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1 Contention-BasedLANs

In contention-basedocal-areanetworks we have all stationson acommonchannelsuchasa cableor a
specificradiofrequeng, andthestationscontendwith eachotherfor accesso thatchannel Only onestation
cantransmitat atime, soif two or morestationsattemptto usethe channelat the sametime (a collision),
all of theirframeswill be garbledandsomemechanismsnustbe devisedto (a) detectionthe problemand
(b) to arrangefor retransmission.

Herewewill beinterestedn theefficienciesof suchnetworks.

2 Notation and Assumptions

Let S denotethe meannumberof “original” framesgeneratedt all nodesof a contention-basedetwork
(ALOHA, CSMA, etc.)perunittime. By “original” we meanthatwe arenotincludingretransmittedrames.
Thenlet G denotethe meannumberof all frames original or retries,generategberunit time.

Scaletime so that a frame takesone unit of time to transmit. Then sincewe cantransmitat mostone
frame perunit of time, we musthave S < 1. Accordingly, S is the utilization of the channel thatis the
proportionof thetime thatthe channelis carryingdatawhich reachtheir destinationintact. (Think about
what happensover a time interval of, say length 10000. The channelwill be busy sendingframes(not
countingretransmitsjor 10000 x S x 1 of thistime 10000,thusS proportionof thattime.)

We will beinterestedn deriving S asa functionof G, andin acquiringsomequalitative insight from that
function.

Notethat S = G F,, whereF, is the probability that no otherframewill be transmittedduringthetime a
givenframe,which we will call the referenceframe, is beingsent. (Of course this includesthe casein
which a frameoverlapswith the referencdrameby even a smallamount;this still is a collision, andthus
still requiregetransmission.po,ourtasknow is to expressF, in termsof G.

We will assumeasis commonin suchanalysesthat the numberof framestransmittedhasa Poisson
distribution: The probabilitythatk framesaretransmittedduringinterval of lengthsis

(Gs)ke_Gs

k=012, (1)



3 ALOHA

Thisalsomeanghatthetimesbetweersuccessie frameshasanexponentialdistributionwith meanl/G. (It
canbe proventhatthisis a propertyof Poissorprocesses—wentcountshave a Poissordistribution if and
only if theintereventtimesareexponentiallydistributed.)

3 ALOHA

ALOHA wasdevelopedatthe Universityof Hawaii by NormanAbramsorandothers.lt consistedf aradio
link betweerstationson severalislands.

Theprotocolwassimple: A stationwould transmitwheneer it haddatato send.If it wereunlucky enough
thatsomeotherstationhasdatato sendaroundthattime (whetherearlieror later),andthetransmissiortime
intervals of the stationsoverlap,thenof coursethe destinationstationwould never receve it properly and
thusnever sendan ACK. The sendingstationwould thentimeout,andretransmit.

3.1 Utilization Analysis: Ordinary ALOHA

Let ¢, denotethetime our referencdramebeginstransmissionThe transmissiowill be successfuif and
only if thereareno othertransmissionsvhichbegin during (#o — 1,9 + 1). Settings = 2 (sincetheinterval
lengthis 2) andk = 0in our Poissorformulal we have Py = ¢~2¢. So,

S =Ge %, 2)

Setting% = 0, we find that S is maximumwhenG = 0.5, andthatat thattime S = 21—6 (NotethatG is
not underour control, so the specificvalue of G which maximizesS is not soimportant. We are simply
interestedn knowing how large S canget,in this casel/(2e).)

In otherwords,the best-caseatilization of ALOHA is about18%, ratherpoor. This of coursewasthelater
motivationfor ALOHA refinementandothermethods.

3.2 Utilization Analysis: Slotted ALOHA

If you takeanotherook at the analysisof ALOHA above, it is clearthat ALOHA suffersfrom the very
wide “window of vulnerability” (to — 1,%0+ 1). Thewholeideaof slottedALOHA is to makethis window
narraver, thusimproving performance.

Heretransmissionareallowedto occuronly atintegertime points,1, 2, 3, ... A framewill betransmittecht
to if andonly if it becaméready” during (fo — 1, o) (eitherit originatedduringthattime, or becameeady
for retransmissiomfterfailing in the past). The sameanalysisaswe have above thenyields

S =Ge G, 3)

LYou maywonderwhy we do notsetk = 1. The pointis thatwe aregiventhatthereis atransmissiorat to, sowe areactually
interestedn the conditionaldistribution of the timesof otherframessent,givena transmissiorat t,. But thoseotherframesstill
follow thePoissorprocesgslescribedbove. Thisis asubtlepoint,whosecarefulderivationwould bewell beyondthe scopeof our
coursebut canbeatleastseenn outlineform by recallingthatthetimesbetweersuccessieframeshasanexponentiadistribution.
Sincethe exponentialdistribution is “memoryless, the chance®f having a framein, say (o, to + 1) is the samewhetheror not
we have theknowledgethata frametransmissiorbeganat ¢o.
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3.3 Comparison

This givesa maximumutilization of 1/e,doublethatof nonslottedALOHA, about37%.

3.3 Comparison

TherelationsbetweerS andG for ALOHA andslottedALOHA areplottedin thisfigure:
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Notethatboth curvesfall off quickly oncewe passtheir peaks. Themoreloadwe placeonthechannelthe
lessactuallygetsthrough.However, slottedALOHA is clearlythesuperiomperformer

4 CSMA

The CarrierSenseMultiple Acces§CSMA) protocol,or morepreciselyits refinementCarrierSenseMul-
tiple Access/CollisiorDetect(CSMA/CD), wasdevelopedby RobertMetcalfeat Xerox Corp. (who later
founded3-Com)andothers. It is commonlyknown asEthernetandis in very wide usage.Whenit first
becamepopular it usedasits mediumcoaxialcable,thoughthesedaysmore complex arrangementare
common.

Theideaof CSMA is “listen beforetalk” Beforeattemptingto transmit,a station,say X, will sensethe
cablefor a carriersignal,which, if presentsignifiesthat someotherstation,sayY, is sending.In sucha
case stationX reschedulea futureretransmissiory generatinga randomwait time.

This is callednonpersistent CSMA. A variationis 1-persistentCSMA, in which stationX continuesto
listento theline, andthensenddmmediatelyafterY finishes.Theproblemwith 1-persistenCSMA is that
athird station,sayZ, alsowantsto sendwhile Y is sending;in this case X andZ would collide right after
Y is done.

Thusa commonvariationis p-persistent CSMA, in which stationsX andZ would generate#andomnum-
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4.1 Utilization Analysis:Nonpersisten€ESMA

bers,andtransmitright afterY is doneonly with probabilityp. If therandomnumbertells a stationto wait,
it waits—"backoff"—for randomamountof time andthentriesagain.Theadwantages thattheprobability
X andZ collide in theabove scenarids only p?. Ontheotherhand,if, say only Z hadbeenwaiting but not
X, thenZ might backoff unnecessarily

Evenif a stationwith a messagéo sendchecksthe line and“hears” nothing, a collision may still occug
becausanotherstationmay be currentlytransmittingbut dueto propagatiordelayits framemay not have
arrived yet at the first station. For thatreasonthe CD mechanisnwasaddedto CSMA: While a station
is sending,it continuesto monitor the line, to checkwhetherits frameis on the line intact. If a collision
occurs,both stationswill detectthis andceasdgransmission.So, a collisionwill be detectednuchearlier
thanit would if we merelyjustwait for an ACK (or lack of one),asin the ALOHA case.

4.1 Utilization Analysis: NonpersistentCSMA

(Adaptedfrom Modeling and Analysis of Computer Communications Networks, by JeremiatHayes,pub
by Plenum 1984.)

Theline will beidle for awhile, thenbusyfor awhile (whethemwith successfuiransmissioror a collision),
thenidle, thenbusy, andsoon. Let B and| denoterandomvariablesrepresentinghe lengthsof the busy
andidle times,respectiely. Themeanlengthof a busy/idlecycle will be

E(B) + E(I) (4)

During a busy/idlecycle, let T be the time spentsuccessfullysendinga messageln eachbusy/idlecycle,
therewill be eitherno successfutransmissiongthe busy periodhada collision) or exactly onesuccessful
transmissiorf. By definition of busy period, therewill be at leastone stationwith somethingto send.
Considetthe stationwhich senddirst, andlet ¢, denotethetime it starts,sothatit sendsduring (¢o, to + 1).
(Notealsothatt, is thetime this busy periodstarts.) The probability no otherstationcollideswith it is, in
thesamemannemve saw for ALOHA,

e—Goz (5)
So,
E(T)=1-¢940.-(1 - %) =¢ 9 (6)
Theutilization of theline is
____EM
“= BB+ B (1) ")

Let o denotetheratio of end-to-engpropagatiordelayin the cableto theframetransmissiortime. Dueto
ourtime scaling,« is alsotheend-to-endpropagatiordelay

2This is wherewe usethe fact that we have nonpersistenCSMA. With persistentCSMA, a secondsuccessfutransmission
couldfollow right onthe heelsof a previousone,if the secondstationseeghefirst busyandthenstartssendingright afterthefirst
onefinishes.
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4.1 Utilization Analysis:Nonpersisten€ESMA

To derive E(B), notethatif thereis no collision,thenB will equaltheframetransmittime plusthe propaga-
tion delay which on averagewill be

B:HZQ ®)

assuminghe stationsareuniformly spreadut alongthelengthof the cable.Onthe otherhand,if thereis a
collision, thenB will equal

B:l—l—%a—}—D (9)

whereD is definedasfollows: Again somestationwill bethefirst to start,attime,. ThenD is theamount
of timelaterthatthelaststationto sendn this busyperiodstarts thatis thelaststationstartsat time ¢, 4 D.3

We needto find E(B), sowe needE(D). To this end,notethatwe musthave D < «; recallthatthisis how
thecollisionsoccurin thefirst place—astationthinkstheline is freebut hasnot receved a transmissionn
progresyet, dueto propagatiordelay Now drav a numberline shawing o, to + D, o + = andty + «,
in thatorder andyou will seewhy D < z if andonly if therearenotransmissionsgluringthetimeinterval
(to + z,to + «). Theprobabilityof thateventis

e—G(a—w) (10)
So,
P(D < z) = e~ CGlo-2) (11)
Thus,the probabilitydensityfunctionof D is
i _ i —G(a—-z) _ —G(a-z)
o PD<z)= o€ =Ge (12)
for0 <z < a.
Thus
E(D) = /CY z-Ge Gl—7) — o — l(1 - e_Ga) (13)
0 G
So,
1
E(B)=14075a+a- =(1- e” ) (14)

Finally thequantityE(l) is easilydeterminedasfollows. | is thetime until thefirst transmissioriollowing a
certaintime (¢, + 1 + «), soit hasanexponentialdistributionwith meanl/G.

Thus,

3Notethatherewe areusingthefactthatthisis CSMA, not CSMA/CD.
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4.2 Refinement®f Ethernet

_ E(T) _ Ge G
 EB)+ E(I)  G(1+ 1.75a) + e~ G (15)

For verysmalla, wehave v =~ G/(G + 1), suggestinghat CSMA canbevery efficient.

4.2 Refinementsof Ethernet

Originally the 10 megabitsper secondransmissiorspeedof Ethernetseemedufficient. (Thetokenrings
at the time sentat the rate of 4 megabitsper second.)However, with the advent of muchfasterprotocols
suchasFDDI, andmostimportantlythetremendougrowth in networkapplicationsandneedfor speedthe
original Ethernetspeeds consideredlow today

A newer technologyis FastEthernetwhich usesa regular CSMA/CD protocolbut increasespeedo 100
megabitspersecondvia the following modifications:

e Transmissiorns onthreelinesinsteadof one.
e 8B6T codingis usedinsteadof Machester
e Theclockrateis 25 MHz insteadof 20 MHz.

Furtherrefinementdave recentlyled to GigabitEthernetwith speedl000megabitspersecond.

Moreover, insteadof the older single-cableEthernettopology Ethernethubsand switcheshave become
popular We will discusghisin anothethandoutater.

5 Simulation Analyses

Many network protocolanalysesare mathematicallyintractable,so that simulationmustbe usedinstead.
Following is anexampleof how thisis done.

1

2

3 /* Sanple simulation program ALCHA protocol, with a "p-persistent”

4 f eature added.

5

6 There are NNodes network nodes which transmit on the sane channel .
7 Time is slotted, i.e. transnission can begin only at integer tines.
8 If nmore than one station attenpts transmission during a given sl ot,
9 they will "collide," corrupting each others’ nessages, and they

10 must try again. To avoid repeated collisions, a station which has
11 a frame to be transnmitted will do so only with probability P. Its
12 i nterface hardware generates a random nunber between 0 and 1, and

13 transmts only if the nunmber is less than P, otherwise it waits

14 until the next slot and repeats the process.
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5 SIMULATION ANALYSES
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W say a station is ACTIVE if it has sonmething to send; otherw se
it is IDLEE An IDLE station will becone active in any given sl ot
wi th probability NewMsgProb.

We are interested in the | ong-run average nessage del ay. Qur
approximation to "long-run" will be 10,000 tinme slots. */

#include <stdlib.h> /* needed for RAND MAX */

#define IDLE O
#define ACTI VE 1
#defi ne NSLOTS 10000
#defi ne MAXNODES 100

i nt NNodes, /* nunber of nodes in the network */
St at e[ MAXNOCES], /* current node states, |IDLE or ACTIVE */
Del ay[ MAXNOCES], /* delays so far to nessage, if any, at each node *
NMsg, /* number of successfully transm tted nessages so far */
SunDel ay; /* overall total delays accunul ated so far */

float P, /* probability that an ACTIVE node will send */
NewMsgProb; /* probability that an I DLE node wi |l becone ACTIVE */

/* the function Rnd(Prob) sinulates a randomevent of probability
Prob, with the return value 1 meaning the event occurred and O
meaning that it did not occur */

i nt Rnd(Prob)
fl oat Prob;

{ return((rand() < Prob * RAND MAX)); }
Init(argc, argv)

int argc; char **argv;
{ int Node;

sscanf (argv[l]," %", &NewMsgPr ob) ;
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5 SIMULATION ANALYSES

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

sscanf(argv[2],"% ", &) ;
sscanf (argv[ 3], " %", &\Nodes) ;

SunmDel ay = 0;

NVeg =

0;

for (Node = 0; Node < NNodes; Node++)
St at e[ Node] = | DLE;

mai n(ar gc, ar gv)
int argc; char **argv;

{ int Slot,NTry, Node, Tr yNode;

Init(argc, argv);

/* simulate the systemfor NSLOTS tinme periods */
for (Slot = 0; Slot < NSLOTS; Slot++) {
NTry = O;

/*

for

for each node, check whether it has changed fromIDLE to
ACTIVE, and if ACTIVE (fromjust now or beforehand) check
whether it will attenpt to transmt */

(Node = 0; Node < NNodes; Node++) {
if (State[ Node] == IDLE && Rnd(NewiMsgProb)) {
St at e[ Node] = ACTI VE;
Del ay[ Node] = O;
}
if (State[ Node] == ACTIVE) {
Del ay[ Node] ++;
/* decide whether to transmt */
if (Rd(P)) |
NTry++;
TryNode = Node;
}
}
a successful transm ssion will occur if exactly one node

attenpted transm ssion */
(NTry == 1) {

NVEg++;
SumDel ay += Del ay[ Tr yNode];
St at e[ TryNode] = | DLE;
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5 SIMULATION ANALYSES
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}

if (NMsg > 0)

printf("long-run average delay = % \n", SunDel ay/ ((fl oat) NWMsQ));
el se

printf("Nvsg = 0\n");
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