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Abstract—To combat recent spectral overcrowding in unli-
censed bands, the FCC has been investigating new ways to
manage RF resources. The idea is to let people use licensed
frequencies,provided they can guarantee interfer ence perceived
by the primary licenseholderswill be minimal. With advancesin
software and cognitive radio, practical ways of doing this are on
the horizon. In 2003the FCC releaseda memorandum seeking
comment on the interference tempeature model for controlling
spectrum use. Formally de ning and analyzing techniques for
implementing this model are the primary goalsof this paper.

Two interpretations of the interfer encetemperature model are
developed, and for each we examine tradeoffs between power,
bandwidth, and capacity. From these relationships, algorithms
for computing RF transmission parameters are developed.These
algorithms seekto maximize both capacity and spectral ef ciency
for a given RF ernvironment. Additionally, we describe ways to
choosea center frequencythat will optimize futur e performance,
subject to the constraints of the interfer encetemperature model.

I. INTRODUCTION

The twenty- rst centuryhasseenan explosionin personal
wirelessdevices. From mobile phonesto WiFi, peoplewant
to be perpetuallynetworked no matterwherethey are. Much
of the wirelesstechnologicalinnovation is happeningin the
unlicensehands,andasaresultthesesmall frequeng ranges
arebecomingcrowvded, with mary personaklectronicdevices
interferingwith eachother

To help alleviate the overcrovding, the FCC has begun
consideringother ways of managingspectrum.Ratherthan
static allocationsbasedon detailedsite suneys, a morereal-
time, dynamic approachmust be adopted.To that end, they
have new policy [1] that allows cognitive radiosto operate
in licensedfrequeng ranges provided they are smartenough
to sensetheir RF ervironmentand steerclear of frequencies
where they detectlicensedcarriers. This offers mary new
frequeng bandsfor communicationgseeFigure 1).

A motivating example is the current broadcasttelevision
frequeng bands. Of the 68 channels,on averageonly 8
channelsare usedin ary given TV market, or roughly 12%.
Were unlicenseddevices allowed to coexist with broadcast
television, an additional 350 MHz of prime spectrumreal
estatewould be available.

However, in the original FCC-proposednodel[1] achannel
is eitheroccupiedor it isn't. If it's occupiedby a licensedsig-
nal,anunlicensedlevice maynotuseit. A logical extensionto
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this binary modelis oneof true coeistence whereunlicensed
transcevers can operateon the samefrequenciesas licensed
signals,provided they can quantify and boundthe additional
interference.To that end, the FCC proposedthe interference
tempeature model (ITM) [2], which provides a metric to

measurenterferenceexperiencedby licensedrecevers.

This paper seeksto concretely de ne the interference
temperaturenodel, and derive algorithmsfor computingRF
transmissiorparametershatachieve a desiredcapacity Addi-
tionally, we derive boundson interferencecausedto primary
licenseedueto unlicensedransmissions.

Section2 overviews relatedwork. Section3 introducesthe
interferenceéemperaturenodel.Sectiord describegechniques
for measuringinterferencetemperaturesubject to various
constraints.Section5 investicatesways of selectinga good
centerfrequeng. Section6 concludes.

Il. RELATED WORK

Many approacheto dynamicspectrumallocationhave been
proposedHere we overvienv someof the major efforts.

Much researchwas conductedas a part of the Spectrum
Ef cient Uni andMulticastServiceover Dynamicmulti-Radio
Networksin \Vehicular Environments(OverDRIVE) projects
starting in 2000. Their main concern was video content
delivery to vehicles[3], [4], [5]. The OverDRIVE architecture
involves partitioning spectrumin space frequeng, andtime.
EachRadioAccessNetwork (RAN) would beallocatedcertain
blocks by a central authority in responseto their predicted
capacityneeds.

Later, the CORVUS projectat Berkeley usedsimilar ideas
[6]. They createa channelizedspectrumpool from unusedii-
censedspectrumandhave algorithmsto allocateit ef ciently.

These approachesare centralized, requiring someoneto
decidewho shouldusewhich spectralresourcest whattime,
while guaranteeingninimal interferenceto licenseddevices.
While achiezing good results, current politics involved in
frequeng licensingwould make adoptingsuch an approach



WILEY JOURNAL ON WIRELESSCOMMUNICATIONS AND MOBILE COMPUTING 2

unlikely. The needfor a central authority hampersfeasible
deployment.

More recently researcthasbegun on distributedtechniques
for dynamic spectrumallocation, where no central spectrum
authority is required. Decentralizedapproachesnay be less
efcient, but require much less cooperation.Gametheoretic
aspectof this are studiedin [7].

Of the decentralizedpproachegnostrequirecontrol chan-
nel communicationbetweendevices. They malke local, inde-
pendentdecisionsabout how to bestcommunicateand use
theselow-bandwidthside channelsto negotiate communica-
tions parameter$8], [9]. An openquestionstill exists though
— what if your control channelis overcomeby interference?
How do you negotiatea transitionto a new frequeng?

The interferencaemperaturanodelis an entirely new con-
ceptfor dynamicspectrumaccessRadionodestreatlicensed
usersotherunlicensedadio networks, otherunlicensedchodes
within the samenetwork, interference and noiseall asinter-
ferenceaffecting its signal-to-interferenceatio (SIR). Higher
interferenceyields lower SIR, which meanslower capacity
is achievable for a particular signal bandwidth.Radio nodes
searchfor gapsin frequeny andtime wherethe measuredn-
terferencds low enoughto achiaze communicatiorat a target
capacity subjectto overall interferenceconstraintde ned by
theinterferencegemperaturenodel.A majordistinctionis that
all other proposedschemesavoid licensedsignals,while we
try to coexist with them.

I1l. INTERFERENCE TEMPERATURE

The concept of interferencetemperatureis identical to
that of noisetemperaturelt is a measureof the power and
bandwidthoccupiedby interferencelnterferenceemperature
T, is speciedin Kelvin andis de ned as

_ h(f,B)

Ti(fe:B) = — 5 (1)

where P, (fc, B) is the averageinterferencepower in Watts

centeredat f;, covering bandwidth B measuredin Hertz.

Boltzmanns constantk is 1.38 10 23 Joules per Kelvin
degree.

The ideais that by taking a single measurementa cogni-
tive radio can completely characterizeboth interferenceand
noise with a single number Of course,it has beenamgued
that interferenceand noise behae differently Interferenceis
typically more deterministicand independenbof bandwidth,
whereasoiseis not.

For a given geographicarea,the FCC would establishan
interferencetempeature limit, 71 . This valuewould bea max-
imum amountof tolerableinterferencefor a given frequeng
bandin a particularlocation. Any unlicensediransmitteruti-
lizing this bandmustguaranteghat their transmissionadded
to the existing interferencemust not exceedthe interference
temperaturdimit at a licensedrecever.

While this may seemclear cut, there is ambiguity over
which signalsare considerednterference and which f. and
B to use.Shouldthey re ect the unlicensedransceier or the
licensedrecever? Analyzing theseambiguitiesresultsin two
possibleinterpretationswhich we term the ideal modeland
the geneamlized mode) which areillustratedin Figure 2.

A. ldeal Model

In the ideal interferencetempeature modelwe attemptto
limit interferencespeci cally to licensedsignals.Assumethe
unlicensedtransmitteris operatingwith averagepower P, at
centerfrequeny f., with bandwidthB. Assumealsothat this
band[f. B/2, f. + B/2] overlapsn licensedsignals,with
respectre frequenciesand bandwidthsof f; and B;. Thegoal
is to then guaranteghat

M, P

T(f.B)* G

81

T (fi) n, (2)
where M; will be de ned shortly

In other words, the constraintguaranteeghat the trans-
mission does not violate the interferencetemperaturelimit
at licensed recevers, as shavn in Figure 2. Each signal
overlappedby the unlicensedransmissioraddsa nev power
constraintover which the minimumis taken. If theunlicensed
signaldoesnot overlapa licensedone,thenthe transmitpower
is unconstrainedthougha regulatory maximumwould likely
be set.

In Figure 2, the dashedlines representthe interference
power limit computedusing the interferencetemperatureand
thebandwidthof thelicensedsignals Noticethateachlicensed
signal places a different constrainton the total allowable
interferenceandanunlicensedransmittermustguaranteeghat
noneof the individual interferenceconstraintsare violated.

Note the introduction of constantsiM; in (2). This is a
fractionalvaluebetweer0 and1, representing multiplicative
attenuatiordueto fadingandpathlossbetweerthe unlicensed
transmitter and the licensedrecever. The idea is that the
interferencetemperaturemodel restricts interferenceat the
licensedrecever, not the unlicensedransmitter andtherefore
we must accountfor attenuationbetweenthesetwo devices.
Sincetypically it's impossibleto know the distanceto all li-
censedecevers,assumehatthisvalueis x edby aregulatory
body to a single constant)M.

There are two main challengesn implementingthe ideal
model. The rst involves identifying licensed signals. One
key questionarises:how do you distinguishlicensedsignals
from unlicensenes?or speci c casesthis canberelatively
easy In particular consider the problems faced by IEEE
802.22[10], currently underinvestigation by their spectrum
sensingaskgroup.They wishto coexist with digital broadcast
television (DTV) signals,andcanimplementvery specialized,
matched lter sensordo look for DTV transmissionslf you
know exactly with whomyou arecoexisting, thenthis problem
becomessimpler

The secondprobleminvolves measuringl; in the presence
of alicensedsignal. The unlicensedranscerer mustmeasure
the interference oor underneaththe licensedsignal. Again,
this canbe relatively easyif it hasknowledgeof the licensed
waveform's structure.For example, perhapsit can measure
during an interval when the signal is not present,as often
occursin bursty, time-multiplexed signals.Also, if the radios
have precise knowledge of the signal's bandwidth B and
centerfrequeny f., they can approximatethe interference
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Fig. 2. Ideal and Generalizednterpretationof the InterferenceTemperatureviodel
temperatureas To causelessinterferencein the generalizedmodel, we are
(fo. B) P(fe BJ2 1)+ P(fo+ B/2+ 1) @) interestedn the casewhere P P9 thus:
ﬂ I B ) i
o . 2%B B(IL(fo) T (fe, BY) - Bi(TL(fe)  T(h. B
where P(f) is the sensedsignal power at frequeng f, andr 81 i n (6)

is a safetymangin of a few kHz.

Assuminga specializedervironmentwherecognitive radios
canlocatelicensedsignalsand measurénterferencegempera-
ture,the next goalis to determineradio parameterd;, B, and
P thatachiere a desiredcapacityC. Thiswill be a piecevise-
continuousoptimization problemwith constraintsde ned in

Q).

B. Genenlized Model

Thegeneralizednterferenceéemperaturenodelhasa differ-
entinterpretationto signalsandbandwidths The fundamental
premiseof the generalizedmodel is that we have no apriori
knowledgeof the RF ernvironment,and consequentihave no
way of distinguishinglicensedsignalsfrom interferenceand
noise,asshawvn in Figure 2.

Again,thedashedine in Figure2 representtheinterference
power constraint. However, in this model it is computed
using the interferencetemperatureand the bandwidthof the
transmittey resultingin a single constraintratherthan mary
aswe saw in the ideal model.

Under theseassumptionswe must apply the interference
temperaturenodelto the entirefrequeng range,and not just
where licensedsignals are detected.This translatesinto the
following constraint:

P

T(fe B)+ S Ti(o) @

Notice that the constraintis in terms of the unlicensed
transmitters parameterssincethe parameter®f the licensed
receversare unknavn. One questionthatimmediatelycomes
to mind: underwhat conditionsdoesthe generalizedmodel
limit interferenceaswell asthe ideal model?

If both constraintequationsare solved for P, the following
results:

Pid
poen

T°(fi, B))
" (fe, B))

Bi(TL(fc)

5
B(TL(fe) ©

Assumingeachlicensedsignalhaspower P, andotherwise
the interferenceoor is de ned by the thermalnoisetemper
atureTy , we cantransform(6) into the following:

X
kBT (fo) (B Bi) + kBT B
i=1

B B
j=1
81 ¢ n

In general,provided B; and P, are sufciently large, this
condition can be easily met.

Consideringonly one licensedrecever simpli es the in-
equalityto

kBT B; 8)
P kBIy B Bp (

Thusa small T} , large By, or large P, will generallysatisfy
the constraint.

The next sectiondescribeschallengesnherentin selecting
transmissiorbandwidthsnecessaryo meeta particulartarget
capacityin eachinterferencetemperaturenodel.

IV. MEASURING INTERFERENCE TEMPERATURE

In this sectionwe describetechniquedor selectinga powver
andbandwidthto meeta particularcapacityrequirementEach
modelimposesdifferent constraintson how interferencetem-
peratureshould be measuredand what those measurements

signify.

A. Propertiesof InterferenceTempeature

One shortcomingin the designof the interferencetemper
aturemodelis its simplicity. The goal wasto de ne a single
metric that fully capturesboth the propertiesof interference
andnoise.In the end,a tempeature approachwasusedrather
than a power approach.This accurately models the noise
portion of the metric, but not the interferenceportion.
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The eventual goal is to determinethe differencebetween
theregulatoryinterferencaemperaturdimit andthe measured
interferencetemperature This then de nes the transmission
tempeature the cognitive radio can use, where for a given
bandwidth the cognitive radios can computethe maximum
allowed power.

Let's de ne things a little more concretely Thus, the in-
terferencetemperaturel; can be speci ed as a function of
bandwidthB as

T (fe B) = P (e B) ‘
1 qZters=2 "
= Br B (B S(f) df 9)
1 ZfC+B:2
=5, L, S0

where S(f) representpower spectraldensity of the current
RF ervironment.

Recallthatin the ideal model, P, re ects only the interfer
enceand noise,wherein the generalizedmodel, P, re ects
both the interference,noise, and ary licensedsignals. This
samecharacterizatiorextendsto S(f).

Next, considethow the transmissiorwill affectthereceved
interferencetemperaturef; (., B). As describedbefore, the
end goal is to computea transmit power P and bandwidth
B that satisfy the constraints(2) and (4), dependingon the
model.

Thereare two basiccasesto consider First, B is known,
andthe goalis to computea valid P. In the ideal model, this
is fairly straightforvard. Rewriting (2) we have

Bik .
poo @) nlf.B) 81 i n (10)
wherethe assumptions that for a selectedB the unlicensed
signal overlaps n licensed signals with parametersf; and
B.If n = 0thenP Prax, where Pray is the radio's
maximumtransmitpower. For n > 0, to meetthis constraint,
we minimize i:

. Bik
poomin  SEL() T B)) (11)
This givesus a way to computeP asa function of B.
In the generalizednodel, solve for P to obtain
z fc+B=2
Bk 1 ¢
P  —1T —_— . 12
D gy SdL @)

If the radiosaretrying to computea valid B in termsof P,
things get a little more complicatedfor both models.In the
ideal model, the maximumbandwidthis going to dependon
the interferenceat various licensedsignals.Let there be n
signalspossibly overlappableby the radio for a given f. and
maximumtransmitbandwidth B, . For each licensedsignal
computethe maximumtransmitpower P in thatbandas

B.

MRy TG BY).

P = 13)

f81 ¢ n, P > P,thenthe unlicensedtransmitter
will not causeary harmful interferenceregardlessof the

bandwidth,and thereforethe constraintis
B Bmax . (14)

Otherwise,nd theindex i of thesignalclosesto f. to which
the unlicensedransmitterwill causeharmful interferenceas

i = argmax jfe fij. (15)
i2f i:Pi<P g
From this computethe maximumbandwidthas
B 2(fc fii Bi /2. (16)

For the generalizednodel, thereis no closed-formsolution
for a general S(f). However, since S(f) is a real, nonde-
creasingcontinuousfunction of B, thereis a solution8S5(f),
even thoughit may be outsidethe radio's dynamicrangeof
(0, Bmax ]

Sincebandwidthand power are so interrelated,in the next
sectionswe considerthemjointly in termsof capacity

B. Capacityin the Ideal Model

Sofarwe've boundedandwidthin termsof power, andvice
versa.Let's changethe formulation somevhat, and consider
themjointly in termsof capacity From the Shannon-Harthe
Theorem we canderive

LP
Bk + B

where B and P are as before, P, representsinterference
power, and P_. representghe averagepower contrituted by
licensedsignals.

Notice the addition of anotherconstant,L. This value is
similar to M, except it representsmultiplicative path loss
betweenthe unlicensedtransmitterand unlicensedrecever.
We are measuringcapacityat the receiver andthereforeneed
knowledgeof the bandwidthand power at the recever.

As before,let n be the numberof licensedsignalsover-
lapped by the unlicensedransmissionandlet it bea function
of f. and B, suchthat n(f., B) is the number of signals
overlappedby the frequeny range[f. B/2, f. + B/2].

For a particularbandwidthB where

C= Blog, 1+ , a7

BEq )y T BY)

= min 18
@ i2[lan(feB)] M (18)

the maximumtransmitpower is
P (fs,B) = Prax n(fec,B) = 0 (19)

min(Pyax, ) n(fe, B) >0

Notethat P (fc, B) is a hon-increasindunctionof B. As the
bandwidthis increasedmore signalsare overlapped,which
could lower the maximumtransmissiorpower.

1The Shannon-Harte Theoremrequiresan AWGN channel. Thus, the
derived resultswill only be accurateif the underlying modulationscheme
hasa whitening effect on noise,like CDMA.

2For simplicity, we do not examine partially overlapping signals. The
analysiscould be extendedto accountfor this, but the notation becomes
particularly awkward. Capacity would then becomea continuousfunction
of B.
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Looking at P, and P_, we cancomputethe interferenceto
the unlicensedransmissioras

-Pl (fC?B) = kBT] (fC7B)
1 "B

P (fe,B) = B

PB. (20)
i=1

InterferenceP, ( f, B) is increasingwith B, asthe noise oor

increaseslueto thermalnoise.We cannotsay arnything about

P_(fc, B): it could eitherbe increasingdecreasingor both.
Thusthe achievable capacityis

LP (fc, B)
Vi (fc»B) + B (fc;B)

As longas P /(P + P.) is decreasingt a subeponential
rate,increasingB will generallyincreaseC'. However, it will
be highly dependenbn the RF ervironment.

In a real radio, assumingthe signal processingissues
associatedvith the ideal modelare solved, computingP and
B subjectto someC shouldbe relatively simple.For a given
fe, simply characterizall n licensedsignalsandmeasurehe
interferencetemperatureat each.From that data, a numeric
versionof Cy (fc, B) canbe calculatedandsolved for C'.

1+ (21)

Ciq (fc, B) = Blog,

C. Capacityin the Genenlized Model

Interferenceemperaturenustalways be measuredit some
bandwidth B, due to deterministicinterferencesources.To
measurd (fc, B), down-samplehepassbangignalsuchthat
fc is at B/2. Then quantizethe spectrumat rate 2B, and
computeits PSD. This will yield a powver spectrumfor the
frequeny rangef. B/2to f. + B/2, whichis 8 (f). To
computethe interferencetemperatureintegrate as follows:
1“8

= Se(Ndr

T (fe, B) = (22)
Thus,we cannow computethe interferencetemperatureas a
function of B.

Let's say a minimum capacityof C is necessaryfor the
target applicationrunning over our cognitive radio network.
Thenext goalis to nd a P and B that both meetregulatory
requirementsndachie/e the capacityconstraintsWe shoved
thatchoosinga B andsolvingfor amaximumP wasrelatively
simple;however, consideringS(f) may have very steepslopes
when f. is closeto powerful licensedsignals, this may be
problematic.

Thus, we mustcombinesomeof our conceptsComputea
capacityfunction Cye, (fc, B) in termsof B, and then solve
Cyen(fe, B) = C for B. Let's assumea maximum transmit
power is usedfor the bandwidthselection,or

P (feB)= SNTL() T B).  (29)

This selectsthe maximumregulatory power allowable in the
interferencetemperaturenodel.
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Fig. 3. Examplecapacitiesas a function of B for the generalizednodel,
assuminga licensedsignalof varying strengthdocatedat[fc + 10 MHz, fc +
20 MHz], with 7. = 10000 Kelvin and a noisetemperatureof 300 Kelvin.
As the interferencepower increasesthe capacitypast20 MHz falls off more.

Thende ne the capacityas

LBE(TL(fe) Ti(fe, B))
M BET; (fc, B)

L(TL(fe) Ti(fe,B))
MT (fe, B)

Cgen(fe; B) = Blog, 1+

1+

= Blog,
(24)

This resultis similar to the capacityin the ideal model, as
generallyit is increasingwith B, but could vary greatly from
RF ervironmentto RF environment.

D. Solvingfor Capacity

Solving C (f., B) = C canbe dif cult for both models.
For a generalinterferenceernvironment, this must be done
numerically Figure 3 shavs a simple exampleof a 10 MHz
licensedsignal with squarepower spectraldensitylocated10
MHz from the carrier frequeng. We can seethat aslong as
the signal's power is relatively low, e.g.-90 dBm, the capacity
function for the generalizedmodel remainsrelatively linear
However, for -70 dBm, we can seethat it will signi cantly
hamperthe capacity The unlicensedtranscerer can achieve
maximumcapacityif it avoids the signalall together

As the previous exampleillustrates,the capacityfunctionis
not strictly increasing,and thereforethere may be multiple
bandwidthsthat give the same capacity Certainly the best
choiceis to selectthe smallestbandwidth possiblethat will
achieve your desiredcapacityin orderto maximize spectral
ef ciency.

If the unlicenseddevice wishesto solve C' (f¢, B) = C for
B, thenit mustemploy numerictechniquesUsing the abore
equations,for a particular B it can computeT; (f;, B) and
consequently”’ (f., B). Thenext sectiongescribealgorithms
for accomplishingthis numericcomputation.

1) Hill Climbing Appmoacd: We canframethe problemas
a constrainecbptimizationwith objective function

iC (fe, B)  Cj.

3We use C'  to representboth C,; and Cygen » When distinguishingis
unimportant.

(25)
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Oneapproachis to hill climb, trying to minimize the objective
function with respectto B [11]. This function may have
several global minimizers over the bandwidth range of the
radio. The goal is to locate the one correspondingto the
smallestbandwidth.

A good approachis to run our hill climbing algorithm
several timeswith
i Bmax

Bo: N

(26)
i=1:N
This will yield N, likely non-unique solutions.Simply select
the onewith the smallestbandwidth.

A simple pricing schemecan also be used.To nd global
capacitymaximizerssetC' = 1 andrun the samealgorithm.
This will yield a setof points(B;, Cj)i=1 -n .- Let the capacity
utility function be U(C) and the pricing function be P(B).
We canthenselectthe bestpoint: as

i = argmax(U(C;)) P(B)). 27)
i=1:N

Lastly, we should addressselectionof N. The numberof
local minimawill be proportionalto the numberof interfering
signals.This could be computedby the radio by determining
the numberof local maximan in S(f) for f B/2 f
fe + B/2. If solving for a specic C, let N > 2n, since
therewould likely be a solutionon eithersideof the signal.If
searchingor global capacitymaximizersthen N > n should
be sufcient. This operationcould be doneinfrequently and
would provide a good estimatefor N, assuminginterfering
signalsarerelatively uniformly spacedverthetargetspectrum
band.

While we can use the hill climbing approachto both
optimize C' (f;, B) and solwe it for a tamet capacity we
will seein the next sectionthat x ed-pointiteration is a
more elegant way to solve C' (f., B) for a tamget capacity
Therefore,hill climbing is most appropriatewhen trying to
maximize capacity

2) Fixed-Roint Iteration Appmach: Many problemsthat
you can solve with hill climbing can also be solved using
x ed-point iteration. The basic idea is to take the orig-
inal problem, C' (f;,B) = C and rewrite it as B; =
f(C (fe,Bi 1),C), andhopethatf Bjgi-¢..n corverges.

Due to the compleity of Ci (fc, B), in this sectionwe
will only considerapplicationof x ed-pointiterationto the
generalizedmodel. Next, considera reformulation of the
original problem.

Theoem1: The sequencd Bjgi=; -n Where

C
Bint = (T (f0) Ti(ieB.) (28)
log, 1+ =—yrwey
convergeslinearly to a solutionto
L(TL(fc) ﬂ(,fCaBi))
C= Blo 1+ 29
% MT, (Je. Bi) 29)
aslong as
2CT, (T, ) °*
Bo > ¢r log, 1+ LI T0) (30)

MT,

where

T, = max

Ti (fe, B
B2(0:8 mar ] |(fC7 )

(31)

anda solutionexistsin B 2 (0, Bmax ]

Proof: We're examiningthe problemin termsof x ed-point
approximation.Let

c
9(B) = L(Te(fe) Ti(1eB)) (32)
log, 1+ ="tiroe)

The theory of x ed-point iteration methodsdictatesthat if
B = ¢(B) hasat leastone solution in someintenal [a, b],
g(B) is continuous,andjgYB)j < 1 thenary starting point
in that interval will converge to a solution[12]. Intersectthe
intenal [a, b] with the feasibleintenal, (0, Bmax]. The result
is a rangefor By

Bo 2 [a, minf b, Bmax g]- (33)

T, (fc, B) is continuous,so consequentlyy(B) is continu-
ous. The derivative constraintcan be expressedas follows:

CLTL (fo)iTX fe, B)]
T (fe, B)(LTL(fe) + (M L)T (fe, B))

L(TL(fe)  Ti(fe,B))
MT (fe, B)

Obviously this constraintis not entirely useful,asit is in terms
of B, which we do not yet know. In order to simply this
further, we needto remove the dependencen B. First, use
the de nition of 7, provided in the theoremstatementand
notice that

2 (34)

<log, 1+

In Ti(fe,B) Tp. (35)
Next examinethe derivative of theinterferencdemperature:
8B) 2
j]o(fch) = sz Eﬂ (fC7B) (36)

Thusto maximizej T f., B)j, let 8(B) = 0 andT; (f., B) =
T, . Theresultis

iTAfe, B)j 2T, /B. (37)
Substituting,
CLT, (f.)2T, LT (fe) T,)
Bo> m i s i D% Y wm
W () °% 1T T
20T LT (f) T,) °
> TNl log, 1+M—TI|
(38)

Thuswe have proved the theorem.

We now have a viable algorithmfor computingthe required
bandwidth B in termsof desiredcapacityC'. If By > Bmax,
this doesnot necessarilymeana solutiondoesnot exist, since
we derived a sufcient condition,and not a necessaryne. If
divergenceis detectedthenthe capacityC' mustbe decreased
in orderto nd a solution.
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Thekey pointis that x ed-pointiterationcan nd asolution
if one exists, but may not always succeed.As a result, it
may be usefulto implementa hybrid algorithmthat rst tries
x ed-pointiteration, and if divergenceis detected,switches
over to a hill climbing approachNote thatthe algorithmscan
be executedon a PSD snapshotaken with bandwidth Bpax ,
and consequentlyadio sensingresourcesieednot be tied up
during algorithm execution.

V. FREQUENCY SELECTION

In the previous sectionswe describehow to selecta band-
width given a centerfrequeng f.. However, one of the major
usesfor cognitive radio is to dynamically selectyour center
frequeng to exploit spectrumaccessopportunities.

Thereare two main schoolsof thoughton dynamiccenter
frequencieslin particular the ability to changef. in realtime
increasedigherlayer protocol complity, sincethe recevver
mustknow that the transmitterhaschangedrequeng. These
competingideas are relatedto how radios exchangeradio
parameters.

The rst assumeshereis a managementr control channel
through which radios can coordinate.Devices can indicate
the centerfrequeng, waveform, destination andtime of their
next transmissionThus, f. is somethingto be optimizedand
changedn real time.

However, othersconsiderthe managementhannelan un-
realistic assumption.n a dense,busy paclet network ervi-
ronment,managementf the managementhannelbecomesa
problem.Also, how canwe guarante¢ghe managemerthannel
is not causingharmful interference?

Here,we look at how to selectf, for optimal performance,
andignoreprotocolissuedor coordination We simply address
how to selectthe best f. at a particulartime. The approachis
a simple extensionof the ideasin the last section.

We de ned the capacity functions for eachmodel in the
previous sections,and describedechniquego solving

C(fe,B)=0C (39)

for B. However, if we assumef; is nolonger x ed,how does
that changethings?

We adwocateselectingan f; at the beginning to maximize
your eventual perpaclet capacity andleaving it x ed unless
communicationat that frequeny becomesmpossible.Thus,
the optimal centerfrequeng is

max
f2[f min 3f max ]

max

B
Bz(oiBmax]C (f7 )

fe = (40)

Maximizing over B can be done using the hill climbing
approach Assumingthe spaceof frequenciess channelized,
then[fmin .- fmax ] iS a discreteset, and the hill climbing can
be executedfor eachf.

Alternatively, we canlook at the structureof C' (f;, B) in
more detail. In particulay in the presenceof uniform inter
ference both capacityfunctionsare maximizedwhenlicensed
signalsarecompletelyavoided.Assumen licensedsignalsare
detectedwithin the radio's overall candidatefrequeng band.

Let eachbelocatedat centerfrequeng f; andhave bandwidth
Bi. Assumef figl.; is anorderedset,where

fl f2 fn~

The bestfrequeny is goingto be half way betweernthe two
signalswith furthestdistancebetweenthem.In particular if

(41)

i = argmax fiu Bin fi+ =] (42)
i=l:n 1 2 2
then
1 B; B;
feo=5 fia 5+ i+ (43)

Recall, however, that this assumeghe interferenceis uni-
form. If interferencevariessome but not a signi cant amount,
adaptthe previous optimizationsomevhat. In particular if

d .
FLB) <c 8f20mn frax]  (44)
thende ne the channelizatiorf ¢;g_;* as
1 B; B;
a=3 fa 5+ it (45)
andthenmaximize over the channelso compute
fe = arg max max C (f,B) (46)
f=ciucn 1 ;B max ]

As discussedcenterfrequeng should be selectedto pro-
mote a radio ervironment that will maximize the potential
capacity Typically, this involves steering clear of licensed
signals,so we usethis fact to pick a setof candidatecenter
frequenciesBy computingthe maximumcapacityat each,we
candecidewhich is optimal.

VI. CONCLUSION

This paper has consideredhow to use both interference
temperatureand the regulatory interferencetemperaturdimit
to selectanoptimalradiobandwidthandpower for a particular
interferenceenvironment.We've discussedwo interpretations
of the interferencetemperaturemodel, and shoved the con-
ditions underwhich the generalmodel yields interferenceat
leastas small asthe ideal model.

Two maintechniquedor solving for the desiredbandwidth
in both the ideal and generalizedmodel were presented.
The rst useshill climbing and is bestsuited for scenarios
wherewe wish to maximize capacityfor the radio's dynamic
bandwidthrange.The seconduses x ed-pointiterationandis
designedto nd a bandwidthfor a speci c tamget capacity
Future work involves a detailed analysis of how pricing
functionscan be appliedto to bandwidthselection,and how
this affects network-wide spectralef ciency.

Thesetwo techniqueshave beenimplementedwithin an
interferenceemperaturesimulatorand have beensuccessfully
usedfor dynamicspectrumaccessin a noisy RF ervironment
with severallicensedcarriersandmary unlicensedrancevers,
unlicenseddevices can successfullylocate and utilize spec-
trum. A key result of the simulatoris, however, that when
forcedto overlapa licensedsignal,achiezable capacityis low.
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Consequentlyresearchs undervay to investigate techniques
for shapingunlicensedwaveformsto t around licensedsig-
nalsratherthan overlap themwith full power [13].

Overall, the interferencegemperaturenodel offers an excit-
ing new paradigmfor dynamicspectrumaccess.
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