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Abstact—In this paper the "Hard ware in a Loop” concept
is intr oducedfor the designof wir elesscommunication systems.
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-
plementation of the simulated algorithms.

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 reducedime to mark et and developmentcostsby help-
ing to avoid numerouschip redesigncycles.

It is shown, that the hardware platform canbe usedfor com-
plex PHY-implementationssuchasMIMO-OFDM modems.

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

I. MOTIVATION

IMO systemshave beenshavn 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
(megabits per second). MIMO-techniquesare likely
to beanimportantfeatureof sucha standard?2].

There has been mary publicationson the theo-
retical performancelimits of such MIMO-systems.
Since the actual performanceboundsdependhear-
ily on the propagtion scenario[3], there hasbeen
long discussionson which channelmodelis appro-
priate for different communicationscenarios. This
de nes the needfor performancesvaluationMIMO-
Systemsawithin dedicatedeal world propagtionsce-
narios.However, theimplementatiorissuedike x ed
pointcalculationsandRF-impairmentiave alsoto be
addresseth moredetail.

Therefore,mary researchgroupsthroughoutthe
world are planning or just startedMIMO-prototype
studies[4], [5], [6]. Thecomplex MIMO algorithms
arein generalnot feasiblefor commercialavailable
signal processingboards. This determineghe need
foranew e xible hardwareplatform,thatis especially
designedor theimplementatiorof advancedwireless
signalprocessin@lgorithms suchasMIMO-systems.
In thefollowing, the "Hardwarein a Loop” approach
is introducedo wirelesssystemdesignwhich enables
ef cient andrapid prototypingof future communica-

tionssystems.

Il. RAPID PROTOTYPING FOR WIRELESS

COMMUNICATION SYSTEMS

Thewirelesscommunicationsystemslesignstarts
in generalwith analgorithmdesignstagefollowed by
extensve software simulationsof the proposedalgo-
rithms. Thisenables rst performancestimatiorfor
de nedtestconditions.

Furtherdesignstepssuchasarchitecturalesignand
algorithmimplementatiorarededicatedo the system
implementation.After the out of a systemprototype,
veri cation andtestingof thesystencanbeconducted
for the rst time within thedesigncycle. Thisleadsin
mostcasedo redesignshecausesomeof the speci -
cationsandrequirementsvill probablynotbemet.In
averageb [ 7] redesign®ccurin conventionalwireless
chip design o ws. This leadsto high costsandlong
time to market.

Many redesigngesultfrom errorswithin the very
rst algorithm designstageand the following simu-
lation of the algorithms. Suchsimulationsarefor in-
stancebasedon idealizedassumptionganddealoften
only with partial systemaspectsratherthanwith the
performanceof a completewirelesscommunication
system. This leadsoften to the problemof under
estimatedn uences of non-idealsystemconditions.
Threesimpleexampledllustratethis problem:

1. Separatedesignof basebandand RF-chipsets
Problem: Basebandperformancesuffers from RF-
impairmentghathave beenngglectedwithin the sim-
ulation.

2. Real world propagation statistics differ signi -
cantly from the channelmodelsusedfor simulation
Problem: The recever cannot cope with realistic
propagtion scenarios.For MIMO-channelsthis can
leadto an overloadof the channel,if the real world
channematrix haslowerrank,thanthechannemodel
usedfor simulations.

3. Ongoing standardization adds continuously
new featuresand modes

Problem: Continuousredesignsof basebandalgo-
rithms and changingrequirementsiuring the design
oWw.
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An early veri cation using a hardware prototype
implementationenablesthe identi cation of such
problemsevenbeforethe chip designis started.

Thereforea e xible RapidPrototypingPlatformis
neededfor the developmentof future wirelesscom-
municationssystems which combinesdigital signal
processindgoardswith D/A- andA/D-corvertersand
RF-componentdo be able to realize live working
wirelesssystenprototypeimplementationsSuchsys-
temsneedeasy-to-uselatainterfaceto the simulation
ervironmentto shortentheimplementation.

I1l. THE"HARDWARE IN A LOOP” CONCEPT

The”Hardwarein aLoop” conceptwhichis shavn
in Figlll startswith the simulation of wirelesssys-
temsandresultsin a working prototypeat the end.
It addressethe problemswithin the algorithmdesign
stageandprovidesthe designemith atoolkit to build
up a prototypestepby stepon a e xible andscalable
hardwareplatform.

In the rst stepit enableghe designerto transmit
simulatedsignalsoveranair-interface to recevethem
andto feedthembackto a simulationervironment.
This is illustratedin Figl1B). Graphicaldesigntools
suchasSimulink offersawide e xibility for suchpur
poses.

In next stepsmore and more parts of the physi-
callayer (PHY) algorithmsof thewirelesssystemare
moved onto the hardware prototyping platform. Fi-
nally it resultsin a full working prototype. Finally
all PHY-algorithmsareimplementedn this hardware
platform/1C). This enablesa full proof-of-concepbf
the wireless communicationssystemdesign at this
very early stageof thedesign o w.

The designerfacesall problemsof a real world
channel, such as channel estimation errors, RF-
Impairmentsyeal world radio channelcharacteristics
and othersalreadyin the designphase. Therefore,
mary of the potential designerrors can be discov-
eredat this early stageof the design ow by using
therapid prototypingplatform anthe "Hardwarein a
Loop” concept.

1V. WIRELESS RAPID PROTOTYPING PLATFORM

Signalions rapid prototypingplatformis designed
to be e xible to enablea large degreeof freedomfor
thewirelesssystendesignerThetransmitteiplatform
basicallyconsistf thefollowing components:

2 RF-Paver Ampli er (PA),

> Modulator

> DI/A-corverter

= Digital SignalProcessinglardware,

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

The recever prototyping platform consistsof the

following components:

2 RF-Low NoiseAmpli er (LNA),

> Demodulator

2 A/D-corvertet

> Digital SignalProcessinddardware,

> Memoryand

2 JTAG Interfaces for Programming and USB-
Interfacefor DataTransferto PC.
Therapidprototypingplatformis connectedo a stan-
dardcomputethardwarethatenableshesimulationof
wirelesscommunicatiorsystems.USB asa standard
datainterfaceallows the communicatiorbetweerthe
rapidprototypinghardwareplatformandthecomputer
simulationervironment.Thedigital signalprocessing
hardware consistof Digital SignalProcessoréDSP),
Field-Programmabl&ate Arrays (FPGA), Applica-
tion Speci c IntegratedCircuits (ASIC) and Micro-
controller(MC).

Thesystemarchitecturés ascalablesolutionwhich
allows the application of multiple antennasat the
transmitterandtherecever. All hardwarecomponents
of Signalions rapidprototypingplatformoffer atleast
two independentvirelesscommunicatiorchannels.

A. Digital SignalProcessindHardware

The designof the digital signal processinghard-
waredepend®n mary systemimplicationandthere-
fore no generaloptimum solutioncanbe de ned for
all differentkind of wirelesscommunicatiorsystems.
Onepromisingsolutionfor rapidwirelessprototyping
is thejoint implementatiorof FPGAsandDSPs.Pro-
videdthatthealgorithmsareclever partitionedadvan-
tagecanbetaken of bothconcepts A FPGAwith its
inherentparallelismis bestsuitedfor continuousbit
by bit or word by word processingvith high through-
put. In contrastconditional algorithmswith mary
branchesaresomeha moredif cult to programonto
FPGA. In contrasta DSP copeswith branchedalgo-
rithms andblock processing.In orderto interactbe-
tweenFPGAs andDSPSs in suchmixed systemdast
bidirectionalinterfacesarerequired.Theinterfacevir-
tually constitutegsheboundarbetweerword by word
and block processing. Signalionsprototyping plat-
form useacombinatiorof XILINX FPGAsandTiger
SHARCDSPsby AnalogDevices.

Applying a SIMD (Single Instruction Multiple
Data)programmingapproachn orderto executesev-
eral arithmeticoperationsin parallel the TigerSharc
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Fig.1
"HARDWARE IN A LOOP”-CONCEPT OVERVIEW

canachieve up to 4,8 GMACS/sprocessingpower at
600MHz coreclock. Otherfeaturesare:

2 24 MBits of internalon-chipDRAM

2 14-channelDMA (Direct Memory access)con-
troller

2 integratedSDRAM controllerand

= multiprocessocapabilities.

Thereforethis DSPsolutionis mostsuitablefor wire-
lesscommunicatiorprototypingapplicationssinceit
offersatremendouprocessingower alongwith fast
compilersand a library of mary communicational-
gorithmssuchas FFT, Filters, Viterbi Decodersand
others.

ToPC (Vetlab)

OIS pred Jaisep 0}

Fig.2
SIGNALION DUAL CHANNEL CARD FOR THE DIGITAL
FRONTEND OF THE TRANSMITTER / RECEIVER

Anotherreasonfor using TigerSHARCDSPsare

Link Ports,availableon the DSPmarkettoday Such
aDSPfeaturesupto 4 bidirectionalLink Ports.When
working in DMA-mode they causeno performance
degradationfor the processorcore. The Link Ports
apply a DDR-schemendtransferup to 500MByte/s
perportanddirection. The entirel/O bandwidthover
thelink port accumulateso an adequatelataratefor
cutting-edgevirelesscommunicatiorsystem®f upto
4GBytel/s.

FPGAmanufcturersprovide solutionsto integrate
theseLink Portsin their chips which enablesa fast
interactionof the FPGAandDSP

Signalion offers threetypesof digital signal pro-
cessingooards:

1. SignalionDual ChannelCard (SDCxC)Figl2: This
cardprovidesthe processingower to implementtwo
independentransmitteror recever branchesof the
physical layer of a wirelessmodem. All signalpaths
are bidirectionalto be able to usethe samecard ei-
therin thetransmitteror the recever. Thesizeof the
FPGAmay be scaledwith the compleity of the mo-
dem. This cardenablesitherthe implementatiorof
two transmittey two recever or one transmitterand
one recever (for bidirectionaltransmission). It of-
fersfurtherainterfaceto SignalionsRF-daughtecard
(SRFC).

2. SignalionMasterCard (SMC): This card offers
additionalprocessingpower for advancedalgorithms
(suchasfor MIMO-systems). It is connectedo the
SDCxCvia Link Portswhich offer fastdatatransfer
in bothdirections.Similarto SDCxCthe SMC offers
alsobidirectionalsignalpaths.

3. SignalionMediumAcces<ard (SMAC) : Thiscard

thefastintercommunicatiomndmultiprocessocapa- containsa BlackFin-DSPthat senes as a controller

bilities of the this DSP This family of high perfor
manceDSPsby Analog Devices offers probablythe
fastesian most e xible communicatiorinterface,the

and drives Ethernet,RS232and USB-interfaces. It
aims to perform MAC-protocol proceduresand can
be connectedo the SDCxCand SMC asa daughter
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Fig.3
SIGNALION MEDIUM ACCESS CARD

B. Digital/ Analog Corversionand RF

Digital-to-analog corversion (DAC), the analog-
to-digital corversion (ADC) and the RF- sectionis
combinedon the Signalion Radio Frequeng Card
(SRFC).Figl4 shawvs the block diagramof the card,
which can be pluggeddirectly onto a SDCxC as a
daughtercardFig/5.

The AD9767,adualport, high speediwo channel,
14-bit CMOS digital-to-analog(DAC) corverterpro-
videsDAC onthe SRFC.ThelC hasbeenoptimized
for processind andQ datain communicationsippli-
cations. The AD6645is a high speed 14-bit analog-
to-digital corverter(ADC).

Both ADC and DAC run with 80 MHz sampling
clock provided by a crystaloscillator The clock sig-
nalis alsoavailableto the SDCxC-cardo ensuresyn-
chronoperationof all digital componentsf therapid
prototypingplatform.

TheRF-sectiorconsistof anln neon alow power,
high performancelual-bandRF Transcerer solution
for the[EEE WirelessLAN Standard02.11a,landg
(PMB 8680). Following carrierfrequenciesareavail-
able2.4- 2.5GHzand5.15- 5.825GHz with achan-
nelbandwidthof 20 MHz.

The RF Transmitter consistsof two differential
modulatordor the 2.4 GHz andthe5 GHz frequeng
bands.A direct modulationarchitectures usedboth
of thetwo frequeng bands.In the 2.4 GHz bandthe
SDCxC delivers a Zero IF (intermediatefrequeng)
signalfor directupcorversionwhile in the5 GHzband
low IF signalwith anIF of 10 MHz is ervisagedatthe
input.

Similarly the RF-Receier consistsof two input
portsfor the2.4 GHz andthe5 GHz frequeng bands.

A low IF architecturewith anintermediatdrequeny

of 10MHz, is usedfor bothtwo frequeng bands.The

low IF is usedbecauseat zerolF the DC offsetwould

disturbthe OFDM in somecases.The programming
of thetransceieris carriedoutviaa3-wire bus. A sin-

gle busis usedto programboth 2.4 GHz and5 GHz

modes. This busis to be controlledby the FPGA on

the SDCxC.

RF Frontend
24/51GHz
BW: 20 MHz

Power
Supply

RF Frontend
24/5.1GHz
BW: 20 MHz

Fig. 4
SIGNALION RADIO FREQUENCY CARD

V. SOFTWARE
A. Simulationto Hardware Interface

The efciency of the “Hardware in a Loop” ap-
proachdependseaily on the interfacebetweenthe
softwaresimulationervironmentandthe rapid proto-
typing hardwareplatform. Thisinterfacemustbeable
to handlehigh datatransferratesbetweerthe simula-
tion software andthe hardware. Moreover, it should
be aseasyto useandto con gure asotherfunctions
of the simulationervironment.

The interface of choiceis different for program-
ming and data transmission. Marny modern pro-
grammablaevices,suchasFPGAsandDSPsarede-
signedto be JTAG compliantandthereforethey can
be programmedria the JTAG-interface. For thatrea-
son eachof the digital signal processingcards(SD-
CxCandSMC)is equippedwith JTAG interfaces.

The datarate of this interface is rather limited,
thereforeanotherinterfaceis neededfor high speed
datatransferfrom the PCto the cardsandvice versa.
This is often donevia PCI or VME parallel bus in-
terfacesoffering a hugebandwidthfor datacommu-
nicationbetweerthe rapid prototypinghardwareand
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Fig.5
THE SDCXC AND SRFC-ComBO

the PC. Theseinterfacesare in generalnot suitable
for connectingdifferentstand-alonelevices. On the
otherhandthereareserialinterfacessuchasUSB 2.0

andFirewire, that offer a large enoughbandwidthfor

communicatiorover somemediumdistance.For this

reasoneachof the numbercrunchingcards(SDCxC
and SMC) offers a standardJSB 2.0 interfaceoffer-

ing adatarateup to 480 Mbit/s which is high enough
for mostapplicationsUSB canbefoundin all modern
PCcanbeaccessety thesimulationsoftwaresuchas
Matlab and SIMULINK. This allows datatransmis-
sion directly from the simulationto the rapid proto-
typing hardwareandits memory

B. WirelessPrototypingToolbox

Besidefunctionsfor the datatransferfrom andto
the simulation ervironment, anotherimportant fea-
ture of the Signalions‘Hardwarein aLoop” concept
its the integration of a wirelessprototypingtoolbox
for usewithin Matlab and SIMULINK. This toolbox
will enablethe userto understancand modify stan-
dardcommunicatioralgorithmsof therapidprototyp-
ing ervironmentsuchas:

2 |nitial Acquisition,

> Frequeng Synchronization,

= Time Synchronization,

2 BurstStructure,

> Digital Up-/Downcorversionto andfrom IF and
2 SampleRateCorversion

Further it will containa growing numberof stan-
dard communicationalgorithmsreadyto useon the
rapid prototypingplatform aswell asexampleimple-
mentationof standardnmodems. A basisfor suchan
algorithmtoolboxis the Xilinx SystemGeneratothat
allows to simulate prede ned DSP functions under

Simulinkandtransferandroutethedesignglirectunto
thecorresponding-PGA chips. Thesetoolsarebased
onVHDL-macros thatarewidely usedfor FPGApro-
grammingand leadto quite efcient FPGA designs.
CurrentlymoreandmoreDSPfunctionsareavailable
within the XILINX SystemGeneratotibrary!. Data-
o w orienteddesignsof suchasmodulation, Itering,
FFT canbe performedquickly, utilizing this digital
signalprocessingibrary.

V1. APPLICATION EXAMPLE: FLEXIBLE OFDM
DEVELOPMENT PLATFORM

For development of Medium Access Control
(MAC) enhancementef currentwirelessLAN sys-
tems the researchemwants accessto different algo-
rithm blocksof the systermfor instanceo have access
to PHY-measureshat might be neededor advanced
MAC-proceduresThis cannotbe provided by ASIC-
implementation®f nowadaysWLAN-chipsets,since
PHY and MAC are mostly combinedon single chip
solutions.

A con guration of the proposedprototypingplat-
form canbeusedin sucha case.Sucha systemcom-
prisesof 2 SDCxC 1 SRFCand1 SMAC asshavn
in Fig.6. The PHY-algorithmsare partitionedon one
FPGA and?2 TigerSharcDSPs. Time critical MAC-
proceduressuchascountersareimplementecbn the
secondFPGA. Most part of the MAC canbe imple-
mentedon the BlackFin DSP Signalionoffersareal-
time implementatiorof IEEE802.11&0 run on such
aplatform. Sotheresearcheis left with pureMAC-
optimizationand can modify all standardmplemen-
tations,if wanted.Thewhole systemis bacledby an

1 (http://mwwwixilinx.com)

Page5 (7)



Wireless World Research Forum

(WWRF)

X RX

SMAC
||

Fig. 6
WIRELESS LAN - DEVELOPMENT SYSTEM

“executablespeci cation” in Simulink.

VIl. APPLICATION EXAMPLE: 4x4
MIMO-OFDM

To show the capabilitiesof the prototypingsystem
a4x4 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
the PHY which is four timesthe datarate of a single
antennasystem.

A. MIMO-OFDM Requiements

Fig7(b) shovs a general implementationof a
MIMO-extensionof a IEEE 802.11atransmitterfor
4 transmitantennas.It consistsof 4 identicalimple-
mentationf the standard-conforr®FDM baseband
processing. Four datastreamg(layer) are combined
somehw by the MIMO-Aalgorithm block, which
could contain different MIMO-algorithms such as
BLAST, EigenbeamformingMulti-Stratum-Codesr
othersand are thenmappedio OFDM-symbols,that
aretransmittecover thefour transmitantennas.

The mappingof the data-to OFDM-symbols,the
conversionto alow IF andthefollowing samplerate
corversionand ltering are perhapsquite complex
and challengingtasksdue to the high samplingfre-
queng, but arerather x edwithin the MIMO-OFDM
framavork. Therefore,this can most effectively be
implementecontoa FPGA The compl«ity is com-
parableto thoseof otherOFDM-systems.

The MIMO-algorithm block aswell asthe preced-
ing codingandinterleaving needto be implemented
as e xible aspossible sincethis partof the modemis
not yet standardizedA e xible prototypingsolution
shouldenabletheimplementatiorof differentMIMO-
algorithmsin orderto verify their performancen dif-
ferentscenarios.

TXIRX1 TX/RX2 TX/RX3 TX/RX3

Fig. 8
SIGNALION4 £ 4 MIMO-OFDM SySTEM CONCEPT FOR THE
TRANSMITTER

For that reason,thesealgorithmsare to be trans-
ferred stepby stepfrom simulationsto realtimeim-
plementation.To enablemuch e xibility and,atthe
sametime, shortenthe implementatiortime 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 prototyping platform for MIMO-
OFDM. Two SDCxC are connectedo the SMC via
the Link-Portsof the ADSP-TS201/2%n both cards.
Thisensuredastdatatransferbetweerthecards.This
is in factvery importantasthe datarate of the com-
municationat this pointis 4 £ 192 MBit/s for each
connection.

This MIMO- system conceptwith the MIMO-
algorithmimplementatioron the SMC enablego ac-
cessall antennasand spreadthe layer information
freely amongall transmitantennasThis enablesot
only the testof V-BLAST like algorithms,but also
other such as Eigenbeamformingr Multi-Stratum-
Codes,where the information of one layer is sent
over all antennasimultaneouslyThetransmitterRF-
Sectionandthe DAC combinedon the dual channel
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Fig.7
ALGORITHM IMPLEMENTATION ON THE RAPID PROTOTYPING PLATFORM

SRFCcompleteghetransmittersystem.

A similar prototypesystemsetupcanbe appliedto
therecever. The RF-Sectionis now combinedwith
the ADC on the dual channelSRFC daughtercard.
All other componentsare the sameasfor the trans-
mitter. This highlights anotherfeatureof Signalions
DSP/FPGAboards:they aredesignedo sene in the
transmitteras well asin a recever. This allows the
userto usethe samealgorithm designtools for both
sidesof thecommunicatiorsystemandunderlineghe
easy-to-usehilosoply of Signalionsprototypingso-
lutions.

Fig.7(a) shavs the hardware partition for the re-
ceiver. The digital down corversioninto the base
band, the time- and frequeng synchronizationand
the samplerate corversionis doneon the FPGA. To
be ableto handlethe high dataratetransferbetween
the FPGAandthe DSPthe signalsamplingrateis re-
ducedto the Nyquist rate. Therefore,the time- and
frequeng synchronizatiotave to beimplementedn
a FPGA. Thisis sofar the only limitation of this ap-
proach.
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