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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
fr equencies,provided they can guarantee interfer enceperceived
by the primary licenseholders will be minimal. With advancesin
software and cognitive radio, practical ways of doing this are on
the horizon. In 2003 the FCC releaseda memorandum seeking
comment on the interference temperature model for controlling
spectrum use. Formally de�ning and analyzing techniques for
implementing this model are the primary goals of this paper.

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

I . INTRODUCTION

The twenty-�rst centuryhasseenan explosion in personal
wirelessdevices. From mobile phonesto WiFi, peoplewant
to be perpetuallynetworked no matterwherethey are.Much
of the wirelesstechnologicalinnovation is happeningin the
unlicensedbands,andasa resultthesesmall frequency ranges
arebecomingcrowded,with many personalelectronicdevices
interferingwith eachother.

To help alleviate the overcrowding, the FCC has begun
consideringother ways of managingspectrum.Rather than
static allocationsbasedon detailedsite surveys, a more real-
time, dynamic approachmust be adopted.To that end, they
have new policy [1] that allows cognitive radios to operate
in licensedfrequency ranges,provided they aresmartenough
to sensetheir RF environmentand steerclear of frequencies
where they detect licensedcarriers. This offers many new
frequency bandsfor communications(seeFigure1).

A motivating example is the current broadcasttelevision
frequency bands. Of the 68 channels,on average only 8
channelsare usedin any 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 theoriginal FCC-proposedmodel[1] a channel
is eitheroccupiedor it isn't. If it' s occupiedby a licensedsig-
nal,anunlicenseddevicemaynotuseit. A logicalextensionto
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Fig. 1. FCC frequency allocationsin the 300 MHz to 3 GHz microwave
band

this binarymodelis oneof truecoexistence,whereunlicensed
transceivers can operateon the samefrequenciesas licensed
signals,provided they can quantify and boundthe additional
interference.To that end, the FCC proposedthe interference
temperature model (ITM) [2], which provides a metric to
measureinterferenceexperiencedby licensedreceivers.

This paper seeks to concretely de�ne the interference
temperaturemodel, and derive algorithmsfor computingRF
transmissionparametersthatachieve a desiredcapacity. Addi-
tionally, we derive boundson interferencecausedto primary
licenseesdueto unlicensedtransmissions.

Section2 overviews relatedwork. Section3 introducesthe
interferencetemperaturemodel.Section4 describestechniques
for measuring interferencetemperaturesubject to various
constraints.Section5 investigatesways of selectinga good
centerfrequency. Section6 concludes.

I I . RELATED WORK

Many approachesto dynamicspectrumallocationhave been
proposed.Herewe overview someof the major efforts.

Much researchwas conductedas a part of the Spectrum
Ef�cient Uni andMulticastServicesoverDynamicmulti-Radio
Networks in Vehicular Environments(OverDRiVE) projects
starting in 2000. Their main concern was video content
delivery to vehicles[3], [4], [5]. TheOverDRiVE architecture
involves partitioning spectrumin space,frequency, and time.
EachRadioAccessNetwork (RAN) wouldbeallocatedcertain
blocks by a central authority in responseto their predicted
capacityneeds.

Later, the CORVUS project at Berkeley usedsimilar ideas
[6]. They createa channelizedspectrumpool from unusedli-
censedspectrum,andhave algorithmsto allocateit ef�ciently .

These approachesare centralized,requiring someoneto
decidewho shouldusewhich spectralresourcesat what time,
while guaranteeingminimal interferenceto licenseddevices.
While achieving good results, current politics involved in
frequency licensing would make adoptingsuch an approach
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unlikely. The need for a central authority hampersfeasible
deployment.

More recently, researchhasbegunon distributedtechniques
for dynamicspectrumallocation,whereno central spectrum
authority is required.Decentralizedapproachesmay be less
ef�cient, but require much less cooperation.Gametheoretic
aspectsof this arestudiedin [7].

Of thedecentralizedapproaches,mostrequirecontrolchan-
nel communicationbetweendevices. They make local, inde-
pendentdecisionsabout how to best communicate,and use
theselow-bandwidthside channelsto negotiate communica-
tions parameters[8], [9]. An openquestionstill exists though
– what if your control channelis overcomeby interference?
How do you negotiatea transitionto a new frequency?

The interferencetemperaturemodelis an entirely new con-
cept for dynamicspectrumaccess.Radionodestreat licensed
users,otherunlicensedradionetworks,otherunlicensednodes
within the samenetwork, interference,andnoiseall as inter-
ferenceaffecting its signal-to-interferenceratio (SIR). Higher
interferenceyields lower SIR, which meanslower capacity
is achievable for a particularsignal bandwidth.Radio nodes
searchfor gapsin frequency andtime wherethemeasuredin-
terferenceis low enoughto achieve communicationat a target
capacity, subjectto overall interferenceconstraintsde�ned by
theinterferencetemperaturemodel.A majordistinctionis that
all other proposedschemesavoid licensedsignals,while we
try to coexist with them.

I I I . INTERFERENCE TEMPERATURE

The concept of interferencetemperatureis identical to
that of noise temperature.It is a measureof the power and
bandwidthoccupiedby interference.Interferencetemperature
TI is speci�ed in Kelvin and is de�ned as

TI (fc, B) =
PI (fc, B)

kB
, (1)

where PI (fc, B) is the averageinterferencepower in Watts
centeredat fc, covering bandwidth B measuredin Hertz.
Boltzmann's constantk is 1.38 � 10� 23 Joules per Kelvin
degree.

The idea is that by taking a single measurement,a cogni-
tive radio can completelycharacterizeboth interferenceand
noise with a single number. Of course,it has been argued
that interferenceand noisebehave differently. Interferenceis
typically more deterministicand independentof bandwidth,
whereasnoiseis not.

For a given geographicarea,the FCC would establishan
interferencetemperature limit, TL . Thisvaluewouldbeamax-
imum amountof tolerableinterferencefor a given frequency
bandin a particular location.Any unlicensedtransmitteruti-
lizing this bandmustguaranteethat their transmissionsadded
to the existing interferencemust not exceedthe interference
temperaturelimit at a licensedreceiver.

While this may seemclear cut, there is ambiguity over
which signalsare consideredinterference,and which fc and
B to use.Shouldthey re�ect theunlicensedtransceiver or the
licensedreceiver?Analyzing theseambiguitiesresultsin two
possibleinterpretations,which we term the ideal modeland
the generalizedmodel, which are illustratedin Figure2.

A. Ideal Model

In the ideal interferencetemperature modelwe attemptto
limit interferencespeci�cally to licensedsignals.Assumethe
unlicensedtransmitteris operatingwith averagepower P , at
centerfrequency fc, with bandwidthB. Assumealsothat this
band[fc � B/2, fc + B/2] overlapsn licensedsignals,with
respective frequenciesandbandwidthsof fi andBi . The goal
is to thenguaranteethat

TI (fi , Bi ) +
Mi P

kBi
� TL (fi ) 8 1 � i � n, (2)

whereMi will be de�ned shortly.
In other words, the constraintguaranteesthat the trans-

mission does not violate the interferencetemperaturelimit
at licensed receivers, as shown in Figure 2. Each signal
overlappedby the unlicensedtransmissionaddsa new power
constraint,over which theminimumis taken.If theunlicensed
signaldoesnot overlapa licensedone,thenthetransmitpower
is unconstrained,thougha regulatorymaximumwould likely
be set.

In Figure 2, the dashedlines representthe interference
power limit computedusing the interferencetemperatureand
thebandwidthof thelicensedsignals.Noticethateachlicensed
signal places a different constraint on the total allowable
interference,andanunlicensedtransmittermustguaranteethat
noneof the individual interferenceconstraintsareviolated.

Note the introduction of constantsMi in (2). This is a
fractionalvaluebetween0 and1, representinga multiplicative
attenuationdueto fadingandpathlossbetweentheunlicensed
transmitter and the licensed receiver. The idea is that the
interferencetemperaturemodel restricts interferenceat the
licensedreceiver, not the unlicensedtransmitter, andtherefore
we must accountfor attenuationbetweenthesetwo devices.
Sincetypically it' s impossibleto know the distanceto all li-
censedreceivers,assumethatthisvalueis �x edby a regulatory
body to a singleconstantM .

There are two main challengesin implementingthe ideal
model. The �rst involves identifying licensedsignals. One
key questionarises:how do you distinguishlicensedsignals
from unlicensedones?For speci�c cases,this canberelatively
easy. In particular, consider the problems faced by IEEE
802.22 [10], currently under investigation by their spectrum
sensingtaskgroup.They wish to coexist with digital broadcast
television (DTV) signals,andcanimplementvery specialized,
matched�lter sensorsto look for DTV transmissions.If you
know exactly with whomyou arecoexisting, thenthis problem
becomessimpler.

The secondprobleminvolvesmeasuringTI in the presence
of a licensedsignal.The unlicensedtransceiver 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
center frequency fc, they can approximatethe interference
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Fig. 2. Ideal andGeneralizedinterpretationsof the InterferenceTemperatureModel

temperatureas

TI (fc, B) �
P (fc � B/2 � τ ) + P (fc + B/2 + τ )

2kB
, (3)

whereP (f ) is the sensedsignalpower at frequency f , andτ
is a safetymargin of a few kHz.

Assuminga specializedenvironmentwherecognitive radios
canlocatelicensedsignalsandmeasureinterferencetempera-
ture,thenext goal is to determineradioparametersfc, B, and
P thatachieve a desiredcapacityC. This will bea piecewise-
continuousoptimization problem with constraintsde�ned in
(2).

B. GeneralizedModel

Thegeneralizedinterferencetemperaturemodelhasadiffer-
ent interpretationto signalsandbandwidths.The fundamental
premiseof the generalizedmodel is that we have no apriori
knowledgeof the RF environment,andconsequentlyhave no
way of distinguishinglicensedsignalsfrom interferenceand
noise,asshown in Figure2.

Again,thedashedline in Figure2 representstheinterference
power constraint. However, in this model it is computed
using the interferencetemperatureand the bandwidthof the
transmitter, resulting in a single constraintrather than many
aswe saw in the ideal model.

Under theseassumptions,we must apply the interference
temperaturemodel to the entire frequency range,andnot just
where licensedsignalsare detected.This translatesinto the
following constraint:

TI (fc, B) +
MP

kB
� TL (fc). (4)

Notice that the constraint is in terms of the unlicensed
transmitter's parameters,sincethe parametersof the licensed
receiversareunknown. Onequestionthat immediatelycomes
to mind: under what conditionsdoesthe generalizedmodel
limit interferenceaswell as the ideal model?

If both constraintequationsaresolved for P , the following
results:

P id = Bi (TL (fc) � T id
I (fi , Bi ))

P gen = B(TL (fc) � T gen
I (fc, B))

(5)

To causeless interferencein the generalizedmodel, we are
interestedin the casewhereP id � P gen , thus:

B(TL (fc) � T gen
I (fc, B)) � Bi (TL (fc) � T id

I (fi , Bi ))

8 1 � i � n
(6)

Assumingeachlicensedsignalhaspower Pi andotherwise
the interference�oor is de�ned by the thermalnoisetemper-
atureTN , we can transform(6) into the following:

kBTL (fc)(B � Bi ) + kBTN

nX

j =1

Bj �
nX

j =1

Bj Pj

8 1 � i � n

(7)

In general,provided Bi and Pi are suf�ciently large, this
conditioncanbe easilymet.

Consideringonly one licensedreceiver simpli�es the in-
equality to

kBTL

P1 � kBTN
�

B1

B � B1
. (8)

Thusa small TL , large B1, or large P1 will generallysatisfy
the constraint.

The next sectiondescribeschallengesinherentin selecting
transmissionbandwidthsnecessaryto meeta particulartarget
capacityin eachinterferencetemperaturemodel.

IV. MEASURING INTERFERENCE TEMPERATURE

In this sectionwe describetechniquesfor selectinga power
andbandwidthto meeta particularcapacityrequirement.Each
model imposesdifferentconstraintson how interferencetem-
peratureshould be measured,and what thosemeasurements
signify.

A. Propertiesof InterferenceTemperature

One shortcomingin the designof the interferencetemper-
aturemodel is its simplicity. The goal was to de�ne a single
metric that fully capturesboth the propertiesof interference
andnoise.In theend,a temperature approachwasusedrather
than a power approach.This accuratelymodels the noise
portion of the metric, but not the interferenceportion.
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The eventual goal is to determinethe differencebetween
theregulatoryinterferencetemperaturelimit andthemeasured
interferencetemperature.This then de�nes the transmission
temperature 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-
terferencetemperatureTI can be speci�ed as a function of
bandwidthB as

TI (fc, B) =
1

Bk
PI (fc, B)

=
1

Bk

 
1
B

Z f c + B =2

f c � B =2
S(f ) df

!

=
1

B2k

Z f c + B =2

f c � B =2
S(f ) df

(9)

whereS(f ) representspower spectraldensityof the current
RF environment.

Recall that in the ideal model,PI re�ects only the interfer-
enceand noise,where in the generalizedmodel, PI re�ects
both the interference,noise, and any licensedsignals.This
samecharacterizationextendsto S(f ).

Next, considerhow thetransmissionwill affect thereceived
interferencetemperatureT̂I (fc, 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 goal is to computea valid P . In the ideal model,this
is fairly straightforward. Rewriting (2) we have

P �
Bi k

M
(TL (fi ) � TI (fi , Bi )) 8 1 � i � n, (10)

wherethe assumptionis that for a selectedB the unlicensed
signal overlaps n licensed signals with parametersfi and
Bi . If n = 0 then P � Pmax , where Pmax is the radio's
maximumtransmitpower. For n > 0, to meetthis constraint,
we minimize i:

P � min
i 2 [1::n ]

�
Bi k

M
(TL (fi ) � TI (fi , Bi ))

�
. (11)

This givesus a way to computeP asa function of B.
In the generalizedmodel,solve for P to obtain

P �
Bk

M
TL (fc) �

1
BM

Z f c + B =2

f c � B =2
S(f ) df. (12)

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�

signalspossiblyoverlappableby the radio for a given fc and
maximumtransmitbandwidthBmax . For each,licensedsignal
computethe maximumtransmitpower Pi in that bandas

Pi =
Bi k

M
(TL (fi ) � TI (fi , Bi )) . (13)

If 8 1 � i � n� , Pi > P , then the unlicensedtransmitter
will not causeany harmful interferenceregardlessof the
bandwidth,and thereforethe constraintis

B � Bmax . (14)

Otherwise,�nd theindex i� of thesignalclosestto fc to which
the unlicensedtransmitterwill causeharmful interferenceas

i� = arg max
i 2f i :P i <P g

jfc � fi j. (15)

From this computethe maximumbandwidthas

B � 2(jfc � fi � j � Bi � /2) . (16)

For the generalizedmodel,thereis no closed-formsolution
for a generalS(f ). However, since S(f ) is a real, nonde-
creasing,continuousfunction of B, thereis a solution8S(f ),
even though it may be outsidethe radio's dynamicrangeof
(0, Bmax ].

Sincebandwidthandpower areso interrelated,in the next
sectionswe considerthemjointly in termsof capacity.

B. Capacityin the Ideal Model

Sofarwe'veboundedbandwidthin termsof power, andvice
versa.Let's changethe formulation somewhat, and consider
them jointly in termsof capacity. From the Shannon-Hartley
Theorem1 we canderive

C = B log2

�
1 +

LP

PI + PL

�
, (17)

where B and P are as before, PI representsinterference
power, and PL representsthe averagepower contributed by
licensedsignals.

Notice the addition of anotherconstant,L. This value is
similar to M , except it representsmultiplicative path loss
betweenthe unlicensedtransmitterand unlicensedreceiver.
We aremeasuringcapacityat the receiver, andthereforeneed
knowledgeof the bandwidthandpower at the receiver.

As before, let n be the numberof licensedsignalsover-
lapped2 by theunlicensedtransmission,andlet it bea function
of fc and B, such that n(fc, B) is the number of signals
overlappedby the frequency range[fc � B/2, fc + B/2].

For a particularbandwidthB where

α = min
i 2 [1::n ( f c ;B )]

�
Bi k

M
(TL (fi ) � TI (fi , Bi ))

�
(18)

the maximumtransmitpower is

P � (fc, B) =
�

Pmax n(fc, B) = 0
min(Pmax , α) n(fc, B) > 0

. (19)

Note thatP � (fc, B) is a non-increasingfunctionof B. As the
bandwidth is increased,more signalsare overlapped,which
could lower the maximumtransmissionpower.

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

2For simplicity, we do not examine partially overlapping signals. The
analysiscould be extendedto account for this, but the notation becomes
particularly awkward. Capacity would then becomea continuousfunction
of B.
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Looking at PI andPL , we cancomputethe interferenceto
the unlicensedtransmissionas

PI (fc, B) = kBTI (fc, B)

PL (fc, B) =
1
B

n ( f c ;B )X

i =1

Pi Bi .
(20)

InterferencePI (fc, B) is increasingwith B, asthenoise�oor
increasesdueto thermalnoise.We cannotsayanything about
PL (fc, B): it could eitherbe increasing,decreasing,or both.

Thus the achievablecapacityis

C �
id (fc, B) = B log2

�
1 +

LP � (fc, B)
PI (fc, B) + PL (fc, B)

�
. (21)

As long as P � /(PI + PL ) is decreasingat a subexponential
rate,increasingB will generallyincreaseC. However, it will
be highly dependenton the RF environment.

In a real radio, assuming the signal processingissues
associatedwith the ideal modelaresolved, computingP and
B subjectto someC shouldbe relatively simple.For a given
fc, simply characterizeall n� licensedsignalsandmeasurethe
interferencetemperatureat each.From that data,a numeric
versionof C �

id (fc, B) canbe calculated,andsolved for C.

C. Capacityin the GeneralizedModel

Interferencetemperaturemustalwaysbe measuredat some
bandwidthB, due to deterministic interferencesources.To
measureTI (fc, B), down-samplethepassbandsignalsuchthat
fc is at B/2. Then quantizethe spectrumat rate 2B, and
computeits PSD. This will yield a power spectrumfor the
frequency rangefc � B/2 to fc + B/2, which is ŜB (f ). To
computethe interferencetemperature,integrateas follows:

TI (fc, B) =
1

B2k

Z B

0
ŜB (f ) df. (22)

Thus,we cannow computethe interferencetemperatureasa
function of B.

Let's say a minimum capacityof C is necessaryfor the
target applicationrunning over our cognitive radio network.
The next goal is to �nd a P andB that both meetregulatory
requirementsandachieve thecapacityconstraints.We showed
thatchoosingaB andsolvingfor amaximumP wasrelatively
simple;however, consideringS(f ) mayhave very steepslopes
when fc is close to powerful licensedsignals, this may be
problematic.

Thus,we mustcombinesomeof our concepts.Computea
capacityfunction C �

gen (fc, B) in termsof B, and then solve
C �

gen (fc, B) = C for B. Let's assumea maximumtransmit
power is usedfor the bandwidthselection,or

P � (fc, B) =
Bk

M
(TL (fc) � TI (fc, B)) . (23)

This selectsthe maximumregulatory power allowable in the
interferencetemperaturemodel.
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Fig. 3. Examplecapacitiesas a function of B for the generalizedmodel,
assuminga licensedsignalof varyingstrengthslocatedat [fc + 10 MHz, fc +
20 MHz], with TL = 10000 Kelvin anda noisetemperatureof 300 Kelvin.
As the interferencepower increases,thecapacitypast20 MHz falls off more.

Thende�ne the capacityas

C �
gen (fc, B) = B log2

�
1 +

LBk(TL (fc) � TI (fc, B))
MBkTI (fc, B)

�

= B log2

�
1 +

L(TL (fc) � TI (fc, B))
MTI (fc, B)

�

(24)

This result is similar to the capacity in the ideal model, as
generallyit is increasingwith B, but could vary greatly from
RF environmentto RF environment.

D. Solvingfor Capacity

Solving C � (fc, B) = C can be dif�cult for both models3.
For a general interferenceenvironment, this must be done
numerically. Figure 3 shows a simple exampleof a 10 MHz
licensedsignalwith squarepower spectraldensitylocated10
MHz from the carrier frequency. We can seethat as long as
thesignal's power is relatively low, e.g.-90 dBm, thecapacity
function for the generalizedmodel remainsrelatively linear.
However, for -70 dBm, we can seethat it will signi�cantly
hamperthe capacity. The unlicensedtransceiver can achieve
maximumcapacityif it avoids the signalall together.

As thepreviousexampleillustrates,thecapacityfunction is
not strictly increasing,and thereforethere may be multiple
bandwidthsthat give the samecapacity. Certainly the best
choice is to selectthe smallestbandwidthpossiblethat will
achieve your desiredcapacityin order to maximize spectral
ef�ciency.

If theunlicenseddevice wishesto solve C � (fc, B) = C for
B, then it mustemploy numerictechniques.Using the above
equations,for a particular B it can computeTI (fc, B) and
consequentlyC � (fc, B). Thenext sectionsdescribealgorithms
for accomplishingthis numericcomputation.

1) Hill Climbing Approach: We canframethe problemas
a constrainedoptimizationwith objective function

jC � (fc, B) � C j . (25)

3We use C � to representboth C �
id and C �

gen , when distinguishing is
unimportant.
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Oneapproachis to hill climb, trying to minimizetheobjective
function with respect to 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

B0 =
�

iBmax

N

�

i =1 ::N
. (26)

This will yield N , likely non-unique,solutions.Simply select
the onewith the smallestbandwidth.

A simple pricing schemecan also be used.To �nd global
capacitymaximizers,setC = 1 andrun the samealgorithm.
This will yield a setof points(Bi , Ci ) i =1 ::N . Let thecapacity
utility function be U (C) and the pricing function be P (B).
We canthenselectthe bestpoint i� as

i� = arg max
i =1 ::N

(U (Ci ) � P (Bi )) . (27)

Lastly, we shouldaddressselectionof N . The numberof
local minimawill beproportionalto thenumberof interfering
signals.This could be computedby the radio by determining
the numberof local maximan in S(f ) for fc � B/2 � f �
fc + B/2. If solving for a speci�c C, let N > 2n, since
therewould likely bea solutionon eithersideof thesignal.If
searchingfor global capacitymaximizers,thenN > n should
be suf�cient. This operationcould be doneinfrequently, and
would provide a good estimatefor N , assuminginterfering
signalsarerelatively uniformly spacedover thetargetspectrum
band.

While we can use the hill climbing approachto both
optimize C � (fc, B) and solve it for a target capacity, we
will see in the next section that �x ed-point iteration is a
more elegant way to solve C � (fc, B) for a target capacity.
Therefore,hill climbing is most appropriatewhen trying to
maximizecapacity.

2) Fixed-Point Iteration Approach: Many problems that
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 � (fc, B) = C and rewrite it as Bi =
f (C � (fc, Bi � 1), C), andhopethat f Bi gi =0 :::n converges.

Due to the complexity of C �
id (fc, B), in this section we

will only considerapplicationof �x ed-point iteration to the
generalizedmodel. Next, consider a reformulation of the
original problem.

Theorem1: The sequencef Bi gi =1 ::n where

Bi +1 =
C

log2

�
1 + L (TL ( f c ) � T I ( f c ;B i ))

M T I ( f c ;B i )

� (28)

convergeslinearly to a solution to

C = B log2

�
1 +

L(TL (fc) � TI (fc, Bi ))
MTI (fc, Bi )

�
(29)

as long as

B0 >
2CT �

I

TN
log2

�
1 +

L(TL (fc) � T �
I )

MT �
I

� � 2

(30)

where
T �

I = max
B 2 (0 ;B max ]

TI (fc, B) (31)

anda solutionexists in B 2 (0, Bmax ].

Proof: We're examiningtheproblemin termsof �x ed-point
approximation.Let

g(B) =
C

log2

�
1 + L (TL ( f c ) � T I ( f c ;B ))

M T I ( f c ;B )

� . (32)

The theory of �x ed-point iteration methodsdictatesthat if
B = g(B) has at least one solution in someinterval [a, b],
g(B) is continuous,and jg0(B)j < 1 then any startingpoint
in that interval will converge to a solution [12]. Intersectthe
interval [a, b] with the feasibleinterval, (0, Bmax ]. The result
is a rangefor B0

B0 2 [a, minf b,Bmax g]. (33)

TI (fc, B) is continuous,so consequentlyg(B) is continu-
ous.The derivative constraintcanbe expressedas follows:

CLTL (fc)jT 0
I (fc, B)j

TI (fc, B)(LTL (fc) + (M � L)TI (fc, B))

< log2

�
1 +

L(TL (fc) � TI (fc, B))
MTI (fc, B)

� 2 (34)

Obviously this constraintis not entirelyuseful,asit is in terms
of B, which we do not yet know. In order to simply this
further, we needto remove the dependenceon B. First, use
the de�nition of T �

I provided in the theoremstatement,and
notice that

TN � TI (fc, B) � T �
I . (35)

Next examinethederivative of theinterferencetemperature:

T 0
I (fc, B) =

Ŝ(B)
B2k

�
2
B

TI (fc, B) (36)

Thusto maximizejT 0
I (fc, B)j, let Ŝ(B) = 0 andTI (fc, B) =

T �
I . The result is

jT 0
I (fc, B)j � 2T �

I /B. (37)

Substituting,

B0 >
CLTL (fc)2T �

I

TN (LTL (fc) + (M � L)TN )
log2

�
1 +

L(TL (fc) � T �
I )

MT �
I

� � 2

>
CLTL (fc)2T �

I

TN (LTL (fc))
log2

�
1 +

L(TL (fc) � T �
I )

MT �
I

� � 2

>
2CT �

I

TN
log2

�
1 +

L(TL (fc) � T �
I )

MT �
I

� � 2

(38)

Thuswe have proved the theorem.�
We now have a viablealgorithmfor computingtherequired

bandwidthB in termsof desiredcapacityC. If B0 > Bmax ,
this doesnot necessarilymeana solutiondoesnot exist, since
we derived a suf�cient condition,andnot a necessaryone.If
divergenceis detected,thenthecapacityC mustbedecreased
in order to �nd a solution.
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Thekey point is that �x ed-pointiterationcan�nd a solution
if one exists, but may not always succeed.As a result, it
may be useful to implementa hybrid algorithmthat �rst tries
�x ed-point iteration, and if divergenceis detected,switches
over to a hill climbing approach.Note that the algorithmscan
be executedon a PSD snapshottaken with bandwidthBmax ,
andconsequentlyradio sensingresourcesneednot be tied up
during algorithmexecution.

V. FREQUENCY SELECTION

In the previous sectionswe describehow to selecta band-
width given a centerfrequency fc. However, oneof themajor
usesfor cognitive radio is to dynamicallyselectyour center
frequency to exploit spectrumaccessopportunities.

Thereare two main schoolsof thoughton dynamiccenter
frequencies.In particular, the ability to changefc in real time
increaseshigher-layer protocol complexity, sincethe receiver
mustknow that the transmitterhaschangedfrequency. These
competing ideas are related to how radios exchangeradio
parameters.

The �rst assumesthereis a managementor control channel
through which radios can coordinate.Devices can indicate
the centerfrequency, waveform,destination,andtime of their
next transmission.Thus,fc is somethingto be optimizedand
changedin real time.

However, othersconsiderthe managementchannelan un-
realistic assumption.In a dense,busy packet network envi-
ronment,managementof the managementchannelbecomesa
problem.Also, how canweguaranteethemanagementchannel
is not causingharmful interference?

Here,we look at how to selectfc for optimal performance,
andignoreprotocolissuesfor coordination.Wesimplyaddress
how to selectthe bestfc at a particulartime. The approachis
a simpleextensionof the ideasin the last section.

We de�ned the capacity functions for eachmodel in the
previous sections,anddescribedtechniquesto solving

C � (fc, B) = C (39)

for B. However, if we assumefc is no longer�x ed,how does
that changethings?

We advocateselectingan fc at the beginning to maximize
your eventualper-packet capacity, and leaving it �x ed unless
communicationat that frequency becomesimpossible.Thus,
the optimal centerfrequency is

f �
c = max

f 2 [f min ;f max ]

�
max

B 2 (0 ;B max ]
C � (f,B)

�
. (40)

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

Alternatively, we can look at the structureof C � (fc, B) in
more detail. In particular, in the presenceof uniform inter-
ference,bothcapacityfunctionsaremaximizedwhenlicensed
signalsarecompletelyavoided.Assumen licensedsignalsare
detectedwithin the radio's overall candidatefrequency band.

Let eachbelocatedat centerfrequency fi andhave bandwidth
Bi . Assumef fi gn

i =1 is an orderedset,where

f1 � f2 � � � � � fn . (41)

Thebestfrequency is goingto behalf way betweenthetwo
signalswith furthestdistancebetweenthem.In particular, if

i� = arg max
i =1 ::n � 1

�
fi +1 �

Bi +1

2

�
�

�
fi +

Bi

2

�
(42)

then

f �
c =

1
2

��
fi � +1 �

Bi � +1

2

�
+

�
fi � +

Bi �

2

��
. (43)

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

�
�
�
�

d

df
T id

I (f,B)

�
�
�
� < ε 8 f 2 [fmin , fmax ] (44)

thende�ne the channelizationf ci gn � 1
i =1 as

ci =
1
2

��
fi +1 �

Bi +1

2

�
+

�
fi +

Bi

2

��
(45)

and thenmaximizeover the channelsto compute

f �
c = arg max

f = c1 ::c n � 1

�
max

B 2 (0 ;B max ]
C � (f,B)

�
. (46)

As discussed,centerfrequency shouldbe selectedto pro-
mote a radio environment that will maximize the potential
capacity. Typically, this involves steering clear of licensed
signals,so we usethis fact to pick a set of candidatecenter
frequencies.By computingthemaximumcapacityat each,we
candecidewhich is optimal.

VI . CONCLUSION

This paper has consideredhow to use both interference
temperatureand the regulatory interferencetemperaturelimit
to selectanoptimalradiobandwidthandpower for aparticular
interferenceenvironment.We've discussedtwo interpretations
of the interferencetemperaturemodel, and showed the con-
ditions underwhich the generalmodel yields interferenceat
leastassmall as the ideal model.

Two main techniquesfor solving for the desiredbandwidth
in both the ideal and generalizedmodel were presented.
The �rst useshill climbing and is best suited for scenarios
wherewe wish to maximizecapacityfor the radio's dynamic
bandwidthrange.The seconduses�x ed-pointiterationandis
designedto �nd a bandwidth for a speci�c target capacity.
Future work involves a detailed analysis of how pricing
functionscan be appliedto to bandwidthselection,and how
this affectsnetwork-wide spectralef�ciency.

Thesetwo techniqueshave been implementedwithin an
interferencetemperaturesimulatorandhave beensuccessfully
usedfor dynamicspectrumaccess.In a noisyRF environment
with several licensedcarriersandmany unlicensedtranceivers,
unlicenseddevices can successfullylocate and utilize spec-
trum. A key result of the simulator is, however, that when
forcedto overlapa licensedsignal,achievablecapacityis low.



WILEY JOURNAL ON WIRELESSCOMMUNICATIONS AND MOBILE COMPUTING 8

Consequently, researchis underway to investigate techniques
for shapingunlicensedwaveformsto �t around licensedsig-
nals ratherthanoverlap themwith full power [13].

Overall, the interferencetemperaturemodeloffers an excit-
ing new paradigmfor dynamicspectrumaccess.
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