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RaminHekmat� , andLeonardP. Ligthart�
� Departmentof EEMCS,Delft University of Technology, Mekelweg 4, 2600GA Delft, The Netherlands

yDepartmentof EEMCS,University of Twente,Zilverling 4096,7500AE Enschede,The Netherlands
Email: f s.b.raghunathan,maartenvandenoever, r.doost,z.qing@student.tudelft.nl,f p.pawelczak,i.budiarjo, h.nikookar,

r.hekmat,l.p.ligthartg@ewi.tudelft.nl, f m.heskamp,q.zhang,a.b.j.kokkelerg@ewi.utwente.nl

Abstract—The article provides basic information on the Dy-
namic Spectrum Accessplatform developed by AAF Freeband
project sponsored by the Dutch Ministry of Economic Affairs.

I . INTRODUCTION

The AAF Freebandproject [1], startedin 2004, is one of
the �rst Europeannational projects that focusedsolely on
DynamicSpectrumAccess(DSA) applicationto contemporary
emergency networks. One of the objectives of the project
was to develop a proof of conceptplatform that would show
the DSA capabilities,implementingsomeof the theoretical
developmentswithin AAF. This article will provide a brief
descriptionof the developedplatform.

Brie�y speaking,the AAF demo is composedof three
independentcomponents:

P1 Adaptive OFDM carrier selection based on a
P25M [2] board (without RFE) with cooperative
spectrumsensingbasedon the USRPplatform [3];

P2 A completeODFM receiver basedon the Montium
platform [4];

P3 An independentenhancedspectrumsensingplatform
basedon the USRP written without GNU Radio
components[5].

P1 is the main DSA platform, while P2 and P3 serve as
independentandcomplementaryplatformsto P1.

This paperis structuredasfollows. In SectionII we brie�y
describeeachof theabove componentsof theAAF demoand
in SectionIII we summarizethe paper.

I I . BRIEF PLATFORM DESCRIPTION

We now describeeachof the Px platformsindependently.
We startwith P1 description.

A. P1: Main DSAPlatform

The main DSA proof of conceptplatform was developed
by Delft University of Technologybetween2007 and 2008
by graduatestudentsand PhD researchersof the Wireless
and Mobile CommunicationsGroup and Telecommunication

This work hasbeensupportedby theAAF Freebandprogramof the Dutch
Ministry of EconomicAffairs.
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Fig. 1. Schematicrepresentationof P1 platform.

andRemoteSensingTechnologyGroupat the Departmentof
Telecommunications.

The whole P1 platform is constructedof two main compo-
nents:acooperativespectrumsensingplatformbasedonUSRP
devices, and OFDM adaptive carrier selectionbasedon the
P25M SDR platform. The spectrumsensingpart sendsreal-
time signalson theactivity of thePrimaryUsers(PUs)(in this
caseWLAN activity) to SDR P25M platform, which adapts
its waveform basedon information obtained,i.e., deactivates
carriers on the channelswhere a PU was detected.The
whole setup is schematicallypresentedin Fig. 1, while the
photographof the whole setupis given in Fig. 3.

Speci�cally, the spectrumsensingpart is constructedof
two PCs running Ubuntu Linux with complete GNU Ra-
dio installed, connectedto individual USRP with 2.4GHz
daughterboard.Each laptop runs its own spectrumsensing
programmein GNU Radio. Both laptopsare connectedvia
the Sambaprotocol to exchangesensingdata,while one of
the laptopsservesasa sensingserver andcombinesspectrum
sensinginformation from both of GNU radio programs.In
thesetupa simplemeasurementcombiningis performed.The
outcomeof the measurementis sent, again via the Samba
protocol,to thePChosingtheP25MSDRplatformasa vector
of zerosandones,whereonessymbolizecarrieroccupancy by
PU. An exampleGUI of thespectrumscanner(server side)is
shown in Fig. 2.

The secondpart of the P1 platform consistsof the P25M
baseboardand a server computer. The P25M boardconsists
of a TI C6713DSPprocessoranda Xilinx Spartan3 FPGA.



Fig. 2. GUI of the spectrumscannerof the P1 platform.

Fig. 3. Photographof the P1 platform. Stationary PC contains P25M
platform,while two laptopsareconnectedto two USRPdevices(blackboxes
in front of laptops),servingasspectrumscanners.

The computerrunsa server that enablescommunicationwith
the DSPprocessor. The DSPprocessoris capableof commu-
nicatingwith the FPGA.

TheDSPProcessoris usedfor feedingtheFPGAwith data.
TheP25MrunsFPGAlogic thatenablesadaptive modulation.
This enablesthe usageof a different modulationschemefor
eachcarrier. The modulationdepthcan vary from BPSK up
to 64-QAM. Thedataaboutthespectrumoccupancy is loaded
to the board as a vector. With this vector the carriers are
adaptively switchedon andoff.

The implementationis doneusinga mixture of VHDL and
C++. The software used for the server computeris created
in C++ using Borland Builder. The programsfor the DSP
Processorarealsoin theC++ languageusingCodeComposer
Studio.The logic for the FPGA is createdusingXilinx ISE.

Xilinx ISE is alsousedfor thesimulationof thelogic. In the
demothe intermediateresultsof the FPGA are shown using
Matlab plots. Plots of the constellation,the output spectrum
andthe deactivatedspectrumaregenerated.

Two limitationsof thepresentedsetupis the lack of RFEat

Fig. 4. Photographof the P2 platform. Laptop is connectedvia USB and
Serial port to Montium-basedBCVP platform (openedblack box), for the
purposeof visualizationof the OFDM modulation.Grey box behindBCVP
containspower sourcefor BCVP.

theP25M,andarti�cial spectrumsensingmeasurementresult.
Sinceat the time of P1 developmentuniversity hadaccessto
2.4GHz daughterboardonly, spectrumsensingresultsusing
USRP were not reliable. It was due to the fact that USRP
at was simply too slow to perform accuratemeasurementin
real-timein 2.4GHz range.

B. P2: Montium-basedOFDM Implementation

The secondplatform, calledsymbolicallyP2 andshown in
Fig. 4, was developedby University of Twente's Computer
Architecturefor EmbeddedSystemsGroupat the Department
of ComputerScience.P2 is composedof PC connectedto
the, so called, Basic ConceptVeri�cation Platform (BCVP)
via USB andSerialport. PC sendsrecon�gurationdatato the
BCVP and retrieves resultsfrom the BCVP. A graphic user
interfacerunson thePCto interactwith theBCVP anddisplay
the results.

Major componentsin the BCVP are two ARM processors,
ARM920 andARM946,whereARM946 is theprocessorused
by default. The ARM946 usetwo tightly coupledmemories,
one instruction memory of 32Kbytes and one data memory
of 64Kbytes. Whole BCVP has accessto external Mem-
ory of 3Mbytes in total. Another major part of BCVP is
FPGA, which emulatesthree Montiums connectedby a cir-
cuit switchedNetwork-on-Chip.BCVP alsoincludesUSART.
Externalconstant12V power supplyfor theBCVP is needed.
Schematicrepresentationof BCVP is given in Fig. 5.

Somebrief descriptionis neededon the Montium architec-
ture. Montium targetsthe 16-bit DSP algorithm domain [4].
At �rst glancethe Montium bearsa resemblanceto a Very
Long InstructionWord processor. However, the control struc-
ture of the Montium is optimized to minimize the control
overheadwhich is imperative for energy ef�ciency. It consists
of two majorparts:theCommunicationandCon�gurationUnit
(CCU) and the recon�gurableTile Processor(TP). The CCU
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Fig. 5. Schematicrepresentationof BCVP.

implementsthe interfacefor off-tile communication.The off-
tile interfacedependson the interconnecttechnologythat is
usedin the Sysytem-on-Chip.The TP is the computingpart
that canbe con�gured to implementa particularalgorithm.

The � ve identical Arithmetic Logic Units (ALUs) in a tile
can exploit spatialconcurrency to enhanceperformance.The
datapath of the ALUs hasa width of 16bits and the ALUs
supportboth signedinteger andsigned�x ed-pointarithmetic.
The parallelism demandsa very high memory bandwidth,
which is obtainedby having 10 local memoriesin parallel.
The local memoriesimply a good locality of reference.A
relatively simple sequencercontrols the entire tile processor.
The sequencerselectscon�gurable tile instructionsthat are
storedin the decoders.

Each one of four 16-bit inputs to an ALU has a private
input register�le thatcanstoreup to four operands.Theinput
register �le cannot be bypassed,i.e., an operandis always
readfrom an input register. Input registerscan be written by
varioussourcesvia a �e xible interconnect.Two 16bit outputs
from an ALU areconnectedto the interconnect.Neighboring
ALUs canalsocommunicatedirectly, i.e., the West-outputof
an ALU connectsto the East-inputof the ALU neighboring
on the left.

Each local SRAM is 16bit wide and hasa depthof 1024
positions,which addsup to a storagecapacityof 16Kbit per
localmemory. A recon�gurableaddressgenerationunit (AGU)
accompanieseachmemory. The AGU can generatethe most
frequently used addresspatterns,but when neededalso an
ALU can generateaddresspatterns.It is also possibleto use
the memoryas a lookup table for complicatedfunctionsthat
cannotbe calculatedusing an ALU, suchas sine or division
(with one constant).A memorycan be usedfor both integer
and �x ed-pointlookups.

In thedemonstrationa completeOFDM receiver runningon
theBCVP platformis presented.Constellationplot of received
signalis shown by agraphicuserinterfaceon thePCretrieving

Fig. 6. GUI of P2. In the �gure switching the FFT execution from the
Montium to the ARM is shown.

the resultsfrom the BCVP. The mostcomputationalintensive
task, the FFT, in the OFDM receiver runs on the Montium1.
However, the FFT can be switchedto the ARM at run-time,
seeanexampleof suchswitchingin Fig. 6. Thesmallchanges
in the constellationby switching from the Montium to the
ARM canbenoticeddueto thedifferentprecisionsof different
processors.Constellationplots from different channelmodel
canalsobe generated.

C. P3: EnhancedSpectrumSensingPlatform

Finally, thegoalof theP3platform,seeFig 7, is to demon-
stratephysical layer issuesinvolved in spectrumsensing.P3
wasdevelopedby Universityof Twente's SignalsandSystems
Groupat theDepartmentof ElectricalEngineering.It consists
of a PC applicationrunningon Windows XP, which combines
several system level simulations with a GUI. It can also
connectto a USRP to receive live radio signals,which can
be capturedto �le, or processedat real time. Computational
intensive algorithmslike cyclostationaryfeaturedetectioncan
be doneof�ine.

The platform is designedas a hybrid betweensimulation
and implementation.The reasonbehindsuchapproachis as
follows. The main problem with a full simulation is that it
is dif�cult to model all relevant aspectsof reality. It is for
example dif�cult to simulatea transmitterand receiver that
work on sampling rates that have a true non-integer ratio
betweenthem.Especiallywhenanalyzingdetectionproblems
in which many samplesare correlatedand averaged,such
implicit synchronizationhas to be avoided, as it can result
in arti�cial correlations.On the otherhand,the problemwith
working only with live signalsis that it is dif�cult to control
all relevant aspectsof reality, like fading and primary user
behavior. Furthermore,resultsobtainedfrom realworld signals
aredif�cult to reproduce.In simulationmode,an ensembleof

1Dynamic recon�gurable FFT that runs on the Montium can switch to
different sizes.It canalsoswitch from a radix-2 FFT to a novel sparseFFT
that only producesthe requiredFFT bins. The sparseFFT is ef�cient in the
context of OFDM basedDSA andmulti-resolutionspectrumsensing.For the
detail of the sparseFFT see[6].



Fig. 7. Photo of P3 platform. Laptop running the simulator and signal
processingblocks is connectedto USRP.
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Fig. 8. Block schemefor generatingsimulatedsignalsin P3.

signals is generatedin software by a systemas depictedin
Fig. 8. Variousparameterscan be adjustedthroughgraphical
user interface windows. When connectedto a USRP the
demonstratorcanreceive live radio signals,seeFig. 9.

I I I . SUMMARY

This article describeda brie�y Dynamic SpectrumAccess
platformdevelopedby theAAF project.A work is ongoingto
improvethecapabilitiesof presentedhardware.For examplein
caseof P1 platform,RFE installationis required,andtestsof
cooperative spectrumsensingplatform areneeded,especially

Fig. 9. DevelopedGUI of P3 showing spectraof TETRA downlink signal
received througha television tuner frontendconnectedto USRP.

for non-UNII frequency range.
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