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ABSTRACT

We investigatetheswitchedparasiticantenna(SPA), which is
anovel techniquefor electronicallydirectingtheradiationpat-
tern,in aMIMO system.Thecorrelationbetweenthereceived
signalmodesareshown to besufficiently low to yield a diver-
sity gain. Thecapacitylimit usingtheSPA is investigatedfor
differentSPA configurationsandit is foundthatthecapacityis
comparablewith anarrayantennaconfigurationin certainsit-
uations.Finally, a spacetime block codingschemeis usedto
evaluatethebit errorrateof a MIMO-SPA system.It is found
thattheSPA requiresa5 dB higherSNRthananantennaarray
solutionto achieve a BER=

�������
. However, thearrayantenna

requiresa radio transceiver for every antenna,asopposedto
theSPA whichusesonly onetransceiver.

1. INTRODUCTION

Recentinformationtheoryresultshavedemonstratedanenor-
mouscapacitypotentialof wirelesssystemswith multiple an-
tennasat both transmitterandreceiver, socalledmultiple in-
put, multiple output (MIMO) systems[1]. An unfortunate
aspectof MIMO systemsis the high cost of multiple radio
transceiversat the accesspoint andat theuserterminal. Fur-
thermore,it is expensive to calibrateandmaintainantennaar-
rayswith many antennaelements.Recently, switchedparasitic
antennas(SPAs) have beensubjectof an increasedinterestin
theliterature,for improving capacityin indoorLANs [2], asa
diversityantenna[3, 4] andfor trackingof base-stations[5].

In a sense,SPA offers characteristicssimilar to an array
antennawith severalfixedbeams,but is morecompactin size,
and might be more suitableon certain mobile equipments.
This paperwill examinethe useof SPAs in MIMO systems,
wherethe SPA is primarily usedat the userequipment(UE),
in arealisticflat fadingenvironment.It hasbeenobservedthat
whenthe fadesof theMIMO receive channelsarecorrelated,
thechannelcapacitycanbesignificantlysmallerthanwhenthe
fadesare independentand identically distributed(i.i.d.) [6].
Hence,we studythecapacityof theSPA andcomparethis ca-
pacitywith a completelyuncorrelatedscenario.Furthermore,
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we apply spacetime block coding(STBC) techniquesto ex-
aminehow this correlationaffectstheBER of aSPA system.

2. SWITCHED PARASITIC ANTENNAS

SPAs offeringdirectionalpatternsgoesbackto theearlywork
of Yagi andUda in the 1930’s. For mobile communications,
Vaughan[4] gave someexamplesof this technologyto pro-
videanglediversityastwo parasiticsonamobilephonehand-
set. The conceptis to usea single active antennaelement,
connectedto aradiotransceiver, in astructurewith oneor sev-
eralpassiveantennaelements,operatingnearresonance.The
passiveelementsarecalledparasiticelements(PE)andactto-
getherwith theactive elementto form anarray, asin thewell
known Yagi-Udaarray[7]. To alter the radiationpattern,the
terminationimpedancesof thePEsareswitchable,to change
thecurrentflowing in thoseelements.ThePEbecomereflec-
tors when shortedto the groundplaneusing pin diodes[8]
andwhennot shorted,thePEhave little effect on theantenna
characteristics.The receiver is alwaysconnectedto the cen-
ter antennaelementso thereareno switchesin the RF direct
signalpath.

The parasiticantennascanbe designedusingmonopoles
on a groundplane[4],[8] or asparasiticpatchantennas[9].
In this paperwe considerthe monopoleon the groundplane
for its omnidirectionalproperties.Examplesof parasitican-
tennasareshown in Figure1 for a 4-directionsymmetryand
in Figure2 for a 3-directionsymmetricantenna.Theantenna
in Figure2 haveanadditionalcircle of parasiticelementsthat
alwaysareshortedto ground.Theeffectof thisarrangementis
anincreaseddirectivity astheir lengthareshorterthanthecor-
respondingresonantlength( �	��
�� ) andwill leadtheinduced
emf [7].

The lengthsanddistancesdisplayedin Figure1 and2 are
not optimal in any way. The lengthscanbe adjustedto give
the antennacertaincharacteristics,suchasdirectivity and/or
dualbandtuning,asdemonstratedin [8], whereageneticalgo-
rithm approachwastakento optimizea six elementswitched
beamantenna. If the parasiticsare moved closerto the ac-
tive element,the mutual coupling increasesand the change
in the radiationpatternwhen switching is greater, however,
theantennaimpedancechangesalsomoredramatically, which
makestheantennamatchingdifficult. Hence,a too largemu-
tual couplingrendersin an inefficient antenna.The trade-off
is therebybetweencompactnessandhigh directivity on one
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Figure1: A five elementmonopoleSPA. Thecenterelement
is active andconnectedto the transceiver. The four passive
antennaelementscanbeswitchedin or outof resonanceusing
appropriatelybiasedpin diodes.
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Figure2: A sevenelementmonopoleSPA. Thecenterelement
is active andconnectedto the transceiver. The threepassive
antennaelementsclosestto the active canbe switchedin or
out of resonanceusingappropriatelybiasedpin diodes. The
threeoutermostmonopolesarehardwiredto ground.

handandantennaefficiency on theother.

Theantennasin Figures1 and2 wassimulatedusingHFSS
(High Frequency StructureSimulator)from Agilent Technolo-
gies Inc. which is a 3D simulatorusing the finite element
methodto solve for the electromagneticfield. The software
wasusedto calculatethe far-field radiationpatternof thean-
tennafor different settingsof the switchedparasitics. The
monopoleelementswerecylindrical with an lengthto radius
ratio ��
���� ����� whichhaveafirst resonanceat approximately
0.24� [7]. Themonopoleswereassumedto beperfectconduc-
tors which forcesthe electricalfield to be normalto the sur-
face.Furthermore,to shortenthesimulationtime, theground
planewasassumedto be of infinite extent. The chosenfre-
quency was 2.15 GHz, suitablefor the downlink in UMTS
FDD mode.Hence,thewavelengthis � =0.1395meter.

Thefar-field power radiationpatternfor threeshortedpar-
asiticsandoneopenfor parasiticantenna1 is shown in Figure
3 andthecorrespondingplot for Figure2 is shown in Figure4
for two shortedandoneopenparasitic.Thedirectivity of the
two antennasare9.9dB and10.0dB respectively.

3. MIMO CHANNEL CAPACITY AND DIVERSITY
GAIN

To achievea highcapacityin MIMO systemsor a largediver-
sity gain,thesignalsreceivedby differentsettingsof thepara-
sitics,calledthe � modes,musthave low correlation(ideally
zero). Hence,we definethecorrelationcoefficient of thesig-
nal voltagesreceivedby two patternsas[10] �! � � " �$#% " #%'&)(+*�,$-�.0/ ! (+*�,$-�.21�/43� (5*�,6-7.�8:9<;=*�>?*�>@- (1)

wherethetwo farfield patterns/ ! (+*�,$-�. and / � (5*A,$-�. arenor-
malizedas" �B#% " #%'&=(5*�,6-7.DC /FEB(+*�,$-�.GC � 8:9<;)*�>?*�>H- � � (2)

for IJ� � , � . Above, &)(+*�,$-�. is thepdf of theincidentwaves.
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Figure3: Powerradiationpatternof thefiveelementmonopole
antennashown in Figure1 with threeparasiticsshorted( & ) to
groundandoneopen( K ).
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Figure 4: Power radiation pattern of the seven element
monopoleantennashown in Figure 2 with two parasitics
shorted( & ) to groundandoneopen( K ) plus threehardwired
to ground( & ).
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The correlationcoefficients for the complex voltagepat-
terns correspondingto the power radiation patternsin Fig-
ure 3 and4 arecalculatedassumingthe Clark scenario[11]
with pdf &)(+*�,$-�. �ML (5*ONQP 
 � . 
 ( � PR8B9<;)*?. to modela ring of
densesourceson a horizonaboutthe receiving antenna.We
assumethat three(two) parasiticsarealwaysshorted,to get
four (three)different directionswith 90S (120S ) separation.
This givesthe correlationcoefficient for adjacentpatterns,or
modes,for the parasiticantennain Figure 3 as C  E+T EVU ! C � ����<����W?X

andfor oppositepatternsC  E5T E<U � C � � ��� �����Y�
. For the

parasiticantennain Figure4 we get C  E5T E<U ! C � � ���<�D���H� . The
envelopecorrelationcoefficientsfor thesignalsreceivedfrom
themodesaretakenas  �Z E\[ � C  E�[HC � [12]. A well known rule
of thumbis that “uncorrelated”signalsin diversity branches
correspondsto anenvelopecorrelationlower than0.5.Hence,
the SPAs presentedhere would achieve a diversity gain in
Clarke’sscenario.

3.1. Channel capacity

TheMIMO channelcapacityis calculatedusingtheSPA atthe
basestation(BS) and/orat theuserequipment(UE). We con-
sidera singleuser, point to point communicationover a flat-
fadingchannelwith ] transmitmodes(or arrayantennaele-
ments)and � receivemodes(or arrayantennaelements)and
noco-channelinterference.Thechanneloutputcorresponding
to aninput blockspanninĝ symboltimesis_ �a`cbedgf (3)

wherethereceivedsignal
_

is �ihc^ , thefadingchannel̀
is �ihj] , thecodewordmatrix b is ]khj^ andthereceiver
noisef is a �lh�^ matrix. Theentriesof thenoisematrixareI � I � > � Complex Gaussianwith zeromean.We assumethat the
channelis quasi-static,i.e. constantovertheblockof length ^
symbols.

With m parasiticelements,thereare
�Yn

differentmodes,or
settingsof the switchablediodes. The transmitand receive
modesof the parasiticantennasare chosenamongtheseto
minimize the envelopecorrelation. We assumethat the re-
ceiverswitchesthroughandsamplesthechosenmodesduring
onesymbolinterval. As theunderlyingconcepthereis angle
diversity, we usea simple,yet detailedchannelmodelthat in-
cludesthe spatialdimension. In [13], a simplemodelbased
on a circular disc of uniformly distributed scatterersplaced
aroundtheUE. Thismodelwasextendedto aMIMO scenario
with generalantennaradiationfunctions in [14]. Since the
model is basedon fundamentalphysics,the correlationsbe-
tweenthe differentantennaarrangements,which areof great
importancein thistypeof study, arephysicallymotivated.Dif-
ferentchannelscenarioscaneasilybeobtainedby varyingthe
radiusof thescatteringdiscaswell asthe locationof the BS
relative thedisc[14].

The channelcapacityof the following casesare investi-
gated;BS antennaarray-UEantennaarray, BS antennaarray-
UE SPA, BSSPA-UE SPA. Whenthearrayisused,omnidirec-
tional antennaelementsareassumedwith >Hoqp � � � spacing
at theBSand >@r�s � ����W � spacingat theUE.Furthermore,we
assumethatthechannelresponseis flat over frequency, anap-

proximationvalid if thecommunicationbandwidtht is much
lessthanthechannelcoherencebandwidth.

Shannon’scapacityformulafor a ] input, � outputMIMO
channel,assumingequalpower radiatedfrom eachtransmit-
ting antennaand ` unknown at thetransmittercanbewritten
as u �wvVx?y �{z�|~}����G� d��] `c`j�F� (4)

where � 
~] is the signalto noiseratio (SNR) at eachreceive
antenna. The matrix elements̀ E5T [ representsthe complex
pathgainfrom transmitter� to receiver I .

Using the channelmodel [13, 14], the path gain can be
writtenas` E+T [ ���� ��� !q� � |G���O� �@� ( �G���$�O�0��dg���0�����0� .G��� ��� (�-7 � .¡� �0� (�-�¢� .~,

(5)

wherethe numberof scatterersare £ and � � is the complex
Gaussiandistributedreflectioncoefficientwith zeromeanand
unit variance. Furthermore,�D���B���0� and ���0�����0� , denotesthe
distancefrom UE antenna� to scatterer� andscatterer� to BS
antennaI respectively. Note that thewave numberis denoted�¤� � P 
Y� . Finally � ��� (�- ¢� . and � �0� (�- ¢� . arethecomplex volt-
ageradiationpatternsof theantennas.Thechannelmatrix in
(4) is normalizedin the sensethat ¥�`g¥~¦§�©¨ � , where ª
denotestheFrobeniusnorm.

As the channelmatrix ` is a function of the randompo-
sition andreflectioncoefficientsof thescatterers,thecapacity

u
in (4) is a randomvariable. With the SNR set to 4 dB, a

MonteCarlosimulationwith 4000trialswasperformedto cal-
culatethe ComplementaryCumulative Distribution Function
(CCDF) for a scenariowith £«� ���

scatterers.The calcula-
tionsareperformedfor anequalnumberof modesat transmit
andreceive ( ] = � =4). ThedistancebetweentheBS andUE
is ¬i� W�� � . The CCDF of the capacityis shown in Fig-
ure5 for thescatteringdisc radius ­®� W�� � . Thecurvesare
comparedto thechannelmatrix ` with i.i.d. elementswith a
complex Gaussiandistribution. Usingthearrayantennaat the
UE resultsin aslightly highercapacitythanthearray-parasitic
configuration,however at the expenseof morehardwaredue
to the useof four transceivers insteadof one. If the SPA is
usedat theBS,thecapacityis furtherdecreased,asthesignals
from the modesbecomescorrelateddueto the small angular
spreadasseenat theBS.

The capacityat 10̄ outageis presentedin Figure6 and
7 for the two typesof antennaconfigurationsrespectively. A
large disc correspondto an indoor scenario,whereboth BS
andUE aresurroundedby scatterers.Theotherextreme,with
a small scatteringdisc centeredat the UE, as in an outdoor
to indoorchannel,resultsin a smallercapacity, dueto there-
ducedangularspread,andhence,lower anglediversity gain.
This canespeciallybe seenin the casewheretheBS andthe
UE bothareequippedwith parasiticantennas,thecapacityin-
creaseswhentheradiusof thescatteringdiscexceedstheBS
to UE distance,wherefull angulardiversityalsois possibleat
theBS.
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Figure5: Thecomplementarycumulativedistributionfunction
of the MIMO channelcapacityfor the ] = � =4 case. The
SNRis4 dBandthescatteringdiscradiusis50� . Theparasitic
antennais shown in Figure1.
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Figure6: The channelcapacityat 10% outageversusthe ra-
diusof thescatteringdiscfor the ] = � =4 case.Theparasitic
antennais shown in Figure1. SNR=4dB.

At highbit rates,it mightnotbepossibleto switchthrough
several modesduring a symbol interval. Thereforea system
with only two modeswasinvestigated.Theparasiticantenna
in Figure1 wasused,but only two modeswith lowestsignal
correlation(oppositein direction)wasutilized. Thecapacity
at 10̄ outageis shown in Figure8. ComparingFigure6 and
8, we seethat theoverall capacityis lower, but thedifference
betweenthearrayandtheSPA is slightly smalleratscattering
discradiusaround10� .

4. EVALUATING BER USING STBC

In this sectionwe usespacetime block coding(STBC) [15]
to exploit theavailablechannelcapacitydiscussedin thepre-
vioussection.We assumethat thetransmitterhave no knowl-
edgeof the channelstateinformationandusesa very simple
maximumlikelihooddetectorbasedonlinearprocessingatthe
receiver. Thecodingconsistsof mapping° consecutivesym-
bols ± ! , �G�D� ±�² ontothetransmissionmatrix b . Theentriesofb arelinearcombinationsof ± ! , �D�G� ±7² andtheir conjugates.
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Figure7: The channelcapacityat 10% outageversusthe ra-
diusof thescatteringdiscfor the ] = � =3 case.Theparasitic
antennais shown in Figure2.
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Figure8: The channelcapacityat 10% outageversusthe ra-
dius of the scatteringdisc. Only ] = � =2 of the 4 modesin
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For example,with ]³� �
transmitantennaswe canusethe

Alamouti’sscheme[16]b®�µ´ ± ! N ±A¶�± � ± ¶ !¸· �
(6)

Since ° time slotsareusedto transmit ° symbols,therateof
thecodeis one. For complex symbolconstellations,rateone
STBConly existsfor ]©� � [15], however for realconstella-
tionsthereexistsorthogonal,delayoptimalrateonecodesfor]¹� � , � ,Bº , asfor example

b®�¼»½½¾ ± ! N ± � N ±7¿ N ±AÀ± � ± ! ±AÀ N ±�¿±7¿ N ±AÀ ± ! ± �±�À ±7¿ N ± � ± !
ÁGÂÂÃ �

(7)

To studytheperformancein termsof BER usingtheSPA, we
simulatethe systemsemploying the STBCs(6) and (7), us-
ing the 4-directionSPA in Figure3 andcomparethe results
with the arrayantennasolution. WhentheAlamouti’s STBC
schemeis used,we usetwo opposite(180S separationdirec-
tion) modesas the two receiving/transmittingmodesfor the
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SPA. TheBER for theseconfigurationsis comparedin Figure
9. We useBPSKmodulationin bothcases,hencethebit rate
1 bit/s/Hz. It is observedthatat thebit errorrateof

�D�����
, the

2-modeSPA gives8 dB gain over the uncodedsystemwith
oneantennaandthe 4-modegivesabout16 dB gain in SNR.
Thelargeandsmallscatteringradiusgivesadifferencein SNR
gain lessthan1 dB. The array-arrayconfigurationis about5
dB betterthanthearray-SPA configuration.
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Figure9: BERusingSTBCwith N=M=2 andN=M=4 modes.
Thescatteringdiscradiusis 750� and15� . TheBERcurvesa
comparedto the ]Ä�Å�Æ� � referenceantenna.

5. CONCLUSIONS

A MIMO systemusinga switchedparasiticantennahasbeen
analyzed,in termsof capacityandBER,assumingorthogonal
spacetime block codes.Thechannelcapacitywassimulated
usinga spatialchannelmodel. It wasfound that the SPA of-
feredcapacitiescloseto thecapacitiesofferedby anarrayan-
tenna,in realisticMIMO scatteringenvironments.Sincethe
SPA only requiresonereceiver, it could be an attractive low
costsolutionto futureuserterminalsusingspacetime coding
to increasedatarates.Theexamplesof SPA:s presentedhere
are only for demonstrative purposes,the designof the SPA
dependson thedimensionsof theuserequipment.
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