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1 Introduction

In the 20th century the telephonesystemhasevolvedfrom a simplemethodof transmittingvoice
signalsovershortdistance$o acomplec globalnetwork capableof transmittingvoice,imagesand
data. The telephonehasbecomea ubiquitouscomponenbf modernlife, allowing instantaneous
accesso andcommunicatiorwith almostary pointontheglobe.

Thetechnologieghatimplementthe telephonesystemspanmary subdisciplinecommunica-
tionscontributesto theoverall systemdesignandto thetransmissiorof voiceanddatasignalsover
wires, fiber optic cables,andmicrowave links. The subdisciplineof signalprocessingontributes
to compressionsamplingandanalog-to-digitabnddigital-to-analogcornversion.Thedesign fab-
rication, and miniaturizationof the circuits necessaryo implementthe telephonesystemis the
domainof solid stateelectronics Digital designandcomputersciencecontrituteto the control of
every aspecbf the phonesystem.

This documensenesthreepurposesThefirst purposes to provide anaccessibleseasonably
non-technicatlescriptionof thetelephonesystem.Theseconds to provide understandablghys-
ically meaningfulexamplesandexercisedor conceptsentralto electricalengineeringand,more
particularly linear circuit analysis.The third is to integrateconceptghatwill be coveredin ECE
301,EEE302,andEEE 303.

Thisdocuments structuredasfollows. First, we presentasimplifieddescriptiorof theearliest
phonesystemsThis descriptionsenesto introducethe fundamentatonceptsassociateavith the
telephonesystem.Then,we presentinoverview of themoderntelephonesystem We thenpresent
aconceptuatlescriptiorof theimportantoperationsnvolvedin thecompletionof atelephonecall.
Finally, we briefly discusghe conceptof a complex hardware/softvaresystem.

2 TheEarly Phone System

A schematiof anearly telephonesystemis shavn in Figure 1. Eachtelephonds connectedy
two wiresto a central office The function of the centraloffice is to make connectiondetween
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Figurel: A schematiaepresentationf anearlyphonesystem.

phonesvia a switchboardandto provide the power necessaryo operatehe phones.

The essentiaklementsof the early telephonewvere a microphoneanda spealer. The micro-
phonecornverteda soundsignal (time variationsin pressure)nto a time-varying electricalcur-
rent. Early microphonesvereconstructedisinga canisterwith oneside constructedf a flexible
diaphram;the canisterwasfilled with carbongranules. The electricalresistancebetweentwo
wires attachedo the canistervaried proportionallyto the displacemenbf the diaphragm. The
spealer corverteda time-varying electricalcurrentinto a soundsignal. Spealers weretypically
constructedrom an electromagneanda paramagneticiaphram. The electromagnetvasa coil
of wire; changesn the currentflowing throughthe coil changedheforce onthe diaphramwhich
in turn changedthe diaphrams displacement.Variationsin the diaphrams displacementvere
transmittedo the surroundingair assoundwaves.

Figure 2 shows an electricalschematioof a circuit consistingof two telephonesgachphone
containsa microphoneanda spealer. The microphoneesistoris representedchematicallyoy the
zigzagline; the arrov pointing to the middle of the zigzagline representshe variability of the
resistancerovided by the diaphram. The spealer coil is representedchematicallyby the curly
line.

Early phonesystemsrequireda direct electrical connectionbetweenthe two telephonesn-
volvedin a phonecall. In the earliesttelephonesystemsthis connectionwas madephysically
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Figure2: A simpletelephoneconnectionillustrating the seriesconnectionof telephonesand a
batteryat the centraloffice.

by an operatorat a plug switchboard. In later telephonesystemsthis connectionwas madeby
automatedcklectricalswitchingequipment.

Theconnectiorbetweentwo telephone$ormeda loop throughwhich currentflowed (calleda
local currentloop). In this loop werethe spealersandmicrophonedor eachhandsetiswell asa
batteryatthe centraloffice. This configurations illustratedin Figure2. All of theelementsn this
loop arein series the samecurrentflows througheachelement.Whena caller speaksnto their
microphonethesoundwave causewariationsn theresistancef themicrophone Thesevariations
in resistancén turn causevariationsin the currentflowing aroundtheloop. Thecurrentvariations
arecorvertedto soundsignalsby both spealers. Thus,the seriesarrangementf elementsneans
thatboth partiesto the call cantalk andlistensimultaneouslyo the otherparty Theability to talk
andlisten simultaneouslys calledfull duplex. If only onepartyto the call cantalk atatime, the
callis half duplex.

All of thesignalsin the early phonesystemwereanalog signals.An analogsignalis onethat
canberepresentedsa continuougunctionof time.

3 TheModern Telephone System

Superficially the moderntelephonesystemappeardo a caller to operatemuchthe sameasthe
early system.However, therearesubstantiahndvery significantdifferences:

e The early telephonesystemprovided (what is know today as) POT'S-"plain old telephone
service”;POTS consistsof completingcallsandvoice transmissionThe moderntelephone
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Figure3: A person-to-persoconnectionin the moderntelephonesystem.

systemprovidesPOT S aswell asa hostof otherservicesncludingdataandvideotransmis-
sionandsophisticatedbilling andfeaturecapabilities.

¢ In the early system,calls were routedmanually In the modernsystem,calls are routed
automaticallyundersoftwarecontrol.

¢ In theearlysystemspeeclsignalswererepresentetdy analogvoltageor currentsignals.In
mostof themodernsystem speectsignalsarerepresentedigitally.

In this section,we describesomeaspectf the operationof the moderntelephonesystem.
First, we describethe signal processingnvolved in a simple personto personcall. This signal
processingncludessamplingandquantizatiorof analogwaveformsto obtaindigital data.Second,
we describéebriefly thetelephonesystemarchitecture.

Figure 3 shaws a schematiaepresentatiomf the configurationof the the telephonesystem
in the processof conductinga person-to-persogall. Eachpersonin the call usesa telephone
(actuallycalleda handsetin the telephonendustry). Eachhandseis connectedtypically using
a wall phonejack) to the wiring of the telephonesystem. Eachphonerequiresa pair of wires.
Thewiresarein turn connectedo a remoteterminal (locatedup to several miles away from the
building containingthehandsetjhatcontainsa PCM encoderandaPCM decodeffor eachhandset
to which it is connected.The PCM encodersanddecodersarein turn connectedo a switching
network. This switching network encompasseaill of the phonesystemequipmentusedto route
thedatanecessaryor the person-to-persooall betweerthetwo handsets.

In the following, we presentsomedetailsassociateavith this person-to-personall. We first
discussthe differencebetweenanalogand digital signals,andthendescribethe function of the
PCM encoderand decodemwhich corvert analogsignalsto digital and digital signalsto analog.
We thendiscusdoriefly the structureandoperationof the switchingnetwork.

The speectsignalstransmittedn a person-to-persooall arerepresente@itherasanalogsig-
nalsor digitally; Figure3 indicateswherein thetelephonesystenthesignalsareanalogandwhere
they aredigital. An analogsignalis a continuousfunction of time. Figure4 shavs an analog
signal.A digital signalis representedsa sequencef 1'sand0’s.
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Figure5: Samplingananalogsignal.

In themoderntelephonesystemdigital signalsareusedwhereser possiblebecauseligital sig-
nalshave severaladvantagesver analogsignals.Oneadvantages in long-distancdransmission
of signals. Noise and distortion degradea signal whenit is transmittedover long distances;a
digital signalcanbe “cleanedup”, restoringthe original signal,while an analogsignalcannotbe
completelyrestored.Thus, repeates (systemghat cleanup and amplify the signal) canbe used
to transmitdigital signalsover long distances.Anotheradvantageof digital signalsover analog
signalsis thatmary differenttypesof information,includingspeechyideo,anddata,canbe mixed
into asingledigital signal.Also, digital hardwareis typically lessexpensve thananaloghardware.
Finally, digital signalscanbe processedlirectly by computers;sincethe switching network in
Figure3 is implementedvith computersgigital signalsarethe mosteffective format.

In Figure3, the PCM encoderanddecoderconvert betweenanaloganddigital signals.PCM
standgor pulsecodemodulation.A PCM encodercorvertsan analogsignalinto a digital signal
with a particularformat. A PCM decoderconvertsthe digital signalbackinto ananalogsignal.

3.1 ThePCM Encoder

A PCM encoderusesthree operationsto convert an analogsignalinto a digital signal. These
operationsaaresampling,quantizationandencoding.

Samplingis the processof obtainingthe value of ananalogsignalat equallyspacedoointsin
time, asillustratedin Figure5. Eachvalueis calleda sample

Quantizationis the processof quantizingeachsample(which in principle could be ary real
number)into one of a finite numberof values. Quantizationis performedby a device called
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Figure6: Theinput/outputrelationshipof anexamplequantizer

a quantizerthat hasan input and an outputthat is a function of the input. The mathematical
relationshipbetweerthe input andoutputof anexamplequantizeris shav in Figure6. Note that
ary possibleinputvoltageis mappedo oneof eightpossibleoutputvoltages.

Encodingis the processf assigninga specificbit patternto eachpossibleoutputlevel of the
guantizer For example,the lowestoutputvoltageof the quantizerin Figure 6 might be assigned
thebit pattern000, the next lowestoutputvoltagemightbeassigne®01,andsoon. In general2"
guantizemutputlevelscanbeencodedisingn bits.

3.2 ThePCM Decoder

The PCM decoder‘undoes”the work of the PCM encodeiit corvertsfrom digital bit patterngo
analogvoltages.Eachn-bit pattern,correspondindgo a given sampleof the analogwaveform, is
convertedinto a correspondingoltage. For example,if the quantizerin Figure6 is used,thena
bit patternof 000would be convertedinto the lowestoutputvoltageof the quantizer;a bit pattern
of 001 would be corvertedinto the next lowestvoltage,andsoon. Figure7 showvs the outputof a
PCM decodeifor an exampleinput. The “stair-step” natureof the signalis a consequencef the
finite numberof quantizatiorvaluesof the quantizer This stairstepsignalis anapproximatiorto
theoriginal speectsignal.

3.3 The Switching Network

We now turn our attentionto the switchingnetwork-thatportionof the phonesystenthatconnects
onecallerto another We begin by definingseveral component®f the network. We thenshav a
portionof the network anddescribehe component®f this network.

Figure8 shavs a portionof thetelephoneswitchingnetwork. A houseor abusinessonnected
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Figure8: A portionof thetelephoneswitchingnetwork.



to the network is calleda subscriber Typically, subscriberconnectiongo the network aremade
with twisted-pairwires. TheRT is aremoteterminal Theremoteterminalis locatedat mostafew
miles distantfrom the subscriberdo which it is connected.The PCM encoderand decoderthat
cornvert betweenmanaloganddigital signalsaretypically housedwithin the remoteterminal. The
COis acentral office. Thecentraloffice is connectedo seseralremoteterminalsaswell asto one
or morelong-distancenetworks.

The primaryfunctionsof the remoteterminalareto do corversionbetweeranaloganddigital
signalsandto multiplex the signalsfrom mary subscribercallsinto a single signalthatis trans-
mitted to the centraloffice. As previously describedthe corversionbetweenanaloganddigital
signalsis performedby PCM encodersanddecodersThe multiplexing operationis time-division
multiplexing, in which mary digital signalswith a reasonablyiow bit-rate are combinedinto a
singledigital signalwith a muchhigherbit-rate.

The centraloffice performsmostof the functionsthatwe associatavith the phonesystem.At
thebeginningof atelephonecall, computersatthecentraloffice interpretthe dialednumberand,if
thecallis local (ie. to anothersubscribeconnectedo this centraloffice), setup adataconnection
betweerthe callerandthe calledhandsetlf the call is notlocal, the centraloffice communicates
with othercentralofficesvia thelong-distancenetwork to setup the dataconnection.The central
office alsokeepstrack of billing information. Many extra features suchascall forwarding, call
waiting, andvoice mail, arealsoimplementedy the centraloffice.

4 Complex Hardware/Softwar e Systems

The moderntelephonesystemis an excellentexample of a complex hardware/softvare system.
Almost all operationsof the system,including completionandrouting of calls, billing, andsup-

porting extra features are performedby computersundersoftware control. The softwarerunning

thesecomputerss frequentlyupdatedo implementew featuresandimprove systenperformance
andreliability.



Reader Feedback Form

Name:

6.
7.

. Beforereadingthis document] understoodhefundamentatonceptof the operationof the

telephonesystem:

StronglyAgree Agree Neutral Disagree StronglyDisagree
After readingthis document] understandhe fundamentatonceptof the operationof the
telephonesystem:

StronglyAgree Agree Neutral Disagree StronglyDisagree

To understandhis document] do notrequirebackgroundnformationthatl do not have:

StronglyAgree Agree Neutral Disagree StronglyDisagree
. Before readingthis document,l felt that circuit analysisis importantto my engineering

discipline:

StronglyAgree Agree Neutral Disagree StronglyDisagree

. After readingthis document] feel thatcircuit analysisis importantto my engineeringlis-

cipline:
StronglyAgree Agree Neutral Disagree StronglyDisagree

Whatconceptoesthis documentescribemostclearly?

Whatconceptoesthis documentescribdeastclearly?

Comments and Suggestions for | mprovement:



