is lilkely to be dlected by ading.

18.4.5. Mobile Radio

Oneof themostappealingusesfor radiotransmissions for communicatiorwith peopleor
vehicleson the move. For this type of communicatiorthereis really no alternatve to radio
transmissiongxceptfor infrared, which doesnot work well outdoors.Mobile radio exhibits
somecharacteristicgdhat are different from point-to-pointtransmissionFirst, antennasnust
generallybe omnidirectional andthusthey exhibit muchlessantenneagain. Secondtherecan
be obstaclego directpropagtion, causinga shadowingeffectthatresultsin large variationsin
receved signal power with location. Third, the most commonapplicationis in urbanareas,
wheretherearemary opportunitiesfor multiple re3ectionsandthe two-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
frequeng.

The two-pathmodelis easilyextendedto an M-pathmodel,again using superpositionin
this case, the compldbaseband output of the channel is

o

M .
a,_ Ault—tpe ~kd; (18.60)
1=

wherethe A; arereal-\aluedattenuatiorcoefcients d; is the lengthof the i-th path,andt; is
the propagtion delay of the i-th path. There may be a dominantpath whose attenuation
coebcientobeys the fourth-paver law with distance but the othercoebcientsdependon the
ref3ectioncoebcientsof indirect pathsand hencebeara complicatedrelationshipto position.
Furthermoredueto shadwv effects,theremay even be no dominantpath.for exampleif the
mobilerecever is locatedbehinda building; the radiowaveswill suffer a diffractionloss.This
shadaving losstypically variesmarkedly over a distanceof tensto hundredsof meters.If we
averagethe receved power over an areaon the orderof 1 km?2, we will seethe fourth-paver
loss with distance but if we averageover an areaon the order of 1 metef we will seean
additionalBuctuationwith positiondueto shadeving. Shadaving is oftenassumedo resultin
a log-normaldistribution in local-averagereceved power; thatis, the power expressedn dB
hasa Gaussiardistribution. The standarddeviation of the power expressedn dB is roughly
4 dB for typical urban areas.

Whenwe examinelocal receved power, not averagedover an area,we begin to seewild
Ructuationsddueto multipathfading.For a moving vehicle,fadesof 40 dB andmorebelow the
local-averagelevel arefrequentwith successie minimaoccurringevery half wavelengthor so
(afraction of a meterat microwave frequencies)Thus,the motion of the vehicleintroducesa
whole new dimensionto the fading experiencedon a point-to-point system, where the
Buctuationsare muchslower. This rapid Buctuationis known as Rayleighfading becausahe
distribution of the emelope of the receed carrier often olys a Rayleigh distrilttion [21].
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To understandRayleigh fading, we must examine the effect of vehicle motion, which
resultsin a time variation in recevved carrier phase.As before, this can be understoodoy
consideringa singlepath,andthenapplyingsuperpositioio multiple paths.Thegeometryof a
singlepathis shawvn in Fig. 18-26,including a reRectionbetweenthe transmitterandrecever.
As shawn, a virtual transmittercanbe debnedehindthe ref3ectomwith alinear propagtionto
therecever. Let d be a vectorfrom virtual transmitterto recever attime ¢t = 0, let v be the
velocity vectorfor thevehicleattime ¢ = 0, andlet g betheanglebetweend andyv, or theangle
of incidenceof the propagtion path relative to the vehicle velocity. Let the scalarinitial
distanceandvelocitybed =||d ||andv =]|v ||. Thevectorfrom transmittetto recevverisd + vt,
and the propagtion distance as a function of time is

[|d + vi||= (d? + %+ 2ad, v it )12, (18.61)

wheretheinnerproductis ad, v fi= dv %cosg. This distancds not changinginearly with time,
but can be approximated by a linear function of time.

Exercise 18-4. Shav that if ¢t <<d / v, then (18.51) can be approximatedaccurately by
d + vtcosq. For example,if d =1 km and v = 30 m Wsec (approximately100 km Uhr) then the
approximation holds for << 66 sec.

Thetime scaleover which thelinearapproximatiorto distances valid is quite largerelative to
the signibcantarrierphasdiuctuationsandhenceit is safeto assumehatthe distanceto the
recever is changingasv xcosq %¢. This changein distancehasslope+v whenthe recever is
moving directly away from thetransmitter—v whenit is moving directly towardthetransmittey
and zero when the rewer is maing orthogonally to the transmitter

With this basic geometric result in hand, the resgicompl&-baseband signal is

A XRej ug%‘i + %tcosqge’—'fkdeifkvtcosqefzpﬂtg. (18.62)

o1

We seeheresereral propagtion effects. First, the basebandignal u(¢) is delayedby a time-

varyingamountdueto the changingoropagtiondistance This effectis generallyinsignipcant
at the basebandrequenciesf interest.Secondthereis a static phaseshift e 7*¢ dueto the

propagtion distanceat ¢ = 0. Third, and mostinteresting,is a phaseshift thatis linear with

time. In effect, thisis a frequeng offset, known asthe Doppler shift The carrierfrequeny is

shifted fromf. tof,. — f;, where the Doppler frequents

fa= % vecos( = Il—)cosq . (18.63)

VIRTUAL
TRANSMITTER

REFLECTOR

RECEIVER

TRANSMITTER

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 recever is moving away from the transmittey the Doppler shift is negative; it is
positve when the receeér is maing towvard the transmitter

Example 18-26. If thevehiclevelocityis v = 30 m Usec(100km Uhr), andthe carrierfrequeny is
1GHz(l =0.3 meters)thenthemaximumDopplershiftis f; = v/l =100Hz. Thisillustratesthat
relative to the carrierfrequeng, the Dopplershift is typically quite small, but relative to baseband
frequenciest canberelatively large. Also obsene thatfor a constantvehiclevelocity, the Doppler
shift becomes lger as the carrier frequenmcreases.

In additionto affecting the propagtion distanceand angleof incidence the reRectionin
Fig. 18-26will alsoaffect the attenuatiorconstantandaddan unknavn phaseshift dueto the
refection coetfcient.

The Dopplershift by itself might not be a big issue sinceit resultsin anoffsetin a carrier
frequeng thatmight not betoo preciselyknown in the brstplace.The moresubstantie effect
occurswhen there are two or more paths,eachwith different Doppler shifts becauseheir
incidentanglesat the recever aredifferent.|If the delayspreadof the differentpathsis small,
we canassumea narrovbandmodel;thatis, the differentdelaysof the arriving replicasof the
basebandignal u(¢) areinsignibcantfor the basebandrequenciesof interest.The resulting
superpositiorof differentDopplershiftscanresultin arapidly Buctuatingphaseandamplitude.
For example,for a setof pathswith amplitude4;, delayst; =t assumedo be the sameon all
paths(whichis the narravbandmodel),phaseshiftsf ; attime zero,maximumbDopplershift f;,
and angles of incidenag, the recaie comple& baseband signal is

Re{ § A,u(t iti)eﬂfiivdtcosqﬁz =Re{u(t - )r(@)}, (18.64)
T l

where

A r(®)

u(t) :g(): DEtLAY :g(): OUTPUT

Fig. 18-27. A model for the baseband channel with a receiver in motion at uniform velocity.

Amplitude (dB) Phase (radians)

0 p T T T T T T T T T

-30 1 1 1 1 1 1 1 1 1 m 1 1 1 1 1 1 1 1 1
0 50 Time (msec) 100 0 50 Time (msec) 100

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 A; =1 and A, =0.9.
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r)=Q iAief(ffivdtCOSqi). (18.65)

The basic equivalent basebandchannel model is shavn in Fig.18-27. The effect is
multiplication by a comple-valuedwaveform r(¢). It is instructive to plot this waveformfor a
coupleof casesFor example,we shaw in Fig. 18-28the effect of addingtwo carrierswith a
relatve 100 Hz Dopplershift. The resultis fadesat 10 msecintenals, 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
explained by Fig. 18-29, which shawvs a polar plot. The waveform r(¢) follows the circular
trajectoryshavn, wherethe angularvelocity is constantThe amplitudefadesoccurwhenthe
trajectory comesnear the origin, which coincideswith time that the phasechangesmost
rapidly.

Theseplots are repeatedfor 40 signals arriving from uniformly-spaceddirectionsin
Fig. 18-30andFig. 18-31.While theresultis qualitatively similar, thetrajectoryis muchmore
complicatedand random-looking.Again there are occasionaldeep amplitude fades,which
coincidewith rapid phasevariations.Thetime scaleof thesedeepfadess again ontheorderof
10 msecwhichis thereciprocalof the maximumDopplerfrequeng. This alsocorrespond$o
the time the receer traverses a half of aavelength at the carrier frequenc

The very chaoticchangein amplitudeand phasewith time shavn in Fig. 18-30 can be
characterizedstatistically employing the central limit theorem.Returningto the model of
Fig. 18-27,we can modelthe multiplicative signal »(t) asa randomprocessR(t). Examining
this processat somepoint in time ¢,, the phaseof the i-th incidentpathis givenby x; =f; -
vdcos(Q;)ty. Since the phasesf; are very sensitve functions of the initial position, it is
reasonabld¢o assumethat the x; arei.i.d. uniform randomvariableson the intenal [0, 2p).
Writing the real and imaginary parts independently

Re{R(tp)} =4a; A;cosX;, Im{R(tp)} =4, A;sinx;, (18.66)

whereeachtermis the sumof independentandomvariables By the centrallimit theorem as
the numberof termsincreased®othRe{ R(¢y)} andIm{ R(¢,)} will be Gaussiardistributed,and
henceR() will be a complg-valued Gaussian randoranable.

Exercise 18-5. Shaw that, with the assumption that tkeare i.i.d. uniform randomariables,

QUADRATURE

IN-PHASE
2 |
-2 0 2

Fig. 18-29. Polar plot of the trajectory of r(¢) for the same case as Fig. 18-28.
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E[Re{ R(t9)})?] = E[Im{ Rt} =s% =1 8,47 , (18.67)
E[Re{ R(t))} Im{ R(t;)}] =0 . (18.68)

When
R(ty) = Rel® (18.69)

is a compl-valued Gaussianrandomvariable with identically-distrituted and independent
real and imaginary parts, thénis a Rayleigh-distribted random ariable,

: T etr*a2s?) 3
fr(r) = | s2 , (18.70)
o0 r<o

andthephaseQ will beuniformly distributedon [0, 2p). Theamplituder is theenvelopeof the

recevedcarrier andQ is the phasesowe cansaythatthe envelopehasa Rayleighdistribution
and the phase is uniform.

Phase (radians)

HHW

Amplitude (dB)
T

, |
W

1
0 Time (msec) 400 0 Time (msec) 400

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.

0.5
QUADRATURE

IN-PHASE
-0.5 L
-0.5 0 0.5

Fig. 18-31. Polar plot for the same case as Fig. 18-30.
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The conclusionis thatwhena CW carrieris transmitted the receved signal R() is well
approximatedas a complex Gaussianprocess.The power spectrumof that processcan be
calculatedjf we make assumptionsiboutthe distribution of arriving power vs. angle.This is
becausehe frequeng of anarriving componentlependslirectly on the cosineof the angleof
arrival. Let R(¢) have power spectrumSx(f). The contribution to R(¢) arriving at angleq is at
frequeny f. + f; cosg. ThisimpliesthatSg(f) is conbnedo frequeng band[f. - f;, f. +f4]- In
particulay the total power arriving in band{f,, /. + f,;] correspondgo angleof arrivalsin the
range

1a£0 *fes
fe+facosd® fo, or 1ql £g=cos™§ 0. (18.71)
fqg @
If we assumefor example,thata total receved power P is arriving uniformly spreadover all

angles|q| £ p, thenthe portion of the power arriving in band{f,, f. + f;] mustbe P xq,/p.
Thus,

fc+fd _ P . ifc"
REROUE Bcos—lgg - 0, (18.72)

and diferentiating both sides with respeciig, the paver spectrum is

Spf)=—L 2 fpEf, (18.73)

JEe(ff )2

andzeroelsavhere(of coursethe spectrumis symmetricabout/ = 0). This power spectrums
plottedfor positive frequenciesn Fig. 18-32,wherewe seethatthe power is concentratedn
the region of frequenciesf, + f;. A samplefunction of a randomprocesswith this power
spectrunwill look like arandomversionof the deterministicsignalcos(2pf.t)xos(2pf,t), since
thelatterhasa Fouriertransformthatconsistf deltafunctionsatf, + f;. This AM-DSB signal
is the carriermultiplied by an envelopewith periodiczerocrossinggfades)spacedat!| /(2v)
secintenals. This is just the time it takesfor the vehicleto travel a half wavelength.Thus,
temporally Rayleighfading exhibits a strongtendeng toward fadesevery half wavelength
when the pwer is uniformly spreadwer all incoming angles.

Sr(f)

LJ

_/// T f
fc_fd fc fc+fd

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 Chr and the carrier frequeny is 1 GHz, the
maximumDopplerfrequeny is approximatelylO0Hz. This meanghattheindividual pathscoming
into thereceiver canhave Dopplershiftson the orderof £100Hz, or the bandwidthof the passband
signalis increasedy approximately200 Hz dueto the motion of the vehicle. The wavelengthis
about 0.3 meters, so that the time itemkhe ehicle to trael a half vavelength is

_ 0.15meters _

= 30 metersise _ > MSeC (18.74)

We canexpectsignibcanfadesapproximatelyevery 5 msec which happengo bethereciprocalof
the 200 Hz range of Doppler shifts.

Themodelof Fig. 18-27andthe Rayleighfadingderivationassumed narravbandmodel;
thatis, thedelayspreads smallwith respecto thereciprocalof the bandwidth,or equivalently
that delayst; in (18.64) are identical over all paths.Thus, the model must be modibedto
accommodatea widebandmodel, when the signal bandwidthis too large. Usually this is
handledas follows. First, arny given rel3ection,like off a high-rise building, is actually a
complicated superpositionof multiple ref3ections,where the delay spread acrossthese
relBectionsis small enoughto obey the narravband model. Thus, this single rel3ectioncan
actually be representedby a narraovbandRayleighfadingmodelwith an associatedielayt ;.
Now if thereis a secondrefR3ectionwith a signibcantlydifferentdelay it canberepresentetyy
anothemarrovbandRayleighfadingmodelwith delayt,?* t;. The broadbandnodelfollows
from superposition of these namband models.

A two-pathbroadbananodelis illustratedin Fig. 18-33.Thecomple-basebandgignalu(z)
experiencesthe two path delayst; andt,, and the two delay outputs are multiplied by
independentomple-Gaussianprocesses (t) and ry(t). Each path also has an associated
attenuatiom;, anda staticphaseshift which canbe subsumedh r,(¢) andry(?). This broadband
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
voicebandchanneis analmostuniversalvehiclefor datacommunicationThe designof digital
modemdor telephonechannelss challenging because¢he channelWwasdesignedgrimarily for
voice, andimpairmentsthat are not seriousfor voice canbe debilitating for datasignals.The
telephonechannelis a prime exampleof a compositechannel consistingof mary mediasuch

Ay ri@®

éé k éé

u(t) — Ay r1(® s

DELAY
% t, %

Fig. 18-33. A broadband two-path model, where each path is assumed to be independently Rayleigh
fading.

————> OUTPUT
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aswire pairs, satellitechannelscoaxial cables terrestrialmicrowave links, and optical Pber
Even more importantthanthe mediaare the mary modulationsystemsbuilt on top of these
media,suchaspulse-codenodulationandsingle-sidebandnodulation.The characteristic®f
the channelvary widely dependingon the particularconnectionlt is usefulto discussthese
characteristicsnot only becausef the importanceof this particularchannel but alsobecause
we encounter manimpairments 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
characterizationf thetelephonechannelModemdesignersely ratheron statisticalsureys of
telephonecircuits. In the U.S., a comprehensi surney was conductedn 1969-70[22] and
agpin in 1982-83[23]. The datain this sectioncomesprimarily from interpretationof the
secondsurey. A modemdesignemeedsto determinethe acceptablgercentagef telephone
connectionsover which the modemwill perform,andthenbndthe parametethresholdghat
are met or exceededby that percentageof channels.The resultingthresholdscan be quite
sensite to the percentage.

Example 18-28. According to the 1982-83 connectionsuney, 99% of end-to-endchannels
attenuate 1004Hz tone27 dB or less.But 99.9%o0f channelsattenuatehe sametone40dB or less.
To get the gtra 0.9% cwerage, an additional 13 dB of loss must be tolerated.

In Table18-1 we give typical worst-casd>guresassumedor someof the impairmentson the
channel.The percentagef telephonechannelghat exceedthis performanceas roughly 99%.
Linear distortionis a majorimpairmentthatis missingfrom the tablebecausét is difbcultto
summarizeconcisely It is discussedbelow, followed by discussionsof the remaining
impairments.

Linear Distortion

The frequeny responseof a telephonechannelcan be approximatedy a linear transfer
function B(f), roughlyabandpas®lterfrom 300to 3300Hz. This bandwidthis choserto give
acceptablevoice quality in the network, and is enforcedby bandpasgltersin analogand
digital modulationsystemsusedin the network. A typical transferfunction of a telephone
channelis illustratedin Fig. 18-34, using traditional terminology that 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 100#z tone 27dB
Signal to C-notched noise ratio 20dB

Signalto seconcharmoniadistortionratio| 34 dB
Signal to third harmonic distortion ratip33dB
Frequency offset 3Hz

Peak to peak phase jittd2D300Hz) 200

Peak to peak phase jitter (20D301) 130
Impulse noise (bdB threshold) 4 per minutg
Phase hits (200 threshold) 1 per minutg
Round trip delay (no satellites) 50ms
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Amplitude distortion, the magnitudeof the frequeng responseis plotted as attenuation(or
loss) vs. frequeny. Amplitude distortion is often summarizedas a set of slope distortion
numbers,which attemptto captureimagessuch as Fig. 18-34a.A typical slope distortion
measurds the worst of two differences(1) thelossat 404 Hz minusthe lossat 1004Hz and
(2) the loss at 2804 Hz minusthe loss at 1004 Hz. For 99% of telephoneconnectionsthat
numberis lessthan 9 dB. Several other slope distortion characterizationsre found in the
literature,but they aredifpcultto usein practice We referinterestedeadergo the connection

suney [23].

Interestingly the attenuationin Fig. 18-34ais almostpreciselythe typical attenuationof
thelocal loop from the 1980sunwey [24] combinedwith the typical frequeng responsef the
pltersin the PCM modulatorsin Fig. 18-3, suggestinghat thesearethe dominantsourcesof
frequeng-dependent attenuation.

Phasedistortion, the deviation from linear of the phaseresponseof B(f), is traditionally
describedas envelope delay distortion Ervelope delay is dePnedas the negative of the
derivative of the phaseof therecevedsignalwith respecto frequeng, andhencemeasureghe
deviation from alinear phaseresponseEnvelopedelaydistortionis oftensummarizedy a set
of numbersmuch asthe magnituderesponsdas summarizedoy slopedistortion. For details
seg[24].

The overall attenuationof the channelis typically measuredat 1004Hz, where the
attenuationis usually nearits minimum. The attenuationis usually about6 dB betweenone
local switch and anothgto which is added the loss of the local loops at each end.

Noise Souces

In additionto attenuationthereis noisepresenton the voicebandchannel primarily from
four sourcesguantizationnoise thermalnoise crosstalk andimpulsenoise We discusghem
in order of increasing importance.

35 [
25 F

SHORT (<181 MILES) 30 1
LONG (>720 MILES) --------
20 | LOOP ONLY ———— 25
T MEAg
ENVELOPE
15 L LOSS ) 20 L DELAY
RELATIVE / DISTORTION
TO IN
10 L 1004 HERTZ 15 L MILLISECONDS
LOSS
IN DECIBELS d

L 1 1 1 I 1 L A -0.2 L L 1 I 1 1
0 0.5 1.0 1.5 2.0 25 3.0 3.5 0.0 0.5 1.0 15 2.0 25 3.0 35

(a) FREQUENCY IN KILOHERTZ (b) FREQUENCY IN KILOHERTZ

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 discussedn Section18.2is oneimpairmentthatis more severefor
voicethanfor data,soit haslargely beeneliminatedfrom the network. Inductionof interfering
tonesat 60 Hz andits harmonicg50 Hz in Europe)from power linesis moresignibcantAs on
other communicationchannels,thermal noise is an important impairment. Impulse noise
consistsof sudden)arge spikes of shortdurationandis measuredy countingthe numberof
timesthe noiseexceedsa giventhresholdImpulsenoiseis dueto electromechanicawitches
in the network, suchasin telephoneswitchesanddial telephoneslimpulsenoiseis not well
characterized, and modem designs are natilggaRuenced by its presence.

The dominantsourceof noiseis quantizationerror introducedby PCM systemsasin
Fig. 18-3. Quantizationerror is a consequencef usinga limited numberof bits to represent
eachsamplen the PCM systemWhile the quantizatiorerroris deterministicallydependenon
the signal, the randomnesf the signal usually gives quantizationerror a Onoise-ligO
characteristiclt hasanapproximatelywhite powver spectrumandthelevel of noiseis usually
measuredy the signal-to-quantization-noiseatio (SQNR) The SQNRfor a singlequantizer
asencountereth theU.Stelephonenetwork is illustratedin Fig. 18-35.Notethatoveraninput
rangeof about30 dB (-40 to -10 dBmO0) the SQNRvariesby only about6 dB (33 to 39 dB).
This relatively constantSQNRimpliesthatthe quantizatiorerror power variesalmostin direct
proportionto thesignalpower; thatis, it is notconstanindependentf thesignalasfor thermal
noise.A thoroughstudyof this noiseis givenin [25]. For thefasteswoicebanddatamodemsit
canbe the dominantimpairment.For lower speedmodemsit is adequatelyapproximatedy
white Gaussian noise.

In Table18-1, the noiseis labeled C-notded noise which refersto a particular blter
appliedto the noise prior to measuremenbf power. This blter is chosenon the basis of
subjectve effectsfor voice,andif the noiseis white hasno effect beyond a bxed offsetin the
measuregower. Quantizationerror power is measuredy applyinga holding tone usuallyat
1004Hz, andblteringout this tonewith a deep(B50dB) notchblter prior to the measurement
of the remaining quantization error with a C-message weighted Plter

50

40 |-

SQNR 30 -
(dB)
20

TYPE OF TEST SIGNAL CORNER LEVEL \

— SINE WAVE +3 dBm0 \ .

10 N
___LAPLACIAN (SPEECH) -9 dBm0 N
...+ WHITE NOISE -5dBm0

1 | 1 1 1 |
-70 -60 -50 -40 -30 -20 -10 0 10

INPUT LEVEL IN dBmO

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 ampliPersand also to tracking errors
betweerA D andD WA corverters.Becauseof its relatively low level, non-lineardistortionis
a signibcant impairment only for the most elaborate, highest data-rate modems.

Frequency Offset

Frequenyg offsetis peculiarto telephonechannelsand channelsvith Dopplershift. If the
inputto thechannels x(¢), with FouriertransformX(f), andthe channehasa frequeng offset
of w, radians, and no other impairments, then the output of the channelurees Eransform

_i,X(fifO)' for f>0

Y() = .
D=Ix(r 410, forf<0

(18.75)

This small shift in the spectrumof signal has importantimplications for carrier recorery
(Chapterl5) and echo cancellation (Chap2€y).

Exercise 18-6. We sav in ChapterR that passband data signals canxpeessed in the form

x(t) = 2 Re{s(t)e /2Pfet} | (18.76)

wherene complex envelope s(¢) is a comple-valued basebanddata signal and £, is the carrier
frequeng. Shav that the dkct of a frequengcoffset on the channel is a reesd signal

y(t) = J2 Re{s(t)e /2Ple— 10t} (18.77)

In effect, the carrierfrequeng hasbeenshiftedby f;. Assumethatf, > 0 ands(?) is bandlimitedso
thatS(f) =0 for |f|>f..

Frequeng offset is a consequencef using slightly different frequenciesto modulateand
demodulatesingle-sidebandSSB) signalsin analogtransmissiorfacilities (Fig. 18-1). It is
allowed becauseét hasno perceptibleeffect on speechquality, and can be compensatedby
proper design inaiceband data modems.

Phase Jitter

Phasejitter on telephonechannelsis primarily a consequenceof the sensitvity of
oscillatorsusedfor carrier generationin SSB systems(Fig. 18-1) to Ructuationsin power
supplyvoltages.Sincepower supply Buctuationsare often at 60 Hz or harmonicsthereof,the
largestcomponentof phasejitter are often at thesefrequenciesPhasditter is measuredy
observingthe deviation of the zerocrossingsf a 1004Hz tonefrom their nominalpositionin
time.

Phasgitter canbe viewed asa generalizatiorof frequeng offset. If the phaseiitter on a
channel igy(¥), the efect on the transmitted signal of (18.76) is a nembisignal of the form

y(t) - Re{ S(t)ej(prct + Q(t))} . (1878)

A phasejitter of q(t) = 2pfyt amountsto frequeng offset. It is commonfor q() to have
oscillatorycomponentst the power line frequeng (50 or 60 Hz) andharmonicslf we simply
demodulatethis signalusingthe carriere/2P%!, we recover a distortedbasebandgignals(z)e /9@
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rather than the desireds(t). To mitigate this distortion, it is commonin carrier recovery
(Chapterlb) to include algorithms designed to track and nemthis undesired phase jitter

A phasehit is anabruptchangen the nominalphaseof arecevedsinusoidakignallasting
atleast4 ms. Thereis little thatcanbe doneto defenda modemagainstthis degradation put it
must be takn into account in the design of the carrier vecp (Chapted5).

Delay and Echo

Delay and echo arethe Pnalimpairmentsin telephonechannelghat we will consider A
simplibedtelephonechannelis shavn in Fig. 18-36.Thelocal loop, which is the twistedwire
pair connectingthe central ofbce with customerpremise,is usedfor transmissionin both
directions.Both signalssharethe samewire pair. At the centralofbce,a circuit calleda hybrid
separateshe two directionsof transmissionLongerdistancefacilities are four-wire, meaning
that the tw directions of transmission areysically separated.

Onepossibleimplementatiorof the hybrid circuit is shovn in Fig. 18-37.The signalfrom
the otherend of the two-wire facility is fed throughto the receve port. The transmitsignal
appearsat the transformeras a voltagedivider with impedances and Z,,, wherethe latter is
the input impedanceof the two-wire facility. We cancel this undesiredfeedthroughby
constructinganothervoltage divider with a balanceimpedanceZg. When Zg = Z,,, the loss
from transmitto receve portis inPnite.In practice,a Pxed compromiseampedanceZy is used,
anda componenbf thereceve signal(A) canleakthroughto (B) with anattenuatiorassmall
as 6 to 10 dB due to thawation in impedance of the dawire facility.

The signalandtwo typesof echopathsfor the conbguratiorof Fig. 18-36 are shavn in
Fig. 18-38.An edho is debnedas a signal componenthat hastaken ary path otherthanthe
talker speeb path The talker echo is the signal that leaks throughthe far-end hybrid and
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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 Zp should exactly match the impedance of the transformer and two-wire facility.
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returnsto the sendetr(talker). The listeneredo is the componenof the talker echothat leaks
throughthe nearendhybrid andreturnsagain to the listener This echois similar to multipath
propagtion on radio channelgSection18.4). The lengthof the telephonechanneldetermines
theround-tripechodelay Echoedrom thenearendof the connectiortypically undego zeroto
2 msec of delay whereasfarend echoescan have round-trip delays of 10-60 msec for
terrestrial &cilities, or up to 600 msec on satellite connections.

To mitigatethe effectsof echoon speeclguality, severalstratgjiesco-exist on the network.
The effect of eachstratgy on datasignalsis different. For shortdelays,lossis addedin the
talker speechpath, which is advantageoudecausehe echoesxperiencethis lossmorethan
once.Thisloss,plusthelossof thesubscribetoopsateachend,is the sourceof theattenuation
thatmustbe accommodatebly datatransmissionit canbe ashigh as40dB (at 1004Hz). For
longer delays, devices knowvn as echo suppessos and echo canceles are addedto the
connection.

A full-duplex (FDX) modemis one that transmitsand receves on the sametelephone
channel Sucha modemrequiresaninternaltwo-to-fourwire corversion,asshowvn in Fig. 18-
39. Becauseof imperfectbalanceimpedance®f the hybrids, someof the transmittedsignal
echoesnto therecever andinterfereswith the wealker datasignalfrom thefarend.The hybrid
echolossmaybe aslow asabout6 dB, andthereceved signalmay have experiencedasmuch
as40 dB loss, so the desiredfarend signalmay be asmuchasabout34 dB belowthe echo.
Ways of dealing with this problem are discussed in Chapters 17 and 20.

18.5.2. Channel Capacity Compard to Practical Modems

Roughestimate®f the capacityof avoicebandelephonehanneindicateit is over 30,000
b (s. In Table18-2we summarizehe bit ratesachiered by existing standardizedoicebanddata
modems Bit ratesas high as 28,800b s are ervisioned, althoughthe higher ratesmay be
achievable on a smallerfraction of possibleconnectionsindeed,several of the higher speed
modemsare used exclusiely with leasedlines which can be conditionedfor guaranteed
quality.

—’—,—’——’—,i’—’_L

TALKER ECHO LISTENER ECHO

—

TALKER SPEECH PATH

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.

RANSMITTER Y { RECEIVER
(A)

| HYBRID |(—)| HYBRID | | HYBRID |(—)| HYBRID | (B)
TWO TWO

WIRE WIRE
RECEIVER FACILITY FACILITY RANSMITTER
\ ~ J FOUR-WIRE FACILITY \ ~ J
MODEM MODEM

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. MAGNETIC RECORDING CHANNELS

Digital communicatioris usednot only for communicatiorover a distance(from hereto
there) but alsofor communicatiorovertime (from now to then).Thelatterapplicationis called
digital storage or recoding, andis usuallyaccomplishedisinga magnetiomediumin theform
of atapeor disk. More recently particularlyin the contet of read-onlyapplicationsoptical
storage media lva been used as well.

Example 18-29. The compactdisk ROM, an offshoot of a similar consumeraudio technology
allows 600 megabytesof datato be storedon a singleplasticdisk 12 cm in diameter{26]. The bits
arestoredassmallpits in the surface,andarereadby spinningthe disk, shiningalaserdiodeon the
surface, and detecting the ref3ected light with an optical pickup.

Digital recordingis of courseusedextensvely in computingsystemshut is increasinglyused
in addition for the storage of music [27][28] ariee.

Example 18-30. The compactdisk digital audio system,which is a greatcommercialsuccess,
recordsmusicdigitally usinga similartechnologyto thecompactdisk ROM. Themusicis cornverted
to digital using16 bits persampleata samplingrateof 44.1kHz for eachof two channelsfor atotal
bit rate of about 1.4 Mhs. Up to 70 minutes of material can be recorded on a single disk.

Example 18-31. Digital storageon disk drivesis usedin speechstore-and-fonard systemswhich
areessentiallythe functionalreplacementor telephoneansweringsystemsexceptthatthey sere a
number of customers.

Digital recordingoffers someof the sameadvantagesver analogrecordingaswe discussed
earlierfor transmissionThe principle advantageagain is the regeneative effect in which the
recordingdoesnot deterioratewith time (exceptfor the introductionof randomerrorswhich
can be eliminatedby coding techniques)r with multiple recordingsand re-recordingsAn
additional advantageis the compatibility of digital recordingwith digital signal processing,
which offers \ery paverful 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 |symbokate|duplex N method CCITT standarg modulation
(bs) (Hz2)
£300 £300 fulN FDM V.21 2-FSK
1200 1200 half V.23 2-FSK
1200 600 full N FDM V-22 4-PSK
2400 1200 half V.26 4-PSK
2400 600 full N FDM V.22bis 16-QAM
2400 1200 full N EC V.26ter 4-PSK
4800 1600 half V.27 8-PSK
4800 2400 full N EC V.32 4-QPSK
9600 2400 half V.29 16-AM (PM
9600 2400 full N EC V.32 32-QAM+TC
14,400 |2400 full N EC V.32bis 128-QAM+TC
£ 28,800 |£ 3429 full N EC V.fast (V.34) [1024-QAM+TC
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Magnetictape or disk can be consideredas a transmissionrmediumin much the same
manneras other media such as wires and Pbers[29][30]. We will now briel3y discussthe
properties of that medium.

18.6.1. Writing and Reading

In thewriting processa magneticbeldis generatedn anelectromagnetalleda headasit
passest high speedover a ferric oxide magneticmedium,therebyorientingthe direction of
magnetizatioralongatrackin a nearbymagnetionediumon the disk or tape[31]. Onreading,
whenthe orientedmagneticpatternpassesinderthatsamehead,it producesa voltagethatcan
be sensed and ampliped.

Thereare two basictypesof recording.Satuation recoding is almostalways usedfor
digital recording,in which the magnetizations saturatedn onedirectionor theother Thus,in
saturatiorrecording the mediumis constrainedo beusedfor binarytransmissionthatis, only
two levels are allowed. This is in contrastto wire and coaxial mediain which multi-level
transmissiortanbe consideredThe otherform of magnetiaecordingis a.c.biasrecoding, in
which the signalis accompaniedby a muchlarger andhigherfrequeny biassinusoidfor the
purposeof linearizingthe channel 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 illustratedin Fig. 18-40. For saturation
recording,the voltageappliedto the write headassume®ne positive and one negative value
correspondindo thetwo directionsof desiredmagnetizationln Fig. 18-40ait is assumedhat
a squarewave correspondindo the binary sequenc&1101@ appliedto the write head.This
waveformcorrespondence® abit sequencés callednon-returnto zeo, or NRZ Thebit stream
is recordedon linear (tape)or circular (disk) tracks on the magneticmedium,andonetrackis
showvn in Fig. 18-40b Notethetwo directionsof magnetizationschematicallyndicatedby the
arrows. Thevoltageon thereadhead(which is physically the sameasthe write head)duringa
readoperationis shavn in Fig. 18-40c.As long asthe magnetizations constantno voltageis
inducedin the readheadcoil, but upona change in magnetizatiorthereis a voltageinduced
(recallthatthe voltageinducedin a coil is proportionalto the derivativeof the magneticbeld).
The polarity of that @ltage is determined by tliirection of bange in magnetization.

S S
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Fig. 18-40. lllustration 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.
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This write-readmagneticrecordingprocessanbe viewed asa communicatiorchannelif
we obsenre only the input and output voltagewaveformsin Fig. 18-40aandFig.18-40cand
ignorethe physicalmediumof Fig. 18-40b Both of thesewaveformsrepresensignalsin time,
just like in communicationsalthoughthereis a conceptuallyinsignibcantand indeterminate
time delaybetweerthe write andreadoperationsViewedasa communicatiorchannelwe see
that the magnetic recording channel of Fig. 18-40 inherently includes a differentiation
operation Anotherway of looking at this is thatthe channeiis sensitve to only thetransitions
in theinputwaveformratherthanits polarity. Thereforefrom adigital communicatiorpoint of
view, we wantto maptheinput bits into transitionsin the input waveformratherthanabsolute
polarity.

18.6.2. Linearity of the Magnetic Channel

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

The view of Fig. 18-40is oversimplibedin that it assumeghat the magnetizatioris in
either one direction or the other In fact, the tape medium containsa multiplicity of tiny
magneticparticles,and eachparticle mustindeedbe magnetizedn onedirectionor the other
The total net magnetizationcan assumealmost a continuum of values, dependingon the
number of particles magnetizedin each direction. Unfortunately this continuum of
magnetizatiordependsionlinearlyon the appliedmagneticbeld,and displayshysteresisand
thereforethe write processis highly nonlinear On the other hand, the read processis very
linear, in that the wvltage induced on the read head is a linear function of the magnetization.

If theappliedbeldto therecordingheadis strongenoughandheldlong enoughsothatthe
mediumis fully saturatedthenthe outputof the readheaddisplaysa form of superposition.
This is becausethis saturation destrgys the memory of the hysteresis. This form of
superpositions illustratedin Fig. 18-41.1f theresponseo a positive transitionattime ¢ is i(z),
andthe responsdo a negative transitionat time ¢ + D is -A(t + D), thenthe responsdo the
positive followed by ngative transition obgs superposition, and is

h(t) —h(t+D). (18.79)

This is true with greataccurag aslong asthetime betweentransitionsD is largerthansome
thresholdD,. This thresholds determinedy thetime to achieve full saturatiorof themedium
in onedirectionor the othersincethe last transition,and depend=n the designof the write
head as well as the medium.

Fig. 18-41. Superposition in the reading process of magnetic recording.
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18.6.3. Noise on the Magnetic Channel

The noise impairmentsare very complicatedon the magnetic channel, consisting of
additive andmultiplicative noisecomponentsA majorsourceof noiseis dueto thegranularity
of the medium. The total responseof the headis the superpositionof the responsedo a
multiplicity of magneticparticles.This discretenatureof the signalis similar to the quantum
natureof the optical detectionprocesgSection18.3)with oneimportantdistinction.In optical
detectionwe have only photons(or photoelectrons)r the absenceof same,whereasin
magneticsthere are both positively and negatively magnetizedparticles. Thus, in optical
detection,whenthereis no signalincomingthereis alsono quantumnoise (neglecting dark
current).In the magneticreadingprocessthe particlesare presentwhetheror not thereis a
signal,or putting it anotherway the absencef a signalis representedby an equalnumberof
positively and negatively magnetizedparticles. Hence, the granular noise in magnetic
recording is presentindependentof the signal, and is thereforetruly an additive noise
phenomenonits spectrumis not white becausat is blteredby the readheadresponseandin
fact its paver spectrum tends to be similar to the spectrum of the read signal.

Zero crossingjitter resultsfrom variationsin the compositionof the medium and the
distancebetweerthe write headandthe medium.The effect is a smalljitter in the positionof
the read pulses. Another phenomenoris amplitude modulation of the recevved signal, a
multiplicative noise phenomenordue to medium density Buctuations.An extreme form of
amplitudemodulationis the tapedropout,in which the signallevel getstoo smallfor reliable
detection Sincedropoutsarea reproducibleeffect, dependingpn positionon the medium,they
are often Baggedin disk Ples so that these areasare not used for recording. Another
phenomenoits interferencdrom adjacentracks,which is similar to the crosstalkexperienced
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
suggestionghat may help the readerget started.The basictheory of transmissionlines is
covered in [1]. There are a number of books devoted to optical Pber devices
[32][6][33][34][35][36][37][38] andasmallernumberthatconcentrat®n the noiseandsystem
issuesof primaryinteresthere[39][13][14]. A specialissueof IEEE Journal on Selectedireas
in CommunicationgNovember 1984) is devoted to undersedightwave communication.lt
containsnumeroususeful articles describingthe specialproblemsthat arise in this hostile
ervironment.Anotherissue(November 1985)coversbberopticsfor local communicationand
concentratesn networking issuesYetanothelissue(December1986)is devotedto terrestrial
Pberoptics,andincludespaperson reliability, economicsandnetworking issues Finally, the
OpticalSocietyof America®Journal of LightwaveTechnolagy is agoodsourceof information.

Thereareavailablebookson satellite[18] andmobile radio[21] design.Specialissuesof
the IEEE Journal on SelectedAreasin Communicationsn July 1984,Junel987,andJanuary
1989areis devotedto mobile radio communicationMany of the papersproposemodulation
schemeghat are robust in the presenceof multipath fading. More specibcallydirectedto
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multipathfadingchannelss anotherspecialissue(Februaryl987).Anotherissue(April 1987)
is devoted to point-to-point digital radio, and yet another(January1985) to broadcasting
satellites.

Further information about characteristicof the telephonechannelis best obtainedby
going directly to the publishedline surweys [22][23][24]. Specialissuesof IEEE Journal on
SelectedAreasin CommunicationgSeptemberl984, and August and Decemberl989) are
devoted to modulation and coding for the telephone channel.

A specialissueof IEEE Journal on SelectedAreasin Communicationgn Januaryl992is
devoted to recent results on magnetic recording channels.

Problems

Problem18-1. Shaw thatfor aterminatedransmissiorine with real-\aluedcharacteristi¢mpedance,
the maximum pwer to the load is obtained in Fi8-6b wherZg = Z;, = Z,,.

Problem18-2. For a transmissionline, derive the relation| f = v, wheref is the frequeng,of a
propagting wave in Hz,l is the vavelength in meters, andis the \elocity of the vave in meterdsec.

Problem18-3. In subscribedoop wire-pair cables,it is commonin somecountriesto have bridged
taps which areopencircuitedwire-pairsbridgedin parallelon the main pair. Assumethata sourcehas
impedanceequalto thewire-paircharacteristitmpedancethewire-pairis terminatecht the otherendby
its characteristiempedanceandthatthe wire-pairhasa singlebridgedtap. Let the distance&rom source
to tap belq, from tap to terminatiotLy, and let the length of the bridged taplbe

(a) Findanexpressiorfor thetransferfunctionof thewire-pairincludingbridgedtap.Be sureto take
adwantage of the simplibcations due to the terminations with the characteristic impedance.

(b) Shaw thatwhenthebridgedtapis verylong, it causes bxedattenuatiorat all frequenciesWhat
is that attenuation?

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

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

Problem 18-4. UseSnell®law to shaw thatin Fig. 18-12aray will be capturedby the Pberaslong as
the incident angle olys

sin(gqy) < /n% + n% (18.80)

This conbrms that rays incident at small angles are captured, and thogeratrgtes are not.
Problem18-5. Let the length of the bPber lie

(a) Shaw that the path length for a ray is equaLt&sec(qy).

(b) Shaw thatthe pathlengthvariesfrom L to (n% On%) L. Thus,thelargerthedifferencein index of
refraction of 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. bPber
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Problem 18-6. 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.

Problem 18-7. 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 IV,

Pypm =—65.8 + logioRyyy, (18.81)

where Pyp,, is the received power in dBm required and Ryyy, 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.

Problem 18-9. 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.

Problem 18-10. Suppose we have a system requirement that a total bit rate of R must be transmitted
over a distance of Ly 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 XL 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 ¢ dB/ km:

L= 65.8 £ log o Ry,
9o ’

(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.
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(¢) 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.

Problem 18-12. The available thermal noise power in a bandwidth B Hz is kT, B. 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 427, RB and the current source
has mean-squared current 4k7T’,, B/ R within bandwidth B for a resistance of R ohms.

Problem 18-13. At 6 GHz, what is the diameter of a circular aperture antenna that has an antenna gain
of 40 dB with a 70% efficiency?

Problem 18-14. 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.)

Problem 18-15. Compare the trade-off between repeater spacing d and transmitted power Prp
assuming that the received power Py is held constant for the following two media:

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

(b) A microwave radio system.

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

Problem 18-16. Develop the following formula which relates the free-space loss between isotropic
radiators in dB, the distance dj,, between radiators in km, and the frequency fg, in GHz,

Loss (dB) = 92.4 + 20log;dyy, + 20log1ofaHz- (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 n;(¢) are T}, 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.
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Fig. 18-42. lllustration of the combination of two noise sources into a single equivalent noise source
referenced to the input of the system.
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Problem 18-18. 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.

Problem 18-19. 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?

Problem 18-20. 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 f,. 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 parts per million, instead of
percent (which is parts per hunded). How accurate (in parts per million) do the modulating and
demodulating oscillator frequencies have to be to guarantee less than 3 Hz frequency offset?

Problem 18-22. Suppose that a data signal
x(t) = Re{s(t)e/2PL!} (18.84)

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