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1 Introduction

In the20thcentury, thetelephonesystemhasevolvedfrom a simplemethodof transmittingvoice
signalsovershortdistancesto acomplex globalnetwork capableof transmittingvoice,images,and
data. The telephonehasbecomea ubiquitouscomponentof modernlife, allowing instantaneous
accessto andcommunicationwith almostany point on theglobe.

Thetechnologiesthat implementthetelephonesystemspanmany subdisciplinescommunica-
tionscontributesto theoverallsystemdesignandto thetransmissionof voiceanddatasignalsover
wires,fiber optic cables,andmicrowave links. Thesubdisciplineof signalprocessingcontributes
to compression,sampling,andanalog-to-digitalanddigital-to-analogconversion.Thedesign,fab-
rication, andminiaturizationof the circuits necessaryto implementthe telephonesystemis the
domainof solid stateelectronics.Digital designandcomputersciencecontributeto thecontrolof
everyaspectof thephonesystem.

Thisdocumentservesthreepurposes.Thefirst purposeis to provideanaccessible,reasonably
non-technicaldescriptionof thetelephonesystem.Thesecondis to provideunderstandable,phys-
ically meaningfulexamplesandexercisesfor conceptscentralto electricalengineeringand,more
particularly, linearcircuit analysis.Thethird is to integrateconceptsthatwill becoveredin ECE
301,EEE302,andEEE303.

Thisdocumentis structuredasfollows. First,wepresentasimplifieddescriptionof theearliest
phonesystems.This descriptionservesto introducethefundamentalconceptsassociatedwith the
telephonesystem.Then,wepresentanoverview of themoderntelephonesystem.Wethenpresent
aconceptualdescriptionof theimportantoperationsinvolvedin thecompletionof atelephonecall.
Finally, webriefly discusstheconceptof acomplex hardware/softwaresystem.

2 The Early Phone System

A schematicof anearly telephonesystemis shown in Figure1. Eachtelephoneis connectedby
two wires to a central office. The function of the centraloffice is to make connectionsbetween
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Figure1: A schematicrepresentationof anearlyphonesystem.

phonesvia aswitchboardandto provide thepowernecessaryto operatethephones.
The essentialelementsof the early telephonewerea microphoneanda speaker. The micro-

phoneconverteda soundsignal (time variationsin pressure)into a time-varying electricalcur-
rent. Early microphoneswereconstructedusinga canisterwith onesideconstructedof a flexible
diaphram;the canisterwas filled with carbongranules. The electrical resistancebetweentwo
wires attachedto the canistervariedproportionallyto the displacementof the diaphragm. The
speaker converteda time-varyingelectricalcurrentinto a soundsignal. Speakersweretypically
constructedfrom an electromagnetanda paramagneticdiaphram.The electromagnetwasa coil
of wire; changesin thecurrentflowing throughthecoil changedtheforceon thediaphram,which
in turn changedthe diaphram’s displacement.Variationsin the diaphram’s displacementwere
transmittedto thesurroundingair assoundwaves.

Figure2 shows an electricalschematicof a circuit consistingof two telephones;eachphone
containsamicrophoneandaspeaker. Themicrophoneresistoris representedschematicallyby the
zigzagline; the arrow pointing to the middle of the zigzagline representsthe variability of the
resistanceprovidedby the diaphram.The speaker coil is representedschematicallyby the curly
line.

Early phonesystemsrequireda direct electricalconnectionbetweenthe two telephonesin-
volved in a phonecall. In the earliesttelephonesystems,this connectionwasmadephysically
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Figure2: A simple telephoneconnectionillustrating the seriesconnectionof telephonesanda
batteryat thecentraloffice.

by an operatorat a plug switchboard.In later telephonesystems,this connectionwasmadeby
automatedelectricalswitchingequipment.

Theconnectionbetweentwo telephonesformeda loop throughwhich currentflowed(calleda
local currentloop). In this loop werethespeakersandmicrophonesfor eachhandsetaswell asa
batteryat thecentraloffice. Thisconfigurationis illustratedin Figure2. All of theelementsin this
loop arein series; thesamecurrentflows througheachelement.Whena callerspeaksinto their
microphone,thesoundwavecausesvariationsin theresistanceof themicrophone.Thesevariations
in resistancein turncausevariationsin thecurrentflowing aroundtheloop. Thecurrentvariations
areconvertedto soundsignalsby bothspeakers.Thus,theseriesarrangementof elementsmeans
thatbothpartiesto thecall cantalk andlistensimultaneouslyto theotherparty. Theability to talk
andlistensimultaneouslyis calledfull duplex. If only oneparty to thecall cantalk at a time, the
call is half duplex.

All of thesignalsin theearlyphonesystemwereanalog signals.An analogsignalis onethat
canberepresentedasacontinuousfunctionof time.

3 The Modern Telephone System

Superficially, the moderntelephonesystemappearsto a caller to operatemuchthe sameasthe
earlysystem.However, therearesubstantialandverysignificantdifferences:

� The early telephonesystemprovided (what is know todayas)POTS-”plain old telephone
service”;POTS consistsof completingcallsandvoicetransmission.Themoderntelephone
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Figure3: A person-to-personconnectionin themoderntelephonesystem.

systemprovidesPOTSaswell asahostof otherservicesincludingdataandvideotransmis-
sionandsophisticatedbilling andfeaturecapabilities.

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

� In theearlysystem,speechsignalswererepresentedby analogvoltageor currentsignals.In
mostof themodernsystem,speechsignalsarerepresenteddigitally.

In this section,we describesomeaspectsof the operationof the moderntelephonesystem.
First, we describethe signalprocessinginvolved in a simplepersonto personcall. This signal
processingincludessamplingandquantizationof analogwaveformsto obtaindigital data.Second,
wedescribebriefly thetelephonesystemarchitecture.

Figure3 shows a schematicrepresentationof the configurationof the the telephonesystem
in the processof conductinga person-to-personcall. Eachpersonin the call usesa telephone
(actuallycalleda handsetin the telephoneindustry). Eachhandsetis connected(typically using
a wall phonejack) to the wiring of the telephonesystem. Eachphonerequiresa pair of wires.
The wiresarein turn connectedto a remoteterminal(locatedup to severalmiles away from the
building containingthehandset)thatcontainsaPCMencoderandaPCMdecoderfor eachhandset
to which it is connected.The PCM encodersanddecodersarein turn connectedto a switching
network. This switchingnetwork encompassesall of the phonesystemequipmentusedto route
thedatanecessaryfor theperson-to-personcall betweenthetwo handsets.

In the following, we presentsomedetailsassociatedwith this person-to-personcall. We first
discussthe differencebetweenanaloganddigital signals,andthendescribethe function of the
PCM encoderanddecoderwhich convert analogsignalsto digital anddigital signalsto analog.
We thendiscussbriefly thestructureandoperationof theswitchingnetwork.

Thespeechsignalstransmittedin a person-to-personcall arerepresentedeitherasanalogsig-
nalsor digitally; Figure3 indicateswherein thetelephonesystemthesignalsareanalogandwhere
they aredigital. An analogsignal is a continuousfunction of time. Figure4 shows an analog
signal.A digital signalis representedasa sequenceof 1’s and0’s.
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Figure5: Samplingananalogsignal.

In themoderntelephonesystem,digital signalsareusedwhereverpossiblebecausedigital sig-
nalshave severaladvantagesover analogsignals.Oneadvantageis in long-distancetransmission
of signals. Noise and distortiondegradea signal when it is transmittedover long distances;a
digital signalcanbe“cleanedup”, restoringtheoriginal signal,while ananalogsignalcannotbe
completelyrestored.Thus,repeaters (systemsthat cleanup andamplify thesignal)canbeused
to transmitdigital signalsover long distances.Anotheradvantageof digital signalsover analog
signalsis thatmany differenttypesof information,includingspeech,video,anddata,canbemixed
into asingledigital signal.Also, digital hardwareis typically lessexpensivethananaloghardware.
Finally, digital signalscanbe processeddirectly by computers;sincethe switching network in
Figure3 is implementedwith computers,digital signalsarethemosteffective format.

In Figure3, thePCM encoderanddecoderconvert betweenanaloganddigital signals.PCM
standsfor pulsecodemodulation.A PCM encoderconvertsananalogsignalinto a digital signal
with aparticularformat.A PCMdecoderconvertsthedigital signalbackinto ananalogsignal.

3.1 The PCM Encoder

A PCM encoderusesthreeoperationsto convert an analogsignal into a digital signal. These
operationsaresampling,quantization,andencoding.

Samplingis theprocessof obtainingthevalueof ananalogsignalat equallyspacedpointsin
time,asillustratedin Figure5. Eachvalueis calledasample.

Quantizationis the processof quantizingeachsample(which in principle could be any 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 output that is a function of the input. The mathematical
relationshipbetweenthe input andoutputof anexamplequantizeris show in Figure6. Note that
any possibleinputvoltageis mappedto oneof eightpossibleoutputvoltages.

Encodingis theprocessof assigninga specificbit patternto eachpossibleoutputlevel of the
quantizer. For example,the lowestoutputvoltageof thequantizerin Figure6 might beassigned
thebit pattern000,thenext lowestoutputvoltagemightbeassigned001,andsoon. In general,

� �

quantizeroutputlevelscanbeencodedusing � bits.

3.2 The PCM Decoder

ThePCM decoder“undoes”thework of thePCM encoder-it convertsfrom digital bit patternsto
analogvoltages.Each � -bit pattern,correspondingto a givensampleof theanalogwaveform, is
convertedinto a correspondingvoltage. For example,if thequantizerin Figure6 is used,thena
bit patternof 000would beconvertedinto thelowestoutputvoltageof thequantizer;a bit pattern
of 001would beconvertedinto thenext lowestvoltage,andsoon. Figure7 shows theoutputof a
PCM decoderfor anexampleinput. The“stair-step”natureof thesignalis a consequenceof the
finite numberof quantizationvaluesof thequantizer. This stair-stepsignalis anapproximationto
theoriginalspeechsignal.

3.3 The Switching Network

Wenow turnourattentionto theswitchingnetwork-thatportionof thephonesystemthatconnects
onecaller to another. We begin by definingseveralcomponentsof thenetwork. We thenshow a
portionof thenetwork anddescribethecomponentsof this network.

Figure8 showsaportionof thetelephoneswitchingnetwork. A houseor abusinessconnected
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Figure7: Outputof aPCMdecoder.
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Figure8: A portionof thetelephoneswitchingnetwork.
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to thenetwork is calleda subscriber. Typically, subscriberconnectionsto thenetwork aremade
with twisted-pairwires.TheRT is a remoteterminal. Theremoteterminalis locatedatmosta few
miles distantfrom the subscribersto which it is connected.The PCM encoderanddecoderthat
convert betweenanaloganddigital signalsaretypically housedwithin the remoteterminal. The
COis acentral office. Thecentraloffice is connectedto severalremoteterminalsaswell asto one
or morelong-distancenetworks.

Theprimaryfunctionsof theremoteterminalareto do conversionbetweenanaloganddigital
signalsandto multiplex the signalsfrom many subscribercalls into a singlesignalthat is trans-
mitted to the centraloffice. As previously described,the conversionbetweenanaloganddigital
signalsis performedby PCM encodersanddecoders.Themultiplexing operationis time-division
multiplexing, in which many digital signalswith a reasonablylow bit-ratearecombinedinto a
singledigital signalwith a muchhigherbit-rate.

Thecentraloffice performsmostof thefunctionsthatwe associatewith thephonesystem.At
thebeginningof a telephonecall, computersat thecentralofficeinterpretthedialednumberand,if
thecall is local (ie. to anothersubscriberconnectedto thiscentraloffice),setupadataconnection
betweenthecallerandthecalledhandset.If thecall is not local, thecentraloffice communicates
with othercentralofficesvia thelong-distancenetwork to setup thedataconnection.Thecentral
office alsokeepstrack of billing information. Many extra features,suchascall forwarding,call
waiting,andvoicemail, arealsoimplementedby thecentraloffice.

4 Complex Hardware/Software Systems

The moderntelephonesystemis an excellentexampleof a complex hardware/softwaresystem.
Almost all operationsof the system,includingcompletionandrouting of calls,billing, andsup-
portingextra features,areperformedby computersundersoftwarecontrol. Thesoftwarerunning
thesecomputersis frequentlyupdatedto implementnew featuresandimprovesystemperformance
andreliability.
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Name:

1. Beforereadingthisdocument,I understoodthefundamentalconceptsof theoperationof the
telephonesystem:

StronglyAgree Agree Neutral Disagree StronglyDisagree

2. After readingthis document,I understandthefundamentalconceptsof theoperationof the
telephonesystem:

StronglyAgree Agree Neutral Disagree StronglyDisagree

3. To understandthisdocument,I do not requirebackgroundinformationthatI do nothave:

StronglyAgree Agree Neutral Disagree StronglyDisagree

4. Before readingthis document,I felt that circuit analysisis important to my engineering
discipline:

StronglyAgree Agree Neutral Disagree StronglyDisagree

5. After readingthis document,I feel thatcircuit analysisis importantto my engineeringdis-
cipline:

StronglyAgree Agree Neutral Disagree StronglyDisagree

6. Whatconceptdoesthis documentdescribemostclearly?

7. Whatconceptdoesthis documentdescribeleastclearly?

Comments and Suggestions for Improvement:
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