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Abstract— Over the past few years, signi�cant effort has
been put into various tr eatments of dynamic spectrum access.
This study has resulted in a many protocols and heuristic
techniquesfor coexistencebetweenprimary and secondaryusers
in a fr equency band. However, none of these approacheshas
resultedin a description suitable for implementation on a general-
purposecognitive engine.As a result, devicesimplementing these
algorithms cannot truly be called “cogniti ve radios” as they are
not controlled by a cognitive engine.

This work focuses on translating the basic semantics of
dynamic spectrum accessinto the Action Description Language
(ADL), and in particular the primary-prioritized Mark ov ap-
proach to dynamic spectrum access.Consequently, this descrip-
tion is implemented within the Open-Source Cognitive Radio
project, which is a research effort that interfaces the OSSIE
SDR with the Soar cognitive engine.

I . INTRODUCTION

DynamicSpectrumAccess(DSA) is a fast-growing �eld in
currentcognitive radio research.Therearea large numberof
protocols [1], [2], [3], [4], [5], [6], [7], [8] eachwith their
own scheme– some centralizedand some distributed, and
eachwith their own heuristicsto try and outperformothers.
However, thesealgorithmshasbeende�ned in sucha way that
it could be directly implementedon a real cognitive radio.

Here,we de�ne a real cognitive radio is a wirelessdevice
governedby a cognitive engine, which provides the “brain”.
Generallycognitive enginesprovide both the ability to rea-
son (i.e. AI planning) and learn (i.e. machinelearning) [9].
Reasoningis usedby the engineto decidehow bestto act in
a particularscenariogiven knowledgeof how its action will
affect its progresstoward a goal. Learning is usedwhen it' s
unclearhow a particularactionwill affect the overall system
state,andthatactionmust�rst be“tried out”. In moreconcrete
terms,reasoningis anoff-line searchfor thebestsystemstate,
while learningis an on-line search.

There have beena couple efforts [10], [11] to develop a
truly genericcognitive radiothatcanbeprogrammedwith any
objective function, basic information about its environment,
a set of actions, and how those actions affect its environ-
ment. Here we shall focus on the Open-SourceCognitive
Radio (OSCR) [11]. We will extend the initial formulation
of dynamicspectrumaccesspresentedin [12] to include the
Primary-PrioritizedMarkov Approach (PPMA) [13], which
will allow both spectrumsharing both in frequency and in
time.

The �nal version of this paper will discussresults from
actually implementingthesealgorithmswithin OSCR.

Theremainderof this paperis organizedasfollows.Section
2 describesthe basic cognitive radio architecture.Section
3 outlines how actions and goals are speci�ed within our
cognitive engine.Section4 detailshow PPMA canbe imple-
mentedwithin the descriptionlanguage.Section5 discusses
our experiencesimplementingPPMA within OSCR.Section
6 concludes.

I I . COGNITIVE RADIO ARCHITECTURE

A software radio (SR) can be de�ned as a radio imple-
mentedwith generic hardware that can be programmedto
transmitand receive a variety of waveforms.Cognitive radio
is often thoughtof asanextensionto softwareradio,andhere
we treatit assuch.A cognitive radioextendsa softwareradio
by adding an independentcognitive engine,composedof a
knowledge-base,reasoningengine,and a learningengine,to
drivesoftwaremodi�cations.A well-de�ned API dictatescom-
municationbetweenthecognitive engineandtheSR.Figure1
illustratesthis architectureandtheinteractionbetweenvarious
components.

At any given time, the cognitive enginegeneratesconclu-
sionsbasedon informationde�ned in theknowledgebase,the
radio's long-term memory. Theseconclusionsare the result
of extrapolationsof this information basedon reasoningor
learning. The reasoningengine is what is often referred to
in AI literature as an expert system.The learning engineis
responsiblefor manipulatingtheknowledgebasefrom experi-
ence.As lessonsare learned,the learningenginestoresthem
in the knowledgebasefor future referenceby the reasoning
engine.Dependingon theapplication,thelearningenginemay
only be run to train a newly initialized radio, or it could be
run periodicallyas the radio operates.In this paperwe focus
on planning.For a moredetaileddescriptionof how learning
andplanninginteractwithin a cognitive radio, see[12].

The SR exportsvariablesthat areeither read-onlyor read-
write. Theread-onlyparametersrepresentstatisticsmaintained
by the SR, suchassignal to noiseratio or bit error rate.The
read-writevariablesrepresentcon�gurableparameterssuchas
transmitpower, codingrate,or symbolconstellation.

These radio parametersare bound to predicatesin the
knowledge base.Knowledge basesare very common in AI
planning.The one we describeherecontainstwo basicdata



Fig. 1: Cognitive radio architectureshowing the interactionsbetweenthe software radio, knowledge-base,and policy and
learningengines.

structures.The�rst is a logic expressionmadeupof predicates
that representsthe state of the environment. Predicatesare
expressionsin �rst-order logic that evaluateto either true or
false.

The secondset of data containedwithin the knowledge-
baseis actions.Actionsde�ne operationsthereasoningengine
could performto changethe stateof its environment.Actions
consistof a setof preconditionsandpostconditions.Precondi-
tions mustbe inferablefrom theknowledgebaseandevaluate
true for the action to be selected.An action's postconditions
describethe modi�ed stateof the knowledgebase.

To better illustrate the discussion,considerthe following
example,the objective of which is to decreasethe modulation
ratewith a decreasein SNR.

The knowledgebasecontainsthe following predicates1

modRate(QPSK ) ^ snr (5 dB) (1)

and the following action

action : decreaseMo dulationRate

precond: modRate(QPSK ) ^ snr (� 8 dB)

postcond: : modRate(QPSK ) ^ modRate(B PSK )

(2)

The reasoningengine usesplanning, which is a �eld of
AI that works with logic2. At any given time, it looks at the
currentstateand determineswhich actionsare executablein
that state.All the possibleresultingstatesare then evaluated
to seewhich is optimal,whereoptimality is determinedby an
objective function f (�).

In our current example, we can successfully infer the
preconditionsfrom our knowledge-base.As a result, the de-
creaseModulationRateaction is executedandthe postcondi-

1We usethe conventionallogic operators:̂ AND; _ OR; : NOT.
2We mostly consider scenariosthat use forward chaining rather than

backward chaining for inferencing,since we often don't have a particular
goal state.

tions areappliedto the knowledge-base,resultingin

K B 0 = K B ^ postcond= modRate(B PSK ) ^ snr (5 dB)
(3)

Observehow modulationwaschangedfrom QPSKto BPSK
when the SNR drops below 8 dB. While this example may
seemelementary, it provides the fundamentalsfor reasoning
in our cognitive radio.

I I I . DYNAMIC SPECTRUM ACCESS

In this section,we �rst describea dynamicspectrumaccess
(DSA) system.Thenweproposea Primary-PrioritizedMarkov
Approach(PPMA) for dynamic spectrumaccesswhich can
ef�ciently and fairly utilize the spectrumresources,and im-
plementthe PPMA usingAI logic.

A. DSASystemDescription

Dynamic SpectrumAccess (DSA) involves locating fre-
quency bands and times when which a cognitive radio
can transmit without causingharmful interferenceto other
transceivers [14]. For example, consider a cognitive radio
network operatingin the UHF television bands,wheretrans-
mission is permissibleprovided devices can guaranteethey
will not interferewith licensedbroadcasts.

More concretely, the goal is to locate center frequencies,
bandwidths,andtimeswhenwhicha cognitive radiocantrans-
mit, while maximizingcapacityandminimizing interference.

If we limit our DSA approachto multiplexing in frequency
with licensedsignals,thentheproblemsimpli�es signi�cantly.
Imagine our SR exports predicatesto the knowledge-base
regardingdetectedsignalss1; s2; :::; sN that areof the form

signalF r eq(si ; f i ) ^ signalB W (si ; Wi ) (4)

Our goal is to �nd some f c and W that does not overlap
any detectedsignal, while maximizing W and consequently
the radio's capacity. Let's also includea parameterT 2 [0; 1]
representingthe radio's duty cycle.



First, let's de�ne a helperfunction

notOverlap(f c; W; si )

= (f i + Wi =2 < f c � W=2) _ (f i � Wi =2 > f c + W=2))
(5)

Thenwe cande�ne our predicate

action : moveBand (fold ; W old ; T old ; fnew ; W new )

precond: 8i � N : notOverlap(f new ; Wnew ; si )

^ centerF r eq(f ol d) ^ bandwidth (Wol d)

^ dutyCycle(Tol d)

postcond: : (centerF r eq(f ol d) ^ bandwidth (Wol d)

^ dutyCycle(Tol d))

^ centerF r eq(f new ) ^ bandwidth (Wnew )

^ dutyCycle(1)
(6)

Then we de�ne our objective function (with a maximization
goal)

f (bandwidth (W )) = W (7)

We now have a policy-basedcognitive radio that will search
out the largestcontinuouspieceof bandwidthfor communi-
cation.

However, imagine that the largest continuous piece of
bandwidthwasrelatively small.Ourbeststrategy maybeto try
and coexist in the time domainwith a primary signal.When
the primary signal is transmitting,we ceasetransmitting,and
when it' s not transmitting,we resume.

Let's sayour signalssi areextendedto includeduty cycle
andareof the form

signalF r eq(si ; f i ) ^ signalB W (si ; Wi ) ^ signalDC(si ; Ti )
(8)

We cannow addan additionalpredicateto our knowledge
base:

action : moveSameBand (fold ; W old ; T old ; fnew ; W new )

precond: 9i � N : : notOverlap(f new ; Wnew ; si )

^ centerF r eq(f ol d) ^ bandwidth (Wol d)

^ dutyCycle(Tol d)

postcond: : (centerF r eq(f ol d) ^ bandwidth (Wol d)

^ dutyCycle(Tol d))

^ centerF r eq(f new ) ^ bandwidth (Wnew )

^ dutyCycle(1 � Ti )
(9)

This additionalactionallows usto occupy thesamefrequency
bandasa licensedsignalwith an appropriateduty cycle. We
canadaptour objective function to be

f (bandwidth (W ) ^ dutyCycle(T)) = W � T (10)

Thus when using theseactionstogether, we can evaluatethe
objective function over all possiblechoices.

Fig. 2: The ratediagramof PP-CTMC.

B. Primary-PrioritizedMarkov Approach

Once frequency-band selectionis complete,we now need
the ability to detectlicensedusersand halt transmission.In
this subsection,we proposethe Primary-PrioritizedMarkov
Approach (PPMA) for dynamic spectrum access,since it
works well on a basisof a fairly simple statemachinethat
canbe expressedthroughAI logic with relative ease.

We �rst describehow PPMA coordinatesthe accessof
multiple secondaryusersin the temporarily unusedlicensed
bandwithout con�icting with the primary spectrumholders'
usage.Denotetheprimaryuserby P, andthesecondaryusers
by A andB . For eachuser
 , where
 2 f A; B ; Pg, its offered
traf�c is modeledwith two independentPoissonprocesses,
with the service-requestrate � 
 andthe departurerate � 
 .

Since the primary user's spectrumusagein its licensed
band should not be affected by the operationof any other
secondaryuser, we assumethat onceprimary userP appears,
any secondaryusershouldstoptransmission,buffer their inter-
ruptedtraf�c, continuescanningthe licensedband,andimme-
diately resumetransmissiononcethe licensedbandbecomes
idle again. Moreover, if more than one secondaryusersare
allowed to sharethe licensedfrequency-band, the ef�ciency
of spectrumusagecan be further improved. However, too
muchcoexistenceof thesecondaryusersmayresultin mutual
interference,andwe will describelater how to coordinatethe
accessof secondaryusersto alleviate the interferencelevel.

From the precedingassumptions,we model the interac-
tions betweenthe primary user and the secondaryusersas
a Primary-PrioritizedContinuous-Time Markov Chain (PP-
CTMC), illustratedin Figure 2. The statesof PP-CTMCare
describedin Table I.

Assumeat �rst the licensedspectrumbandis idle, i.e., PP-
CTMC is in state(0; 0). The two secondaryuserscontendto
operatein thespectrum.Uponthe�rst accessattemptof some
user, sayuserA, PP-CTMCentersstate(0; A) with transition
rate� A . If userA �nishes its servicedurationbeforeany other
userrequestsspectrumaccess,PP-CTMCthentransitsto state
(0; 0) with rate� A . If userB 'sservicerequestarrivesbeforeA



TABLE I: The Eight Statesof PP-CTMC
Index State Description

0 (0; 0) Spectrumis idle
1 (0; B ) SecondaryuserB is in service
2 (0; A ) SecondaryuserA is in service
3 (0; AB ) Both A andB are in service
4 (P; 0) PrimaryuserP is in service
5 (P; B w ) P is in service;B is waiting
6 (P; A w ) P is in service;A is waiting
7 (P; (AB )w ) P is in service;A andB arewaiting

completesits service,PP-CTMCtransitsto state(0; AB ) with
rate� B , wherebothsecondaryuserssharethespectrumusage
using Code-Division Multiple Access (CDMA) techniques.
OnceuserB (or A)'sservicedurationis completed,PP-CTMC
transitsfrom state(0; AB ) to (0; A) (or (0; B )), with rate� B

(or � A ).
However, primary user P may, once in a while, appear

during the servicedurationof the secondaryusers,i.e., when
PP-CTMCis in state(0; A), (0; B ) or (0; AB ). Supposethe
licensedbandis beingoccupiedby userA. If userA detects
that primary user P needsto acquire the spectrumband,
A ceasesits transmission,buffers its interruptedtraf�c, and
keepssensingthe banduntil P �nishes operatingin the band.
Therefore,PP-CTMC transits from state (0; A) to (P; Aw )
with rate � P . If primary user P �nishes its servicebefore
B 's access,A will continueits transmission,and PP-CTMC
transitsfrom state(P; Aw ) to (0; A) with rate� P . In contrast,
if the accessrequestof B arrives before primary user P
completesits serviceduration,B also buffers its traf�c, and
PP-CTMCtransitsto state(P; (AB )w ) with rate � B . In state
(P; (AB )w ), both A andB keepsensingthe spectrum.Once
P is sensedto vacate,PP-CTMCtransitsto state(0; AB ) with
rate� P , whereA andB sharethespectrumband.Also, when
PP-CTMC is in state (P; 0), if unlicensedusersattempt to
accessthe spectrum,they arekept sensinguntil P �nishes its
service,and PP-CTMCtransitsto state(P; Aw ) or (P; Bw ),
with rate � A or � B , respectively.

One of the most important goals in spectrumsharing is
ef�cient spectrumutilization, i.e.,high throughputachievedby
eachsecondaryuserthroughsuccessfulacquisitionof a spec-
trumband.Fromastatisticalpointof view, thesecondaryusers
want to maximize their averagethroughput.Given the rate
diagramof PP-CTMC,wecanobtainits stationarystateproba-
bilities, denotedby � si , wheresi 2 f (0; A); (0; B ); (0; AB )g.
Since� si canbeequivalentlyviewedastheratio of allocation
time to statesi to theentirereferencetime, theproductof � si

andthe capacitythat secondaryuser
 achieveswhenoperat-
ing in statesi representsone averagethroughputcomponent
acquiredby user
 in statesi . Therefore,we canexpressthe
total averagethroughputfor user
 as follows,

U
 = � (0 ;
 ) r


1 + � (0 ;AB ) r



2 ; (11)

where r 

1 and r 


2 are channel capacitiesfor user 
 when
it operatesin the licensed band alone and with the other
secondaryuser, respectively.

In order to alleviate the mutual interferenceamong sec-
ondary users in PPMA, we introduce the spectrumaccess
probability for user A and user B , denotedby aA and aB ,
respectively. Then, the resulting randomaccessprocesscan
be approximatedby slightly modifying the original CTMC.
Becauseeach secondaryuser 
 's traf�c is admitted with
probabilitya
 , theactualarrival rateis approximatedby a
 � 
 .

Then,theoptimizationgoalis to determineaA andaB , such
that the utility function canbe maximized,i.e.,

f a
 g = arg max
0� a 
 � 1

U(f a
 g); (12)

where8
 2 f A; B g.
According to different objectives, the utility function

U(f a
 g) can have different de�nitions. A good spectrum
sharingschemenot only can ef�ciently utilize the spectrum
resources,but alsocanprovide fairnessamongdifferentusers,
sowe �rst proposeto maximizetheaveragethroughputbased
on the proportional-fairness (PF) criterion. Thus, in (12),
U(aA ; aB ) canbe written as

U(aA ; aB ) =
Y


 2f A;B g

U
 (aA ; aB ): (13)

Other optimality criteria can also be employed, such as the
maximal-throughputcriterion

U(aA ; aB ) =
X


 2f A;B g

U
 (aA ; aB ); (14)

and the max-min fairnesscriterion

U(aA ; aB ) = min

 2f A;B g

U
 (aA ; aB ): (15)

C. Implementationof PPMA

Accordingto the precedingdiscussions,we can implement
the PPMA in the following steps.

Assumethe frequency-bandselectionis complete,which is
authorizedto primarysignalsP . Theknowledgebasecontains
the following predicate

signalF r eq(sP ; f P ) ^ signalB W (sP ; WP )

^ signalDC(sP ; TP ):
(16)

The slave software radio is assumedto be able to measure
the traf�c statisticsof different users,then we can add addi-
tional predicatesto our knowledgebase:

ar r iv alRate(� P ) ^ serviceRate(� P ); (17)

and
ar r iv alRate(� 
 ) ^ serviceRate(� 
 ); (18)

where
 2 f A; B g.
Having thesemeasurementsof the traf�c statisticsand the

ratediagramin Figure2, accordingto [13], thesoftwareradio
canconstructthe equationarraysgoverning the DSA system,
and computethe stationarystateprobabilitiesf � si g, where
si 2 f (0; A); (0; B ); (0; AB )g. Since they are equivalent
to the allocation time ratios to the secondaryusers,which



are functions of their service-requestrates, we denote the
correspondingpredicatesas follows

timeR atioA (f � 
 g) ^ timeR atioB (f � 
 g)

^ timeR atioAB (f � 
 g):
(19)

At timeTP , primaryuserP is sensedto completeits service
andvacatethefrequency-band,thenthesecondaryusersbegin
to operate in the band. The correspondingpredicatesare
de�ned as

action : startT ra�c (s
 )

precond: : (centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 ))

postcond: centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 );

(20)

where
 2 f A; B g.
Assumeafterthesecondaryusersstarttheir transmissionsin

thelicensedband,our softwareradiocanmeasurethecapacity
they can achieve. Then we can add the correspondingpred-
icatesas COneUser(
 ) and CTwoUser(
 ). The resulting
averagethroughputfor eachsecondaryuseris

U(
 ) = timeR atioA (f � 
 g)COneUser(
 )

+ timeR atioAB (f � 
 g)CTwoUser(
 );
(21)

where
 2 f A; B g.
Therefore,the objective function is

f (timeR atioA (f � 
 g) ^ timeR atioB (f � 
 g)

^ timeR atioAB (f � 
 g) ^ COneUser(
 ) ^ CTwoUser(
 ))

= U(f � 
 g);
(22)

whereU(f � 
 g) canbe selectedfrom (13)-(15).
Since we have proved in [13] that the objective function

for the PF criterion is concave in the accessprobabilitiesand
the traf�c arrival rates,we are then able to apply a gradient
searchalgorithmto �nd theoptimalsolution.If we denotethe
optimal arrival rateaspredicates� new


 , the following actions
shouldbe executedin the knowledgebase,

action : adaptArriv alRate (s
 ; � 
 ; � new

 )

precond: ar r iv alRate(� 
 ) ^ (� new

 6= � 
 )

postcond: ar r iv alRate(� new

 ):

(23)

Considerthe scenariosthat primary user P is sensedto
acquireits frequency-bandwith somenew duty cycle T new

P ,
however, thesecondaryusersarestill in theirdutycycles.Then
the secondaryusersshouldbuffer their interruptedtraf�c, and
the predicateis de�ned as

action : bu�erT ra�c (s
 )

precond: (centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 )) ^ : (centerF r eq(f P )

^ bandwidth (WP ) ^ dutyCycle(T new
P ))

postcond: : (centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 )) ^ (centerF r eq(f P )

^ bandwidth (WP ) ^ dutyCycle(T new
P )) ;

(24)
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Fig. 3: Plot of the energy andSNR statisticsmeasuredduring
the experiment,alongwith the decisionon whetheror not to
enablethe secondarytransmitter

where
 2 f A; B g.
When the primary user �nishes its service,the secondary

usersimmediatelyresumetheir originally interruptedtraf�c,
and the predicateis

action : resumeT ra�c (s
 )

precond: : (centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 )) ^ (centerF r eq(f P )

^ bandwidth (WP ) ^ dutyCycle(T new
P ))

postcond: (centerF r eq(f 
 ) ^ bandwidth (W
 )

^ dutyCycle(T
 )) ^ : (centerF r eq(f P )

^ bandwidth (WP ) ^ dutyCycle(T new
P )) :

(25)

If the secondaryusersrequestthe spectrumaccessduring
the primary user's duty cycle, they canbuffer andresumethe
traf�c usingsimilar actionsasde�ned in (24) and(25).

IV. IMPLEMENTATION RESULTS

The PPMA algorithmswereimplementedwithin the Open-
SourceCognitive Radio (OSCR) [11]. In order to perform
dynamic spectrumaccess,the radio needsto know whether
the primary and/or secondaryusers are transmitting. The
existing OSCR implementationalreadyprovided us with an
SNR statistic that could be usedto determineif a secondary
userwas transmitting.An additionalstatisticwas addedthat
computesthe energy at the secondaryreceiver. Using both
thesestatistics,the radio can determineif anyone was trans-
mitting, and if so whether it was the primary or secondary
user.

The radio then usedthis data to decidewhetheror not to
activate the secondarytransmitter. The statisticsand ability
to start and stop the transmitterwas exported to the Soar
cognitive engine,which then applied the PPMA algorithms
to control the transmitter.

Figure3 shows the experimentalresults.A received energy
of -50 dBm indicatesthesecondaryuseris transmitting,while
a received energy of -45 dBm indicatesa primary user is
transmitting.Once the primary user starts transmitting, the
received SNR drops due to the interference.The cognitive
engine's logic thentriggersa stopin thesecondarytransmitter.



Fig. 4: Screen-shotof the initial state,wherethe primary user
is transmittingand the secondaryAP is idle.

Oncethereceivedenergy dropsbelow -80 dBm, thesecondary
user knows the primary user has vacatedthe channel,and
resumestransmission.In our experimentation,the cognitive
enginewasableto adaptin 5 millisecondsto a changein the
stateof the primary user. This reactiontime could be reduced
by more frequentpolling of the radio statistics.

Additionally, an implementationwas createdwithin GNU-
radio to demonstrateRF over-the-air functionality with the
Universal Software Radio Peripheral (USRP). Two USRP
boardswere used,one as a primary user and anotheras a
secondaryuseraccesspoint (AP). ThesecondaryuserAP used
energy detectionto sensethe presenceof the primary user. If
a primary userwas detected,the AP promptsthe secondary
usersto stop transmitting.Otherwisethe AP will coordinate
secondaryusertransmissionsin the availablespectrum.

The energy detectionalgorithmimplementedwithin GNU-
radio is anFFT block fed into a squaringandaveragingblock.
The output is comparedto a decisionthresholdto determine
if a primaryuser's signalis present.Figures4 and5 show the
power spectrafor both states(P; 0) and (0; A) in the PPMA
statemachine.

V. CONCLUSION

Since the introductionof cognitive radio, therehave been
many high-level discussionson proposedcapabilitiesof cog-
nitive radios.In this article, we have formalizedsomeof the
architecturebehind dynamic spectrumaccess-basedapplica-
tions.

Certainly there is a great deal of future work in the �eld
of cognitive radio. The architecturedescribedhereis �e xible
enoughto addressmany different DSA protocols,provided
they can be expressedin predicates,actions,and objective
functions.

Fig. 5: Screen-shotof the transitionstatewhere the primary
userhasvacatedthe channelandthe secondaryuseraccesses
it opportunistically.
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