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Abstract

\We proposeandanalyzea specificsetof accessules,or “spec-
trum etiquette for the 59-64 GHz unlicensedandto allow sys-
temsfromdifferentmanufactuers with differentphysicaland
medium-accesntol protocolsto co-exist, sharingthelarge avail-
able bandwidthwithout interference The proposedetiquetteis
uniquein that hetepgeneoussystemsire ableto co-existwith one
another without monitoring the entire band, by meansof trans-
missionsover a common,narrow band contmol channelusedto
establishcollision-free transmissiorschedulesover the channels
allocatedfor datatransmissiorwithin the 59-64 GHz band. Be-
causeno commorphysicallayer canbe assume@mongdifferent
systemsthe contiol channelis neededor the systemso schedule
transmissionf therestof theband,andthe only meansby which
systemgancommunicatevith oneanotheroverthe contmol chan-
nel is the duration of eat others’ transmissionswhich are per
ceivedonly asnoise A transmissiorencodings definedbasedon
thisbasicfeedbak to allow systemso ascertainwhich systentan
usewhich data channelat which time withoutinterference Ana-
lytical and simulationresultsare presentedshowingthat the pro-
posedetiquetteis fair to all the co-eisting systemsfully utilizes
the spectrum providesboundeddelaysfor data-dannelacquisi-
tion time by anygivensystemand providesminimumchannel-use
guarantees.

1 Introduction

IntheU.S. theFederalCommunication€ommissior(FCC)made
available6.2 GHz of spectrumandestablishedechnicalrulesthat
permittheintroductionanddevelopmeniof communicationsech-
nologiesin the millimeter wave frequeng bandsabore 40 GHz

[4]. EuropeandJapanare also consideringcommercialusesof

millimeter wave technology

The term "millimeter wave” is taken from the fact that the
wavelengthof radiosignalsbetweers0 GHz and300 GHzranges
from 10 millimetersdown to 1 millimeter. The FCCactionmakes
availablethreefrequeng bands47.6-47.8 GHz,59-64 GHz,and
76-77 GHz,for unlicensed/ehicleradarsystemsindgenerapur-
poseunlicenseddevices. The 59-64 GHz bandwas setasideas
a generalunlicensecband. This is an unprecedentedecisionin
termsof bandwidthbeingmadeavailable andthe lack of regula-
tory constraints.

The59-64 GHz bandcould be usedfor wide bandwidthcom-
putercommunicatiorover point-to-pointwirelesslinks at data
speedshatmayexceedb Gbps. This would extendthe datarates
currentlyavailableto a fixed userthroughfiber optic cable.How-
ever, equipmentmay not be operatedon this band, until an eti-
guettehasbeendefinedfor its use. In this contet, an etiquetteis
a specificsetof accesgulesthat permitsmultiple systemsfrom
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differentmanufcturergo sharethe bandwidthwithout unduein-
terference and without requiringthe manufcturersto adhereto
the samemedium-accessontrol (MAC) or physical-laye(PHY)
communicatiorprotocols.Severalcompaniesincluding Hewlett-
Packard Apple, Sun,Motorola,HughesResearchizatonDivision
of CutlerHammer Rockwell InternationalandMetricomamong
others,have begun defining a spectrumetiquettefor sharingthis
band[6]. Themainchallengen thedefinitionof suchanetiquette
is the hugebandwidththat is being madeavailable, which pre-
cludessystemdrom listeningovertheentirebandto try to prevent
interferenceAccordingto the FCCregulations[4], within the 59-
64 GHz band,the power densityof ary emissionshallnot exceed
9uW/cm? ata distanceof 3 meters. The power densityof ary
emissionutsidethe 59-64 GHz bandmustconsistsolely of spu-
rious emissionsandmustnot exceedd0pW/cm? ata distanceof
3 meters.Thepower measurementsill beaveragemeasurements
basednal MHz bandwidth.Within thisconstraintstheetiquette
shouldfulfill thefollowing requirement$4, 6]:

e The etiquetteshouldprovide a substantiareductionin the
probability of interferencebetweerco-existing systems.

e The etiquetteshouldseekto promoterealizationof high-
speecommunicationgvhile attemptingnotto foreclosdow
speeccommunications.

e The etiquetteshouldbe flexible enoughto allow as mary
applicationsaaspossibleto effectively co-exist in theband.

e The etiquetteshouldnot have a major negative impacton
theeconomideasibility of systems.

e The etiquetteshouldprovide for the diverseneedsof both
continuous-connectioandburst-modesystems.

e In all portionsof thebandwhereetiquetteapplies,only one
etiquetteshouldbe used.

e Theetiquettanustbekeptsimple.To thisend,effectiveness
may be tradedoff for simplicity. The etiquettemustuseas
few layersaspossiblein the standard)Sl stack.

e Theetiquettemustpromoteefficient useof the spectrum.

e Theetiquettanustbeopenandnon-proprietaryit musthave
openly-aailablesetof procedures.

In this paper we proposea listen-before-transmtiquettefor
heterogeneousystemsmplementinglifferentPHY andMAC pro-
tocolsandbasedon power sensingover a controlchannelusedto
scheduleaccesgo the restof the band,which is partitionedinto
datachannels. Each systemconsistsof ary setof nodesusing
the samePHY and MAC protocols,and two nodesfrom differ-
entsystemsannotdecodeoneanothers transmissiong ary data
channebf theband.Eachdatachannels meantto be usedby an
individualsysteni.e.,two or morenodeausingthesame&PHY and



MAC layers)on long-termandpersistenbasis.The controlchan-
nelis usedto exchanganformationaboutthe banduseactiity in
the area. Prospectie transmitterdisten to the control channeito
getinformationaboutthedatachannel®ccupang; thiseliminates
theneedto listento the entirewide band.

The only meansby which systemscan exchangeinformation
with oneanotherover the control channelis the durationof each
others’transmissionswhich are perceved only asnoise,andno
informationis exchangedacrosssystemsover the datachannels
definedin the band. A novel transmissiorencodingis defined
basedon this basiccontrol-channefeedbackhat allows systems
to ascertainwhich systemcan usewhich datachannelat which
time, withoutinterference.

The proposecketiquetteis meantfor assignmenof datachan-
nelsto systemsratherthanindividual stations. Hence,it males
sensdo have thedatachanneldeof substantialvidth suchas,for
example,to supportOC3rates. For the 59-64 band,this means
thatthe numberof datachannelgs around30.

The remainderof the paperis organizedasfollows: Section2
describeshe assumptionshatwe make for our model. Section3
gives a detaileddescriptionof the control channeland the pro-
posedetiquettebasicoperation.Section4 presentanalyticaland
simulationresultsshaving that the proposedetiquetteis fair for
all the co-existing systemsfully utilizes the spectrum provides
boundeddelaysfor data-channehcquisitiontime by ary given
system,and provides minimum channel-usguaranteesThe re-
sultsshav that the etiquettes useof the available bandapproxi-
mateghatof anoptimalassignmentf datachanneldo co-existing
systemsSection5 offersour concludingremarks.

2 Definitions and Assumptions

Throughouthis paper the bandfor which the proposecktiquette
is usedis the 59-64 GHz generalunlicensedand. In our model,
the bandis divided into s data channels(i.e., channelsthat are
usedto transmitdataoncethe channelhasbeenacquired)and a
contol channel(i.e.,asmallpredefinegortionof thebandfor the
exchangeof schedulingnformationamongthe systems).In our
model, a systemis a collection of nodessharingthe samePHY-

andMAC-layerprotocols.We make noassumptionsnthewayin

which a systemallocateghe datachannelgo its nodesor sched-
ulestheir use. However, we adopta system-lgel approachin the
operatiorof the etiquette More specifically we assumehata sin-

gle stationin asystemis in chage of participatingin theetiquette
actiity in thecontrolchanneto obtainusageightsfor datachan-
nels. We refer to this stationasthe etiquettedesignatedstation
(EDS) We notethatthe EDSfor a systemneednot alwaysbethe
samad.e.,asystencanchangets EDSatwill. Theideaof anEDS
is to ensurghatevery systems representednly once,sothatsta-
tionsfrom thesamesystemdo not competén thecontrolchannel.
The EDSis alsoin chage of notifying the restof the stationsin

its own systemaboutavailability of datachannelsThe EDSis the
only nodein thesystemthatis allowedto sendresenationsignals
in the control channel,all othernodesin the systemareonly al-

lowedto sendanecho, i.e.,aresponséo sucharesenationsignal.

We assumehat no informationis exchangedamongthe sys-
temsover ary of the datachannels. Eachsystemis fully inde-
pendentin thatits PHY- and MAC-layer protocolswhich canbe
completelydifferentfrom ary othersystems PHY/MAC layer

A uniqueidentifier(ID) is assignedo eachEDS,whichin prac-
tice couldconsistof threefields: thedevice’s FCCID number;the
device’s serialnumber;anda userdefinablefield.

The control channelis organizedin frames eachof which is
further divided into periodsmadeup of several slots; the exact
structureof theseis furtherdiscussedbelon. Thenumbers of data
channelss assumedo bepredefinedandthatnumberdetermines
thelengthof aframein thecontrolchannel.

3 Etiquette Description

In general the etiquettedescribedn this papercanbe definedas
a specificsetof accesgulesthat permitsmultiple systemswith
differentPHY andMAC protocolsto competefor channelusage
onechannehtatime onthe59-64 GHz band.

A systemcannotcompetefor a specificchannelbut ratherfor
whichever channehappendo be availablenext. A systemcannot
target a specificchannelbut mustusewhichever channelit hap-
pensto acquire.Theallocationof channelss donein orderanda
systemcannotcompetefor a seconddatachannel,until all other
systemsacquiretheir first datachannel. A systemmay not bere-
moved from its currentdatachannelif the numberof systemss
smallerthanthe numberof datachannels.If therearemoresys-
temsthan datachannelsthenthe systemmay be removed from
thedatachannelt hasacquired.

Competitiorfor adatachannels resohedbyway of acollision-
resolutionalgorithm. This algorithmrequiresthatthe actiity on
a channel(idle, successcollision) be known to the sender but
the sendercannotdeterminethis by itself. This is why we intro-
ducetheechomechanismthe EDSof asystentransmitsa control
pacletin the control-channeperiodthat canbe understoocnly
by otherstationsof the samesystemwhich canprovide anecho;
othersystemsperceve this asnoise,while the EDS understands
thesignal.

Basednthechannebrganizatiorassumptiondescribedbove,
the proposedetiquetteoperatesover a control channelorganized
into frames The etiquetteconsistsof framing mechanismsand
mechanismsor the reseration of datachannels All thisis done
without having the systemsharea commonPHY-layerprotocol.

Framingis accomplishedisingthetime of transmissiorasthe
only feedbacko systemsA framein the controlchannekonsists
of aframingsignalfollowed by a sequencef channel-contrgbe-
riods. Thereis onechannel-controperiodfor eachdatachannel,
andthereis a uniquepredefinedassociatiorbetweena channel-
controlperiodanda datachannel.The framing signalconsistsof
atransmissiompatternguaranteetb differ from ary patternwithin
andacrossboundarie®f channel-controperiods.

The signalingusedin eachcontrol periodis basedon the no-
tion that different systemscan only detectsignal durationfrom
oneanother(perceved asnoise),while stationsin the samesys-
tem canactuallyexchangedata. Thus,the actiity on the control
channelwill bein theform of request-echpairs. The EDS of a
systemwill transmita certaininformation paclet in the control-
channeperiodwhichwill beunderstooanly by otherstationsof
thesamesystemwho couldprovide andecho.Othersystemswill
perceve thisasnoise.Of coursejf morethanasingleEDStrans-
mit concurrentlya collision occursand everybodypercevesthis
asnoise.

Datachannelsarereseredby meansof requestsnadedynam-
ically by the EDS.Becausesuchrequest@are madewhenstations
in asystenrequireadatachannelrequest$rom differentsystems
may occur at the sametime. Although suchcollisions could be
resohedusingarandombacloff approactsimilar to whatsimple
MAC protocolsdo (e.g.,ALOHA, CSMA), anetiquettebasecbn
suchan approachwould not be stableand could not guaranteea
maximumdelayfor a systemto acquirea datachannel.Because
of thedesirabilityof providing channel-assignmendelayguaran-
tees,we designedur etiquetteusinga deterministidree-splitting
collisionresolutionalgorithm[2] tailoredfor thecasein whichthe
numberof systemscompetingfor the available datachannelss
finite.

Fig. 1 shavsanexampleof anetiquetteframewith threechannel-
controlperiodssuitablefor a bandwith threedatachannelsLet =
bethemaximumpropagatiorime for systemsn theband,andlet
~ bethedurationof areserationreques{aswell asthelengthof
anechosignal). We defineé =  + 7, whichis thetime required
for a transmittedsignalto be receved. As wasindicatedearlier
andastheFig. lillustratestheframingsignalandchannel-control
periodsconsistof slotsof durationd.
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Figurel: An exampleof anetiquetteframewith threechannel-controperiods.

Becaus¢hecollisionresolutiomalgorithmusedo resohe chan-
nel requestscantake multiple frames,the framing signal at the
beginning of eachframe mustalsospecifywhetheror not anun-
finishedroundof collisionresolutionis takingplacein the present
frame. This informs EDSwith new channekequestgo wait until
thecurrentroundof requestss satisfiedIn the proposecttiquette,
a framing signal consistingof four consecutie slots with jam-
ming (transmissiomf asignalby ary of thesystems)followedby
two idle slotsindicateshebeaginningof anew collision-resolution
round; Thisis the caseshawvn in Fig. 1. A framingsignalconsist-
ing of threejammingslotsfollowedby two idle slotsindicateshe
continuationof a collision-resolutiorround.

Eachchannel-controperiodconsistsof four slots. Thesefour
slotsareencodedo inform all systemsf the availability, assign-
ment, or ongoingcontentionfor the correspondinglatachannel.
Thefirst two slotsof the channel-controperiodare control slots
usedby systemso indicatecurrentownershipof, or arequesfor
the correspondinglatachannel. The lasttwo slotsof a channel-
controlperiodareechoslotsusedto provide feedback.

3.1 Initializing Frames

Let s be the numberof datachannelsdefinedon the band. If a
systemwishesto useoneof thedatachannelsts EDSfirst listens
to the activity on the controlchannel.If the channels idle for at
least4sd secondgwheres is the numberof datachannelsn the
band)plus the durationof a framing signal,the EDS will senda
framingsignalof duration44 followedby two idle slots(24). This
determineghe baginning of a new resenationframeaswell asa
new collision-resolutiorround. EachEDSrequestinghe useof a
channekendsarequessignalof sizesy within thefirst slot of the
four slots associatedvith the respectie channel-controperiod.
Therequestsignalis followed by anidle periodof sized. If the
requestwasthe only one, the intendedrecever within the same
systemwill understandhe signaland sendan echosignalback.
For all theothersystemsn thenetwork thisrequessignalis noise,
thereforethey will notsendanechosignal.

Wedenoteby < abed > theencodingusedn ary givenchannel-
controlperiod,wherea,b,candd are0 or 1, dependingnwhether
the correspondinglot is silent(idle) or thereis a signalfrom at
leastonesystem.In termsof this notation,a stationmustlistenfor
< 111100 > to detecta new framethatdoesnot have anongoing
roundof requestesolution.Thesignal< 11100 > indicatesthat
the frame hasan ongoingresolutionround and the stationmust
refrainfrom requestinga channel.

Note that becausery two EDSsarewithin = secondof one
anotherandbecaus¢heencodingusedin the channel-contrope-
riods prohibitsfour or threeconsecutie jammingslots,all active
EDSsdetectthebegginningof theframeattheendof lastjamming
slot sentby ary suchstationfor framing purposesAlso notethat
astationmustlistenfor anentireframedurationbeforeattempting

to requestry channel.Thisimpliesthata stationknows the state
of thebandassignmenivhenit malesits request.

3.2 Signaling in the Channel-Control Period

Eachstationrequestinghe useof the channekendsarequessig-
nal of size+y within the first slot of the four slotsassignedo the
respectie channel-controperiod. The requestsignalis always
followedby anidle periodof sized. If only onesystenrequested
thechannelpneor multiple receverswithin the samesystemun-
derstandhesignalandoneof themsendanechaosignalbackin the
third slot of the channel-controperiod. For all the othersystems,
the requessignalappearsasnoisefor which they do not sendan
echosignal. This casecorrespondstherefore to an encodingof
< 1010 > in the channel-controperiod of the channel. If the
requestwas unsuccessfutlueto a collision of multiple requests,
no stationwill understandhe requestaindconsequentlyionewill
respondn the echoslot. This resultsin a channelcontrol period
of < 1000 >. A channel-controperiod with an empty signal
< 0000 > correspond$o anunuseddatachannel.

We have seenthat a successfurequestfor a channelis en-
codedby < 1010 >, anunsuccessfutequestfor the channelis
< 1000 > andanemptychannelby < 0000 >. It is clearthat,
because stationin a systemneedseedbackwithin its own sys-
tem,a periodmustincludeatleasttwo slots,onefor arequestind
onefor theechoto therequestThereasorwhy four slotsareused
to encodeeachchannel-controperiodis thata systemmustalso
corvey thefollowing additionalinformation:

e Thecode< 0010 > is usedto signalthatthecorresponding
datachannelis busy but was not the last datachannelin
the bandto be resered. This is importantin the collision
resolutionalgorithmasdescribedater

e Thecode< 0001 > signalsthat the correspondinglata
channels busyandit wasthelastdatachanneln thebandto
beresered. OtherEDSswill attemptto resere datachan-
nelsstartingwith the next datachannelin the band. This
codetells EDSswishing to requesta channelto starttheir
bidsonthenext channel As soonasanew lastdatachannel
is resered the EDS changeghe codefrom < 0001 > to
< 0010 > in thenext frame.

In addition, becauseof the needto guaranteauniquenes®f
the framing signal, no sequencef channel-controperiodsmay
containacodeof < 1111 >, < 1110 >, or < 0111 > whichare
prefixesof framingsignals.Thisis achieved by having thesecond
slotof a channel-controperiodalwaysbe0.

Oncea systemacquiresa channelit cankeepusingit aslong
asit needsit or until it is challengeddy anothersystem. A sys-
temthathasacquireda channelmustsendan echosignalin each
subsequerframeto ensurethe continuinguseof suchchannel If



no echosignalis sentothersystemsare free to malke useof the

datachannellf thecurrentsystems challengedy anew system,
the new systemsendsa requestsignal. The old systemnotices
therequestsignal,i.e., it is aware of a signalin the requestslot,

andrefrainsfrom emittingan echosignal. Sincethe nev system
understandthe requestignalandsuchsignalwasnot interfered
by the old system,an echosignalreservingthe channelis trans-
mitted. If two or more systemssenda requestsignalwithin the

sameslot, noneof the systemswill understandt, therefore,no

echowill be sent. Eachsysteminvolved in the collision will se-

lect a new channelamongthe free channels.If all the channels
arebusy the systemmustselectrandomlyamongoneof the busy

channel-controperiods.

3.3 Resolving Channel Requests Conflicts

Becausea single EDS in eachsysteminteractswith EDSsfrom
othersystemsye describehawv channelrequestsareresolhed by
referringto a systemmakingtherequestratherthanthe EDSs.

In the proposedetiquette,a systemthat requiresaccesgo a
datachannellistensto the control channelfor an entireframeto
ascertairthe stateof the band,i.e., which datachannelsarefree,
whetherthereis an ongoingresolutionof channelrequestsand
whichwasthelastdatachanneto be assigned.

Eachsystemis assigneda uniqueidentifier, and maintainsa
stack,andtwo variables(LowID and HilD). LowlID is ini-
tially thelowestID andH+I D thehighestD givento ary system.
Togetherthey constitutethe allowed ID interval thatcanattempt
toresere achannellf thelD of asystermis notwithin theallowed
intenal, it cannotrequest channel. The stackis simply a storage
mechanisnfor ID intenals that are waiting to get permissiorto
requestchannel.

Initially, all channelsare free and thereis no actwity in the
controlchannelor in thechannelsorrespondingo eachchannel-
controlperiod.

Whena passie systenrequiresa channelit first listensto the
controlchannel Whentheframingsignalis detectedit listensfor
theentireframe,andrecordsthe stateof eachof the s channelslf
the control channelis idle (i.e., no framing signalis found)for a
periodequivalentto thesizeof aframe(4sé + 44 + 24 secondsphe
systentransmitsa framingsignal. Theframingsignaldetermines
thebaginningof theframe.

When a systemattemptingto resere a channeldetectsthat
thereis anunfinishedroundof channelrequestesolution,which
is detectedwhenthe framing signalis < 11100 >, the system
waits until it readsan entireframestartingwith a framing signal
< 111100 > indicatingthatthe prior channelllocationrequests
have beenresoled. Startingwith thefirst channel-controperiod,
all systemsawishingto acquirea channekransmita requessignal
in the first slot (the requestslot) of the first channel-contrope-
riod leaving the next slotidle. The senderthenwaits andlistens
to the channelfor oneslot for anechosignal. An echosignalis
transmittedby oneor multiple stationsin the samesystemonly if
therequessignalis heardfree from errors. This is the caseif the
systemis the only onethattransmitteda requestsignal. If noise
is detectedn therequesslot the echoslot s left idle. An empty
echoslotis interpretediy the requestingsystemsasa collision of
channekequests.

If anechosignalis receved, the systemacquiresthe channel
andbeginstransmittingits datain the correspondinglatachannel.
Thesystemhasunlimiteduseof theband,until it is challengedy
anothesystenor until it doesnotneedthechannelrymore,after
which the systemreleaseghe channelby stoppingthe transmis-
sion of requestandechosignals. As long asa systemmaintains
accesdo a datachannel,t transmitsthe code< 0010 > in the
correspondingontrolperiodof eachframeif thedatachannelvas
notthelastchannelssignediuringthelastresolutionround,and
transmitshe code< 0001 > otherwise.This permitsall systems
thatneedaccess$o anewn datachannelo bagin theirrequestsvith
the next unuseddatachannelfollowing the datachannelwith a

controlperiodhaving a codeof < 0001 >. An unuseddatachan-
nelis onefor which its control periodhada codeof < 0000 >
(empty)or < 1000 > (acollision of two or morerequest&ndno
currentsystemin thechannel)n the previousframe.

If the senderf arequestignaldoesnot receve anechodur-
ing theechoslot, the sendelandall othersystemsarticipatingin
the etiquetteknow that a collision of requesthasoccurred. As
soonasthefirst collision takesplace,every systemdividesthe ID
intenal (LowID, HiID) into two ID intenvals. Thefirst ID in-
tenal is (LowID, LowID + [#iD+LowlID] _ 1) which we
will call the bacloff ID intenal, while the second D intenal is
(LowlD + [HiPtLowID] 'H;] D) andis calledtheallowedID
interval. Eachsystenupdateshestackby executingaPUSHSstack
commandwherethe key beingpusheds the bacloff ID intenal.
After thisis done thesystermupdated.owl D andHiI D with the
valuesfrom the allowed ID intenval. This procedurds repeated
eachtime a collisionis detected.

Only thosesystemghatwereinvolvedin thefirst collision are
allowedinto the collision-resolutiorphase.All othersystemsare
in REMOTE stateandsimply keeptrackof thestatefor eachchan-
nel,aswell astheallowed|D interval andthe bacloff ID intenal.
A systemremainin REMOTE stateremainsin this stateuntil all
collisionsareresoledfrom the previousround.

Collision resolutionof requestsvolvesin termsof collision-
resolutionintervals, of which therearethreecasesidle (i.e.,code
< 0000 >), succesgi.e., code< 1010 >), or collision inter-
val (i.e., code< 1000 >). In thefirst intenal of the collision-
resolutionphaseall systemsn the allowed ID intenal thatarein
the REQUEST statetry to retransmita requestsignal. If none
of the systemswithin this ID intenal requestthe channel(i.e.,
code< 0000 >), anew updateof the stackandof the variables
LowID and H:ID is due. Eachsystemexecutesa POPcom-
mandin the stack. This new ID interval nov becomesghe new
HiID and LowID. The sameproceduretakes placeif, during
thefirst collision-resolutionintenal, only one systemis request-
ing the channel;the originatorrecevesthe echosignal(i.e., the
code< 1010 > occurs)andthe systembeginstransmissiorin the
assignecchannel. The third caseof a collision-resolutioninter-
val is for multiple systemgo requestthe samechannel,causing
acollision (i.e.,code< 1000 >). Thesystemsn theallowed D
interval areoncemoresplitinto two new ID intenalsandthestack
aswell asthevariablesfor eachsystems updated.

Theetiguetterepeatsheabore stepsuntil all therequesthave
beenresoled. Notice that,assoonasthe bacloff stackbecomes
emptyandthereareno valuesin the allowedintenal, all systems
know thatall thecollisionsof channetequesthave beenresohed
for the of requestgesolutionand a new roundcanstart, if there
aresystemghatrequiredatachannels.

3.4 Example of the Etiquette’s Operation

Weillustratethe etiquettes operationusinga simpleexample(see
Fig. 2) with four systemdabelednoo, o1, n10, andni1, andthree
channel-controperiodsper frame, labeleds1, s2 and s3. The
framing signals(i.e., < 111100 > and< 11100 >) are omit-

ted for simplicity andwe consideroneroundof collision resolu-
tion. We alsoassumehat oncea datachannelis busyit remains
busy until it is challengeby anothersystem. Becauseghe exam-
ple assumeshe beginning of a new request-resolutioround,the
bacloff stackis emptyandtheallowedID intenval containsall the
systemsn the network, i.e., the allowed ID intenal is (noo, 711)

(StepQin Fig. 2).

At the endof the previous request-resolutiomundin the ex-
ample,systemsu;; andnio have acquiredchannels:3 andsl re-
spectvely (Step0in Fig. 2). Basedonthestateof thechannelsall
systemknow thatthechannels1 wasthe lastdatachannein the
bandto beresered(code< 0010 >), while channels3 wasbusy
but wasnot thelastdatachannein the bandto beresered (code
< 0010 >). If all channelsrebusy thenext contentiorchannels
the next datachannelafterthe channelwith code< 0001 >. On
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Figure2: An etiquettes operationfor four systemsawith threechannel-controperiods. The stateof the lastroundis illustratedin step0;
systemsn;1 andnio have acquiredwo out of thethreeavailablechannelssystemsige andng: requese channein thenext round.

the other hand, if thereare datachannelsthat are not currently
busy (code < 0000 >) or with an unsuccessfutequest(code
< 1000 >), the next contentionwill be donein the next empty
or unsuccessfutequestchannelfollowing the datachannelwith
code< 0001 >. Therefore the next contentionin our example
occursin channels2.

After theframingsignal< 111100 > is transmittedby all the
active participatingsystemsall systemsoticethe beginningof a
new request-resolutioround. Systemn;; continuessendingthe
echosignalin s1 (code< 0001 >), indicatingthatthe channel
is still in use. Systemsngg andng; usechannels2 to requesta
datachannelsinceboth arein the allowed ID interval. Although
systemsnip andni; arewithin the allowed intenval they do not
participatein the contentionof channels2 becausehey already
have acquireda datachannel. The first collision in channels2
occurs(Stepl in Fig. 2) with systemsnoo andno; eachsending
arequestsignal. If the requestwas unsuccessfutiueto a colli-
sionof multiple requestno feedbaclexists(i.e., correspondingo
code< 1000 >); the backupstackandthe allowed ID interval
are updated. Systemsngo andng: are membersof the bacloff
ID intenal; therefore they both areon hold, they mustwait until
the collisionsin theallowed ID intenal areresoled. In the next
frame, systemsnip andni; areallowedto requestdatachannel
s2. Finally, theunsuccessfulequesin channels?2 is followed by
anechosignalfrom systemno (code< 0010 >) in channels3,
terminatingthefirst frame.

Thesecondrameis initiatedwith thesignal< 11100 > trans-
mitted by all the active participatingsystems Systemn;; contin-
uessendingthe echosignalin thefirst channel-controperiods1
(code< 0001 >). In the next channel-controperiod, s2, anidle
periodoccurs(code< 0000 >, seeStep2 in Fig. 2), becauseys-
temsnio andn,; arein the allowedID interval but do not need
to requesthe channel. At the endof the channel-controperiod,
all systemshoticethatthe codewas< 0000 >, which meanghat
therewere no collisions; accordingly the systemsn the system
mustupdatetheir intervals andthe stack. They executea POP-
stackcommandandthenew allowedintenal is (ngo, n01) (Step2
in Fig. 2). Theidle channel-controperiodfor channels2 is fol-
lowedby anechosignalfrom systemn;o (code< 0010 >) in the
s3 channel-controperiod,terminatingthe secondrame.

Thethird frameis initiatedwith theframingsignal< 11100 >
transmittedby all the active participatingsystems. Systemn
continuessendingthe echosignalin thefirst channel-contrope-
riod s1 (code< 0001 >). In the secondchannel-controperiod
bothsystemsugo andno: transmitanechosignal(Step3in Fig. 2)
andanothercollision occurs.Because collision occurredtheal-
lowed ID intenal is split, i.e., systemnyo; is within the allowed

interval while the ngo Systemmustwait, its intenval is the top of
thestack.Thethird frameterminatesith systemn;o sendinghe
echosignalin thethird channel-controperiods3.

Thefourth frameis initiatedwith the signal< 11100 > trans-
mitted by all the active participatingsystems Systemn;; contin-
uessendingthe echosignalin thefirst channel-controperiod sl
(code< 0001 >). Sincein thesecondchannel-contrgberiodonly
onesystemis is in the allowed ID intenal, systemng: acquires
channels2 (code< 1010 > in Step4 in Fig. 2). At the endof
the channel-controperiodthe systemsdo anupdate,.e., a POP-
stackcommand. Systemnyo is the new allowed ID interval and
the backupstackis empty The fourth frameterminateswith sys-
temnyo sendinganechosignalin thethird channel-controperiod
s3. All threechannelsarebusy therefore the next contentionis
donein the channel-controperiodfollowing the code< 1010 >.
In the examplethe contentionis continuedin s3 becauses?2 was
thelastbusydatachannelto beresered.

Thefifth frameis initiatedwith theframingsignal< 11100 >.
Systemn;: continuessendingthe echosignalin thefirst channel-
controlperiodsl. Becausssl is nolongerthelastdatachanneto
bereseredthecode< 0001 > is replacedy thecode< 0010 >.
In the secondchannel-controperiod systemno; sendsthe echo
signal< 0001 > insteadof code< 1010 >. In thethird channel-
control period Systemngo canrequestand acquiredatachannel
(Step5 in Fig. 2). At the endof thethird channel-controperiod
the systemsdo an update,i.e., a POP-staclkcommand.Both the
backupstackandthe allowed ID interval areempty The termi-
nationof thecollision-resolutiorphases determinedy anempty
stackandanemptyallowed ID intenval. The systemsemptytheir
stacksandupdatetheallowedID interval permittingall systemgo
contendn thenext request-resolutioround.

4 Etiquette Performance

In this sectionwe shav thatthe performancef the proposeckti-

guetteapproacheshat of an optimal assignmenbf channelsto

systemdrom thestandpoinbf datachannebtilization. We obtain
alowerboundontheetiquettesthroughput We begin ouranalysis
by finding the averagenumberof stepsrequireduntil . channel
requesiareresoled. A stepis defineasa channelcontrol period
(idle, successgollision) andhasthelengthof 45. We thenderive

thethroughpubf ary givensystem.



4.1 Average Number of Request-Resolution Steps

Letthereben systemsn thenetwork, eachwith a distinctID and

m < n of the systemsequesinedatachanneleach. The total

numberof datachannelsvailableis s andareassumesmpty i.e.,

unused . All m systemsompetefor the first channelandsequen-
tially continuein the next data-controlperiod as describein the

examplein Section3.4,until all them requestareresohed.

Theorem 1 Letthere bem > 1 requestgor channelassignment
fromm distinctsystemgonerequesiper systempandlet ther be

n >= m maximunmumbertotal systemsthenthe avelage num-

ber of stepsrequired until all m channelsrequestsare resolved
is

?(n,m)Zim[T(a,m—i)—i—'?(ﬁ,i)-l—l] 1)

= @)

whee

[n/2]; B=n—a=n—[n/2]

_ 0 ifm<a
Ho= m—a ifm>a
, - [m m<p

- B m > 3

Proof: We definea stepasa channelcontrolperiodof size44. It
is trivial thatfor all n > 1, T(n,0) andT (n, 1) equall, i.e.,we
needin eachof thesecasesnestep. If we have in total two sys-
temsandboth senda requessignalwithin the samerequessiot,
the averagenumberof stepsis 7(2,2) = 3, onefor the collision
andtwo for thetwo successfutequest/echexchanges.

With this initial conditionsandfollowing the tree-splittingal-
gorithmwe arein a positionto find the averagenumberof steps
for 7(3,2). Sincem = 2 we have to split the threetotal num-
ber of systems(n = 3) into two splitsa = 2 andg = 1 re-
spectvely. Thereforewe caneitherhave 2 systemsequestinga
channelin the a-split andnonein the 3-split; or 1 systemin the
a-splitandl in the 8-split. Theprobabilitythat2 systemsequest-
ing a channelarein the a-split while the remaining0 requesting
systemsarein the -splitis givenby P{(2 € a) A (0 € B)} =

(2()()) andthe probabilitythat1 systemgequestinga channelis
in the a-split and 1 requestingsystemss in the 8-split is given
byP{(1€a)A(0ep)} =

probability of the split mustbemfxltiply by the averagenumberof
stepdor theright split plustheaveragenumberof stepgor theleft
split plusonestepfor theroot of bothsplits. Therefore,

2y /1
(L)sﬁ. For eachof thesecaseghe

T(3,2) = S T(2,2—- )+ T (L) +1 )
Z(z z)()[ :|

= G

We assumehat, for all « and 3, the averagenumberof steps
T (a,m) andT (3, m) areknown. If niseven,a = 8 = %; oth-
erwise,3 = a — 1. Theprobabilitythatm — ¢ systemgequesting
achannelarein the a-split while the remaining: requestingsys-
temsarein the 8-splitis givenby P {(m —i € a) A (i € B)} =

a V(8
% Therefore the averagenumberof stepsfor this spe-

cific split, i.e., m — ¢ systemsn the a-split ands systemsn the
B-split is equalto the averagenumberof stepsfor the a-split,
plusthe averagenumberof stepsfor the 3-split, plus onestepfor
the root of both splits, timesthe probability of sucha split, i.e.,

2O 17 0y — i) + 7 (8,) +1].

For theaveragenumberof steps;T (n, m), we needto consider
the costaswell asthe probability of eachof the possiblea- and
[B-splits. Therefore,

T(n,m) = T(aym—p)+T (B m) +1] +

T (a,m—v) + T (B,v) +1]

(©)

Therearethreepossibley-v combinations.First, if m < «
andm < 8, thenp =0andv =m. In theseconcbasem < a
and3 < m; therefore,u = 0, while v = 8. Finally, if m is
greatethanbotha andg, theny = m — o andv = 3. Notethat
theparametefn cannotbe > o and< 3 atthesametime because
B < «a; accordinglythis cases excluded.Thesumof theaverage
numberof stepsfor eachof the possiblesplitsyieldsEq (1). 1

Theorem 2 Startingwith s emptychannelsand m out of the n
total numbersystemgequestingthe use of a channel, the total
numberof channel-contl periodsrequired until the kth success-
ful request/elno signalexchange is

- = ()6 -
T(n,m,k) = Z W [T(a,m—i,k)—i—l] +

v a B
> (2 () [T(a,m —iym — i) + T(B,i,i+ k —m) +1]

4)

Proof: It canclearlybe seenthatif all & successearewithin the
a-split the stepsin the 8-split canbe droppedaltogether There-
fore, if we stoptherecursionin Eqg. (1) assoonasthekth success-
ful request/echsignalexchangeis achieved, thanEg. (1) canbe
rewrittenasEq. (4).

If we setk = 1 in Eq. (4) we getthe averagenumberof steps
upto thefirst successfutequest/echexchange.

©)

Accordingto the etiquette|f all the s channelsarebusy each
of them originalsystemsequestingichannetontendn thesame
channel-controberiod. The collision-resolutionstepsare exe-
cutedin eachconsecutie channelcontrolperiodallocatingchan-
nelsastheresolutionprogresseghereforethenumberof channel
controlperiodsneededuntil all m systemsareallocatedachannel
is givenby Eq. (1).

4.2 Etiquette’s Throughput
We definethe averagethroughpuof a datachanneln thebandas
tin
S et T ©

wheret;,, is theaveragebusyperiodfor ary givensystemj.e., the
amountof time during which the systemis usingthe channelto



transmitdata.t,,; istheaverageacquisitiondelay i.e.,theaverage

interval betweentwo consecutie busy periods. t;, canalsobe

visualizedas the averagedurationa systemspendsin a channel
beforeit is forcedto releasethe channel,andt,,: is the access
delay or the averagedurationthat it takes a systemto acquirea

channel.

Wewill firstassume network with s datachannelandn total
numberof systemsput of whichm systemsompeteo acquirea
channelWe assumehata systencanatmostacquireonechannel
atary giventime. In thefirst partof theanalysiswe areinterested
in knowing theaveragenumberof framesrequireduntil all s chan-
nelsarebeinguseif we have m new systemdrying to acquirea
datachanneffor the casethatwe startwith all s channeldree of
users.

Foralln > m > k > 1, Theorem2 determineghe aver-
agenumberof stepsT (n, m, k) requiredfor up to k& successful
request/echexchangeswhile Theoreml determineshe average

numberof stepsT (n, m) requireduntil all m collisionsare re-
solved. Thereforepecaus¢hereares stepperframe,theaverage

numberof framesF (n, m, s) requireduntil all m systemsareas-
signeda channeis

F(n,m,s)=[T(n,m)/s] if m<s (7)

We cancompareF (n, m, s) to the optimal casein which all
m systemsareassignedn channelsn exactly m steps.The op-
timal caseassumeshatthereareonly successfutequest/echex-
changes.Therefore the total numberof framesrequiredfor the
optimalcases

F(n,m,s) =[m/s] if m<s 8)
Fig. 3 shaws the resultsfor the analysisaswell asthe simula-
tion. In thesimulation thetotal numberof systemsn thenetwork
gm) wassetto 100 andthe numberof channelqs) wassetto 30.
tartingwith s empty channelsm randomsystemsrequesteca
datachannel. For eachm, 100 trials were simulated,eachwith
m differentsystemgequestinga datachannel. For eachtrial we
kepttrack of: (a) the acquisitiondelay i.e., the time (measured
in frames)requiredfor eachrequestingsystemto acquirea data
channelb) thebusyperiod,i.e., thetime a given systemusesthe
datachannebeforeit releaseshechanneland(c) thethroughput,
i.e.,theratio of timethegivensystenis busyversughetotaltime.

As shawn in Fig. 3, the proposecketiquetterequirestwice the
numberof framescomparedo the optimal etiquette. The optimal
etiquettewould allocatethe requestn a strictly linear numberof
steps.t is atheoreticalower boundandrepresentthebestpossi-
ble performance.

In the secondpart of the analysiswe areinterestedn finding
boundson the delaysfor data-channehcquisitionby ary given
system.We assumen + s systemsompetingfor s channelsat
ary giventime. Systemshatloosetheir channelwait until the
endof the currentcollision-resolutiorroundandtry againin the
next collision-resolutiomound.As soonasthecollision-resolution
roundis over all the systemghatlost their channelscompetefor
a spot. We assumehatin every collision-resolutiorroundall the
s channelsaarebeingusedandthatm systemsompeteo acquire
achannelj.e., in eachcollision-resolutiorroundm new systems
enterreplacingm old systems. The old systemscontendfor a
channeln thenext collision resolutionroundaccordingo the eti-
quetterules.

Let = denotethe numberof full collision-resolutionrounds
from thetime a systemacquiresa channeluntil it loosesthechan-
nel, andk anintegerfrom 1 to m denotingthe request/echex-
changein which the given systemacquiresthe channel. There
canbeat mostm request/echexchangeger collision-resolution
round,andk’ denotesghe numberof successfutequest/echex-
changesn thelast collision-resolutiorroundbeforea given sys-
temloosesthe channel.Let usalsodefinet;, astheaveragetime
ary givensystemusesa channebeforeit mustreleasst, i.e., the

averagebusy period. The throughputof ary given systemis ob-
taineddirectly from thefollowing two theorems.

Theorem 3 For m + s systemsn a networkthe aveiage busy
periodfor anygivensystengiventhatm < s is

B = — Y ()T (mm) = T(nm )+ Ty m, k) (©)

k=1

Proof: Assumethatall the s channelsarebusy anda given sys-
temacquiresaachannehtthekth successfulequest/echexchange
within a collision-resolutionround of length 7 (n, m) steps. If

m < s, s successfurequest/ech@xchangesmusttake place
beforethe systementeringat kth succesanustgive up the re-

sened channel. This is true sincethe collision-resolutionalgo-
rithm persistsn the samechanneluntil a successs achiere mov-

ing to the next channel-controperiod. Therefore,at the end of

thefirst collision-resolutiorroundT (n, m) — T (n, m, k) frames
later we have hatm — k new systemsacquiringa channel,i.e.,
we still have s — m + k systemsrequestinga channelbefore
the kth systemhasto releasethe channel. Therefore,thereare
z = [(s+k—m —1)/m] collision-resolutiorroundsin between
thefirst round(whenthegivensystemacquireda channelandthe
last collision-resolutiorround (whenthe given systemloosesthe
channel) k" is deterministicandis afunctionof k ands. It canbe
expressask’ = s + k — (1 + z)m. Thereforefor agivenk, t»

canbewrittenas

tin = (T(n,m) — T(n,m, k) +zT (n,m) + T(n,m, k") (10)

Thevaluefor ¢;,, canbefoundby averagingover all the possi-
ble k valueswhichis givenby Eq. (9). 1
Eq. (9) is boundechy
A+ 2)T(n,m) — T(n,m,m)+T(n,m,1) <¥Ein
1+ z)?(n, m) — ?(n, m,1) + ?(n, m, m)
(11

IA

In Fig. 6 theaveragebusyperiodt;, measurén framesis plot-
ted.

Theorem 4 For m + s systemsheavemge interval betweertwo
busyperiodsfor anygivensystengiventhatm < s is boundedy

T(nym,1) +1 < tous <2T(n,m) — T(n,m,1) +1 (12)

wheetYE = 2T (n,m) — T(n,m, 1) + 1 stheupperboundfor
theaverage interval betweerbusyperiods.

Proof: Assumehatafterthekth successfulequest/echexchange
within a collision-resolutionround the given systemloosesthe
channel Thegivensystenmustwait until theendof thecollision-
resolutionround beforeit can make a request,i.e., it mustwait

T (n,m) — T (n,m, k) frames. In the next collision-resolution

roundthegivensystemwill acquireachannelwherek’ canrange

fromltgm An extraframemustheaddedsinceonceasuccessful
request/echexchangehastaken the given systemmustwait un-

til the endof the framebeforesendingits datausingthe channel.
Therefore,

tour = T(n,m) — T(n,m, k) + T(n,m, k') + 1 13)

Thelower boundcanbe foundby settingk = m andk’ = 1.
Respectiely, the upperboundcanbefoundif k = 1 andk’ = m
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aresetin theabose equation.Thereforet,,: is boundedaccording
to Eq.(12).

In Fig. 5theacqunsnt|ordelaytout measurén framesis plotted.
Givent;, in Theorem3, tZ.E in Theoremé for m + s systemsn
anetwork andm < s, the throughputfor ary given systemis
boundedyy

Z1'71.

= Bin + 2B

out

14
Fig. 4 shavs simulationresultsandthe boundsfor thethroughput.

5 Conclusion

We have proposeda specificsetof accesgules (“Spectrumkti-

quette”) for the general59 — 59.05 GHz band. The proposed
etiguettepermitsheterogeneousystemgo co-eist with one an-

otherby meansof transmission®ver a control channelusedto

establishcollision-freetransmissiorschedulesover the channels
allocatedfor datatransmissiorwithin the 59-64 GHz band. The

etiquetteconsistof framingandsignalingrulesthatallow systems
with differentPHY protocollayersto communicateandarequest
resolutionalgorithmthatassigngdatachanneldo systemswith a

performancehatis closedto optimumunderary load of channel
assignmentequest.
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