September 1984 LIDS-P-1404

A PERSPECTIVE ON MULTIACCESS CHANNELS*
by

R. G. Gallager
ABSTRACT

The Information Theoretic Approach and the Collision Resolution
Approach to Multiaccess Channels are reviewed in terms of the Underlying
Communication Problems that both are modelling. We give some perspective
on the strengths and weakness of these approaches and argue for the need

of a more combined approach focused on coding and decoding techniques.

*This research was conducted at the M.I.T. Laboratory for Information and
Decision Systems with partial support provided by NSF under Grant NSF-
ECS-8310698 ... by DARPA under Contract ONR/N00014-84-K-0357. and by the
U.S. Army Research Office under Contract DAAG-29-84-K-0005.




- —— . ——

REPORT DOCUMENTATION PAGE BEFORE o O

1. REPORT NUMBER 2. GOVYT ACCESSION NO.] 3. RECIPIENT’S CATALOG NUMBER
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
Technical

6. PERFORMING ORG. REPORT NUMBER
LIDS-P-1404
7. AUTHOR(S) 8. CONTRACT OR GRANT NUMBER(s)

Robert G. Gallager D&Rgﬁdgggte:r#rfo. 3045/2'2.'84

1
ONR/N00014-84-K-0357

A PERSPECTIVE ON MULTIACCESS CHANNELS

9. PERFORMING ORGANIZATION NAME AND AODRESS 10. PROGRAM ELEMENT, PROJECT, TASK
. & WOR T S
Massachusetts Institute of Technology AREA K UNIT NUMBER

Laboratory for Information §& DecisignySyStems. Program Code No. ST10

‘Cambridge, Massachusetts 02139 ONR Identifying No. 049_'383
11. CONTROLLING OFFICE NAME AND ADDRESS ‘ . 12. REPORT DATE

Defense Advanced Research Projects Agence September 1984

1400 Wilson Boulevard S . 13. NUMBER .?g PAGES

Arlington, Virginia 22209

14. MON!TEE!NG AGENCY NAME & ADDRESS(if different from Controlling Office) }S. SECURITY CLASS. (of this report)
Office of Navdl Research . _ - UNCLASSIFIED
Information Systems Program

Code 437 - _ 15a, ggﬁésgizgaCAﬂou/DowNGRAomG

Arlington, Virginia 22217

16. DISTRIBUTION STATEMENT (of thia Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, it différent (rom Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identity by block number)

20. ABSTRACT (Contlnuo‘ on reverse side l! necessary and Identify by block numbo.r) . _
The Information Theoretic Approach and the Collision Resolution Approach to

Multiaccess Channels are reviewed in terms of the Underlying Communication
Problems that both are mdelling. We give some perspective on the strengths and
weakness of these approaches and argue for the need of a more combined approach
focused on coding and decoding techniques.

DD ,fSR%s 1473 Eoimion oF 1 NOV 65 1S OBSOLETE

e

2 +i . - SECURITY CLASSIFICATION OF THIS PAGE (When Dafa Entersd)




§/ro

8 FERSPECTIVE OH MULTIACCESS

CHeMMEL S

To IWTEODRLET TOR

Tred s e i3 amrn exparnched version of the Shanror leoturs al

the Ivternstionsl Sumposiomn on Informetion Theorg at S, JToodite,

Susbac,  in Septembar. T2EE. For the lzast fen wesrs Lhers hawvs

by mt lesst ftheres bodiss of resesrokh on ol t daog

sk procescding dn o wirtusl izolztion from the obhsres
i botally odd FfPerernt models. Tz obiective berese s o

(o Lo A T T

tobim

b se Paencddiss oof woe ko mred b mioos Some s

teed Lo mrecesiche soms wrd Viostiorn Delouser bhe aress, b

whmt i s

whall refer o the theres aress zs oollisiorn resolobdon.
multdaooess dnformatdon theora. and spread spectrom.

Thw kired of commurniiostion situaticorn thet thess thres sreas

izm dllustrasted i Fig. 1.1 Thygre e maliiple

d o PSR D LT T rocoived zional iz

hy

traveEmitiers and 5 g2ingl

coernaps el et b beg o maodse o mewd bBeg omttbual dsder ferencs Dedwsern bhe

Lramsmithers, Emok of the tramsmitters iz Feod b oo dnformst om

syl

it dnformat i on

R - o T sl - S Lo LR LT o Dot W O

srriwing st oranchomn instarnts of

iz ouzunlluy some small amoogst of feedibzok from the

L trammitiers Dot this fesdbaok will ot Qe oure
mE i Fouiuam. Ty mador foous, rather,s iz oon the dnterferernos. the

il

rpndosme, mrd bhee ronsiome o Thewrestgt e ome

This bwups of modsel i sppeopedats o bhe oup ik of =
satellite metwork, for a radio rebuorl uabhses Lhers iz ores cenbral

rapeuater, ared fore the traffic o the central rodes e om omaltichrop




lso adesousts 1 most szt

if

talephons Line. It i
T

[
¥

i

mbachaiveg meebworbs whesre 5 comaorn chareel allows 211 mocdss Lo
a1l ot nocdes, Cosmmor swamples zre 3 oable ocormect Dmg msrmng

ronchses amrwd o5 Pl ly ocorvected radio meboorb,
Thoe Deodirmiing of the collision resolotiorn speronch o
comrmmarl ont Lo came o 1ETE owith fAbramsont s s lobm

malt is

vtk D14, The ides here wss that whsoeosr @
L mrrdaesd mtom bramsmittere ib o wesslod smimply e bransmitted.

e
kA ST S T-5 N Tl ¥ mrmot b

3]

tareese i wll oodber beesmremmd b e i
tramsmither was bramsmitting im oan overlapeisng ioberonl.
Froom Deing ocorreot 1w

it er fereros would prevent bhe mes
o i vects b owolio recuncdzecw oheck DCRECY woald mod obhecks omo
aobrmow lecigenesrt wowldd De o sert . sred the fransmither wooalod Ly
soam iy Lateri e Later fime woulad be peseucorandomla chosesr Lo
rasicl bl osrtanimba of anobther colliszion iF Dobh transmitters

IR B AT B A T3
Dhoagr Thee wesrs, Lhis bazic strategw has besr dmperossscd,
gerea b izect, mrd osmem luEed e mEmeg wEE. woorimbie o f wariat ions

ppmacd wEe. wied the genersl topio of oollision

wie dr oweiol
mluh ior hae procdded mareg ohallenaing and dnterestivg peoblems

i ches ar it radacth ion o e

R R Tork M o T S X

of the obbeer papers in Lhis

Erobx lems moed o

clepwot et Lo the currvernt states of thesse oroblems.
ol lizgion resclution resenrch bas s lusgs fooussd o s
ol e dvher Fererne Boeed asey

bty mrrdvsls of
tramsmitbersz. but bas gerersl oy danorsd Yhe modlse, Pl
merisren l lu, thiis sppronoh dgnores Lhe undesrluyuing oommoniont don




23 T

st i e orlu st on messanos bransmizsion s oorrent T

prapogmiosecd L bhee sbesesreze of oollizdiorn ardd dncorrsot Tu s i oo

IR A o T- TR NG

Thue moalt iaooess irmformation theorst o aperonckh o

Hi
Hi ]
b

mutlt iaoosss also starded im 19732 width s ooding theorsem ceos ] opedd
et bl smweches 023 srd Limo 321, ThHis wirk has slso bhesn

wereErm Ll Eecd iy maErg wEswE and has openscd up on ssparatses sesn of

g b perob Lems. summariss and descriptions of this

reamenrnty mre olwer i D4, B.60. I this approach:. the modlse zdd

vk e Py i bbve multdisoos

chmrree ] srs apeeoprintely

st )l Lo, boat the rarncdom areiosls of bhe messs R A= = L Do =T IR

Betfore procsedig. it iz dimpoeretant o understand wbeg

H

irformat dom theorists oo compmumiostion systemn desigreers oo

Bl EnE s

b dm ) 1w doreoredd rarcdom om arycivals Yo point bo

peairh ohmrreels. arad whg This iz uzuslle urressonabls for

gl d e cbvarireE ] s, For- o o point to podnt charmel s ons normal la

= owy imfimite reserwooir of dats o bo be bracsmitted. Tz

Foure bhdz iz that it ds a3 mimdee practicel detsil bo o inform

e recs iy waber bhees i omo dats o sercdd furtheemors bhers s
i ok e ouEs For bhe ohmorsls =20 poterntinl lzok of dstzs omight oss

werdll b ledt out of bhe mocdsel. For il t dmoo chamrmelz. on the

cob by Fareds most bransomitters bhEaos notbhidioo to serdd most of the

fodmey mrwd orluom Feng mreres Bugsud. Thu praobdlem i thern o shars e

e L besbowresrr e Doasuw ard thizs is oftern the combesl

taobrilonl problen dn o maltdsooesss commaniioat dor.
Mopre Lheoret iciam wowld peoperlyg podint ool here that

o merivmls haess rothing o oo with coding theoremns

ot e




e

.g,' ‘:; hed

oyl s, Vi mrvyiwvals beeoes Lo oo owith Ll

ERLET

o omr oared skl e deslt o owith bheeoush sowrocs oocdioeg.

Froaggy wit oot smoaros oocdivg. 17 She srrival peoos i wremondio.

ey oo L “mitrarilyg lorg time dnterosls usesd i bhe ooding

a8y

obesoremse L mhowt mrerivals will root madh e

] 1

From a more practionl point of wiews the limit theoren

iriforemat don bheory sre intesresting both Deosuss thew pud o o@m wapmee

Timit oo owbst i3 zacohisueable arnd becnuss the limit is wsusl o ;ot

toossy Fare Freoom wbat ds opractiosnlly aohisoable. For om omaliis

chmeyne e Foowssessr, b loreg bime drnteruvals reoguired For bhe s

CRATAR R ot Faecd ot mre twupdioslluy Fare gesster e

thae bolerable e loags, Corparsslu. bhe bime irteron] reoguoiresd Fore

divem b e sffective Cie. bhe tims for the modse Lo e smoot e

it o odE buprdionlla =msller thme the folesrsbhhle delaw. Giat ds

t i Format don bheoret Lo mocdel that somshow

P

2 A L S W T

o g B L 1P 4 g

e L ibility of impo

LA TR

Fryes

ity i i bhe ocollizion

Ohree mpprom by

ciligh doer Fielcls i3 to mssume o inficmite roambsr of SoarosE. o

P

gepiddierm et Jure et om memw framsmititer iz orented for snobh e

o sl bhen destrowsd wher e

YAl al RO RUt

ERLNT

Ll L brarsmitted., The recsived Seguernos or waoes form ol
e e omomes Forect dor of modse ared wbhaheosr was Deireg besnsmitbedd

ot the aobive tramsmitiers. T zmesms that Lo deewslop

oo oclees o soms

srdlimg dm bhis mren. it ds

Lard

condiven bheoremsl i o®m

L mrudirem of ooding Cas

FETIRRR A B X wtwm - g d et . ThHiz widesrstarnding shoalad dresolos




bezdiren brarmsmitteod

fhr ok len simely roechao

Tutdorm with o

tor raeliznhls tramsmi

iriformat ion bheorua in

poores Cletaills aegd iv osmeotdor Faowe

cowdivem, Te ot sscticons. the dizoussion iz v

sti b by ool o songsoss T mppessrs bo e impeortaot o

it

Ly

i i bk mimelest oomtest bhefore tacklimg the

ard transnitbers.

pevrstsbam of ranl dnterest with moored Souross

Tl

foruam o mpprcaol b omealh daoo chmrrels DV 83

will ot e olis i omreg detwil dn o thiils paper, Dol ods Drededlug

Pz iy orecher bo Lllustraste the Lup

i bhet lie cutsice the corecert dornsl

LAY

Fosre ompalt d

RN A T R R T

firrm bheeorw appeonch

el T W R 7 mommcde of oommamioatiorn ordainslly deosloped b

gyt o yivemt dmwandres dreom omilitareg eroedeoranest Thos mig

mochalated cuer o mach broander fregueraog Do

mrer b mey e sumireg that the dmmmer doss

ol i il

vt oo b omechalat irg seousnoe. Lhe Jammmert s o=

!

L hwt Tonok like Dyeosd bored o meois o b smiarmal. mocd bhe

bard bhim peceioser nfter cdemnocholztiorn will bDe rechooso b

wEing spread spectruam, sevsrsl

at ornme wsing i Fferest mochalst o

Took Lilke bvosdd Daedd nodse o e

mhoam b fﬁﬁﬁu@ﬂcﬁ




-1, Ee

vimirig § freopisre Daras.

it ompgmesnrs owt First bhat

csborndm dE omodh om owsry oo doles . b w rodmbasr ofF

tramEmitiers apprcochireg 5 bransmit boosthse using spread

s i cdersbi e mred the resald oo

o FOModir terms of capoaoiiu. Tl

that i fheres zee mareg mors bhan B

e smwstems Dot bupioslly mEareg Fewsr tharn Bowith

o b omereds bhere iz on problen allooczsting the freaousmciss

b b bDagsma transmitiers Jthds iz the szms furcdamental peobkiodem

Prarwdl e beg bhe ool lizicorn resoloution aporosokos. Simcs mared bodmess

mte bbErn Fomeochalat don seguenoss onm e ob e owm lmoest

oot beooorml o angd ook like modse o enoh obher. spresncd torLam

= R |

sy aubomstic solution o the problern of a2l loost oo e

o b Dwasag Thiz solution i nob o entireluy

ok oty miros e

ol lismion o

celousk Lo wbiery Lo

nittomres

mariy b il omt oros. @ e o

G B Te S R W ol B et (3w Y

PrmaEnasr . m o mmior poiot of tThils paper o sl

@ Fonddmmesrt el sepeos

of modsls are nseceo Fooe

o RS T

gl ALl ¢

at dorr thme bhe oollid oot dorm o

irformat dor Lheoret i appeonchess s lones,




NI
wla b

11. The Intormat ion Theorst io Pperonch

Thoz cocdiveg theorens of dnformation Pheory breat the oaguestdon
o by ety cdets can e oreliabkly commuoniosted from oree poimh s o
gadt of podebs.s bo o mpobbee podnts or o set of points. Tt odm tmoitla
sasmgimecd that the sowuroes have s neeoess @b uiog esseroeolr of data
to mecd, Thaz the fheoretical resalts din this sres oo oot
aolclress e ouest dorm of bhe delaw that ardises i omaltipls aocess
suEtens heoinuse of the random areiesl bimes of duits o De
tramsmitbecd.

Tre olass of charmels to be considered iz illustrated in
Fim. 2.1 Ench wmit of Lime. the first fransmitier sends z
sambanl = from ose wlphabet W ozooad the seoond Tramsmitter sercds =z
sumbaal o Freom mm s lehsbet W There iz an oubput alebabet Y osmd s
trarmmitber peokabi it assionmnesst P{gfﬁw} et ermiving e
praobmbi ity of reocsiuving esch o wsY for szch ocholos of dnpabs ek,
arod wabl, The chanmel is memorualesss o the ssnses thed 1F = =
ixlyugugﬁﬂb Al S Gy e e e e iy D rEpresent the inputs to

trarsnitters ore mnd tbuo respect e by owver W osuoosssive Lime

uriit s, thern the probabilite of receiving o = fuy .. .awyd for the

CHLLAEYT M e 1E

P | mones = W Pigﬂ{x R cmoin

A o b bimee Dedren bhat o bhe alehsbelts are 3ll dizorete.

=]
Parat it wi 1l smown e obesiowus thet thiz oone e osewmralizecd dn e

wEad mE foo zmivemle dopt oharemels.

Pz odrcdidoanted dm the Fdiouwre. there aes o dnddepsrcdset




sz Sl

Fonroes which e encoded independert Ty into the two ohooeed

irpuats. Consider bloock ocodisg with o a ooiwvern bloock lemgth Moz

with Moo

g LR Dy e e w0 By de For bransEmitter 1 oano Looocde
W ClE Thhy e e ca ey PO bramEmitter H o oesoh oode woed 1 B 2eguenoe
cf Mocharee] dnpatz. For comverndisnce we refer to s oode with
these paraneters sg oan UMDY codes The rates of the two
monpeoes are defined as

Fi, = dlm MiSM. Foo= o dle L3S QR ED

Each M o wmdts of Lims, sowocs 1 gererates an intagsr mound Formly

e
BH

clistribubed From 1 oto Moancd sowuros 2 indepencisst Ly gemseat

LA IR ]
imtoeeger Bowmd Formly ddstedibated feom oo Lo Thee tramsmitihers

sare] . mnd wy respectivelus wed the coreesponding chanrel outpoat

woenhers bthe decoder sod i mapped into s decodsd

I both o foo o= moared ¥ o= 2, the decoding iz correcst and otheruizse a

decocding errorn ooowrsE. The probability of decoding srrore Fg o ods

mirvimi e foro saohow by om o masdinum likelibood o

e e chnos i g

Che D omEs dntegers 15 w0 £ My 10E 20 F L that maximize
ﬁi%}“mgmmab. IF fbee masximudm L5 roreudr d s, arvg maxinlziog
e TN mmey bee ochosen withono e ffect o P Both sets of code
wipclE Uy e e oa B wrl They g e .. Bl Oosre kiown b0 the deoocders bt
of ooarEss e souros oubpub s me BORre e krede.

Thee most fundsmsntal resalt sbhout theses charmels s the
T mpicd

cocing theorem dus o ablswedes 21 aeod Liso 37, Let O

e

D b probability sssigoments omn the B oand W oinput slphabets

et Lol Deafims the achisvable rate region B oasz the oormies

Fiall of bl smet of rale pairs R e Red whidoh, for sons ohodos of




Toshlgys = e i

Bos R, ® Iospe|ue o=

wa ledw b

L IﬁN;Y!E? = K Gl, Det el Fr o

g Oy

Fow|ms = E  GeludF o],

DR S

D e D P g sy P ws o=

P,

P -

Zo, Hlixbﬁiyiﬁwbg a i

e
l’. o 2 St ..

DI

SR

The pegicey ouwnchsod beg C2. 3002053 For o= giver By« le iz shoan
b ek o 1 K o

thiat

T

i Fim. He2. Tt dis eazmyg Lo se

Baotariciaere oo st By TosEs [Wey Fa =

T u i

Fim = TOWEY M3, In genseal ToHsy Wy 2

i

e womre oorcditionally indeseendent giuen

u

ary Moo oswehy et foe w1l

i Gha el

i

e MORa-&H3, there sxizst

Lhere sxists

]

G Bl om0 F;§1 q in-':;:

e el oodes with M2 exp H{H1+633 i =

I effect, the theorem sags that

i le Fore sy

(RN A !

1

LR L sweche g Limag e d Fow ezmoiy

(

reliable

rates din the intesioe Lat

break points

with P s
Bomuach that P

e PR G,

arwd awt Hj

waptdz Ld b

aohiiensmtn ]l e

v

i

B )

Foare wm ]l

commin i cat ion Ls



rramior mrl s Dmps

sitsle ot s

I - T b Wt
Elepiar wred Wold D21 lster osreralized thdis resuld bog
# bthivd zourose et srsocled dodeh g o ot h
LrmnmsEmitbers. Thew also used =

raredom oodices sroumest owhdob
o] ot by Lhat P@ care e mades o decresse sapornentinlla o owitb B
arad mlso. imoa Ssense. that mozt oodes bhowe thiis bebmoedor. i
this raerddom oodiog sreaumsnt ds om owery =imple externsicrn of raraiom
cnddivem For o smirale drgeat oharesls oaod it

GiveE 3

oo
irmiabt dmbo

i

at o olewl of
comcdirm Fore mualitieles s

SEaoc bdEr Fulild
thrceiaby Lhe areeauamert Fooe e Lo

et

LT

o omred el be peeoboebod Dity signments orm bhe o
Woslphzbets respect ively and consider am ermsem
e b

B B & u i a f. 3
el B v D [ M el il | L % m % M iz indepercisrnt 1o
m@lected sooordimg o the probability

EE I @it

- i' 5 ’! o ¢

S
LA 5

st osaoh oode word wpe 1% 82 L ds dndepsrdsnt g
sommordiveg Lo

A tawr =

X = iwipunugwﬂb

Ta T
Laa S

Fror saoh oogls i6

el

sl es bhe decoddsr usss masdmdm
Tikelimood decodimg. @wrmd we warnt Lo upper Dournd the sapect e
vim Lo ﬁ@ of P, for bhis ernsemble. Defime an ereor swvent Lo e of
L 1 i bR decodss peir Sme b2 omed the origingl soures

A L

Dot} o B s £t O B
ooy Lol b -



e RS
whom et

e B0 mambizmfuy Wmo® me Bom o8, An error sueeh

arcd Bo# B, med diE oof fupe 3OiF omo# om oand B

He b the preobabd litods the snzembdle, of 3 Lues 1 @rror

Lot b

&5 L% Pl

gt 8 obeod onds Ly

F" & 1 R d F‘

Cormmicder P Mote thmt whesrn Cme L2 enters

For mombied Cle-1d obomdioss for Beooee

e Tt T =T

O 2l pmdrss bhmdt owield s buypee 3 osrror. For saoch such oaier

e B3 bhe ococe worod paic B iz statistically irdependernt of

i

B why oossr bhe enzemble of codes. Thiase reourolisg e ) 5E &

b rect et oo owm mdnale depst obaoeel o with dneat o mlphsbbet Rl

(B2 direct lu apely the coding theorem.s theorem S8 1 of D183,

AR

whichk szserts™ that for 21l g, @ 2 OGS

P S [iM-13¢L-131F B s P s T LTF ] e CELED

e statemernt of thosrem S.6.1 of [16] azsumes

ircleperciert we bt the preocof onlu uses

wieds are ohoEan

irpdepencenoes hetbwesn the brarmsmitied wored iimﬁsub i b oo

Fomra st smohs o e e i{m%gM§? fro® m. Bo# B for bhe canse
¥ .

Frugra




-3

Llzmdirg the procaot form of @1y ng ard Fa Eagz. 2.1, 2o,

ey omrned the odefinditicoe of rates i 08

{m}P{g!mm}"

T
T
!-‘!.-:

§

DA B
Lale S

oL @xpﬁpHiﬂ1+ﬁﬁb3 {}

et oo § ol Pm15 Lhee probability that mo# om oaed & o= 0, bles

First cormcdition this probability on s paediocowlse mes

erhoer-dra hhee seoond snooder: amnd s ohodos of oode with o om
partioular o wy transmitied =t bhe szsoordd depub s Blosem wge ows Saen

sedans b ohimrae ]

a =irgle impat charrel with doeat s wnod with

i pdrn 1d kel dbhoood decodesr For o bbhat o sicgle et charoemel

BT ST b mmbndoucngsr 4F

f T
=

b
i

Foongla w0 B Poglx s for st least one omt #om
e M moM

Hirwee bThds sewvendt must oo whenecs s buype 1o ereor ooodrs. bhe
prooebad Lite of & tape 1 errory conditional on sy is upperboundsd
bog bbve peecbraid ity of error o sambiasuita o e abowve sinale
Pt ol Pladrem bheorem S.8. 1 of D181 agsin for this zinole

it ohamree ]l we bhamesss For o mred ope B8O g 3 1.



A R i I )

o, e aFr s aad s
“i{%JFKH S AR B

Tabirmg the e

ched walue of CE0113 oorsr o wmy, and bhen using the

prrecachact Fooem oo ngﬁﬁ arvi F omanin.

1A ivpal it

Elixbpig[xw}

| ) D

P lgives b same araument Lo o twpe 2 oerrors. fore w211 ops B8 OX p X

La

Tolder]iep TH . 1A

G oy z S

e

Faab b T2, %0, C2.120%: C20130 irmoa form bo smphazsize bhse
gosprorEnt Lal depercleres

ooy Maowe b

Theoren 2.2 (Slepdian-Wol 2 Comsicder an snsenble of (MM L2

cooches dee whidoh tmigunagmm} LYol {wiguaugmh} are  Lrodeperedert Ty
chosery aooorodirg o CR0ED mred 20T For s oiwvern peobabilitu
a@Fianmert Gl = By DebBlaDwle Then the sspeched seeor

okt ity owver bhe snzsemnikhle satizfies

FosP_ +F _ + P DO




e
ES
i
T
=
1
H
)
]
e
m
t
)
3
N
Lt
| O—
e
3
=%
i
Joaad

P
s
ot

i

, L, m e F. = F, + F, CE.1ED

Lotaleps] irp U LT

E"i(“:'?‘é?}’ =

(I A I R DRI |

{w}P{glxw}

e

, - 1sqz+p}i1+p CE.

A S P g g
b ) o P = = ;

Thos Dehmoedlor of e e

w3 b Eniiﬁgﬂ?g 1= aeDe dm bl
mame s For the single irneodat Case. I partiocular let I;. 1 =

Poe @ e miwen bed

T, = TaMgy |, T = Ty [ O T, == ToOHBIgYD D

a1

cle il drm CR.EN-0E2.5, Tl 4LF Ii o bhe Foeohodom Eﬁiﬁwsﬂb

comiptE My shedlot ly dnorensicog i ope omngd posidioe For oo H

Frog-thseroores bl maximam of B

o SRR pRy oo B op 201 s

=i iy Ry Fore BOE KL< 1. dmee doeoram

gz it Lwe ared cdeoresn 'y i




o ol f Thmorom

Ri lin 1o A RT3 ﬁm ba F-Ta -k ot dm i lw o owith
irim b
Thigre wre o gusst doms ws want Lo i b reeest oof

ol First, ow tiaght iz this bhowsad an e

B AT P T | sivcde wbimt i

it omiwe of the

TS A e |

H X IR S

itw of oocdiem For o mueltisle

= IR < R T

Dk S A M} 'S AT

e firest imterpret bthe barms P in

ey Dosuaradedd dm S1E0e dm b sreore peeobimbi Litou

¥

Pay

bt owemalod

i om Uaerndie” dnformed the decoder abowt e

Zuewintnl

B ThHizs @emie sicled srror seobzsbkiliby is

thmt b

o Loz Dourad ta P

o Erroress e oenis aided seeor

prescham i rmmech omEu

wimmtes Po. Similarelus tThe Doured for

=irmle doput rancdomn oodicog boonnd Foreom

mirmmle oode of rate Rl%ﬁﬂ ymimm ocombinsd dmputs owith peobhabi ity

DTN Char oo lusior, thems i3 that the bound on Poodn

cpdibe tiabh oo bhee gdosrn ensenbile of

shall soorn

thweoamby om o meh of

-]

Thie Dollisdiorn Uharmel.

et o= D8, de. . oD mnd W= 81,000 2KY s regzrd 8

3

Ciotle” At e omrwl 16 8 ds b s drpeat Fore omoogdiwsrr o irEeah s b owg

.,.
Ll

iwm o bbwe pemdr Ol Gimd Lar-la iF wsE, the coabput i D

Foavmdle 246 = 2 8 amewd w2 Sy the owtent o i3 o= ST AN T it o B

.

shlismiarn.

ThHizs im sk im Fidg.




- L8

cores i cer the aohiseable rate reodon. Foor myng i

corrditiornl o on The bt w

Lhm bwo ireonts are statizticnlly irndependermts thuas Ii%;?]m% =

XD W T AR B

s omed e

SR TR - bl meert want o fiomd dhe of rates oo et G
v i Limfied o osmome obiodos of Gy e It shoald e olene
"""""""""" 4 £

showlad e constant Fore 1211 = > B osrod

Fror mummest ra bt th

sl s oonem

st Fore o B thess owe meeecd ol ooresd clere

Pl wriiorn of rates szt isdOgieg O e (U DT ST N R e Tl R

Fim. 2.4 shows fThe rssulting wedord For o all B2

of rates iz St potent izl roneoorrsses it

Fooe e b d eem o

ek s g D313, Thism oomrisesss

Frall of this umiorn re iz bhe sel of sohisvable rates of

fobmoram 2. 1. et iwl 1y decsuing

s et i b deterdior of bthe umdorm reolor.

P mdowsr rate peir iv o bhe dnterdor of Lhe ooresss Pall o ods oo om

straiaht lime Dbebosesrn bws ponires of rates sach in the interdior of

e wimdiow reodor. Boo o bims diwdsdorn muldiplaccieg Debuses o

RT3 ate pairss relidable oommuardostion is sohdsosc for b

i ot

mitrern rate pndir. ST e shlishes the pozitios bhalf

b hPwmeoreem Ea. 1.

Tt dm rather surpriziog 2t first that the union reglon iz

bl mote thmt TOoHBIYD iz o3 cormus O Furnoth o of Qlﬁr?

X T I e w IR

N Fret dor of B O woodmint

i

Rt o Suntwnd o gn DRE=- e

Fopesh Lo o l?!l arud Gl It di= =zmlso ocorves:s as s fumobiom of

SR N I T L A A T

DTk A k- N R

DS w4 s sw it Foe i ok

Foor

LEomooreDr Curiaesd el o Thoas




oo e wisgecd s b BE OB et

i 1

faoeeme Gyoard Bl

shmdomat b oLEEr B PRI S e

cern s mEmedmi st Lot S B oo mE

B Rl Foih b wawy mudlitisls dzolated sxtrema omm

e i mm omnmlon of dhe frdmoto-Blabat D123, 0120 slacedithee thst
cemry bew wmecd Lo Fieed the sobisvable rate region.

miombt e surprisiog thmt e aochisoatbles csalorn For

thee ool lision ohmrmel i not scohisved Do nultiplesiveg Deldwesn

Gy f@l = @, W - L Bt e R L - P g

fhee obber "uzicem’ bhe oheemel o wbhdile the obher iz dodles. T

P Lt the ohoics of whether o onot o bbe

L E

triformat dome mamod the malthdislesing slut i Cn it Paouaah

LA

wmirent by opeaotiosl o lmeos K2 lozmes tThis estes doformat don.

ceoavrm i cer bhe sohiswsbls seror probabilitiss for bhes

2y bl

gererm L. For ome drgeut dlistediboat dorn G

oary bl .

theorem S i Lhs forms

i
i
1
#
=
i
1
i

[ZA SR S PO CELELD

R B pR ] o

Tro primoiple Eo0Ry e Foa 0 own e mEedmized ooer procduoh

chismbr ikt Loms G



prrriminiEle oreates

iri

thiz

E X

Ll i o el o

L

RysF

ciEh i performing

prreiakn e

Fiveding the feazible reglon H.

Xl W L

w4 LA

oy 31

f“:lg X

i

3
.

Finr B

Fi.,

i ch by o n 1w @y swporsrt ofF

mareEar s g bime sharing Debgssrn

st Foue ﬁfyﬂ%g s d g b

b a T @ fraobior Cl-enr o of

bt

PR S e LA

b Frall of =

Epiﬁjpﬁ OE . FET R B T -

¥ Pheder yeegiorn B oohowe o e

R pT=0at" SL- T M B T T

EITE E

coondirem espeoree

itwmel ¥ oooulad

wepka b

oid Fferert letiers of ths

[l |

Pt o Eﬁjipy&} ive DL 1S mrd o

(EE A ' A T | Paemd ey 4 b

ERRE T e Y.

Lhis

EEid b T B A NI N =T

k-3 I Dot 1

o e i oam

xairs R

FrproasbEs o
mE ow Furation of B g0 Pl
A B O 3T -
b2l

DTl S

aii F Ferart

o ST 3 e

(RS A A

L

P T

Mot e

mivw Ll et

Tt

PN D Ewiﬁxgrcl

= B
= -
on b moe omr De aobieweds dmom

Brliocesk Lermatb ool

Eegidm

Frmot Lom o of bhee bime arod

[edw e C- S
LA RT-IR A R TN

paE i

region B, oof rate

i w i b

o

froom B B, shrinks from bhe

STl =B

. o

e firing w

Firast s the rarcdom oocdios

al

precbnind 1 i tw =i s & Qlﬁg

i

viond ol lewmod bt

Tl

e ivg reolaosad g

chundoss of By am



Mo emameles haoe Deen Fownd whzgrs bhis apperoach snlarass Lhe

g ores B e ieed abowed thiz apperoach iz s ficisnt s FaosEuer,

fom mankd e

sorwerib el decags in Fo o for o all rate pairs dn The

~ormredom ooding snsenbhles do

e omhatistdonl by desperncdsnt. ST & AT

i i by

Al SRS Lheg lock iz dicided into

ol Lisiorm ohEmmrel e For

ot foaar letters enoh. Withiim A L R el R Tl o

T W W Tl D=4

Bl B2 o bl Form

o okms sither bhs Porm

gach with eguel probabilitu. Simllaelds Gy oo o gl

i

s sed bl bl Foorm Cwde Oaide B2 oo S8y Byl ity oseopanl

i it Fimallus = zarmdd o mres indepercdernt Lo sl soudperabasibly

b

Froom Ll e Ee e w e nlka Witk this arrasogemesnt. ssob subelb ook

Lom reniEe ] chamrreel Witk 2FE dnpsdt s amdd s

e le wES S0

it Cbhds

Wkl owithy 2R

Fooolivg soheme For wnswncheonized ool lision ohaeres]

LI S Tl dlbhimg raeadon codineg itk 1E: olesrly largse

Thare bhat wabesrs b inis et hers ars lncdspendesnt with bl

v padem il poerobsind ]

Thie g e ambwoecs discussion was nodt Lo Fired the

sarpsivh s molidewalxle o bhe ool lizion oharreels Doath

v mrms Far meore oomped Dostoas

et b Lo 11 lusteats whg seror

if
L
i
o
at
Lot
i
b

Yoo il iz chmerezls bhse For o @=icgls doput oh@aonsls

Pllustirates whu thers s mo simneles sphere pookives lowsr Dowred o

chammels Thet gislds Lhe Z3amne error gEporsent s

Foree ol b bEao




wE bhe rarokon oocdios bownct, Arotoaureaan D151 bhes dewvslopsd s buape

ooF mpheeee pEaocking owsdd For omaltizncosss chareelss bt b dsm

somsnbat loose sinos 1t doss not aooount for LThe separatiorn of

e two enooders for the Luaps 3 oereors.

Lip e Froldi bt due White La Modss Charens ]l ORLIEHD

Wler e Luyem Lo anot e ewamele of soreibiad apr e o FZ‘t"'E;,;::'t. il

3ot me oo conding esponent s woe bk oot moees

Frdoee Supreceass b =y Wy omecd Y o amlphabhbets osree enoh bR seh of

arch the outpuh w s gioven b

i 2 LE B Eerd menn baossid Fardon me ik le of waeianoe oo

srwderh oF = ARG . Thes = irpadt @red o it osmes ssaoh

conEhraived to bmos mean souaes valoss alt most 5y

T am comsicer bhe oharrel oas oa o

charre] addiog = omred woamd then s simgls depat Snogssing

mharrel, we = st IToHbWeY > d= st most bt capanoity of bl

smireale drpot ohmpesel o with e Dopwt oonsteninsd Lo @nsrad S1+

Thuds

Tomblyyn = -

Doy dm the sverage mubasl

"R Tz



PRl N R

Tabhay [We

T ippmapaanl it ies are sztisfied for =211 irdepsndent

chismtrdbagt Lo om0 ared W oared mre 23ll satisfisd with soguslity LF

ared wowre dndepencleet zero mean Baussian with owvsrdlasnoes 9 snd

sg AN W Thdz bthe rate reolon For owhidaoh 02

zatisfiecd For some incdspsrclent s osedd ow o dlistedbodtdon i

[IE
1]

fode

Sireme bhils reolon iz ooreess malreadds it iz b achisuvsble ralbe
e dooay B

Thiis regior B iz shebobsd in Fio.e 2.5 For wariods waloss of

b ppnd = Fabioz @ o= SC0%, 5 o= 51+f Fop hbes o AL T

Mobe that the realon i aloo rectaradlar for small &

st om L brdarendlar For lapos . Plobe tThmt 1§

Dt w oodde Foroxoand s oods Foreows then Lhe

e Limited o the roeolorn Dowbedesd g Lhe streaight



Ls oo bhe Doognclmrog of BOOs

Fo Laros S TEM i slmost ss good as the best ocodivng, wherens

e T dz opaite inferior. The rezxson fore Yhis oarn Dbe

mae mosEt olesnrla o b onse Hl = R Mltermat irg bhetosern

s wastes hald the avsilable powsr, sdros Ok

CRy B mrd CE Rl

eatare mcder ] e b First tramsmitier stzus withdn its pooser

Timitatior while framsmitt oo, Lozireg hald the awvailable pogsr

ol o@m osmall fractiorn of the swsilables ozescity For lzseas O

paldl M. om laros fractioen is lost. Thizs =uooe

wabsmm s Fore
vtEims frespuereg Jdiedsion maliiplesing. aohdeving bhe Saoms

Tobte oot bBedired able Lo wuzme wll the sosilable powse

smimprl ol

Camge Fim. DL,

Mawt ool cler bhe random ooding expomsnt fore bhese olaomels,

mirm e abowos Soussizo disteiboh dom Fore o @ we wes on

o loulate e lanoing sums with

E - -

ol o gy
L N T

Lettirma ﬁi = Sjﬁﬂﬁn LEE DR mEXIml s

tatbrypsz ez

B tpe B-pFL T ouver ¢ o gel the paraansteic eoust ions



D £ 3

Fog rmt Towsr than Thoss wuhers

Pi

’ - F
EiR.r o= ] m{i + ;:-m-] ~ i
[ 1L a ) -] L

For R, =
i

FEodn CZGEZY mined (2233, thee raeedom

Ll miedmidm of Er-. i i F‘:i dommampe iom L Ze .

s subreniors as shown L Fige Z.7 whers B oo OF. 2 o osmnoh 404

lomd st . s b e thes grror peobability of tyes 3

Fapicla bhae that for fues 1 osncd Foserorsa

thee ownd iz domilosted b serors i

TR atnt - A w T O W IR A STk AR w T O

For s osinals dnpdt additicve Gaussisn rnolos chammel. ohoosiog

i

bireg ermenile with bthe Gauzsian distrdbbtion s moh auidhs e

Bhiirem bo ol The best disteribagtion results from oa sh

Il

K
1

H

covrEhemiot s bhat dse s cimsecdsE sre chuosen with 5 Saussian

chistrdboat Lo ooredid domsl o the resalticng worod PEesdng 500 @reErgs

vompeng o loime b HEC L THis distribation Czes seobiorn P.od. D1lgds
wislcds e same exporsnt Lo Pl oas bhe sphere psckiog Doousod o

rates sufdicisnt luy ol LA R B - Rl A AL I




—2s 18-

For s omedlh s

charmel. it seemns

moarmirle Lo nanin

o oraredom coding snsenile using nom

il oonstraint on

D S wctw T LB 1S D i £ Fraom the gende intesrprststion of tupes 1
i Fosrroeme e osmes bhat Pﬁi i upperbouredssd g the probasbhilitg

ot o o b Fieest

o cods worecls o with the sddidodo

i

GouEsian moise bt o widbhogt the zsoonod et of code wordds. Thiisa

Foare dml e Fe o owe bhmoss PR o noM oswpl-HE pod = Dk M o
josad ¥

cRL a3 wbeeres Freeom
4.

ek oo D181, m, diwm o oa oconstant sod Eriiﬁib im mpiousry b

E iR, » =
id

; Pl ol

1ﬁiilﬁ4?iﬁ+mj+

Lol bpy, 2 . BE
1

S = ]

ot

|
|
2

has
s
3
i
Ry
i
)
o
i
B
B
i}
t j:’

For F. less than the lowse limih d;m 2.3,

1 S s g aonee
*oE Inle tE;



Fi, £

L.

s the sphere pooking Dowusod For bhe

mivemle drgeat chanrnsl goloes s lowsrs Do

R AT im0

wbpsre ol ) mpproaches B owith inoressing H.

simele sinose e

Froap fodpes 3 ogrrarss bThe situstion iz le

wesrddE om b ome amre ot oornsh e e Ty faotae 3 ¥

ooy D) o

o ber cormbraimning wobo Paeos eneraes MES aed e Lo Paess enereayg

EIN B T R A B o E R T ] e LR Hﬂj Al s b PEess ererearg P

i b ooresmtes i oot webes Lo Peose sy MOD Tt ol bhhee e

o Do L N DL toon b owebbeemoris s

whemLevdme b

ik ds dust on gesrneralized wersion of bhe freoguesnooy odioision

ol B = S T TR

prdl b i lesiren i

e row dewelop s bound on Fo- wging a2 oshell oonsteaint on

=]

A T I et T T B D Tt bR

- B wg . Ciwocese each = dndepercdert Ty usidog e

clensity Gy Cm2 oared each w wusireg the density 0w where

CEL




CE. AR

1 Foge S, ~ &
¢§{M} =
gy olhbhsrud e
Bods o arbibeascg positiee roaabees oaeed g ds oa mormslizing
oo 1. Bubetitabicen (248 for
zrd

wilrar
e b Gy Cw inteorate
replasiveg ZuneE irheorals.

wrih by

L)

P

=]

Diim? sl G

sapepegr foedred 1 een

RS

foetd sl P 11 Lok A

SeowEm Firwd that S brwesbks into oz
Lomcdd ol

Tl

Frosk @mrid i
5o D18

B o o5 1.

g

irvhsarat Lo

Sl L

{wﬁﬂiwl+rmbi
.ﬁwiwﬂiﬁﬁqipaﬁﬁwpﬁmbi D

f MU————
fonle
:
-+
T
o

M L,

173

o b

£l

it

g b =
= 4y

D

= : 0z

i

ot
o]



1 g w -,
im proporb ionsl o bo BHEPTY Fowe ompea

Thie firsh Lerm i

crivesrr ohnios of Py e BT fa om0 owe simelu bhownd it b oabt foee

o suwitabxle . The saxporset oor De opbdmizsd ooers Do Pys Fe

Lo sauivmlent Ty oer pa Bya Be o For 8O0% p R 1. 8RB R dapo.

For the dmportant o

wbugere fy = Flews bR optimizat ion onn e

al

o

Pl T SO Tt MO MR -

plicitla. Here bw suannsteo, the optimal 8 =od

g sonim s mred osuch o3 o solubion iz o mlso owalicls besth omeot ophdimsla

Foare m 1l ﬁl Bl Pl zirm 8 For ﬂ1 arnd Beo omrwd A Fore ﬁl 4T

S P R T

Ciprt dmiszirng e exporert s we Fiegd that For

i i £ , .l Ca o e
C dmpm o4 g ' = K. E om o lnwlarl, DR

:
ol
it

t

£
1
i

J{1+P?“+M“+Aﬁ CELEL




| S——

. e g e
5] Ee ] LA

thme b oo Doogncd i 23

= Bo- 11 + & 1pcl 4 By - R CR-TE
i 2] e
[ | o
I T - Tt C L EE

wrh lies rowabily PEl o owsw Deloesn e preesdonis

"r !...} " o

it

cleerd e ecgormerh o withoost s o shel )l oomstraoict angd b exporset o with

woghell ocomstraiot thet woald e

Forr o ow =ireale inpat

chmree )l with smiomsl o rodss ratio & Cioe. that oivern by
CADIE 3 B
Wb we take the mindmuam of the theee swponents B ORD For

e momir Fired thmt o the sobidieoni:le region B breesks iebo

& Portma oreE where ench oo ds domicmaet i o bhe ceglors ook

e odre Fio 2.7 mithouab roameriosl g they are somesabist

cli ¥ feraemt . Bl st ks Pootdeunse . bhat whenewser the rate poir

{ngﬁﬁ} S ﬁiimw HE} =il Hl D T RE? s ombore Yhe ordtdon ]

iwm drncesd the saporset fore o imad

A bher BELCF R




Dt Do 13 Fosr Lo summeed i

b R 1 = R e e e d o H;‘::

warishes for @mnalloenoualh By = Feae s if the poict whers &

b

vy s b

ig omboess the oriticsl rate for Byoaod Fea then fhe

gt dmam espornent 1E ailosr by OF0 3T 0020 38 hebwuessn Lhe poind

b B warndshes and e ordtdioal rate. THLs phercmsr oamoudrs

i ey L combined sdomal to rodize ratio Pe ds: below mboogt

»



. Cowdires Teochniouess

il b bl theoretiocal deoelopmset of ocoding bheorems

Foop mna b dwe bR opdit e scduesmoed.,. wery 1itd le

ot Dot i e Do O

o wibbr s o asreral btechniaodsess for oolilaocos

et i bt dinthrochactiore what o ds omeeded iz om ooctices

Srm e d ek s
Larbresmolooun aepl icosble where there e n laras =set of
tramrammitbere Dot ool s small subsedl simulitarneousla ouse e

bzl owbhidile the obthers are idle. My Puowssey . we raesteiot

A ]

ok lem oof Lhe hwo dreat ohseeel of £

1

ttbpserge baod b lwags hoeos somethdrg o senol.

s bhat bhe ereor peobabd it Dooaeads

First we o

soch ior mppla saguml o owell

s lamb el de the

mat 1o

1odmmmey o The aergumsrt Ffor this is

il I osmeral. Divesey limewr codss oz De semerated foe

ottt bransmitter, angd sube-bhlocks of these hinarag oddoits onn be

s et memed b o ik thee obmere ]l doput slehasbet s Lheas

et ot Freoguermend of ubilizsstion of the

mbrd e e

SRS | e

sampe b bt Lebtos

Frmredorn oocdimg hooascds For coreolut domsal codes hoose zlso

cpmppsen Ldesed Freeom osdirmles dreeat oharmsdls o it dmnooess

it A i

sl DI6d with the zame buee of laros ewponsot

Phe mirmle dopeut ochareel. Trws thers iz oo peablen gemsrat mg

ply i PR3 S T T ] o ooz b dormm . Thoe problemn. @ o with

me iz owith decodinm.

crl e brpeat chimrrie

mioaour o

i cheooddirems, w bhredsd o sous

P Fooee ofl s

i F Ty

B A BT

cbemrae L om Plire i= i coecler. The odi=or

A ITTT= I i

impelioit L

e b Pesrts o of dnforoastdon Lheoed



ottt Il B T = sl mameling time in phygsicsl ohEarnsls aes paet of

e chmrrel omocds . Furthermnore,  idenl performamss of bhese

g lemerts 1w wusually sssumed. Fog =irmmle impot charmels this

m

separation iz wusunlly perfectly reszonabhles ot For maltizsocess

charrmels it is oftern ouestionzbhle, For guwanmela. For bhes SllGH

b B2 I s

Al todime charreels it i well krhooan DIF3.0181 st fesdbzaok onm

AR Dl a2 R

fher mobilewsntle R1+HE Bewored bhat achisvabls by o3 sinole

Foagrce of rate RBybRs oand energw constraint 568 T od e

2w bl decdiwdchoal bransmitter

L™l

e limited to B, o S
Faspent ueluy bt the signsl sreroun st the reocsioer esoseds

This meares bhat the twuo bramsmitting anterrmas srs sobing

i owm Ehasecd arraw sl bthet the adoditioral recsduosr SraErohd Oomss

Freom amberrm onin Calomg with very olewer fesdbocl ooordinat ions.,
Wi le this iz rmotb dmpossible. it iz certainla not s oot dorml

s bt 1.

Twmiocally we should espect the recsived ozreiss ohose

Freom e coes bearsmitter bo e eowab o drrcdepesdcdeet of Lhat Feom

SR aT- I s R T ApErosimnat e Doud sumchronisn Debassr the e

iw o osmldight iy more ressomale than phase syncheorl sm s

aspprcecimat e ook swunobronism is sminsnt 1y oremsommble with only
i rea l Fescibhook commurd omt Lo

Thgre appearszs o e little of =z gsmseral ostors thisd osn

bozm osmmicl sbout the effect of ssyrmchronidsm Dedoeers bhe sooges

b b s Dmoach lewnsl . Foe e speci i ary bk

chmEmmrel s Penaseosr, e situstiorn iz much zimpler. Uzirm =

ar eramenbile Jwith oo withowt o m shell constesint o o

(R

ggrerat e oocks words, bhe disorete bime oode words of Lhe laasb




icteramed ms bime snoples owse the Dlook period

R B w B e wn T
o m yrmErrons D stat iomarg Gouzsian peocsss with alteroste

e A ongt o

St il Lol A Tl

sl s irr el

mat of rancdomlua ohoser wsors Porm oocds e R e R D T

Rl BT ol o ok ared smamgle bime will oboaeems b

cmcde bt i lloreot ochangs the srhsenbles statisztios

w5t the snds of the bBlook wubdiock s

1T o e R - 0 o

Freom =

LR X T

1o s, The decoder muast krow Lhe relatioe ocnreier phs

g e b o o sacoh o of the tbwuo tracsmitiers Dot thestre is: om0 meedd

Four bl b o b irpshrec i med boaet e I mummsrods Bl

i SER ma 1t d s ekl oof the last secliorn iz

mobmopint e Fore morefescdbhaok oommumicontiorn meintaining anlu Dlook

EA R Tt Tl i Liomre Dat ds ornly sdeogumte for foesdbsobk techriiopass in

wheere bhe two transmitiers srs phase sndgd oo

~rrd et

T sl oofF laok of Bloo murpnbrrard et Lo o

zmamsutiEt Detter urnderstoodd than that of

HITRR A - s | E

mugmireg = odizsorete time mocdel

i s

st el saecohrornd mat Lor.

arcd aead surohromdzat dor peadlaem .

i mwag s

ombuodrn D191 dbmt o with om bowrncdessd smount of wmosrbainty

[

ire bimwireg Debwssn bhe transmitters. the fszxsible regionm B iz fhe

widt b mer- et swueaheorizeat Lon. b dm} lu o

Vo theat Lhee timicess oo

i ooorst s iot

Foae omompdlets unoesrtainta dn timdirge ol Lhe od b

2y mhemaan DE2EDT that b F ible region iz the

af Fiwme Fed oprathsr than itz LTI A T

L

e iz bhat o tdime shseivng conmmot De ouased im0 b

byt 3 T




tobal absenos

Hawirem

b B

irdmrert i &
chmraie s, e Fo

.

WIRAA

First,

ocar redune Lhe

Firzst

prrbn ] s,

8 Fore

Tl

cochps wusing

iarmordrem e

transition probabilities Pog|

o

sk b
A=A AL

e caher

wty  myceh b

S

[—ss;
sl e

sl Lhoas

st ial

) Al Wt o

l:?-l a ‘:;}":x

=k o

of r

st 4 ot

b B0
Lrarmmih 1or

e

it s

LA P

wd bt 4.

T

R
=mittoers,

Limirg bhetwsern bthe brans
ol ] drem preob e

elat e
aiaonat b

e ks
o omtlhod

e 1

whmt onm

sreemhom boime meemnoruale

rehourrr b Lhis modd
gerErn l apeeonch bhat

=L e
et d e

therse i 3 fairiu
dem Lo seweral zinole souroe
Tomsy o, R

checociimg protsd
ot im i
wrimembn e ofF

. F:xx 1 [ F‘:; ::’

Cle 1 .

A ] A - A T A
Ceagr b o
b L4

T

= 1 et G 1 i
decoder oan decods the w ooode woed
charre ]l with

Actecd mncl assuming a

=irmle imput
1 e

ROy s, Do

i et Do E= R D
Lty o= E: @liﬁa.
iw prenizely bl

fone e first srncoder. this
Frooam W b . Trods = " aood

i

F:xr"‘x:ltl:a.t' ] 1 ] 1‘ 1
el dmbr

Dl R uTa Y-

o miremle Dt e desode
ook fore m o simalse input chanmel oon deonds w ousing
clzcociivm i somewubst wreeoregert dmsl o Fore

clapered o

el W |[~";i_}

Thiz
perobaalsd it i

that b bransit ion

kA el o

x:i Lo i

Fireg ekl ouises

1F
[ DRI w2 S e

cdecoding

]
Wit

[IREA
ik erbad

Ty

itk
it

chacocl i g
Fige SBols ared (R LRl in the
o 1 LAy

Frmear
-y Four

o

D e mesrn
T R I i i
- A

cob b moebiiewable realon
HLE corrmss commbrirmh dor oF Lo

=)

bag o etk et

SIS

TR N1 'S ol

o 124




M T DO W Bt SO 1 5 DL G

o o wbriek osatisdi

iy
i

e o I B i Towsy t w2 —_—

vl b i

Concdes For enoh of bthese rate pairs osn bhe

Lhe bwo step procedure described abowe and CRyF-D cmn be deoo

-y
- =

g Lime sharing bebussn o =s=uch oodss.

Firmmllus smg point dn the intserior of the aohisweabls

Fahe reglorn 1 s ocoresex combdration of Lwo rate pailrs.s ore of

wbiioh satisfies 2 TR with mhrich ireguslitu Foro some &t

-r
'

arcd the obher for soms obb Thids mn srbitrarg soint L6

i3

,-:‘ Z;}

Lhee drvherior of B oosn be reliably decoded by time sharing bebwussn

ot
-

st omost 4 codes, two of which use rates satisfuing (3.

aricd bhee obthsr bwo of which satisfy 3010,

D@D foe G

THiz approach i mob enticrely sstiszfaotorg for Lo

T = FOF S PO

PR R . Thee first iz that the raodom oodiog s

prrckbability in this sppeonch @re often much smsllse than bhose

For doint decocding of bhe bwo oods words toogsbher. 14 e s

al

gppb @it ® B oorucE messure of decoding ocomplexitygs iz

irodicates that the priocs of awvoidiong doint decoding iz mach

Dy 13 o Jemasd b *rd Fopr e =in o] i g kA w T w o =] - Pk as gy ¥

(AR =

cepor ssponsnhE cRan somst imss be mislsading s® 8 ouids to




-
chimzeotd i oo Lasnd fut, For axamples Lo randomnm oodiog exporsnt Foe

N DR - Privmry ohmereel i not laeos. wheresss ooding e

chzcoctimm e oomeletsly brivdial.
Tz obber obiisctiorn o thRiz approsch i3 that i fails
o oproesicle mudeh dmsiabt it bl ouestiorn of doint decoding ofF

memaEim L EC T I+ certainlg dogs mot asrerslize o bhe use of

aozmall Dt wnknown subset of 3 lmeros sest of fransmitbees,

stnde o mimwme ler Deat 1 spprpera l . appronch iz Lo

wocds from ssch besssmit b e dodepencient Da

aradiveg the obher sz nolse. Froaosm Fig. 2.5, it i3 zmesrn thalt for

thes AEH ool owdith o zmell o sdionel o omodss ratios the scohisosnibls

rate region g almost eectaraulze. Armluationlla TOHEYs =

wiiioh iz olozs Lo XiH;YfM? =

SRR R

b Ty this ocmse. the serror esporsnt Sor
irctiodichenl ceoocdimg iz slmoszt bhe ssme sz for doint decoddineg.

This seoconod speeonoh onn e csrrded oms shen Fueb e beg

ecbymmEirm wnkl bt oocls woreds For deansmitter 1 obo ke orbhogonmlo ooe

simost orthogoral o w1l dthose for tbransmitier 2. Thiz iz Ll

T

B bmbern A freousrog divisiorn maltiplesing. srad bas e

ok

solciesdd moduasmtaagr of larasly eliminating the problems ocoused D

el at duns o i F Fereara

sl d e Ehmee awred boosd timing Dedaeser thes

trsmmamitbers,

THis aspprosch i also wsEsd i speesnd speechrum

o Arsd Conct d o Tiyi soboamtaos of ilowing s laras

Fiambrsr ofF bramsmitbe all of wuhose oode sebs sre approimantaelua

csrebhosporml o w1l the other oode setz. When ondy s osubset of Lhe

AR trareemit owmt ores timss e dother ferers From Lhe




b by brmmsmitters iz recduced sod the dncdicichasl oocds woed

e Thiz =ams appronch bhss besn uzed bng

anbeer st oml D211 arcd Sammer D221 in the oordext of muld dzoo

prtal ihiorm mochalat dor.

Foge sy omrbiterarg discorets bims msmnorgle it inoosss

i
~

1
e

b Ly peerbimees o with omores Thae two brarsmitberss o one

ehom Fone b

smimd Lar-du dresssh g wanks bo ohoose oocks
irpdiosicionl tramsmitiers i =ach o5 wng bhat bhew zes matusl by onoe
irihse Fer drem Cmeoes precdseluy w0 bhat by ome De drcfiodichanl o

checodecd with s=mall sreor preoadzbhi it Time stharding withdn =

Pt an Lo T 1) e abowt S A S T e T =g ]

mifbilitws bt cdepercding on the ohoomsels obbhee

L lities migbht e predferables 2z owe haos seen For e SldGH

cbmrire . Momcre Sl FfFioult o relsted problemn iz o ohoose Lhe oodds

bt

o omminmtadir e e ek e Fer s

Hel b T3k AW B I T A o B o bmucd suwrnchrorism Behoesrs e

toremresmi b blee bmae e that thds oo e dores o e SldGH

R AT weme D143 for the sswuncheroms

o b it iwved st presenta
Pombme e, e BREroaches e mown For aenseal disorets ims

i 1 b e,

= om bhivd mperoncob bo deooding. oornsidesr brws ioinh

octivim oof e bao oocde worads., T will rmot consicder slasbhrznio

clpooctivren beochmiogues Pere sincs an slashbesio steouactors mast De

the choormel ohoraocteriztios amd T oam rob

i
Kl
]

macth okt A Eoms SerEe

suimbe of @i dntesrestiog ssmmeles of gsmeral zlasbesio apeeonches

Foar mdlt dmoosss obmnrns s, Wit ertd cecoding of ocoresclutionm]

1o

i st b possitilitw. bt 1t doss mot mppenr ey




o i mirg we ow doimt decodioo teohird o, The problem iz that the

chsoocder shoalad brack 211 possibkles states of Dotk snooderz. wbiioh
Teads to s oombdined romber of states which i the product of the

iredivichazl ruminers of states. Wittt mooe Lthan bwo trarmsmitiars,s

ey pyecbhlem 1 euwern worss

i
}

W

1

£

T

§

Firmllu, zeausrtizl decoding appears o be a9

socdivg nrnd 1h bes Dese shows

dmimt o

st b muslt laooe

st 1@ it b dow murizhroniszt ion s mot 3 o ssciows impsechimset bo

3 Pt

its operat o, Umifor-tburmsteluy, 2t dhds tdme, it i et ol

bl . T

oo st Tal decocdiveg work For o m omalt i

sociiren iE om

wpplmir bl diffFioultyy reocnll that zeousntiznl de

sk Ereocechaes bhat buopothesises

Eey

e sroocheo] seamierioe W o R

ared adther peososeds forwused by osxtending the smoodsd

EER

rrapiy [

Pmobward deperncliog on The owslous of @

s tplial o

'

mmtr-io” thst stoochznstiocznlla oed fie upwsed whern the deococss iz

ol lowivem the sobusl unooded seausnoes and ord Phe cdooresseod b
e clecochsr aets off bhe braok.

The problem. rods 12 bhat the decoder can oo of £ Lhe

prorudimg bo bl bhres tupes of ereors

i b Pres s

2w Rt

shodorr 2. thfortumatela the approsriztse mebeio to use

chzperads o bhe buape of o Deing macdss @angd this noslecdos iz

et L1 S It appessrs bhest oo sicale mebeio

i b b b b

st @

Aot ial decodicng o oworbk oo oermsral oo

i

.

Dodw I IS A M Wl o

il d Lmooe chmrreel with booaradscd

e

vapr b fbee o paoram )l ocommut et domml oot of o rate. It might be

dvdle bor deecelop n s

oppemt dml cdecocdivg slaoritbes thet o owtiliz

mimaltareoazliv. Dot =0 Far omo such alacoe it o

ml et d




i
£
Ll

+

bamezyy o d s,

it e Fupcdamental probilen with zeguent izl

oD Lo B R Do

el Loy e discoceraed Dy fed bae D291, el kme oormEicders on

=
=
-
-
i
1

iy srasurs oharmnsl where o= D8, 13, W=

G PR T 8 P |
o L E D, Ty T1LE. Dl ule Vmem Witk probability -8,

Foos soms £ By owo® ne s whisress

Wity mrobabilite .

E T L Do -0 'S MWL S A - Y ot W & AR O RS - - s T T @ Fech s Poess b

e chmressls with perfect lu ocorrelated srosres. fladrem

st o le drpdt s For o sesoh transmitbers we Cmo Formalla
coam lonalsnte e compattadiomal owutodd reoioor ﬂﬁmmp Yo mo 3aiot

clacoclsr sE

R] = Emiilyﬁﬁ o LRGN

S

F. % E_.ol.@) = = 1In e
o] PP )

i peahe bt

Thiaz fore By o= Bee 0305 iz the asctive constraint, arnd ewen

wii bt mreg of b mehedo peoblems oldsous

sz, C3.503 limits

e sobdisvable rate with dodint seoguent izl decoding. Bl vy

L e sivath e seouerntianl decodeses for ths Lo breasmsEmnitbesrs secd

ware L b srmsipes oo lat o we onn achieos the Bdabse rates

o UEL I myd 3L,




To mmbe the mituntdon worss. W =es bhmt - InDOleSes 0]

mowmiremle it opamlherrmreg

pocb e commpaatat dormm oot oof ¥

=

B R TR TR T N Monieuier, b regnrcdiseg The dnputs o Lhe

LA

chmerel s buwo Dicmew digdts and using ssparate

o R

coderes ared odecocksrs For Lhe buo digitss ws ome

comperm Lot doonm L sy

piest

dmns b Bilaober rates. Thie difficuliu hees oo

v b

mlaorithm beisag

pemgh o aee

s Fore bR austermserea ot o

~

srpmantn le of ooresnlut doms ]l oo
the eswpented roamber of

e irs of oockes For Ddnoew dnpash s

mt larwatb M

posh et sl srooded seogueroes Cor pairs of

= the tranzmitted seousreoe Do paird im

ai

tabrionby mre omaE li ke luw

k2 i

spiih o dal by dnoressivg i MOoFor meng ocombived rshe 1 s

eAmOieEensdd, The conclusion that ome must reanch is that B

s orpoh renllaosw Furddsmentanl poraneter of oommoanl ot dom. Thisz

ot b shoton ohaomsel,. B S

z e 1 i b ooah g

1 mred Mot lst ©

Lz

bavg Pig

e

whn B A oD PR R -]

Fivem b el ous

SRR

i= bt b foree arng oohssdoe Dochg of

thmt muckh w1

i 1l

b mE-R el

b Derchore mbwout  ocadiceg weed decocdiceg For o mulh daoos




44?#%
43 COLLISION RESOLUTION

RS

boedef lu dizcussed in the dnteochsotd
rezolut lon approach o oultizooess
sllocatimag the maltiscocesss oharmfel amoro o
Fererh bransmitting sites.
[l

ah iml g

iona the oolliszior
oo i ont dom Foos

largese =t of ws
It has ths

by

itarcaires bhee communiont Lom aspects
bl o :

smzmarget iors that

=hart begd on zmet

Timit the
e Wi 11 e ocovsicderdrem.

clazs of
Sl b ot &

]

» R R Jo e
AR A bl =

Fums that
Lravgmit s

AN Xl ! A wt:
Faapdiraes ore times wundit Ym o=lobld for brasosmissi
trarmmmitters are sunchronized 5o that
at oarn dnbeger i ano e

SRS L
11

g bomd 2k

33 o I
21l brarnsmissions
syt 3

b F o
Rk R A ol

orvs =hoart
thes mewt 3

SRR AT b
i

LA BT RE Bt o
wimal 1y meet boo JdiFfioalt odoen
EA e #o=mall o asmouant of
Trr o o

=R

i='§

cbombs L
timing fesdbaok from e
clam oz, the Liming
noobhat enoh packet

} 2l l <
precpaant Lon

P G LA
i
FrEE S .

i

L

i

By

Tative tLo b
+ o
2R

e e iuas omh b

=thart s prgceg e wlh
irvhseger bime. Matural ly soms ausred
et onsy bt

SEemanE 1E

prEpd L s
v e lect bhat hees

wl ol Tl W D -

i
facat by

Mots that
A u T

mEEibai it
raamermt L ORE

thi=s assamest don
ot = srclire short packets Lo omabhe
Fag arvd of omrrier SerEineg. whioh
clisouss later. sustemns oum D P
mfher this bhazic

g 2 T 1Y 33520

vrider st oo maoh more simela
moode )l dis wndders2t oo
fa Dol lisdiorn o Peefect
T

formpE

Pl i pt 1o bl 2

b G EE
sernds w pamoked

=R P A A

ARINT-J S T S A 3
irs m o=lot Ot bime From Oues
thers iz 3 oollizion

modes hhmen
irheoer Lo Lhe reesh

RIT A ATy arvd b
ot s e indormation abowut e contents o orilgins
Lrmrmmitted

P o

P L L

o b
Juszt ooe brans

mitter serads



i, T

S Ik A I

wmod Wit P ereors, Thiz iz trhe azsumnebicon that

epsss bhe nol=e ard oommuniiostion aspects from e peoblemn; it

ailows oollision rescolution to e studisd in the =imele

it
gt mlso ssewsrely limits the olazs of strategiess smd breadeofdfs
themt com bee ooresd ceseacd.

i) Irmfimite Sel of Trarmsmittorz

ench @reiaving

ket mrriuwes mt own bransmnitber st

FrEsEr el ongs iy
e izl om paoloet . Thiz precludes ogususing a2t drcdicichasl

tLrsremmdt

sl precliudes the uzse of T, Thi=s i ar

wireas s le ow

st Lo Freom s practiosl poilnt of wisws Dot omote

vt gdosrr mreg mlaorithay determinives when the bramsmitiers seed

maokets., 5 fimdte sel of ftransmitters conm o wse the zame alaoritbem

pacl e enoh packet

arroioval ss oorresporcdiog boon sepaeats
comprpnemh sl brsnsnitoer, Iy this cmses 3 renl fdramsmitter will

sonet imes sendd maltiples packets zt the zasme time, onusisog =

b dmdor. This shooss,s  F4ps

A 1111k A ) o B el = b o D M I 8 R T Tkt #

i

brvarad o om Fimdite set of brarnsmitters and seconcd. that the

chi F farar

1E

orlw sioni Fioant when o or pore packets are

wE it i wt bhe saoe bronsmithee. Collision resmclut ion slaoritbms
e poedinared lu useful bo rechios delag ooer what o woglod be aobilewsd
with T, =0 dim thizs low delasy region. hawvicng mualtisgls paockets at

a bramsEmitbter shoulad e relatiosly roaes snd the performsoos with

o Firihoe

of traremitters shuld be well approgimated by Ll
pepreformmrcs with s infimite sel. Thie mem dor acheamtaas of bl

irfimite el szsumetiom iz bhat e coaln use bhe mowdnuan S heousbgeat

oo omer o mlaorithae 2as on o ouzlitatios mensurs of the aoocdes

1o

sloorithm withosst zmllowics For the somewhst incidemtzal




__.,4 e
impreosnent s of throughipat bhat ooould be sohisves wben
tranEmnitters bhaves meltipls packets o zernc.

oy Pog

3

A

i

P imlasd FeEsumes et new packet srrivals

Fodss

atoomrr owerall o rate Gt mEsumEt Lo 3 o oh e

ariwm ]l prooess wounlad mabke much Serse.

g By 1 o Tmmediante Feodboobks Mmasurer bhmt B o the srned o of snoh

mhob s szoh tramsmitier learos whestbher § poocketz. 1 o paoket. o

more bhme o paok

s

at G o collision? were transmittecd io Lhest
wlot . Thiz dis the only dinforastion thet sach bransmitiesr st
abwoogt bhee existeros of packets slsswbmee, Thee assumet ion of
immecdints feesdbaok iz often unreslistic, but oocllision resclutb ion
slanritbms cnn o ususlly be osasidla modifiled o desl wiith delsoged

Foeciaoki the dntbroductiorn of delaw in the fesdbaoks, Powsose,

seems bo o oresnt ly ocompliconte arelusis with o apparent Dersfit i

i
i

i ikt The azsumet iom of 8. 1. o fesdback impliss that the
e i e Yor b brarsmitters themseloesd onrn distinouish Detossrn
v iolle obFmerel snd 3 oocollizion: whickh iz ol zlusys reassonsbile.
T also dwpelies thst idle tramsmitters sare zlwusus listeming o
thiz feedbaok, which iz mol sluaws dezicvable. Sotns mlherremt ioe
fonrms of feedbaobk will e discusssd dn owhast Follows.

b, 3 SLOTTEDR @l O The simelest form of ocollizion resolotion

shrat et wsing the azsumedions ashose i3 Slobted Alobs. chae o
Froafnwrtom D271, Slotted @Globha iz 3 warizstiorn of purs Slobm,

clgad mecd g Sboeamesoy D13, which will be bedisfly discussed
subrmesopasrt 1w, I mliobtted fAlobz,. wheneweer z packet arecives sl o
af bhe trsmsmitters,. that paoket iz bramsmitted in the mewt slob.

Diereer o oollizion ooouwrs dn s 2lobt. saoch packet drocloest in




I
the ocollizdionm i said to be beoklogged angd remsine baoklogoed
wmt il it i suocosssfol ly transmitted. Each such ek oo
paacket i tramsmitted im o sach slobt with some fised probability
ox 1 drgdepercdent of past slots osogd of obther paokets. Moh e Lhat
PF o owere 1y uaobklogoed paokets would contiregs oollidioms sncd mo
Dt wa&kﬁtﬁ wialol ewer be sucocsssfully tramsmitied. Hobs also
thmt Because of the effectively infinitse set of tramnsmitters, Lhe
ol lision carmrot e resolosd b bransmitiers wsitiog Soms ruambse
af =lobts determined Do the ddermt ity of the fraosmither., S Lot o

strategiss oo b wzed with 3 kRhowsn set of fAramsmitters argd oan

i

ke mmcte o Debmeos 1ike TRMA wnder heseog lozcdina.
It oo sasily be ssern that slotited Aloba oonr be sralozed as
w bomooernsous Moekow chadne wuzing the rumber of baoklogaed
paockets at swch irntesss time T oas the state.  The state at time L
i ludes paokets fhet ocollided in the =lobt from -1 o 0 bt doss
rapt i lucke e packst serdienls from -1 o Lot b e the
state at tims b oz;d kel e bhe stats st 41, Mote that 1 ome

e e lezs dhae -1 Ydeee a2t most o orne Dooklogsoed paobket osn be

aoezs il 1y brasmsmitted i the s2lot DL.t+13, Furbbhesrmoers, 1= -4

i1

PP o pees paokets arerdwed dn DE-1.1 2 meodd sxactly ones baokloosgesd

pemes bt dsm bramsmitted i [hat+1in. Thisz swert bhms sechabi ity

kpilww}kwiawku Thiz ztate staus fthe Szme Ci=02 sither 11 o rew

ket s srrived dn -1t armd ro Daocklooosd paochket is

prmfial iy tramemitted in L. d01l o 1F ome mew packet serived
i Dt—1.t2 amol iz swuoocesssfully tramsmittesd iy [LeaL+10
Srmluring the ocnses 1 0 B in the ssome wag. we ses thet Lhe

state bransition probabdlities Py are oluen by




~4, Hi

i awsee
Fk,k+i =

o

Try wnderstarcdiom oo

this

ohair behmeses. we LTaok
clivd Fh Do dedinsd as the e

gt =l Tt A T
Chew. bl

et e

Fivremt at Ll
sem e of 4 ocordibdioral o om B

i F fererese betuser the stabe at b4+l amed
at boooredid iomsl

bt
wry e st oo

t

P
Is - Lodl—pr e

D R
Tl First berm W iz bl areival e arwd the secord term iz bhes
clespear-bouire et e o b oaegbgsat Mot e
TR

that For @

Ta D; Will e posmitive Ffor a2ll swfficisntlu

5}
maamm kb (RNt

Al g
Taraes k. Thisz
AT A swstem Deocomes sufficisotly baoklogoed, i
chii fhe dm bthe dicection of becoming mores amngd more baoklogoedd
shoaalad reoh e Surpedlsing S1reoe i
w1k

jom

ool lizions ooour on almost
b bl baeoklog gets zufficiset iu larags. Kaplam [287
giuves a 2imple but elegant peoof =
it bl e

that bhis buaps of ohain is
Cd e paorresreonod ol
Deaspdte bhe irnshtabil

il ity of =lobted Alobme b oone 32hi11 be s
viga gl ool lisiorn resolution approsch sspecialla iF the
peccld Fiecd o omeesicd o pecowse feom e Peeaod la baokloogoed
llmivem om o mmmll o wslus of p o hsleps

oot e e opmet of bl




il

coatastrophio bebmodor aboves, aedd For osmell o pe 9.3 can e owell

spepoes st ol b

Fige 4.1 dllustraztes thiz squatiorn.  For b o8 Yy we e

B forr oall ke Faor & 04 & 5y there 1 3 rsoos of kb for which

Lo <0 By mred the zize of this ranoe dnorsases s b deorsazes aod

2 Urifortumately. & iz the zerdcal rate which ws

Focl s =Tt il

wioidlad ratber ol decrsase, and small o pomesans large delay belussn

rebrials of = oollided paoket.

iz tracdecdd dm oo iz weru wundezirables laros o omabkes it

v obo o emtaer Lhe umstable heeood ly backloooged reglor.

133
i

LA

B

whsersas s#mall poowuzes larges delag for oollided peckels in Lhe
mhaltyle reogior. The srmginssring s=olubion i almost obodous-——

chmrems oas LYhe baoklog b oohanogss. Todemm d Lage e pgrmdlod like ho

aoliust pobo ksep Ao+ ko= 1. bhus maintzdindreg sz bheougheah o of o=
frome owmll kb o» B Thiz bkesps delay small when the baoklog i: =mall

=_1u The proklem with bhis

-
—n,
0

il g
oot iorm i that kb ods wunkmowss @nd sither B omust be o estimated

From bl Feedbhaob o spgropriate wanlue of 2 omust b estimsted.

A i

Madek aood Yanlooon D291 heave amaluzesd a3 olass of slaooeithms in

sifrdochy @ dm wpdsted st osach =1lob simely as s funchion of b

arwd e Fesdbaok dinformat oo, Thgg shomgecd that such

el T W TR - =

Fogresh dore can e ohosern PO ame s 4 gmi = oas bo makse e

i

sl b drem suwstan stable,

Lodm posibios whsssosr o Los,

Froreom O, 0. e ses Lhat D;

Thi=s dis omlu @an aperoximsat oo oof O 20, bud Lhe apero«imat Lom is




=i, e
et when odE osmall. andd pomust b osoall o when kods largs to
e e o L Theas, for W > 172, Dy iz positive for zmll
. i

sufficiertly laras B oo matier how pods ohozerns 2o that slotted
fBlokm is wumstable im this case ewven 1F kB s krown.

vy fhe mest subsect ion we show that moch Bigber theeouabipuat s
s presumably s2nal ler delaus. are poszible when mewly areioiog

te oare somebimss held up s collizions are resoloesd in moes

o

o b
sophistiosted waws, The primarg sdesmtzsos thet slotied Alobs hes
cogr bhepeaes o sophiistiosted steateailes i that slotied Slobhs
chovses oot reoguire 2ll the feedback dnformation we Poos sssunsed.
Fror maveg pheasicel maltizocess charmmels:s pacticularly dispersive
faciimg oharrmels, it i difFFicult to distimouisk am icdle =1lob from

m ocollision with hish relizbilitw, 04 is usually

i

s=tyaiabt forwusro, bheowoh o uses of 5 cwclic recuncdseog oheck, o
diztirpuizh 2 successful transcission from idle or collision. and
it oomr b osmesrn bhat thiz kind of feedbmobk iz suafficient for
slotted Mlobz Dot ot sufficient for the more sophdist dosted
stratenies. Unfortumatsl

1 it ds much more diffiowlt to sstimate

e bmaoklon with fThis bues of fesdbeck and 1t 4

if}
1]

FomEEn esenroh

prastlem o desterming whether slotted Slobs onn e stabd lized in

i

Froarme mlobs 0L ws

3
y

= Lhe precursor of slotted Alohs wred aoeocids
coar mEsampt dorm of a2 slotted syustems althouwab we cortirmae Lo
gasume that eanckh packet reguires one Lims unildt for bransmissiorn.
thmt owerlappivng packets oollides, ard that sssueptions olds ol

ared e Poslas Faoh mewly arrived packst is tramsmitihed

immeciist el upors arrivael soeed baoklooged paockels zre bramsmitded




-,

bax]

after @m wsomesbriconlly diztribobed delasyg. Thg preeobabsd it of
collizion i hiabse beEes than dn oz s=lotted sustemd 3 packed
startirng trasmsmission a2t Lime b owill ocollide with olher paokels
shart img arwubees o bhe dnteraml St-dat+1 2, Thie wapper Deodricd o
thwoiabyst eoomes cres Tl med bhe same kinds of ztabilitu izsuss
retss mx For bhe slotbted sgstem. B omaior pescbicsl adescbaos of
pogrez Fpleobime Pooesessr. i3 its abkdilitw o heodles paokels of

chi Fferemt lemaths [38,211,

.8 SPLITTIMG ALGORTTHM:S: I o dizcoussion of slotted @Globm, we
smad bhmdh e brougbeut s upper bouncded o 1Ys o reganrdless of the
whrateon used to adiust tThe retransmission probability of

o) licest paocket s, Thiz bowurndgd was inposed g the resteiction that
Fgn e iwvals owere aluwaws bransmittsed e Lhe nest 2lob after their
er-ianl sl bhat boaobklooged poacksts deperocledd uporn 3 osinols
pearaneed e B For relransEnilEsion. T met @z drbuitive idesn of wheg
Lt transmizzicon of new arrivals shooald somed inss be postoorecd.
cooriEioler owm oslob o de which two paokets oollids. I¥ the mew
srriwals were Relod up o until e collizion were resoloesc, tThen =
renzormble stratsoy would e for sach  ocollidiog paocket Lo
retrarenit do the following =lob with peobmbilitag 178 Lidt by
precbabd Litw 1272 thern,. o sucoesssful bramsmission ooours swred e
crb b paoket wowld e tramsmitted iy bhe followimg =lob.

frlterrmt ivelu, with probabilitae 1972 anodher oollizdion o oarn idle
slot ermues,. wastiog ome slob, Manim. im thiz cnse. sanoh packet
wionglol e freamsmitted im o the following s=lot independent lu o with

]

prchmbi ity 1278 amgd 20 Forth st il the Lo pasockets

it

i1

aye

o rpamber of slobs reeourdieredc

i

sucosss fully transnitted.  The swpeot




Lo suooegsful ly transmit the two packels i sasiluy sesrn o e 3.

whiick wields an sffect ive trerowaheoat of 2250 curdns Ths oollizion
ramo ol Doy peed oot

Thiz comospt of probabalisticoanlly splitting the sst of
o bet s dreeolued dnom o oolliziorn drbo o brmosmitticg set omod oa
reare-bramEmi b irn et owhiile mabking obher packets wsit iz the
caprhral dodesn of & wardety of collizion rezalution slaorithms that
mofriiewe breousbeots laegsr than 1Y whd le wsing sssuned Toms 5 Lo
gl owe cunll bhemsms sloaorithms splitting slaocithms. Thimme
alooritbm:s od ffer im the rualess aszed o o zelitting the oollizion
st Cwhiiol miabt deeolos mores than buo paokets) sndgd i the ruales
Foae mllowirmg waitimg packsts mot dirwocleed in o3 oollizion o
tramsmit owfher the oollisdion iz resoloed,

The first splittimg alaorithne were the bres alaoritbhms

sl D omeel b Competarabkis (381, Howes [233. and Tesubsbkoor zom

Md kbmd bose D347, I theze algorithms. the swustem alitsrnates

b wear s pockese-rorreml omode mrd oollision resolut iorn mods.
Wy 5 ocollision ocows i0 mormel omodss 2ll transmitters oo dedo
collision resolutbiorn mode, 211 mew sredwvals wait ant il the nest
tramEition into morersl omocdes ared 211 pmokets dresolosd i bhe

collision drcleperncdent Lu o select ome of twn subzsets with sounl

pocabumbad 1ddow be wiew sach subsel sz ocorresporcding booa Drseoch

from bhe root of o rootecd Dinaey bres Czes fige S0 20, Tt

#=lot fFollowima the oollizdiorn,. the First of thess subssels i
tremresm b et TF mrmother collizion ooours. this subsst s
Frppt e smeelit it b os=maller subsets. corresporddiog o Fureebbeee

Pormrsthees growivg from bhe ordiginsl bessach. The first of these




-, -

i

tramsmitied im the the mest slobt. amgd 16 this

vibimet ®

=l o ddles the second of the subzets iz

1o LE soe

Lrmresm s

tramsmitted in the following slot, I'vo @ereral. whersosr e
transmizsion of 3 subset resuldtz o odnom oollizion. the subset iz
split e bwo mew Dearnches of bhe fdres ars garows From bhe old

im o doddle oo

R it Wl e transmizsicorn of a

mEfial Ti.s. bhe subsstizs empba or comtaios one packet ., the

L I Dt

et mlot ds used o btransmit the et subset . b mwll subs

Prmese Dspery exbmusted. bhe mormsl mods iz osonin entered.
T4 shemalad be appasrernt that 1F this alaoaorithnm spemchs mared
ol bismiorme bher bupdonlluy omared me oamrriwvals

=ilohs resoluing o

Wwill ssgerluy e swuniticg the return b morosl moods arndd s

rammotdrctieem ool lisiorn will snsue. bhmt iz ewvern worse i bhat mweed

mricosssiuve oollisions will Ffollow until the expectedd mumbeer of

o o e orcksr of 1. Trogz fhe mlaoreit b

pakets in on subsset De
o b dwproosd Do elimdinating the normal modsd o at the srd of =z

coallisidion resolutiorn pericod:. 3 omew ocollizion resolution perdiod i

ity

immeciisately entered and exch waiting paoket randomly joins ors of
boosmuabesed . Thes pambaeer B oix chosesn 2 o3 fumction of dhe lengbb of
e prececdineg oollizion resolution pericod so bthat the swopected

rrambrer of packets per subsest iz osliaht g omors tThae one. Thigs L b

coopreempordirg bree hms kB o branchess risiog Freamn b oot owrad b

Papmpesbess dsdre Fraom snoh nonelesd o moche.




T R

Capetarmbis 221 showed that thiz slgorithm Bas s mscesdmom

thoecuabtyet of 85943 meed iz ostable foro 211 dneut

b

sexdmum Rheeosobeat atisinzble with dres slaorithms .

Tater drnoressedd Lo 8048 olus to oo osimels impeovensst Ficst

zmmtomed beng P =53, Aoboe wabimt b mloorithm ooss wabeen e

i 1
H]
o't
i
1
-
.
:.r
1
e

irpacaiesesd i om o oollisiorn iz spelit de;to fwo subsets

e Fir is wmpetod. The first slot followimg the oollision iz

Thern doile srd e mext i 3 collizdon. dresolodirs 51l dhe

ire b First oollision. Pl s fa dmprosemert oo omuwmicd bhids

preeciictable oollizon b resplitting the zeoond sub

oo limion wibsmrseser Lhe First subsed 15 emedlg.

improsment o theooabieat o owss cas Lo Gallaose DI,

siwd smomswbiat lunter with 3 more comnplets asrnslus

b

£

iobhidis dresnlosd Timirmtimg the tree steaohors

el e =huall desordibe this slaorithn precizely Iater,

smirece it i considerabla sssier o srmluzs Lthan the tess

=D Tl I A YT First, hoossgsr, e wisy it zs anobber modi £i

e bres mloordbibomn. itk = littls thoosabt s orme ome

roomoosubeet thst hes bhad s ooollision ds oa

[

Fivdmbezre of paaobedhs

i,

P
11}
T
it
511

Folzzor rarehom e

comcdit iarma ]l oo e mumbeer Dedng 2 oo

T TF dbw poaobkets im this set are roandomlya dicdided into buo

sk e cbbuer ih omit omlao e seern that 18 the First

covh o m e D oor pore packets Yile. anobher oollisiond bhse,

coonpedd b Aol oo bhidss the mumbee of packetsz i the

e mloacrithm i oorncermecds this

Thdsa @s Far

batistionlly ddertical o zome time dnterwonl o of e




sl la. mrwd bhee omlgend

waEt ireg 3w oswlot oo this o=

Ll oErriom lE, e il d

P}

this sheret Tue ot oot

osmepnrate erh itu eusry

gy P oo subsed s

T

Ll

wihimg paokets iz by me

T+ =11l the paoksets that

trarmemithed dm o slob an

ieomelit it oo sgusl

subrdet sruen }

EN

bl secored sk

D] O |

wluwzws semt dmowm Firsh o

this o FOFS splitting =zl

R

Ber rona @wpress e

irrhoegesr bime b ot owmlaoe

et mrrdoedd b

paoket s

it g Iri the =laob [

u

baptagsery T oanad THp o

EETE

ot w1l owmanoh trarmsmither

o o hdims b T tramsmit

Fristoord . It iz

Fapamerib o b

fremdyn iy omooolist

Yibks bt mlloosts the ops

Froorvt oo e barat

TR

that snoh bransml

Rt B

it

A

il § e

i wonlad e dmpeossscd 18 ratber bhae

R -t Zimply brested it like waitivs

2t tbo bhe boobbkesping dssge of bRoog o bo oo

liminats the secornd subsst

time the first subset ds diwvdcdesds fhen

Bediie

copeE e bhmr owe sharted witbn

o the booblkesping concerming subset s s

oot b oamrediwal times of the pookets,

HTE

arrived i own oiven Lime dinterozl oare

a ooollision results, thern the drnteronl

stdbyimterwsls argd the paockets in Lhe first

ared bhos=s in bhe

mezdl . Blith this spepeonohs poaokeds srs
i Firsth serwoecd CFOFSY ordsr. 3o owe omll

a1 oh B

alaooithm precizelu. oo et st

A

it bmes cemEsfullu bramesmitied all

oy mome bime T Onot recsssnrd lu

P

ek, e paokets Lhet areioe

arimmitted. The paramsber o iz odet

brmsecd o bhe historg of e feecdbhaaol o

-y
¥

ters also calowiate bemesmedd oo b

e lpfual o owdiew the paoket zrriwals: in

pribogtoect oeae (IR AT T B

oo

wedd paockets oree ozt om bime starticos st bl

LThee drcdiodichisl zseriweal bimes aes wnbroown

ther comtzimiomg = packest brows bl



S T

praos ket T m omrriwml b ime. Tioaz the algorithe attempts o wlloosts
it irherwnl o owt Lhe ot oof bhe guens For the et oslob o so s
to brarsmit the wmiticg paokets zse oguickly as possibole. IR Th A
that ma=imizivg the peohabhilite of suoosss o thes meet zlob is
rioh fhe Dest fhima o do o =ioces w5E owe hmoes seens. 3 oollision dn
the mext =lot mllows s bhiabes bheooahesat in the suoocseding few

glots tham i possible with an ddle zlot or sucosssdul slot.

Thoz mizace-itbon smivern below determiness the alloosdtion intseosl

-

it mrpd femadd of guseds tims TOobD For bhe zlob Dhat+1) drm dbarms of
thwe mlloostion dmtaerosl wob—12s Feaod of guss TOob-12. zmod the
Fogotbamod O Lo For bt slob Di~1.1 2. Trere iz mlso a Dinseg

shate GOb 0120 whdoh iz o3 Furnotior of B0 -10 armgd fhe fesdbmok

30T I A T AR T mtate GOt-12 zalso ermters dnto the determinstion

ot ety omred Toh Gty dim 2t b FOLF bhe dmteronl ouzecd din o slot

i
i

Phed ot 2 s e Jdiwdiced by 2 For mlob DEatb+dl) meogd iz 1
IR e T-T NG - Tiods D04 ) i the roamber of subsets owrrent o ooraders

s docherat 4o, Tie mlaorithen also has

xu

wopamrarestar ey bhat

allocsation inberoeml Lo e gzed afher a

clet ermines the =
collision rescolution period i ocomplsted. Froar mmed 1R

Lhaovembgat . By buems oot Lo e 206, Pt bhmt the wl loont dom

imtarwal is

Timdteod o t-TOb 2y tThe drderoal of serdueal bdmes

et mes w2hill waiting for transmission.




~d, e

ForFs Splitdhing Slaoerdtband

= o b

it feschbaok
Todtr s Tod--1xg 0L = 23

R R T PR R B D A

Fempolsaodk o= 8 oo 1 omped D013 o= 1 bhueen
Teotr = Tibh=fodpdh—128 @odh = 13
[ AN S FR S T . LTk 33 fab, B

Tt
-ty

= @ b
Gy o= L

X9
d

i Fesddlbaok o= B omred DL -10 o= 3 buen
Tod—dodpit—~128 B0h 3 = 223

Rl

T AT T SR R Iy D=

Im oo # oocollizion dim o slob -1t 0. Bag. 948,40 zplits the

i

alloostion dimterwsl [TOb-10, Tot—-1o+pdt—-12s dmto two imterusls

Va3 2 Tobdlrpot—3 0220 mrod [TOb—30+pdt—1 072 Tod et bbpilhg 20,
oty o= 2 omllooes the mloacrithm o "rememier” the existermos of
thesse two subinterwsls. ITF there was @ prewvious subinteroal from
ETad—4oadpot -4y Tot—4 0420t —-132, the slacifthm “foroets” sbhoaat it
#h ofthids poiet, reossrcdicog that subdnterwvel sz part of the waili;s
LA AR Gdossrs bwn o mcees paobkets dre DV0bh—~d0, TOh—124+2n0d 323 med
L o omones packels de DTOL-10. Tob-104p0t 103, fThe rmumber of
paokets dry [TOb-doatpdb—dy TOb—1042p0t—102 iz gnsily seer bo b

Focd ssorm with peaeameetor hpoh-1

from. OS5 cogvresponcds o the o sed of oz oollizion resolouhdon
pogerdod oo om o submsmeguset perdiocd with omo ool lizdions sngd sdimply moves
e Femnod ofF bhe opaers sred wlloontes moreew dnheroosnl, oy, ek, 80

ks o om suscessdul transmission ofF LThe Fiest subidoberond

R

from @ pravious oollision aro movemnsrd to the ssoond suabinterosl.

Fivmllw 24070 correzporncs to

improssmert o e e




sigor it when w ooollizicr followed b oan icdle Cor perbomes

iz oFol lowsd by splittimg the secored subinteronl,

il

Thue P

gplitting alaoeithm onm b arsluzed az oz

oo Mo boos obmire wsdeeg BOb ., pot D omeed MO oms the

shoe o dntegsr wnluss of t. It iz simelers bhowsosyr, Lo

i

armlvse 5 osingles collision resolution perdocd,. starbimg =2t o= 40 For
whviahe pohy o= ope mrdd 2042 = 1 wnd ending dwmediateluy before Lhe

rgeh b Forr owbiiob pdt o= omien e MO b ommdd GHOR D o= 1 Tl

il t i Marbkoee ohain is thern irncdepercdsst of MO -4 O Fyeoam

the dmditisal sssunetior that MOt -4 2 et wnd allows us o dn

peredrenipmle bo Fivgd the distediboticor of the rouamber of zlots seoc
ce bt d o

roambere o f L sl bransmissions dno o oolliszion re

Pl W T I8 dota bt in each wupdsie of p Tssids from the Dealoniog

cof e omilizicor resolution pericodl, @ either staws the sw@moes or

im oolivided Dy Z. om0 thmto o= P . ir w11 Yoo momms e e

-
ol

I i W Thogs ench state of the ohsin osn Qe

vabempee 30 o= GHOh Do

1
Bel
fy
2t
£
E

aricl 1 1w suoch thst o pot o= E'luﬁu Im state

CiELre the omly possibkle transitions are

Tlisdor oooouprs o o S, . 1F =

i0E B, the only possible transitions (AR -

ladt
el lismion oooues o o S et irem bhe erad of the perdosds

R HOE

orb b d B

Mmll o that remoing bo o oomplets the ohedin iz b0 oznloulzste the
trmmsitior probabilities. 5:“".:', i Feour om bramsit ion From EZ.;,.‘ sohe =y

-\ - -

Fore om bramsitiorn From 515i o EEIN-T Iy

e Wiai

L. The rumbes of

Prases Lwn subintereanls sach of size By o=

o

maokats Ay osach subdinteronl ds s Folssorn rancdomnm wcariables with




Rl T B
e R (T A lui corcdit iorm ]l om the sum o of bhe romber of packets i

o T

Lhe b subinteroanls beimg oo o moaee, Theer tramsitiorn b

oantrts 1P the First subdoterosal oot cminh 1wt oo pem

thg trarmsmission of the first subinterosl iz suoocessfgls, T

precedambyd Litw of ki SN & ST

i

2

e
i

P

Iy mhtate 5, o0 10F 1o we are aboul Lo bramsmit bhe seooenod of

iy oemaehy

fo s d erhoeeees e o Thee roamber of paok

z

sematt Wl Ry s o Auj corwdit iomal bobb o e

sidnirteranl i
sum Dedma b or mores amred bhe First o dnteroal] oontainiog swsoh iy

oy peae ke, Thi= mesres that bhe nombee of packets in the seoorad

subdmtereal ds Podssor oonditionzl on ong or moers packels in the

arwd subricbereal. The probabilitae of o transition to 5y o is

e bbee preobabd ity of emaotly ome packet s =20

gy
et
it 1
et
Tl
=X
=

Firmllya the probabbility of 2 divect frsnsition from S, . bo Sy g

i

I i mooe sheadobt foraserods g oomnputer dberat ioms o Fiocd




Thee probability that each iz entered, starting at 5y .
1

b Fompese e i

et b quﬂu Mot irg that the

PoreE corrsspeored bo o the transitions from Se o bo 51 i For
i H]
waots 10F 1. tramsitions from giai Ty o For 1@ L oaed

Fal tremreEnd s

fows cirect bu from Sy e b0 By mae e omen
o lolate e ewpected rumber of sucosssdal bransmizsions ared bhe

g st raambrer of slotbs per oollizion resoluabiorn dnteroonl. It

e ooodth Lhmt the ratio of these twn sxpectedt waluss iz
b o Fore omllon o B A48T

4 omn be sy P Vb, m st T, T8 that the probsbhdlita of

- s Deer reanched,. temds to LA2

ey bhat Faie1

e yoamdbser of slots o the mamber of

i m oollizion resolution interweal bobh
ezt mshosrt Dereerat Lo Furnot doms, Fro-om thiis. we onm oses bhat For
vt Bhartiveg waloe of L-TOR D zed mend 000 8L 48T, the rambber of
siots reoguired Lo reach the end of 3 ocollizion rescolubion

i eronl where L-TO04L > o o also hms a moment gesnsrating funch ion
ared Lhoas bhe slaocedithm s stable Fore O G887 1,

Vg mespesctad] delaug o this alaorithn iz consicderably boecdse

o omrem b bhaen b mses i b Peecosobipeat Tawwbm ko aedd L1 ks

Fraoge Foured am wupesr owsdd ol cel s amrad more recsnt Ty MHos

Prase comEtruactecd biaht upper angd Lowesr Do

sl e

= lthoE, sanhoadd delaw i mbeeat 5102

koo

micbs =t & o= 1S avod sbowt 18 slots st w o= 81,48,

Thy i smlithirg alac-dibbhm e e imeroced somewbmt 1F bhe

R e

irtervals e split dm ozn o optimsl weay after oollisiorns. B

cf b o ifdlity of more tharm Lwn poockets i s oollision. soual




~d, |-

sudnirteronls e el o asdite optimml. Phose lu amd Humb:lest D481 mm0d

Tawtbrm ooy mrned Mikbhaslow 371 show thet ohoosiog S opt Dmim

subdnteronls drnoreases the masinun bheouohpot o 8, 4878,

P

et Ty st e improcenset of B.8 x TETY has beer macs b

Shermotsrs aewm amd Pios 413, tltbhoumts thds gxdim i o=mmlls 4t im

o bheeretioanl dmteresst sminos it depards from o bhe preincipal o of
alwaws resoloing ome oollision Defors Lrwing amg new interonls.

Conziderabkle effort bhas Dhesr spent on Findiog wpesr Dooscks

i

Ei]
i
1
x
ot
]
iT
]

Lo bl mmscimedm bhyeowghEpat that ono B wmirg e

et dosres o my b e DA, E. &, 45, A48, Thze tigbtest oo

BF im ochye to M kbeid low andd i [edind,

SR k-

Fro g Fa421 iz also of particoulae interest sinoce e

stumgz st 48 bhe amoumt of feedbmok iz dirnoresszed o ooios Lhe
Fidambaer ofF paokets irwoloes dn o sach ocolliziorn. then seeg b heoogbipert

g b e ommd B omaobrdeessct

T reegativs sspect of FOFS zplitting alaorithm:s Czodd slso

L m dmreosmert o bhe Tres slaorithmsr iz fhesdir

i

shodtd it b ormisy fesdbmok. ¥ am diddle s=lob iz mistakenly
Lo bk brasrmsmitiers sz oz oolliziorn. thern the sloaoeitbm

shoeol will fForever ocomtimas o oz=plit s z=ramller andd zmsller

sidbrirh erem . THiim problen coulcd e solusd. of oourse, g

e i 1ithiren m o ogilwer mumber of Limes in ow o row o recsiot ol 8

Faesoiirack ared thern traing Lhe senbire dinteroal. Thuz asrsral

sty ject of moisy Feeclbaobk iz 2111 mot owell undesestoods Dot oz
Fiarknee of partial results oare beaowes D35, 47, 427, Tl el g
prapes bog Tawbalkow D481 also rewdews mareg wariztions on ool lisdon

-

b dor mlaordithms foroos o wariety of sssunet Do,




il 1 E

D it erest ireg speroach o modzsg Feecdbaob sl ob b

wardat dong from the ddesl model abouve iz thet of devsloping

@ oy d b b

theat are as simedle and eoboast oas oossibhle. Plact Foas mrd
Flaiolet [421 hmue reoent lu developed am alaoritbmm with oam
ahdrmnot ive bradeodd betwsen simelicity sna bheouabipaod fdeta g

sivredwimm packests aerse mlusys transmitited i the slob zafter thsic

areredm e omrd bael o

ot wEse 3 bermmrg teres alacoitbom.

=

wudtm dmgeroosyeerrh oo e breees mlooritben s oot usecds i
guapiciiveg the shovse desdlock problems with rodsy feedbaoki T
rezult i masinum s=tables treooaheat s 8. S8, It dim ratbhese
muprpr-isimg bhat s theougheot grester than 1P is pozsible whils
slumuws allowing mew arrivels Lo tramsmit in bhe os

st mloth .

Foor moalt dzmoo

Wit o3 fimite rumber of ysesrs. it is
aloo of imterest Lo modify these splitting alaoritbns 8o 5s Lo
tabe acdusotaogse of tThe Fimite rumber of fransmititesrs and o omaks s
araosful bramsition from oollizion resoclotion Lo TDMS as the

arrdiva ]l rate Speesd Fio appromnches bo this ars

chimoussest 1y [5H.511. True appromch dn 511 iz also of interest

it

i
il!

wosatdmd of orawing 2 oporsllel betuesn splibtiting algorithms o

i b s lopecd i bhe statistics oommaridity im0 bhe







Ma

Ay oarnod e

bl peobali




e

Iy g
vt L o d
T A T B
iy e

[
Hi




the time

m, ot idle

i b

trarisml

iy hd

imumn bherom

frgymer an i

Sl T- Thius puee 1o

wi by (DR

1314

ot [

&l

ol d not e

wasmte muoh




[ 0

e

ime 1o

ey ooy . -t 3
@ skl eved




We can now maximize the right hand side of (4. 148 over

fhe, over m.). I the limit of small o, we get the

sy bt d o

- n R
e M L I

Fimally we must caloulate T, the time

b

ary inmt whery amn drnberwal s

wmppd i h. T includes the time o for the idle minislob bbb

Ll o I the next minislobt ls idle, o

is bhe duration of the minislobt, and T-o is the sup

b e o resolve the Tismiom. Similarly,

L another ool

z, 1T is the swpectsd time for

aluatd oo, Fimallw, i+F

o

2iiwy iwm o bhe v

small o, then, the F




-
4.3

lotted alohs

me masimum Throughpat

e

i sl Thowat

ST S NG. 83 the maior advantage o

132'

iy
-
§
i
-
.
W
-
it
s

Hoalogorithm is thes efficd alwirg ool i mions,

B

s at

arcl with CSMA, collisions rarely

B ] alogorithm wiblh

iy el Fiest that if

eoual subinterval

21y then we are limited bto s

gdus to o oa

throughput of 1 racdatlon

i the number of oolld

suthsmtantial

b oher e

Trwpa of analy

=38

of other

e and & warid

corchd bl orres ERE I W

The ddes, originally dus bto Humblet [

@y obo ey oto allow the

gensralize o original

gy ocollision slots to all b

S5, dddle

Mad duration o In a

iodle amd collision slat wowld bhave the

arvation packet,

i the duwration

e d ol

2

¥ vation angd s me T AT Eml

s




Y

iy

i
e

1)

1

REFERENCES

Mbramson, M., "The Aloha Svstem-—Another Albternative for
omputer Dommunications™, Fall Joint Computer Contearence,

AFTRE Cordd. , Mol 37, 1970

dsor, Armenian BLSB.R., 1971y
o LTI

& Coding Theorem for Multiple fdocess
Communications®, Int. Svmp. Information Th., Asilomar, 1973
also "Multiple Access Thannels®, Fh.D. Thesis, De

Eob., Undwv. Hawaii, 1573,

1"

. ;
Ldao, Ha g

i

i

Hamal, A. and T. M., Cover, Multiples User Informabion
Frac., of the TEEE, Vol. 48, pp. 146461485, Deo.

3

van der Meulen, E. ., "A Survey of Multi-way Dhannels in
Information Theory, 19&61-1974%, 1 Ta¥aw Yol 1T~
Yy oJan. 19TV

iezar, l. and J. Forner, Information Theorv: Coding
i

Theorems for Discrete Memorvliess Svystems, Chap. 3, Academic
Fremss, (1981

Special Issue on Spread Sprectrum, IEEE Transactions on
: May

oy, Ml Bey "Freguency-Hop Transmission for SBatellits
Bwitching and Terrestrial Packet Radio Mebworks",
T-144, Coordinated SBcience Laboratory, Univ. of I11.
vian, D., and J. K. Wolf, "4 Coding Theorem for Mulitipls
Uhannels  with Coreelated Bel 1 Gyvatem
wiieal Journal o Yol. 52, pp. 10371074, Sept. 19735, -

Gal lager, B, . Information Theory and RKeliable
i cation, Jobn Wiley, 19488,

srbraum, M. and H. M. Wallmeier, "a Note on the Capacity
11}

jion of the PMulti-dccess Channel", IEEE Trans. on IT, July
1979, VYol. IT-E

Ardimoto, 5., YA Algorithe for Computing the Capacity of
fArbitrary Discrete Memorviess Dhannels’, Tran 1a)

Information Theory, Yol. IT-18, Mo, 1,

Blahut, K. E., "Computation of Channel Capacity and i
Distortion Function”, IEEE Trans. on Information Theory,
YVol. TT-i8, Mo, 4, July 1973, pp. 4860470,

¥




Collison Channel withoot

i
L
'é.':

e Ereor anunbx}z N
ridachi T

Feterson, R. L. and D. J. Hm%tellmu "Ereor Frobabilit
£ aarcds Fo Tres Codes on
wnuﬁiﬂ”ﬂ TEEE }7 Vol. IT-

P

ﬁﬂﬁrﬁ”r* N” Capacity Region of a
Channel Can TH;FMQ’@

T3

He y "The Ua by of the White Gaussian Multig
nrgl With Feedback®, IT Trans. on IT, Yol. IT
P ooJuly 1984,

var, T. M., R. J. MoBEliece, and E. Fosner,
s onous Multiple-fcocess Channel Capacity',
T, Yol., IT-37, pp. 40%-413%, July 1981,

Hudi . J.¥ M. and F.o A, Humblet, "The Capacity Fegion of the
Totally Asynochronows Multiple Access Channel ., 1EEE Trans.
vl s i%"

fﬂhwnr Mo Fe . Je A Heller, and &, J. Viterbi, "8 MNew Uoding
i = o Asvnoheonoous Moltiple Access Communioation®,
?ranﬁ“ Comm. Teoh., Yal. ppre BEY-BEL, Oot.

mmar ., M. D., "High Efficiency Multiple Access
mmuri cation Thrmuuh a Signal Fro ] Fepeater™,

Teoch. , Yol. COM-~1&6, e April

Srivder, YThe Two-tleser Oubofd Rate for
Svnohronous Multi-dccess Channel Are
1T, Mol. IT-27, pp. 414-41%, July

1

The Ha
1981 .

frikan, E., Private Communication.

oy

cocding For oa Diveot
Vol . 0k

HRapacity, Cubofd Rai
ical Channel™,
Mo, 1981,

oo

Humblet, F., "Error Bxponents for a Direct Detection Optical
Channmel ', Report L1 . Laboratory F Information and
Decision Byvstems, H"I T., Oot. 1983,




REy

Ty

A

e
S

A

Foberts, L. ., "4loha Packet Bvestem With and
Al ﬂaptur@; ABS Mote B, ARPA Metwork Info. Chera,
Lif. s June 197Z.

et Condition for Non-ergodicity of a
i

rans. 1T, Vol. IT-25, pp. 470-47 July

4

b, Dy UThroughpot of Linstiotted Slobha Channels with
fArbiteary FPacket Interarrival Time Distribubtion®,

Trar mm. , Vol., COM-Z pp. 148581425

. Fuagy.  1HBEG,

3

paetanakis, J. IT., "The Multiple fAccoess Broadoast
~obocol and Capacity Considerations®, Fh. b, Fhemqu
- E qOOB, MIT, MAug. 19773 also dbstracits of Int. &
Ot 1977, Cornell Univ. and 1T 0 IT, ¥ol.
; =15, Sept. 1979, B o

sy ey AN Adaptive Technigue for Local Distribubic :
fplmphmnw L.aboratory Technical Memoran ﬁnm TH-Fé-A1 1 &1,
1974y also IEEE Trans. Domm., Yol. CO Yy Ppe 1178
184, fAug. 1978,

e Synohronous
with Fesdback',

14, Moo 4, pp.

E. 5. and V.
in
W?hf

Je ey Private Dommunication, 1977, £ s
”Lmiixuimnwhﬁfn}uFlnn Algorithms and Random Acoesss
Fions, UDLA Feport UCLA-ENG-8014&, April 1980,

F. ., "Conflictk o3l in F;fé.l.f'!iji:?m P
Matworks", Proceedings SFOSR W Ty
. 1 [MIN] {h Fn A CI P;P ” N
cEd o Hn%bﬂq

Fo S. and V. A, Mikhailov, ”Ramdnm anfiﬁ]m Acoe
Fart and Try algorithe’, i
L. Yol. 14,M4, pp.

S and M. B, Likbanov, A Upper Bound on
in a Multiple Access Channel, Frob /
formatal Vol. 18, N4, po. sMwn4q

v oMnalyvsis of the Modifdied
rithmt, Dornelld iﬂwxvn

Husang, J. -0 and T, Berger, "Dela
1, 487 Contention Resolution Al gor




40

430

A4y

463

49)

T

Feport, submitted Lo

o Dontention
T

el v, of. ard P o Humblet, "4 Class of Efficier
Hf”!lnn HlQﬁrlfnm for Multiple Acce 3
i : ot O ~1154,
Information and Decision Svstems, M.1.T.,
Feport L =TH-%18, Laboratory for Information
Gwatams, May 1979,

s ol e Fer

v

bava, M. O, and M, 8. Pinsker, "Mon-optimality of the
H1qm13th International Workshop on

4 Hnlfxumw“ Communicstion, Abstracts of
v 1AL-148, 198

B

"Bounds on the Ferformance of Protocols for
coess BEroadoast Channel®, IEEE Trans. IT, Yol. tfw
1981,

the Utilization of Aloha~1li
o Channel s, Report LIDE-F-1 ]
Information and Decision Systems, M. 1.7,

PEounds

Froacdo

Mol le, M. L. ”ﬁn fhw Wﬂparity of in{1n1?w Fcp41arznm
Tl i

. oanod B, i

Mol bl -fAc
SN Y v R T S

H and B, #., Tevbako "Uppner Bound for bhe
Farciom Mns¥sp1 Swabtem”, ¥
Vol . 1. pp. 20

xy e ooy "Frotocols for Multiscoess Channels with
'"imﬂﬁnﬁ Ertey and NMoisy Feedback!, Laboratory for

srmatdon and Decision Svstems, PReport LIGE-TH-1217%, Mavy

o, B B, "Survey of LUBSE Conteibutions o Random
Communications”, TEEE Trans., on IT, this issuse,

F.o and P. FYA}mlqu flleary Collision Resolubio
fAlogorithms 3 with Free o B
Chanme] Imt., Symp, on
Inst. of

2 5y F’rmfsmrx'f

{Camacda

ﬂmuntunftﬁnﬂg niH, Zurioh.

%

1}HPHV?V M. G, amd R, G, Gallager, "Multisoos
Channel by Finitely Many Users", Mational
@, Mew Orleans, Dec. 1581; al

noand Decizion Sysitems, FRepori

P n




R

Berger, T., M. Mehravari, D. Towsley, and J. Wold, "Random

Multiple A ions and Gro
Trar 3 . (30D

i P

Commurnrn o
YVl . DOM-

]

46 Modes and Their Throughp

Trans. on CDomm. o Yol et

Cledinrock, L. and F. A, Tobagi, "Facket Switching
Chanmnelss
aractaris

DR I

Humblet, F. 4. and J. Mosely, "BEfficient Scocsssing of a
Liaccess CThannel ", Proceedings of 1960 Conference on
si oy arnd Dontrol . Dec. 10-13, e AlbDugusrouies, Mg
i LIDS-P-1040, M,1.7T., Cambridgs, MH.




JIuerinecsss  Laannes

preuns 1/

. Sib/'?&:- m VE/I/C"ﬂf,"'f (x;,"' 7”) r———_”——_—_‘—

}

T L HAvw

| Plylxw)
Sounce _L_JE vecoin | (W, - oMy)
9 “‘?} 2

JIULT 14 LEESS ¢ nanyee  WITH

Two TRA WP (TTIEKS

) IEURE 2./



Tlwivl
I(vy
| p
| fr
| § 104y
|
P TIw) |
R, ‘ \’P' f(/Y/V/ ?, XY=
SRECIHL Casy . .
kAL i TL,Y) - Ttiw) e

IXY) -0

RATE  Ri&ww  pF 45, (1.3) - (1.6)

/6. 2.2

_ X
O / 2

ol (g (10) 0]

w 1' (10). (cc) (cc)

2| (0 (cc) (e

ouTRar Yy 3(3’,;)’5} AS A Fawersew LF X, w

FeR  Leecidsey cuamvie o7 M = 2

Fréuqs 2.7




N

AL 1EVAGLE

/:ye CoLLlsS 1oV

FlEARNE

pars  RECCY

L HANNVE L

2. Y

ke

'/!:.#
’TW

(/.zq),w)

A CHIEVAGLE

AT E  REErer 779

{Q’) (/_?:Tf}

o lEUrRs L. s

/fﬁ/)/ff/"?/ s

S 1wt o OI5E A



Beunoaey
] RiE&r oV

R, AN
/}émm/;/e 2y /)

Fer TOM

R,

CoMmPanisony QF  TOM (A5 mevitieg) Avo FRr

FlEURE 2. <

a.8 < (.3,.9)

!

(§7)

::,/

R, (G/Tf)

R Férons R W RERL fy, - Dorvwysres
i ;4
ERRUR 1jenwd | trd A S

) lbune L.




PRt TR R A

T(w:vk)

1(:)

' >
T&.Y) LK, Y1w)
RECIey |+ DECOVE X/ THEY

s EIVEN X
REErew 2 DE LDl X’/D/
//'/01;/‘7':/”0};";/7'(,7

1D £ Erom g : USE T177¢

SR WWE HETWJ;’/;’A/ g
)

T 11 SHARINE
RATE RAIR

G eRE

\\
N\
N\
AR

CewsTRYET 10y

AT hEAT

NN
PN ‘
¢ /exl )

T IME SHARINE OF

- P
W O eweE X
peivic R/ " ,(7’
gL RETHEEY
oy K
k)
70 CATAIV — ANY  AChiE VARG
DECOd IV E

2./



= X op

D/,; AL A Faowcisen 2F )i_ﬁ//&
FlEURE ./

Siccys
? Syccizs
Siasns e 7 ﬁ’l?/f”{ ) 4 ’ 7/57 4’/{*7 4
/2)_ P //7‘:/{ VL X TN éﬁél///l'f/
Sirceiss /) faaser

Cortifiny
: 7)) Swiscr /i

(sursir oF swgser )
7) swgsir J2
(¢THER  fwaseT ¢F FAUSET 1)
Y] sugscr 12/
. &) Sedser )20
coeriin £ / Svipie s 2

T/t’/:'é ALER 1 Twm  puf Ceett

fllwr  ya




FRewr 0/ ARRIVAL TInNES

R oF vt
By TINE £ { J\\)j
S t £l
X/ 3y / * 4 }
”/t) . CURRENT
, ALLECAT 10¥ Time ¥ia [i’, ff/)
T () /fyrz'e[mz ;/j
sLer [t tts , A
’ time —>
v . ?ﬂ[!‘?‘/}*}l ;ruyg : . £+l 2
) A L ' 5”43’5/ A ¥ + N
’ CarRin’
: T / Cr2
T(ff/) TIME 5[.1// [ff-} )

5‘45!34"5{,44 R)/
TirrE Erz2

P A ij }J/z‘zz)_;;}i v V »

P
~
P

=

CURREWT
L seor [#r2, €t3)

T (t+2)

O Llitisiow RESeUT 120 PEAIY

rlord OF '
e Wl ALECRITHT

FoR FCFS §re 17T

Loéure A



/7#9/? KoV 7 i
! CHAy LR Cotiigioff RESOLUTION  Pigiopn

Fléyee 4 &

Py



