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Abstract— For energy-constrained wir elessnetworks of
sensorsand actuators, selectionof links with high packet
succesgate helpsto ensure reliable long-term operation.
During the implementation of a protocol targeting indus-
trial applications of such systems,it was found that it is
advantageousto acquire accurate information about the
availability and quality of the RF communication links
prior to the network topology formation. Link assessment
aspart of the initialization processaccomplishesthis task
by assessinga sufcient number of packets exchanged
betweenneighboring nodes.

This paper introducesand analyzestwo different link
assessmenmethods: First, a random schemeis evaluated.
It allows for a probabilistic guarantee of collision-free
packet exchange.Next, a general method is described
which employs “constant-weight codes' and provides a
deterministic guarantee of success.In particular, a spe-
cial class of constant-weight codes which are cyclically
permutable (also known as optical orthogonal codes),are
considered. It is shovn that due to additional properties
of these codes, they make the link assessmentprocess
simpler, and therefore they are preferred over other
codes. Different methods are compared based on their
enemy/time requirements,and implementation complexity.

. INTRODUCTION

Sensometworksarewidely usedin bothcivil andmil-
itary applicationssuchas securitymanagementuneil-
lance,automationandervironmentalmonitoring.Sofar,
mostcommerciallydeployed systemautilize wire based
communicationHowever, in recentyearstherehasbeen
tremendousinterestin both industry and academiain
self-con guring wireless networks [1]-[5], [10], [11].
Main motivations are to reduceinstallation cost, gain
e xibility, allow for unobtrusve installation,and enable
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entirely nev applicationssuchas tracking and wireless
interrogation. Therecentdevelopmentshave beenfuelled
by adwancesin low costand low power RF communi-
cation, as most ervisionedsystemsare batteryoperated
and expectedto be successfubnly if low cost.

A wirelesssensornetwork may be generalizedas a
distributed systemconsistingof N sensornodeseach
equippedwith a wirelessradio transcerer along with
application-speci csensorsand signal processinghard-
ware.Theremayor maynotbeacentralcontrolunit, i.e.,
a basestation.Due to the typically shortrangeof low-
power RF transceiers, communicationtakes place via
multi-hop through neighboringnodes.The information
o w may be from the sensomodesto a network access
point, e.g., the basestation, in the oppositedirection,
or among sensornodesthemseles. In order to fully
utilize thebene tsof amulti-hopRF network, the system
should also be self-con guring and able to adaptto
environmentalchangesy recon guration.

The nodesare typically small and battery operated.
Hence,enengy is a scarceresource.Therefore,enegy-
efciency is a crucial factor for all tasks performed
throughoutthe lifetime of the system.Enegy can be
saved by communicatingover reliable links and by
avoiding collision of paclets, which eliminatesthe ne-
cessityof re-transmissionDuring the implementatiorof
a protocol tamgeting industrial applicationsof station-
ary wireless sensornetworks, it was found that it is
adwantageougo acquireaccurateinformation aboutthe
availability and quality of the RF communicationlinks
prior to the network topology formation. This task is
accomplishedy the link assessmeryrocess.

Thelink assessmerrocessncludesdiscovery of all
nodesandthe availablelinks betweernthem,andgrading



the quality of theselinks. The latter can be achieved
by estimatingparametersuchas paclet successate or
signalstrengthwhich may be determinediy assessing
sufcient numberof paclets exchangedbetweenneigh-
boringnodes.This informationcanthenbe usedto make
routing decisionsandform a reliable multi-hop network
topology

The paperis organized as follows: In Section Il,
the network model and link assessmenproblem are
described Assumptionaboutthe network are mentioned
and justied. The need for link assessmenis moti-
vate and then previous related work on this topic is
mentioned.In Sectionlll, a schemes describedwhere
eachnode usesa randompattern.This protocolis then
analyzed,and it is shavn how to chooseparameters
suchthat an enegy-efcient designis achiesed. Then,
in Section IV, deterministic patterns are considered.
Constant-weighttodesare employed to generatethese
patterns.In particularwe showv that a special class of
such codes, called optical orthogonal codes are very
suitablefor link assessmemirocessSectionV concludes
this paper

Il. MODEL

ConsideN nodeswhich arecapableof wirelesstrans-
missionandreceptionof data,installedin a certainarea.
The wirelesslinks or connectionsof suchnetwork can
be modelledas a weighteddirectedgraphG = (V; E),
calledtheconnectiity graph.TheV setrepresenttheset
of nodesandE the setof edgesAn edgefrom nodei to
nodej is presentjf nodej canhearnodei'stransmission
with an acceptablereceved signal strength.In other
words, the connectvity graphshows the available links
in the network andthe neighborsof eachnode.Although
in mary casesthe links are bi-directional, we use the
more generalmodel of a directedgraph,i.e., the link
from nodei to nodej is treateddifferently from the link
from nodej to nodei. It is even possiblethat thereis
an edgefrom nodei to nodej, while thereis no reverse
edgefromj toi. Thiscanhappenvhennodei andj are
within hearingrangeof eachotherbut thereis a strong
interferer/ammemnearnodei.

We assumethat the connectvity graphis weighted,
i.e., thereis a number(or possibly a vector) assigned
to eachedgel/link. This numbershaws the “quality” of
that link. Dependingon the application, the "quality’
of a wireless link can be de ned in mary different
ways, which requires measuremenbdf some physical-
layer parameterssuch as (1) averagereceved signal
strength(2) signalto noise/interferenceatio (SNR/SIR),

(3) averagebit error rate, (4) average paclet success
rate. For example, knowledge of paclet successrate,
may be requiredby routing or topology and scheduling
formation algorithms [1]-[4], [6], [7]. Basedon the
applicationand hardware capabilitiesof nodes different
methodscan be emplo/ed to estimatetheseparameters,
but generallyto have a good estimatefor any particular
link in the network, one needto transmit and assess
sufcient numberof pacletson thatlink. For example,a
simplemethodto computean estimateof paclet success
rateon alink from nodei to nodej is asfollows: We set
nodei to transmit300 paclets,while nodej is listening
andcountingthe numberof pacletsit receves.After the
300 pacletsaresent,nodej can nd an estimateof the
paclet succesgate, by dividing the numberof paclets
it receved by 300. Note that the larger the number of
exchangedaclets,the moreaccuratethe estimatewill
be, however, moretime and enegy will be consumed.

The main goal of the “link assessmentprocesss to
discover the connectivitygraph of network Eachnode
shouldnot only nd all its neighbors(the nodesthat it
canhearfrom), but it alsoshouldassessill the available
links and measuretheir qualities. As describedabove,
de nition of quality is applicationdependentHowever,
no matter what de nition is usedor which parameters
shouldbe estimatedwe assumethat the following two
conditionsmustbe satis ed:

(a) somexed numberof padetsshouldbetransmitted
on ead link: The requirednumberof paclets basically
dependsn the parametershatshouldbe estimatedand
the accurag neededor theseestimatesFor example,if
we just want to discover the neighborsof a node (with
no link grading),the nodeshouldcorrectlyreceve only
one (or two) paclet(s) from eachof its neighbors,so
transmissionof only a couple of paclets is sufcient.
However, for a good estimateof paclet succesgate or
bit error rate, hundredsof paclets may be measured.

(b) inner network interference/collisionshould be
avoided:the numbermentionedin part (a) corresponds
to the numberof collision-free pacletsthat are required
for the perfect estimation and quality measurement.
Collision occursat a particularnode,whentwo (or more)
of its neighborssenda paclet simultaneously

Whencollision occurs,althoughit is possiblethatthe
recever correctlydecodeshepacletfrom thetransmitter
which hasthe strongesteceivedsignal power (andit is
alsotypically the closesttransmitterto the recever), we
assumehat all colliding pacletsarelost. This is called
the“captureeffect” ([8], [9] ), andignoringthis effectis
actually a pessimisticassumptionthereforethe number



of pacletsreceved by a node can be larger than what
will be designedfor later.

Combining the abore two conditionsimplies that to
performa successfulink assessmengneneedsa proto-
col which guaranteeshat betweenany two neighboring
nodesin the network at least some x ed number of
collision-free paclets are exchanged, and this process
should be done while the network is being discovered
and the neighborsare being found. The three key con-
straintsin designof such method,are (1) the amount
of enegy consumedby the link assessmenprotocol,
(2) the total time spent,and (3) the compleity of its
implementationand the amountof memoryit requires.
We needto designa methodwhich not only is enegy-
efcient, but it shouldalsotake reasonabléime and be
fairly simple suchthat it can be implementedin each
sensomodewhich typically hasvery low computational
power.

The links assessmenprocesscombinestwo goals.
Neighbordiscovery is one part of it, and link grading,
i.e,, measuremenbf quality of eachlink, is the other
part. Knowledgeof one-hopneighborgor in somecases
two-hopneighborsor the entireconnectiity graph)is the
main assumptionsn mary paperson ad hoc or sensor
networks on routing or time schedulingor topology
formation algorithms[3], [6], [7].

Information aboutthe quality of the links leadsto a
more reliable and enegy-efcient topology or a much
betterrouting method[1], [2], [4]. Somerecentworks
suggestschemesto acquirethe link quality data dur-
ing the operationof the network [1], [2]. While these
approachegenerallyjustify the use of link quality as
a basisfor topology formation, they inherentlyassume
that the nodeshave a relatively high duty cycle. How-
ever, mary sensometworks (including the systemwhich
motivated the presentwork) use extremely low duty
cycles, i.e., belov 0.1%. Reliable link grading during
network operationis thereforenot feasible.Moreover, in
suchsystemsnodescanbein receve modeonly during
active communicatiorperiods,so promiscuoudistening
cannotbeused.Hence link gradingprior to thetopology
formation must be emplgyed. The enegy-efciency is
very importantfor wirelesssensometworks sinceenegy
is generallya very scaresandlimited resourceHowever,
one may argue that sincelink assessmeris performed
onceduringtheinitialization of the network, why it is so

'Note that the term “exchanged”will be meaninglessf we deal
with a one-directionalink, but it is assumedhat the samenumber
of pacletsis requiredto be transferredover suchlinks.

importantto usean enegy-efcient methodfor link as-
sessmentNotethat,ary extra enegy consumptioris not
insigni cant in very low duty cycle applicationswhere
100 paclets may translateinto 100 daysof operation.

A. Assumptions

We assumehatN denoteghe total numberof nodes
in the network andwe have the following assumptions:

1) Thenodesare stationary sothatthe neighborsof a
speci ¢ nodeandthe correspondindink qualities
do not changeduring the link assessmenirocess.
All nodesuse the sametransmissionpower the
same frequency channel, and the same modu-
lation technique Note that ary kind of power
control or frequeny reuserequiressomesort of

co-ordinationin the network which requiresthe
knowledge of the connectvity graph.

Ead node has a unique identi cation numbef.

This can be a factory-assignechumber (part of

the serial number of the product), or it can be
selectedandomlyfrom a large enoughrangesuch
that uniquenesss ensuredwith high probability.

However, asit will bedescribedater; it is preferred
(but it is not essential)that the id numbersare
in the rangefrom 1 to N (numberof nodesin

the network). So a distributed methodfor unique
id assignmentis neededwhich is by itself an
interestingdifferentproblem.Somestudiesrelated
to this problemcanbe nd in [10].

We assumethat there is a known upper bound
on the number of neighbos, and we denoteit

by nmax . Later, we will seethat nnhax is a key

parametem designof thelink assessmerrocess.
Clearly, a protocoldesignedo work with a larger
value of nmax Will work for a smaller value as
well, but it will take longertime andconsumemore
enegy.

Thenodesare roughly syndironizedto ead othet

Basedon the application, different methodscan
be usedto achiese the synchronizatiormamongthe
nodes(see[11] for more details).In casethere
is a generalbroadcastclock messagethe nodes
can be synchronizedby resetting their internal
clock uponreceptionof this messageOtherwise a
distrustednethodfor clock synchronizatiorshould
be used. After the node are synchronized.time

2)

3)

4)

5)

2In orderfor our methodsto work, we do not actuallyneedunique
ids for all the nodesin the network, the necessaryonditionis that
the neighborsof eachnodein the network should have differentid
numbers.



is divided into time slots. Each slot is designed
to accommodatehe transmissionof some x ed
numberof paclets(eachof x edsize),andaguard
time correspondingto the maximum clock drift
due to inaccurag in hardware or in the initial
synchronizationof the nodes.The guardtime is
actually a wastedtime during the processso we
selectthe time slot long enough (accommodate
more packetsin onetime slot) suchthatthe guard
time is nggligible in comparisorwith the duration
of onetime slot. Clearly shortertime slots (with
fewer pacletsin eachof them) can be usedwith
a more accuratesynchronization.As it will be
clear later when the link assessmennethodsare
describedjt is generallypreferredto have shorter
time slots, and thereforea larger numberof them

in the total time assignedor the link assessment

processHence,accuratesynchronizatioris essen-
tial for good performance.

At eadh time instant, eadh nodecan be in one of
three states: sleep,transmit, or receive In sleep
modethe nodeshutsdown the recever/transmitter
circuit in order to presere enegy. We further
assumethat during eachtime slot, the nodeswiill
remainin the samestate.If a nodeis in transmit
mode during a time slot, it will sendas mary
pacletsasit can.As mentionedabove the number
of pacletsin eachtime slot dependson the ac-
curay of the synchronizationThe contentof the

6)

number Hence,the link assessmerroblemreducesto
nding a protocol which ensuesthat every link in the
networkgets at leastC collision-free time slots e.g., if
thereare20 pacletsin eachtime slot, andfor link quality
measurementve need300 paclets,thenC = 300=20=
15 collision-free time slots must be assignedto every
link in the network.

In eachmodethe nodewill consumea de nite amount
of enepgy. Typically, the amountof enegy usedin sleep
mode is very small in comparisonwith the amount
consumedin the other two states.Hence,we ngjylect
this power consumptionin the our analysis.Let E rx
(E rx) denotetheenegy consumedy a nodewhichisin
transmit(or receve) statefor onetime slot. To simplify
the enepgy expressionsthe ratio of thesetwo termsis

de ned to be
Ex.

Enx. 1)

Although it seemsthat the a node should consume
signi cantly moreenepgy while transmittingthanwhenit
is receving, for low-power (or shortrange)transcevers
the value of ~ typically is betweenl to 3. This shavs
that transmissionand receptionapproximatelybearthe
samecostin termsof power consumptionThis is a key
differencebetweerlow-power sensometworks andother
ad hoc networks.

B. RelatedWbrk
Before we continueto describeour methodsfor link

paclets is not important for the link assessment assessmenlet us considerthe previous works on topics

process,however, the recever should be able to
recognizethe senderof the packet. When a node
is in receve modeduring a time slot, it listensto
the channelto receve paclets from other nodes.
As mentionedbefore, we assumethat colliding
pacletsareall lost, soif two (or more) neighbors
of a node (which is in receve state)are both in
transmitmode at the sametime slot, we assume
thatno paclet will be receved by the nodeduring
thattime slot.

We say a particulartime slot is a “collision-free” (or
clear)time slot for the link from nodei to nodej, if in
that time slot, nodei is in transmitstate,nodej is in
receive modeand all neighborsof nodej (exceptnode
i) areeitherin sleepstateor in receve state.

By dividing the numberof paclets that is required
to measurdhe quality of the links (asdescribedabove)
by the numberof paclets within a time slot, we can
computethe numberof time slots neededor successful
completionof link assessmemrocessLet C denotethis

relatedto link assessmente will seethatthe previous
methodsare not applicableto wirelesssensometworks.
To the best of our knowledge, link assessmentas a
combination of neighbor discorery and link grading)
has not yet been consideredas a separatephaseof a
wirelessnetwork protocol. The methodusuallyproposed
for neighbordiscovery is simply atime-scheduledearch
[4]-[6]° : The nodesare ordered thenone after anothey
each node broadcastsa couple of paclets informing
its neighborsof its existence.Although the number of
paclets transmittedby each node is small, the main
problem with this method is the fact that all nodes
needto be awake and listen to the channelfor the
entire time that this processis going on. This time
is directly proportionalto the numberof nodesin the
network which can becomeincornveniently long for a

3Someof the methodsdescribedn [4], [5] arenot exactly a time-
scheduledsearchbut they are similar. While they may work ne for
small networks, the amountof time they will take is incorveniently
long for networks with thousand®f sensomodes.



large network. As mentionedbefore,amountof enegy

consumedby the node for listening to the channelis

almost the sameas the enegy used for transmission.
So by being awake the nodeswill waste signi cant

amountof enegy. To geta feeling of why a simpletime-

schedulingis not feasiblefor large networks, consider
the following examplé’: Assumethat eachtime slot is

800 msec long, the network has N = 1000 nodes,
and C = 30 collision-freetime slots per eachnode is

required.By usinga simpletime-schedulednethod,the

link assessmentill take 100CE 30£ 0:8 = 2400seconds
which is more than 6.5 hours during which all nodes
shouldto be awake. Using our proposedmethodsthe

link assessmentanbe donein almost15 minutes.

C. ldeal casefor enegy

In this section,we describeanideal situationin which
the minimum amountof enegy is consumedby each
nodein the network.

Eachnodeis requiredto transmitin at leastC time

alsolisten to eachof its n; neighborsfor C time slots,
i.e., it shouldlisten in at leastn;C time slots. Hence,
the enegy consumedby this nodeis at leastCE rx +

n; CEgx. Therefore,using (1) nodei consumesat least
(" + nj)CERgx. The minimumtotal enegy consumedy
all nodesin the network is then given by:

X

ETotal ‘min =

(" +n)CEgrx:
i=1

(2)

P
Dening h= 2 N n; to denotethe averagenum-
ber of neighborsthe aborve expressioncanbe written in
the following form:

Etotal;min = N( + h)CERgx: (3)

Note that no feasiblemethodcan achieve this value,
andit is just usedasa benchmarkor judgingthe enegy
usageof othermethods.

1. RANDOM PROTOCOL

As mentionedin the previous section,in every time
slot eachnode can be in one of the three states:trans-
mission (shavn by TX), reception(shavn by RX) or
sleep(shavn by SL). In the randommethodwe assume
that at eachtime slot, eachnoderandomlyselectsto go
to one of thesethree states.With probability Prx the
nodewill go to transmitstate,with probability Pgx, it

4The numbersgivenin this exampleare closeto the actualvalues
usedin the projectwhich motivatedthis work.

will choosereceve state,and with probability Ps; the
node will sleep.Clearly Prx + Prx + Ps. = 1. The
selectionof the stateat currenttime slots, is assumed
to be independentof the past states.The designerof
the system,should decide about the value of “design
parameters”which include theseprobabilitiesand the
total numberof time slotsdevotedto the link assessment
processhasedon the value of Npax (Maximumnumber
of neighborsin the network) and other knovn network
parametergsuchas de ned in (1)).

This methodis a very simple,which makesit perfect
from the implementatiorpoint of view. In fact, the only
thingthe nodesaresupposedo do, is to generateandom
numbersand decideabouttheir statesin eachtime slot.
They only needto storethe valuesof Prx and Prx in
their memorywhich canbe storedvery ef ciently . Since
this methodis random,we get a probabilisticguarantee
on the succes®f the protocol, however the probability
of successanbe very closeto one.

We will soonshaw thatthe bestdesignhappensvhen
Ps. = 0, i.e., nonodeshouldever sleepduringthewhole
process.In other words, when the random protocol is
used, the ability of the nodesto go to sleepmode,is
completelyuselessThemainadwantageof this methodis
thatthe designparametersio not dependon the number
of nodesin the network and thereforethe designis
saleablewith respectto the numberof node,i.e., ary
designwhich works for a network with 100 nodes,can
be usedfor a network with 3000 nodesor even larger
numberof nodes,as long as other network parameters
(most importantly nmax) in the two networks are the
same However, this methodis very sensitve to thevalue
of nmax, and an over estimateof this parametercan
considerablydegradeits performance.

Consideralink from nodei to nodej . The probability
thata particulartime slot is collision-freefor this link is
lower boundedoy®:

Pet = PrxPrx(1i Prx)"m i1 (4)

Let Ci; denotethe total numberof collision-freetime
slots for the link from nodei to j. Sincethe statesat
differenttime slotsareindependentC;; canbemodelled
asa binomial randomvariable:

Cij » Binomial(F; Pcs); ®)

SNote thatin (4), nmax is usedin placeof the actualnumberof
neighborsf thenode,andsincenmax is largerthanthe actualvalue,
this expressionis a lower bound.Using this lower bound obviously
leadsto a conserative design.



whereF representghe total numberof time slots. The
main designgoal is to make surethat all links in the
network get at leastC collision-freetime slots. We say
a link is lost if it getslessthan C collision-free time
slot. The probability of this eventis:

PL = P(Gi <C)

§61HF'IT .

= o (Pen) (17 Pe)™' "
n=0

(6)

The averageenegy consumedby ary node can be
written as:

E(Enode) FPrxE7rx + FPrxErx

F ( Prx + Prx) Egrx; (7)

and the total average enegy consumedin the entire
network is then:

E(Evota) = NF ( P7x + PRrx) Egx: (8)

Thedesignproblemreducedo thefollowing optimiza-
tion problem:

2 Find valuesfor Ptx, Prx, and F such that the
probability of losing a link (P.) is kept small and
bounded,while the averageenegy consumedin
eachnode E(Enoq4e), andtotal numberof time slots,
F, areminimized.

Let PL.max denotethe maximumacceptable/aluefor
PL. A smallP_.max (e.g., 10 ®) ensuresghatwith avery
high probability all links in the network are assesséd
Computationaimethodscan be usedto solve the above
optimizationproblemand nd the exact solution. How-
ever, by carryingout somesimpli cations onecanobtain
the following approximatesolution:

2C+q@+q @raC,
4

F V. 1 s (9)
nmax l i nmax
1
Prx Ya ; (10)
Nmax
1
PRX Vsl i ; (11)
Nmax

whereq = Qi Y(PLmax ) andQ(x) (the normalgaussian
tail) is dened in (36). Details of the derivation of

the above expressionsare given in the Appendix|. As

mentionedbeforewe seethatthe Ps; ¥ 0 andthe result
doesnot dependon the numberof nodesN .

with P. = 10' ¢, we canroughly saythat on averageoneout of
onemillion links will be lost.

As an example,let nphax = 25 (A = 15), C = 30,
T = 25 and P max = 10 8. Using the approximate
expressionspne obtains

F = 4834 P7x = 0.04 Pgrx= 0:96

changingC = 1, the numberof time slots reducesto
F=1704
To testhow enegy ef cient this designis, we compare
the averagetotal enegy with the ideal casedescribedn
Sectionll-C. The ratio of (8) to (3) is,
E(Etota) _ F ("Prx+ Prx)
ETotal;min C(_ + h)
For C = 30 this ratio is 9.76 (9.9dB), and for
C = 1it is equalto 103.2(20.1dB).We can generally
say that althoughthis methodmay have an acceptable

performancefor large values of C, it performs very
poorly for small C.

(12)

IVV. CODE-BASED PROTOCOL

In the methoddescribedn the previous section,each
node randomly generatesa pattern basedon which it
switchesbetweendifferent states. The main ideain this
sectionis to assigna deterministic pattern instead of
randomly generted one to eadh node We will showv
thatwith the usedeterministicpatternsnot only the link
assessmerprocesscan be nished fasterand with less
enegy, but adeterministiqguarante®f thesuccessf the
processcanalsobe achieved. First we de ne “constant-
weight codes”, and explain how they can be usedas
patterndor thelink assessmerocessThen,werestrict
our attentionto a specialclassof thesecodeswhich are
cyclically permutable(alsoknown as optical orthogonal
codes).Although as we will soonshaw, ary constant-
weight code can be usedfor link assessmentlue to
the additional propertiesthat optical orthogonalcodes
have, they male the processof patternassignmentvery
simple and easy and thereforethey are preferredover
othercodes.

Theideaof usingcodesaspatternsn wirelessad hoc
network has been applied before, but it was used for
a different application. Initially, Chlamtacand Farago
in [20] and later in a generalizationJu andLi in [21],
proposedhe conceptof usingcodesto form atopology-
transparenschedulingn ad hoc networks. Althoughthe
authorsdo not directly mentionin their papersthe code
they useis actually a specialclassof constant-weight
code.In SectionlV-D we brie y describetheir method.
We believe what we prove in the following sectioncan
alsobe appliedto their application,so our resultscanbe
consideredas a generalizatiorof their method.



A. Constant-Wight Codes

An (F; W;d) constant-weightodesis a binary code
of length F, minimum Hamming distanced, whose
codevords have constant-weightW. Each codevord
consistsof F bits, with W onesandF j W zeros.The
Hamming distancebetweentwo codevords is de ned
as the numberof bits in which the two codevords are
different. Thesecodeswere extensvely studiedin [12].

Thesecodescanbe usedfor link assessmeryrocess.
Eachcodeavord is uniquelyassignedo oneof the nodes
in the network. Eachbit in a codevord, standsfor one
time slot, “one' bits correspondto the transmit state,
while “zero' bits showv the receve state.So, the length
of the codeF, alsorepresentshe total numberof time
slots. We assumethat the nodeswill never use sleep
state. Just as it was shavn in the random protocol,
it can be seenthat sleepingwill not help again when
deterministicpatternsare used.The following theorem,
statesthe propertythatthe codemusthave sothatit can
be appliedfor link assessmergrocess:

Theoem1: If the weight of the code satis es the
following inequalitiesthen the link assessmerprocess
will be successfuli.e., eachlink in the network will get
at leastC collision-freetime slots:

A !

nmax% i C

Nmax i 1
Proof: Theleft inequalityis trivial: Sincewe need
C caollision-freetime slots,and eachnodeis in transmit
state for W time slots (accordingto the codevord
assignedto the node), clearly, the weight of the code,
W, shouldbe largerthanC.

The proof of the other inequality is basedon the
distance property of constant-weightcodes. Consider
two differentcodevords, and let the Hammingdistance
betweenthesetwo codevords be d,. We claim that d,
is an even number:

Sincethe two codevords have the sameweight thus
they have the samenumberof ones.Considerthe bit
positionsin which the rst codevord hasbit one, and
the secondcodevord is zero. Correspondingto each
such position there exists a bit position in which the
rst codevord hasa zeroandsecondcodevord hasone.
Hencethe total numberof bit positionsthatthey canbe
different, i.e., the distancebetweenthe two codevords,
shouldbe even.

Let , o shawv the numberof bit positionsin which the
two codavords both are one. Note thatin % of the W
positionsthatthe rst codevord hasbit one,the second

C- W- (13)

codevord is zero.Hencethe numberof bit positionsthat
the two codavords both have bit one,is , o = W | %

7.
Basedon the de nition of constant-weightode,d, , d,
thus,, - , where
d
=W, = 14
LEW S (14)

shavs the maximum number of bit positionsin
which ary two codevords of an (F; W;d) constant-
weight code, both have bit one at the same position.
Sincebit onestandsfor transmitstate,, alsoshaws the
maximumnumberof time slotsthatarny two nodesin the
network can be in transmitstateduring the sametime
slot.
Obsere thattheright inequalityin (13) canbe written

in the following form:

u |

d
W WiE

5

C + Nmax

= C+, Nmax: (15)

Soto completethe proof, oneneedto shaw thatif the
above inequalityholds,all nodesgetatleastC collision-
freetime slots.Consideran arbitrarylink in the network
from nodei to nodej. In the worst case,nodej has
Nmax i 1 neighbors(excluding nodei). Nodei will be
in transmitstatein exactly W time slots. Eachneighbor
of nodej, cancollide with at most, transmissiortime
slotsof nodei, soatmost, (Nmax | 1) of transmission
time slotsof nodei canbelostdueto collision. Another
way that one of thesetime slots may be missed,occurs
if nodej is alsoin transmitmodeat the sametime slot
with nodei, but again the numberof suchtime slotsis
boundedby , . So, in the worst case,,n max Of the W
time slotsthatnodei is in transmitstatecanbe collided
and missed.Hence,If W is largerthanC + .n max, at
leastC collision-freetime slot will be left. |

The maximumsize (which is de ned as the number
of codevords) of a constant-weightodesetis denoted
by A(F; W, d). Thevalueof A(F; W;d) is in generainot
known, but a numberof lower and upperboundshave
beenestablishedSee[12]-[15] for summariesof best
boundsknown today Since eachnodein the network
must have one unique codevord, the size of the code
mustbe larger thanthe numberof nodesin the network
(N), i.e, A(F;w;d), N.

Any (F;W;d) constant-weighttode, which satis es
(13) andhave enoughcodevordsto supportall nodesin
the network, canbe usedfor thelink assessmergrocess.
By selectingthe code set properly the link assessment
processcan be donevery ef ciently .



Note that, once the codavords are assignedto the
nodesthe operationgerformedby eachnodes arevery
simple. The nodesshould changetheir statesaccord-
ing to the pattern given to them. However, the main
challengeis the codevord assignmentAs mentioned
in Sectionll-A, we assumethat eachnode has (or is
given) a unique identi cation number If this number
is factory-assignedr assignedto the node while the
protocolis written in the nodes memory (i.e., the node
is programmed)and network parametersuchasnmax ,
C, and N are available before the programmingis
done,thenan appropriatecodavord canbe computedn
adwanceand assignedo the node during the program-
ming. However, typically, id numbersare assignedafter
the nodes' installation and programming,so the pre-
computationof the codavordsis not possible.Clearly,
the whole codevord table cannot be storedin all nodes
in the network, asit canrequirehugeamountof memory
Therefore,the nodesmust constructthe codevords by
themselesafter the installationbasedon the id number
assignedto them. The method used to constructthe
codevordscannot betoo complicatecbecausehe nodes
are assumedto have very low computationalpower.
Hence,we needto considerspecial classof constant-
weight codesthat are easyto generte This leadsusto
the use of optical orthogonalcodes.

B. Optical Orthogonal Codes

Optical orthogonalcodes(OOC) are constant-weight
codeswhich are also cyclically permutable[16]-[19].
In a cyclically permutable code, all codevords are
cyclically distinct and have full cyclic order Optical
orthogonalcodeswere rst introducedby J. Salehiin
[17], [18] for an applicationin optical code-dvision
multi-accessspread-spectrurnommunicationsystems.

An (F;W;,) OOC Cis a family of (0,1) sequences

of form a = (ag;as;:::;ar; 1) with length F and
weight W, that have cross-correlatiorand out-of-phase
autocorrelatiornvalueswhich do not exceed, , i.e,,

The Auto-correlation property. Forary a2 C:

5 1 72

Qi d(j+j)modF =
i=0

if j =
if

5

=W

(16)
The Cross-corelation property. For ary two different
codevordsa;b 2 CandO- j < F :

K 1
aibi+j) modF *
i=0

(17)

For example, the simplestsetis (5,2,1) OOC code
with the following ten codevords:

C =f 10100010100010%1001001001

11000 011000011Q0001% 100019

Notethatary (F;W; ) OOCis an(F; W, d) constant-
weightcodewith d = 2W i 2, . It is easyto seethatary
cyclic shift of acodevordin Cis anothewalid codevord,
soto generateghe whole codevord set,we needto store
only onecodevord from eachgroupthatarecyclic shift
of oneanothere.g., in theabove example,all codevords
canbe generatedrom cyclic shifts of 10100and11000.
This propertyof optical orthogonalmakesthe codevord
assignmenprocessvery simple. We just storea couple
of main codevords in all nodes.Then different nodes,
basedntheirid numberusedifferentshiftsof the stored
codevords.SinceF is typically in the orderof coupleof
hundredsby storingjust one codeavord, we cangenerate
couple of hundredsof other codevords and supportso
mary nodesin the network.

Giventhevaluesof F, W and, , the largestpossible
size of an (F;W;,) OOC is denotedby ©(F;W; ).
Exceptfor somespecialcases,the exact value of this
functionis notknown. However, upperandlower bounds
are available [16], [19].

As optical orthogonal codes are special class of
constant-weighttodes,the result obtainedin Theorem
1 in SectionlV-A is valid, and the conditionon W is
even simpler (similar to (15)):

W, C+ .nmax: (18)

The enegy consumedby eachnodeis the sameand
is given by:

Enode = KE7x+ (Fi W)Egx
= [F+W( i D]Erx (19)
andthe total enegy usedby the network is:
Etoa = N[F+W( i 1)]Egrx (20)

To seehow efcient the new methodis, its enegy
usageis again comparedwith the ideal casefrom Sec-
tion 1I-C:

_F+ (i Hw,
ETotaI;min - (F‘ + _)C

The designermust chooseparameterdV and F and

basedon network requirementsusing the network

parameter<, Nmax, , andN. The designproblemis
again an optimizationproblem:




> FindF, W and, to minimizeF + W (" j 1) (from
19) suchthat (18) andthe following inequality are
satis ed:

O(F;W;,), N: (22)

The abore condition guaranteeghat all N nodesin
the network geta uniquecodevord.

Since no closed form solution for ©(F;W;,) is
available, this optimization problem can not be solved
analytically However, we can solve it by numerical
methods. In Appendix Il, we shav that for typical
network parametersthe following approximatesolution
is very closeto the optimum design:

. = 1 (23)
W = C+ Nmax ; (24)
F Y W2: (25)

Let us presentsomeexamplesin this partanddemon-
strate how the OOC-basedmethod outperforms the
random scheme.For C = 30 and hphax = 25, ary
(F,55,1)-O0Cwith F > 2980 can be used.To make
surethat sufcient numberof codevords can be found,
we set F = 400Q then the enegy consumedis 7.77
(8.8dB) times the ideal case.Note that if we can nd
one OOC codavord, since all shifts of it can also be
used, we can supportup to 4000 nodes. Recall that
the randomprotocol requiresF = 4834time slots and
consume®.76(9.89dB)timesof the enegy of theideal
case.For smallervaluesof C, even more performance
improvementcanbeachieved.With C = 1, we canusea
(660,26,1)00C setwhich consumes39.9 (16dB) times
the enepgy of the ideal case,while the randommethod
requiresk = 1704with 103.2timesenepy of idealcase.
Both he total numberof time slotsandthe enegy usage
are considerablydecreased.

C. Underweightcodes

In theorem1, we give the necessaryconditions on
weight of the code in order to get a successfullink
assessmentin case of OOC, the conditionis W
.Nmax + C. But what happensif a smaller value of
W is used?The situation describedand usedin the
proof of theorem1, is the worst possible case. The
probability that this worst case happensin an actual
network, is very small. It this section we showv that
it is possibleto use codeswith smaller weight and
still achieve good performanceHowever, oneno longer
getsa 100% guaranteeof successWe usethe concept
of probability of loss as de ned in (6) and selectthe

parametersuchthatthe probability of missinga link in
the network is very small.

Assumethat an (F; W;1) OOC C is usedand the
codevords are distributed randomly among the nodes,
but eachnodehasa unique codevord. From [17], [18]
it is known that for ary two a;b 2 C, if U hasuniform
distribution, then:

X WMWi 1) W2
P( aigi+uymodr = 1) = ﬁ = (26)
i=0
i 1 W2
P( aibi+uymodr = 1) = —: (27)

i=0 F
Hence,the probability that paclets from two neigh-
boring nodes collide at one of the F time slots is
less than WTZ Note that accordingto the property of
the OOCs, two neighborscan collide at most at one
time slot. Since the codavords are assignedto nodes
independentlyif a nodehasn neighborsthe numberof
neighborsthat collide with it (denotedby m) will have
binomial distribution as follows:’
2
m » Binomial(n; W?): (28)

It is possiblethat someof the collisionshappenin the
sametime slot (i.e., threeof four nodestransmitat the
sametime slots),but in the proof of theoreml sincewe
were consideringthe worse possiblecase,we assumed
that all collisions occurredin separatetime slots. To
computethe probability of this worst caseandthe exact
numberof collidedtime slots,we usethe following ball-
bin model:

There are W bins (correspondingto the W trans-
mission time slots of the main node) with m balls
(correspondingo the collided time slots). The balls are
thrown independentlyand uniformly into the bins. An
empty bin correspondgo a collision-freetime slot. We
wantto nd the probability pm, (€) thatafter droppingm
ballsinto W bins, thereare e empty bins. Clearly:

7

1 ife=W
Po(e) =

0 otherwise (29)

We get e empty bins after m drops,if

1) eitherthereare e empty bins after (m j 1) balls
and the last ball selectsone of the occupiedbins
which happendwith probability (W | €)=W,

"each neighbor has a chance of W?z to collide and they are
independenbf eachother



2) orthereare(e+ 1) emptybinsafter(mj 1) drops
and the last ball goesto one of the empty bins
which occurswith probability (e + 1)=W.

This leadsto the following recursve expressionfor
Pm (€):

Wi e e+ 1
Tpmi 1(e) + W

Note that m (the numberof balls) is also a random
variableaccordingto (28), so by averagingover m, we
obtainthe overall probability of gettinge emptybins (or
equvalently e collision-freetime slots):

Pm(€) = Pm; 1(e+ 1): (30)

X
p(e)=  pm(€)

m=0

Hnﬂ uwzﬂm ul W2ﬂni m.
_ P —

m F F
(31)
Recallthat P_ shows the probability that we get less
than C collision free time slots (or empty bins), so:

PL=Ple<C)=  p(e):
e=0
Figure 1 shavs P versusW for different valuesof
F andnmax = 25, C = 35. Notethatusingthe previous
method,an optical orthogonalcodewith W | 60 msut
be usedwhich requiredan F ¥ 360Q However, from
this gure it canbe obsered that with F = 3000 ary
W > 44 canbe used,while we ensurethat P, < 10 6.
For F = 350Q it is necessaryhatW > 35, andfor F =
400Q ary W > 32 will be sufcient. As it is expected,
with increaseof F the acceptablerange of valuesfor
K becomedarger If, for instance,a (3000,45,1)00C
setis used,the total time reducesfrom 3600time slots
to 3000 time slots, and enegy consumptionis reduced
from 3.83 (5.8dB) timesthe enepgy of the ideal caseto
3.18(5.0dB) timesthe enegy of the ideal case.

(32)

D. Othertype of codes

In this sectionwe describeanotherclassof constant-
weight codes, which has a simple algorithmic con-
struction method. They were introducedin [20], [21]
for an applicationin schedulingin wireless multi-hop
networks. The constructionmethodusesGalois elds (
[22]) representedby GF(qg) whereq shawvs the number
of elementsn the eld 8. g mustbe of theform q= p™,
wherep is a prime and m a positive integer If m = 1
the elementsof GF(qg) can be representedy numbers

8\We assumehatthe readeris familiar with theseconceptsfurther
detailsare widely available,e.g., [22].

Fig. 1. Lossprobability versuscodeweight, W for differentvalues
of codelengthF, with nmax = 25;C = 35.

0;1;2;:::;9i 1 and the operationsare addition and
multiplication moduloqg.

To generatea codevord, considera polynomial of
orderk: f (x) = agxk+:::+ a;x+ ap wherea; 2 GF(q).
The resulting code has length F = ¢ and weight
W = q. Divide the F = ¢ bit positionsinto g groups
of eachof sizeq. Enumeratehe groupsfrom O to qj 1.
Eachgroup consistsof q bits, whereonly one of them
will be setto one and the other qj 1 bits will be
zero.Find all pairs(x; f (x)) for all g possiblevaluesof
X 2 GF(0). Notethatf (x) is alsoin GF(q). Eachvalue
X corresponds$o oneof the groups,while thevaluef (x)
shavsthepositionof the bit within thatgroupthatshould
be setto one.Hencea codevord canbe constructedrom
eachpolynomial. For more detailssee[21].

To clarify the method,we give an example.Consider
GF (3) = f0;1; 2g andpolynomialf 1(x) = x + 1. Then
we have the following pairs:f (0; 1); (1; 2); (2; 0)g which
gives us the following codevord: (010; 001; 100).
Polynomial fo(x) = x? results: f(0;0); (1; 1); (2; 1)g
and codevord (100; 010; 010).

Now considerall distinct polynomialsof degreeless
than , . Each such polynomial generatesa different
codevord. The setof codevords generatedn this way,
hasthis propertythat the numberof positionsthat ary
two codevords have bit one at the sameplace,is less
than ,. So this set is a constant-weightcode with
minimum Hammingdistanced = 2q; 2, .

To prove the above property considertwo different
polynomialsf 1(x) andf,(x). The numberof positions
that their correspondingodevords have colliding ones,
is the same as the number of times, the two pairs
(x; f1(x)) and(x; f2(x)) areequal.In otherwords, we



needto nd the numberof timesfi(x) = fa(x), i.e,
the numberof rootsof f1(x) i f2(x). Sincef(x) and
fo(x) are polynomialsof degree, or less,so is their
differenceandthusit canhave at most, roots.

Thesecodeshave similar propertiesasoptical orthog-
onal codes.The length of the code in both casesis
squareof the weight (in caseof OOC length shouldbe
largerthanW 2). They have typically the samenumberof
codevords. The main adwantageof thesecodesis their
algorithmic constructionmethod. However, we believe
that optical orthogonalcodesare more suitablefor link
assessmengs the code generationis much simpler in
caseof OOCs:We needto storea coupleof codevords
and then different nodeswill use different shifts of the
storedcodevords, while for the other codes,eachnode
mustchoosea polynomialanddo somecomputationsn
GF(q) to constructthe codevord.

E. Enhancementsf the protocol

In this section,the conceptof sparseOOCsis intro-
ducedthen we useit to modify the abore schemeto
obtaina more enegy-efcient protocol.

An OOCwith lengthF andweightW is “sparse” if
theW onesin the binary sequenceepresentationf ary
codevord in the setaredistributedalmostevenly among
all F positions,and are not concentratedn one section
of the sequenceln otherwords,if a codeis sparsehere
are approximatelyW=2 onesin the rst half of any of
its codevords.

For large valueof C, the useof sparseDOC allows us
to further reduceenegy consumptiorby slight changes
to the protocol: The samemethodis usedfor half of
the time slots, i.e., for F=2 time slots. Every node in
the network then hasapproximatelyK =2 opportunities
to receve pacletsfrom eachof its neighbors Note that,
ignoring fading and other effects, just one collision-free
time slot is requiredfor eachlink in orderto nd a
neighbor Hence after F =2 time slots,all nodesknow all
of their neighbors(andtheir id numbers)with very high
probability However, they may not yet have completed
measuringhe link qualitiesasit requiresthe total of C
collision-freetime slots.

As the nodesknow their neighbors'id number they
canconstructtheir codevordsandthereforetheir pattern
(the nodesjust usethe samemethod,they usedto nd
their own pattern).In the secondhalf of the time, all
nodessuspendto sleepmode. A node wakes up only
when it hasto transmit,or when it deducedfrom its
neighbors'patternghatonly oneof themis transmitting,
i.e., when no collision occurs. In this way, the nodes

avoid beingactive andlosing power wheneithercollision
happenspr no transmissiortakes place.

One can approximatelycomputehonv much enegy
will be sared by introducingthis modi cation: Consider
a node with n neighbors.The amountof enegy used
by eachnodein the original methodis given by (19).
In the new method,during the rst F=2 time slots the
consumedenegy is similar asin the original scheme.
However, during the secondF=2 time slots, the node
will transmitin approximatelyK =2 time slotsonly, and
so will eachof its neighbors.In the worse casefrom
the enegy saving point of view, thereis no collision at
all andthereforethe nodewill be awake listeningto the
channelfor n%; time slots. This implies

F+( i 1K K —
Epode Fridk 2l ) Erx+ E(n + )Erx
F+K@ +nj 1
= ( 5 : )ERX (33)
Hence,the enegy sared is at least
Fi (n+ 1)K
Enote | Efoge. T B (34)

The above resultis only valid whenF > (n + 1)K.
In the casethat this condition doesnot hold, still some
enegy will be saved but the above expressionwill be
meaningless.

As anexample thecasefor C = 30is consideredvith
patternsgeneratedrom a (4000,55,1)00C set. Assum-
ing = 25andn = h = 15, in the original scheme,
eachnodewill consume40825E rx. After introducing
this new feature the enegy usedin eachnodeis reduced
to approximately25225E rx.

The abore methodmay also be appliedto different
fractionsof the overall link assessmerntme. For exam-
ple, the nodesmay all be awake for the rst F=3 time
slots,andmay thenreconstructhe codevordsandwake
up only when it is necessaryfor the remaining 2F=3
time slots. By decreasinghe initial part, more enegy
canbe saved, however, the chanceof losing someof the
neighborsincreases.

V. CONCLUSION

The presenpaperdiscussegrotocolsto acquireaccu-
rateinformationaboutthe availability and quality of RF
communicationlinks in wirelesssensornetworks prior
to the network topology formation. This information is
requiredto make routing decisionsin order to form a
reliable multi-hop network. Datais sampledby assess-
ing a sufcient numberof paclets exchangedbetween
neighboringnodes.



The main objective of this work has beento reduce
time and power consumptionof this process,while
ensuringa sufcient accurag of the collecteddata.First,
a protocol has beenintroducedusing a randompattern
for shifting betweentransmit,listen, and sleepstatesfor
eachnode. The resultsshav that it is not bene cial to
utilize the sleepstateof the nodesduring this process.

Next, it hasbeendescribechow constant-weightodes
can be usedto constructoptimized patternsfor trans-
mission and reception. The distanceproperty of these
codeshelpsto achieve improved performanceover the
randomschemeln particularopticalorthogonakodesas

aspecialclassof constant-weightodeswereconsidered.

We also describedanother set of codeswhich were
usedby Chlamtacand Faragoin [20] for a differentbut

similar application.It was shavn that due to properties
of OOCs.thepatternassignmentanbedonevery easily

thereforethey are preferredover othercodes.Moreover,

it was shovn that, by introducing sparseOOCs and
modi cationsto the protocol,the power consumptiorcan
further be reduced.
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APPENDIX |

In this appendixexpressionsare derived for (9), (10),
and(11). Thisis carriedoutin threesteps.The rst step
is to approximateP, in (6) andto getan expressionfor
P asafunction of F andotherparametersNext, F is
consideredisa x edknown parameterandPrx andPgx
are determinedsuchthat E(Enoge) is minimized while
satisfyingthe condition P - Pp_.max . In a third step,
the bestvaluefor F is determinedn is usedinsteadof
Nmax in all the following equations.

It is known that under certain conditionsa binomial
distribution canbe approximatedasa normal (Gaussian)
randomvariable [23]. It is also known that Cj;; hasa
binomial distribution (see (5)) with mean! = FP



and variance¥? = FPs(1j Pc). Hence,P. canbe

approximatedas follows:

PL = P(Cy <G
L (HI'J .ﬂ

1 .
¥, Q '3_C
A /4 '
FPe i
= Q p FPeti C : (35)
FPer(1i Per)
whereQ(x) is de ned as
1 1 .12
X) = p— e zdt; 36
Q) = P (36)
Since Q(x) is a decreasingunction, P. - P|.max
canbe written as
FPsi C .
of | Q! l(PL;max ): (37)

P
FPe(1i Pe)

Let g = Qi }(PL.max ), then solving for P one can
obtain

q .
2C+ ?+q G2+4C 1
2(F + q)

AssumingthatF is known andusingtheabove expres-

sion, one canderive a lower boundon P¢s. E(Enode) IS

minimized (see(7)) while satisfying(38). Let the right-

handsideof (38) berepresentethy ». Combiningit with
(4), we obtain:

Prx (i Prx)" *Prx, »:

¢
c
F .

(38)

cf ,

(39)

The optimizationproblemreducego nding Prx and
Prx suchthat (39) holdsand P1x + Pgrx is minimized.
After somesimpli cation, we nd thatthe optimumPrx
shouldsatisfy the following equation:

X2 x)"i »(1i nx) =0 (40)

»

where Prx is replacedby x and Pgrx = TR IARE

This equationcan be solved using numericalmethods.
Resultsof computationsndicatedthatan approximation
of Prx ¥ & is accurate Usingthis resultandcombining
it with (39), one canobtain

e —
2C+o?+q e+4C(1 &)

Prx = 1 i 1 ;"’ni 1 (41)
n n
Substitutingthis expressionin (7) one obtains
0 q i ¢l
- 2C+?+q g+4C 1i &
E(E) = F@ﬁ*‘ 1 6T A Egx:
2ﬁ 1 5 (F+09

(42)

It canbeeseenthatE(Eoqe) iS anincreasingunction
of F, hencethe bestvalue for F which minimizesthe
abore expressionis the smallestvalue possible.lIt is

known that Prx + Prx - 1, hence
1
Prx - 1ij ﬁ (43)

Using the above expressioncombinedwith (41) and
the two simplifying assumptionghat (1 ; %) Y 1 and
F + q¥F, the following expressioncan be derived as
the bestselectionof parametef :

@+ aC
rm :

2171 &

n

p
+ o2+

(44)

Note that the above two assumptionsre reasonable.
C andqtypically arein the orderof sometens,while F
typically is in the orderof thousandsFurthermorenote
that the smallestvalue of F is obtainedwhen in (43)

equality holds. Hence,Prx %2 1 1.

APPENDIX 1

Assumingthat , is known and x ed, the bestvalue
for W is the smallestvalue,i.e., W = .n max + C, since
with a larger W, a larger F is neededto get the same
numberof codevords. The Johnsonupperbound states
that [17]-[19]: .

FFi OFi 2::(Fi )

O(F;W;,) - WW i Wi 2)::: (Wi )

(45)
We assumelohnsors boundis valid andthenapprox-
imateanduseit to nd F asafunctionof W and, .

OF;W;,) Y (46)

F- .

Wi )t

Combiningit with (|22), one obtainsthe inequality
m

F, (Wi, ,)(N)™

5

(47)

In [18], [19], it is shavn that one of the necessary
conditionsto get a non-emptycodeset, is:

W2

F, (48)

Both (47) and (48) must hold in order to get the
desirechumberof codavords.However, in mostpractical
situationswith typical network parameters(48) is the
morerestrictingcondition.Henceit canbe assumedhat
F 1. Y2 Now we have both F andW as functionsof
. andotherknown parametersTherefore one canwrite

.Enode in (19) asa function of _,

Enode _ (Mmax, + C)2

+ (i D(max, + C): (49)
Erx .



This expressionis corvex with respectto , , andthe

value of , which minimizesit, canbe determined
C C
= P= = : : (50)
ﬂmax + nmax( | 1) nmax

Althoughiit is possiblethat for somenetwork param-
etersthe bestdesignleadsto a, > 1, in mostpractical
situationsonewill nd nnix < 1. Hencethebestoption
istoset, = 1
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