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Abstract—In this paper the ”Hard ware in a Loop” concept
is intr oducedfor the designof wir elesscommunicationsystems.
The aim is to verify the algorithm designat a very early stage
of the design�o w. This is doneby a step-by-stephardware im-
plementationof the simulatedalgorithms.

Signalion provides a rapid prototyping platform to enable
this algorithm veri�cation on a hardware with a minimum of
additional effort. This approachhelpsto identify designerrors
and implementation faults evenbeforethe �rst systemtape-out.
Thus, it reducestime to market and developmentcostsby help-
ing to avoid numerouschip redesigncycles.

It is shown, that the hardwareplatform canbeusedfor com-
plex PHY-implementationssuchasMIMO-OFDM modems.

Keywords— Rapid Prototyping, MIMO-Systems, MIMO-
OFDM, Smart Antennas

I . MOTIVATION

M IMO systemshave beenshown to offer much
capacitygain over single antennaapproaches

[1]. The IEEE has begun to develop a standard
that will raise the effective throughputof wireless
local areanetworks (WLAN) to at least 100 Mbps
(megabitsper second).MIMO-techniquesare likely
to beanimportantfeatureof suchastandard[2].

There has been many publicationson the theo-
retical performancelimits of such MIMO-systems.
Since the actual performanceboundsdependheav-
ily on the propagation scenario[3], there has been
long discussionson which channelmodel is appro-
priate for different communicationscenarios. This
de�nes the needfor performanceevaluationMIMO-
Systemswithin dedicatedrealworld propagationsce-
narios.However, theimplementationissueslike �x ed
pointcalculationsandRF-impairmentshavealsoto be
addressedin moredetail.

Therefore,many researchgroups throughoutthe
world are planningor just startedMIMO-prototype
studies[4], [5], [6]. Thecomplex MIMO algorithms
are in generalnot feasiblefor commercialavailable
signal processingboards. This determinesthe need
for anew �e xible hardwareplatform,thatis especially
designedfor theimplementationof advancedwireless
signalprocessingalgorithms,suchasMIMO-systems.
In thefollowing, the”Hardwarein a Loop” approach
is introducedto wirelesssystemdesignwhichenables
ef�cient andrapidprototypingof futurecommunica-

tionssystems.

I I . RAPID PROTOTYPING FOR WIRELESS

COMMUNICATION SYSTEMS

Thewirelesscommunicationssystemsdesignstarts
in generalwith analgorithmdesignstagefollowedby
extensive softwaresimulationsof the proposedalgo-
rithms.Thisenablesa�rst performanceestimationfor
de�ned testconditions.

Furtherdesignstepssuchasarchitecturedesignand
algorithmimplementationarededicatedto thesystem
implementation.After theout of a systemprototype,
veri�cation andtestingof thesystemcanbeconducted
for the�rst timewithin thedesigncycle. This leadsin
mostcasesto redesigns,becausesomeof thespeci�-
cationsandrequirementswill probablynotbemet. In
average6 [7] redesignsoccurin conventionalwireless
chip design�o ws. This leadsto high costsandlong
time to market.

Many redesignsresult from errorswithin the very
�rst algorithmdesignstageand the following simu-
lation of thealgorithms.Suchsimulationsarefor in-
stancebasedon idealizedassumptionsanddealoften
only with partial systemaspects,ratherthanwith the
performanceof a completewirelesscommunication
system. This leadsoften to the problem of under-
estimatedin�uences of non-idealsystemconditions.
Threesimpleexamplesillustratethisproblem:
1. Separatedesignof basebandand RF-chipsets
Problem: Basebandperformancesuffers from RF-
impairmentsthathave beenneglectedwithin thesim-
ulation.
2. Real world propagation statistics differ signi�-
cantly fr om the channelmodelsusedfor simulation
Problem: The receiver cannot cope with realistic
propagation scenarios.For MIMO-channelsthis can
lead to an overloadof the channel,if the real world
channelmatrixhaslowerrank,thanthechannelmodel
usedfor simulations.
3. Ongoing standardization adds continuously
new featuresand modes
Problem: Continuousredesignsof basebandalgo-
rithms andchangingrequirementsduring the design
�o w.
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An early veri�cation using a hardware prototype
implementationenablesthe identi�cation of such
problemsevenbeforethechipdesignis started.

Therefore,a �e xible RapidPrototypingPlatformis
neededfor the developmentof future wirelesscom-
municationssystems,which combinesdigital signal
processingboardswith D/A- andA/D-convertersand
RF-componentsto be able to realize live working
wirelesssystemprototypeimplementations.Suchsys-
temsneedeasy-to-usedatainterfaceto thesimulation
environmentto shortentheimplementation.

I I I . THE ” HARDWARE IN A LOOP” CONCEPT

The”Hardwarein aLoop” conceptwhich is shown
in Fig.1 startswith the simulation of wirelesssys-
temsand resultsin a working prototypeat the end.
It addressestheproblemswithin thealgorithmdesign
stageandprovidesthedesignerwith a toolkit to build
up a prototypestepby stepon a �e xible andscalable
hardwareplatform.

In the �rst stepit enablesthe designerto transmit
simulatedsignalsoveranair-interface,to receivethem
and to feed them back to a simulationenvironment.
This is illustratedin Fig.1B). Graphicaldesigntools
suchasSimulinkoffersawide�e xibility for suchpur-
poses.

In next stepsmore and more parts of the physi-
cal layer(PHY) algorithmsof thewirelesssystemare
moved onto the hardware prototypingplatform. Fi-
nally it resultsin a full working prototype. Finally
all PHY-algorithmsareimplementedonthishardware
platform1C). This enablesa full proof-of-conceptof
the wirelesscommunicationssystemdesignat this
veryearlystageof thedesign�o w.

The designerfacesall problemsof a real world
channel, such as channel estimation errors, RF-
Impairments,realworld radiochannelcharacteristics
and othersalreadyin the designphase. Therefore,
many of the potential designerrors can be discov-
eredat this early stageof the design�o w by using
therapidprototypingplatformanthe”Hardwarein a
Loop” concept.

IV. WIRELESS RAPID PROTOTYPING PLATFORM

Signalion's rapid prototypingplatform is designed
to be �e xible to enablea largedegreeof freedomfor
thewirelesssystemdesigner. Thetransmitterplatform
basicallyconsistsof thefollowing components:
² RF-PowerAmpli�er (PA),
² Modulator,
² D/A-converter,
² Digital SignalProcessingHardware,

² Memoryand
² JTAG Interfaces for Programming and USB-
Interfacefor DataTransferto PC.

The receiver prototypingplatform consistsof the
following components:
² RF-Low NoiseAmpli�er (LNA),
² Demodulator,
² A/D-converter,
² Digital SignalProcessingHardware,
² Memoryand
² JTAG Interfaces for Programming and USB-
Interfacefor DataTransferto PC.
Therapidprototypingplatformis connectedto astan-
dardcomputerhardwarethatenablesthesimulationof
wirelesscommunicationsystems.USB asa standard
datainterfaceallows thecommunicationbetweenthe
rapidprototypinghardwareplatformandthecomputer
simulationenvironment.Thedigital signalprocessing
hardwareconsistof Digital SignalProcessors(DSP),
Field-ProgrammableGateArrays (FPGA), Applica-
tion Speci�c IntegratedCircuits (ASIC) and Micro-
controller(MC).

Thesystemarchitectureis ascalablesolutionwhich
allows the application of multiple antennasat the
transmitterandthereceiver. All hardwarecomponents
of Signalion'srapidprototypingplatformoffer at least
two independentwirelesscommunicationchannels.

A. Digital SignalProcessingHardware

The designof the digital signal processinghard-
waredependson many systemimplicationandthere-
fore no generaloptimumsolutioncanbe de�ned for
all differentkind of wirelesscommunicationsystems.
Onepromisingsolutionfor rapidwirelessprototyping
is thejoint implementationof FPGAsandDSPs.Pro-
videdthatthealgorithmsarecleverpartitionedadvan-
tagecanbetakenof bothconcepts.A FPGAwith its
inherentparallelismis bestsuitedfor continuousbit
by bit or wordby wordprocessingwith high through-
put. In contrastconditional algorithmswith many
branchesaresomehow moredif�cult to programonto
FPGA. In contrasta DSPcopeswith branchedalgo-
rithms andblock processing.In orderto interactbe-
tweenFPGA's andDSP's in suchmixedsystemsfast
bidirectionalinterfacesarerequired.Theinterfacevir-
tually constitutestheboundarybetweenwordby word
and block processing. Signalionsprototyping plat-
form useacombinationof XILINX FPGAsandTiger-
SHARCDSPsby AnalogDevices.

Applying a SIMD (Single Instruction Multiple
Data)programmingapproachin orderto executesev-
eral arithmeticoperationsin parallel the TigerSharc
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” HARDWARE IN A LOOP” -CONCEPT OVERVIEW

canachieve up to 4,8 GMACS/sprocessingpower at
600MHz coreclock. Otherfeaturesare:
² 24MBits of internalon-chipDRAM
² 14-channelDMA (Direct Memory access)con-
troller
² integratedSDRAM controllerand
² multiprocessorcapabilities.
Therefore,thisDSPsolutionis mostsuitablefor wire-
lesscommunicationprototypingapplications,sinceit
offersa tremendousprocessingpower alongwith fast
compilersand a library of many communicational-
gorithmssuchasFFT, Filters, Viterbi Decodersand
others.
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SIGNALION DUAL CHANNEL CARD FOR THE DIGITAL

FRONTEND OF THE TRANSMITTER / RECEIVER

Another reasonfor using TigerSHARCDSPsare
thefastintercommunicationandmultiprocessorcapa-
bilities of the this DSP. This family of high perfor-
manceDSPsby Analog Devicesoffers probablythe
fastestan most�e xible communicationinterface,the

Link Ports,availableon theDSPmarket today. Such
aDSPfeaturesupto 4 bidirectionalLink Ports.When
working in DMA-mode they causeno performance
degradationfor the processorcore. The Link Ports
applya DDR-schemeandtransferup to 500MByte/s
perport anddirection.TheentireI/O bandwidthover
the link port accumulatesto an adequatedataratefor
cutting-edgewirelesscommunicationsystemsof upto
4GByte/s.

FPGAmanufacturersprovide solutionsto integrate
theseLink Ports in their chips which enablesa fast
interactionof theFPGAandDSP.

Signalionoffers threetypesof digital signal pro-
cessingboards:
1. SignalionDual ChannelCard (SDCxC)Fig.2 : This
cardprovidestheprocessingpower to implementtwo
independenttransmitteror receiver branchesof the
physical layerof a wirelessmodem.All signalpaths
arebidirectionalto be able to usethe samecardei-
ther in thetransmitteror thereceiver. Thesizeof the
FPGAmaybescaledwith thecomplexity of themo-
dem. This cardenableseitherthe implementationof
two transmitter, two receiver or one transmitterand
one receiver (for bidirectional transmission). It of-
fersfurthera interfaceto SignalionsRF-daughtercard
(SRFC).
2. SignalionMasterCard (SMC): This card offers
additionalprocessingpower for advancedalgorithms
(suchas for MIMO-systems). It is connectedto the
SDCxCvia Link Portswhich offer fastdatatransfer
in bothdirections.Similar to SDCxCtheSMC offers
alsobidirectionalsignalpaths.
3. SignalionMediumAccessCard (SMAC) : Thiscard
containsa BlackFin-DSPthat serves as a controller
and drives Ethernet,RS232and USB-interfaces. It
aims to perform MAC-protocolproceduresand can
be connectedto the SDCxCandSMC asa daughter
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SIGNALION MEDIUM ACCESS CARD

B. Digital/ Analog ConversionandRF

Digital-to-analogconversion (DAC), the analog-
to-digital conversion (ADC) and the RF- sectionis
combinedon the Signalion Radio Frequency Card
(SRFC).Fig.4 shows the block diagramof the card,
which can be pluggeddirectly onto a SDCxC as a
daughtercardFig 5.

TheAD9767,a dualport,high speed,two channel,
14-bit CMOSdigital-to-analog(DAC) converterpro-
videsDAC on theSRFC.TheIC hasbeenoptimized
for processingI andQ datain communicationsappli-
cations.TheAD6645 is a high speed,14-bit analog-
to-digital converter(ADC).

Both ADC and DAC run with 80 MHz sampling
clock providedby a crystaloscillator. Theclock sig-
nal is alsoavailableto theSDCxC-cardto ensuresyn-
chronoperationof all digital componentsof therapid
prototypingplatform.

TheRF-sectionconsistsof anIn�neon alow power,
high performancedual-bandRF Transceiver solution
for theIEEEWirelessLAN Standard802.11a,bandg
(PMB 8680).Following carrierfrequenciesareavail-
able2.4- 2.5GHzand5.15- 5.825GHzwith achan-
nelbandwidthof 20MHz.

The RF Transmitterconsistsof two differential
modulatorsfor the2.4GHz andthe5 GHz frequency
bands.A directmodulationarchitectureis usedboth
of the two frequency bands.In the2.4 GHz bandthe
SDCxC delivers a Zero IF (intermediatefrequency)
signalfor directupconversionwhile in the5GHzband
low IF signalwith anIF of 10MHz is envisagedat the
input.

Similarly the RF-Receiver consistsof two input
portsfor the2.4GHzandthe5 GHzfrequency bands.

A low IF architecture,with anintermediatefrequency
of 10MHz, is usedfor bothtwo frequency bands.The
low IF is usedbecauseat zeroIF theDC offsetwould
disturbtheOFDM in somecases.Theprogramming
of thetransceiveris carriedoutviaa3-wirebus.A sin-
gle bus is usedto programboth 2.4 GHz and5 GHz
modes.This bus is to becontrolledby theFPGAon
theSDCxC.
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SIGNALION RADIO FREQUENCY CARD

V. SOFTWARE

A. Simulationto Hardware Interface

The ef�ciency of the “Hardware in a Loop” ap-
proachdependsheavily on the interfacebetweenthe
softwaresimulationenvironmentandtherapidproto-
typinghardwareplatform.This interfacemustbeable
to handlehigh datatransferratesbetweenthesimula-
tion softwareandthe hardware. Moreover, it should
be aseasyto useandto con�gure asotherfunctions
of thesimulationenvironment.

The interface of choice is different for program-
ming and data transmission. Many modern pro-
grammabledevices,suchasFPGAsandDSPsarede-
signedto be JTAG compliantandthereforethey can
beprogrammedvia theJTAG-interface.For that rea-
son eachof the digital signalprocessingcards(SD-
CxCandSMC) is equippedwith JTAG interfaces.

The data rate of this interface is rather limited,
thereforeanotherinterfaceis neededfor high speed
datatransferfrom thePCto thecardsandvice versa.
This is often donevia PCI or VME parallel bus in-
terfacesoffering a hugebandwidthfor datacommu-
nicationbetweenthe rapidprototypinghardwareand
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Fig. 5

THE SDCXC AND SRFC-COMBO

the PC. Theseinterfacesare in generalnot suitable
for connectingdifferentstand-alonedevices. On the
otherhandthereareserialinterfacessuchasUSB 2.0
andFirewire, thatoffer a largeenoughbandwidthfor
communicationover somemediumdistance.For this
reasoneachof the number-crunchingcards(SDCxC
andSMC) offers a standardUSB 2.0 interfaceoffer-
ing a datarateup to 480Mbit/s which is high enough
for mostapplications.USBcanbefoundin all modern
PCcanbeaccessedby thesimulationsoftwaresuchas
Matlab and SIMULINK. This allows datatransmis-
sion directly from the simulationto the rapid proto-
typinghardwareandits memory.

B. WirelessPrototypingToolbox

Besidefunctionsfor the datatransferfrom andto
the simulation environment, anotherimportant fea-
tureof theSignalions“Hardwarein a Loop ” concept
its the integration of a wirelessprototypingtoolbox
for usewithin MatlabandSIMULINK. This toolbox
will enablethe userto understandand modify stan-
dardcommunicationalgorithmsof therapidprototyp-
ing environmentsuchas:
² Initial Acquisition,
² Frequency Synchronization,
² TimeSynchronization,
² BurstStructure,
² Digital Up-/Downconversionto andfrom IF and
² SampleRateConversion

Further, it will containa growing numberof stan-
dard communicationalgorithmsreadyto useon the
rapidprototypingplatformaswell asexampleimple-
mentationof standardmodems.A basisfor suchan
algorithmtoolboxis theXilinx SystemGeneratorthat
allows to simulateprede�ned DSP functions under

Simulinkandtransferandroutethedesignsdirectunto
thecorrespondingFPGAchips.Thesetoolsarebased
onVHDL-macros,thatarewidelyusedfor FPGApro-
grammingand leadto quite ef�cient FPGA designs.
CurrentlymoreandmoreDSPfunctionsareavailable
within theXILINX SystemGeneratorlibrary1. Data-
�o w orienteddesignsof suchasmodulation,�ltering,
FFT can be performedquickly, utilizing this digital
signalprocessinglibrary.

VI . APPLICATION EXAMPLE: FLEXIBLE OFDM
DEVELOPMENT PLATFORM

For development of Medium Access Control
(MAC) enhancementsof currentwirelessLAN sys-
tems the researcherwants accessto different algo-
rithm blocksof thesystemfor instanceto haveaccess
to PHY-measuresthat might be neededfor advanced
MAC-procedures.This cannotbeprovidedby ASIC-
implementationsof nowadaysWLAN-chipsets,since
PHY andMAC aremostly combinedon singlechip
solutions.

A con�guration of the proposedprototypingplat-
form canbeusedin sucha case.Sucha systemcom-
prisesof 2 SDCxC1 SRFCand1 SMAC asshown
in Fig.6. ThePHY-algorithmsarepartitionedon one
FPGA and2 TigerSharcDSPs. Time critical MAC-
procedures,suchascounters,areimplementedon the
secondFPGA. Most part of the MAC canbe imple-
mentedon theBlackFinDSP. Signalionoffersa real-
time implementationof IEEE802.11ato run on such
a platform. So theresearcheris left with pureMAC-
optimizationandcanmodify all standardimplemen-
tations,if wanted.Thewholesystemis backedby an

1 (http://www.xilinx.com)
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WIRELESS LAN - DEVELOPMENT SYSTEM

“executablespeci�cation” in Simulink.

VI I . APPLICATION EXAMPLE: 4X4
MIMO-OFDM

To show thecapabilitiesof theprototypingsystem
a 4x4 MIMO-OFDM prototypingsystemsetupis ex-
plainedin moredetail. It is generallybasedon a ex-
tensionof a IEEE 802.11aOFDM-modem.Theoret-
ically it candeliver dataratesup to 208 Mbit/s over
thePHY which is four timesthedatarateof a single
antennasystem.

A. MIMO-OFDM Requirements

Fig7(b) shows a general implementation of a
MIMO-extensionof a IEEE 802.11atransmitterfor
4 transmitantennas.It consistsof 4 identical imple-
mentationsof thestandard-conformOFDM baseband
processing.Four datastreams(layer) are combined
somehow by the MIMO-Aalgorithm block, which
could contain different MIMO-algorithms such as
BLAST, Eigenbeamforming,Multi-Stratum-Codesor
othersandarethenmappedto OFDM-symbols,that
aretransmittedover thefour transmitantennas.

The mappingof the data-to OFDM-symbols,the
conversionto a low IF andthe following samplerate
conversion and �ltering are perhapsquite complex
and challengingtasksdue to the high samplingfre-
quency, but arerather�x edwithin theMIMO-OFDM
framework. Therefore,this can most effectively be
implementedonto a FPGA. The complexity is com-
parableto thoseof otherOFDM-systems.

TheMIMO-algorithm block aswell asthepreced-
ing codingand interleaving needto be implemented
as�e xible aspossible,sincethispartof themodemis
not yet standardized.A �e xible prototypingsolution
shouldenabletheimplementationof differentMIMO-
algorithmsin orderto verify their performancein dif-
ferentscenarios.
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SIGNALION 4 £ 4 MIMO-OFDM SYSTEM CONCEPT FOR THE

TRANSMITTER

For that reason,thesealgorithmsare to be trans-
ferredstepby stepfrom simulationsto realtimeim-
plementation.To enablemuch�e xibility and,at the
sametime, shortenthe implementationtime asmuch
as possiblethe MIMO-algorithms are to be imple-
mentedonto a clusterDSP's. The SignalionMaster
Card (SMC) offers such�e xibility . Fig.8 shows the
setupof the rapid prototypingplatform for MIMO-
OFDM. Two SDCxCareconnectedto the SMC via
theLink-Portsof theADSP-TS201/25on bothcards.
Thisensuresfastdatatransferbetweenthecards.This
is in fact very importantasthe datarateof the com-
municationat this point is 4 £ 192 MBit/s for each
connection.

This MIMO- system concept with the MIMO-
algorithmimplementationon theSMC enablesto ac-
cessall antennasand spreadthe layer information
freely amongall transmitantennas.This enablesnot
only the test of V-BLAST like algorithms,but also
other such as Eigenbeamformingor Multi-Stratum-
Codes,where the information of one layer is sent
overall antennassimultaneously. ThetransmitterRF-
Sectionandthe DAC combinedon the dual channel
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ALGORITHM IMPLEMENTATION ON THE RAPID PROTOTYPING PLATFORM

SRFCcompletesthetransmittersystem.
A similar prototypesystemsetupcanbeappliedto

the receiver. The RF-Sectionis now combinedwith
the ADC on the dual channelSRFCdaughtercard.
All other componentsare the sameas for the trans-
mitter. This highlightsanotherfeatureof Signalions
DSP/FPGAboards:they aredesignedto serve in the
transmitteras well as in a receiver. This allows the
userto usethe samealgorithmdesigntools for both
sidesof thecommunicationsystemandunderlinesthe
easy-to-usephilosophy of Signalionsprototypingso-
lutions.

Fig.7(a) shows the hardware partition for the re-
ceiver. The digital down conversion into the base
band, the time- and frequency synchronizationand
the samplerateconversionis doneon the FPGA.To
be ableto handlethe high dataratetransferbetween
theFPGAandtheDSPthesignalsamplingrateis re-
ducedto the Nyquist rate. Therefore,the time- and
frequency synchronizationhaveto beimplementedon
a FPGA.This is so far theonly limitation of this ap-
proach.
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Kolloquium-Adaptiviẗat in heterogenenKommunikationsnetzen
mit drahtlosemZugang, Kaiserslautern,2001.

[5] J. Rinas,A. Scherb,T. Haase,andK.D. Kammeyer, “A hard-
waredemonstratorfor MIMO-communicationsystems:Appli-
cationto blind sourceseparation,” in EuropeanSummerSchool
on ICA - fromTheoryto Applications, Berlin, 2003.

[6] MarkusRupp,AndreasBurg, andEric Beck, “Rapid proto-
typing for wirelessdesigns:the � ve-onesapproach,” Signal
Process., vol. 83,no.7, pp.1427–1444,2003.

[7] T. Kaiser, A. Wilzeck,M. Berentsen,andM. Rupp,“Prototyp-
ing for MIMO systems- an overview,,” in Eusipco, Vienna,
Sept.2004.

BIOGRAPHY

MatthiasStege (S'98) receivedhis MSc/Dipl.-Ing. degreefrom

DresdenUniversityof Technology, Germany in 1998. Since1998

he is with the VodafoneChair Mobile CommunicationsSystems.

In 2002hereceivedhisPh.D.degreein electricalengineeringfrom

DresdenUniversityof Technology. His researchfocusaresmartan-

tennatechnology, spatialwirelesschannelmodellingandMIMO-

systems. He was involved in the COMCAR researchproject of

theGermanFederalMinistry of Education,Science,Researchand

Technology(BMBF) which aimedto combinethe advantagesof

differentair interfacessuchasUMTS andDVB-T to usethemfor

high down-link dataratetransmission.In 2003hewasoneof eight

co-foundersof Signalion.TheSignalionGmbHis thelatestspin-off

of the VodafoneChair of the TechnischeUniversiẗat Dresdenand
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