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ABSTRACT

We investigatethe switchedparasiticantenngSPA), whichis
anoveltechniqudor electronicallydirectingtheradiationpat-
tern,in aMIMO system.Thecorrelationbetweerthereceved
signalmodesareshavn to be sufiiciently low to yield adiver
sity gain. The capacitylimit usingthe SFA is investigatedor
differentSFA configurationsandit is foundthatthecapacityis
comparablevith anarrayantennaonfigurationin certainsit-
uations.Finally, a spacetime block codingschemas usedto
evaluatethe bit errorrateof a MIMO-SPA system.It is found
thatthe SRA requiresa5 dB higherSNRthananantennarray
solutionto achieze a BER=10~2. However, thearrayantenna
requiresa radio transcever for every antennaasopposedo
the SRA which usesonly onetransceier.

1. INTRODUCTION

Recentinformationtheoryresultshave demonstratedn enor

mouscapacitypotentialof wirelesssystemswith multiple an-
tennasat both transmitterandrecever, so calledmultiple in-

put, multiple output (MIMO) systems[1]. An unfortunate
aspectof MIMO systemsis the high cost of multiple radio
transceversat the accesgoint andat the userterminal. Fur-

thermorejt is expensveto calibrateandmaintainantennaar-

rayswith mary antennalementsRecentlyswitchedparasitic
antennagSFAs) have beensubjectof anincreasednterestin

theliterature for improving capacityin indoorLANS [2], asa
diversityantennd3, 4] andfor trackingof base-stationfb].

In a sense SFA offers characteristicsimilar to an array
antennawith severalfixedbeamsputis morecompacin size,
and might be more suitable on certain mobile equipments.
This paperwill examinethe useof SFAs in MIMO systems,
wherethe SFA is primarily usedat the userequipmentUE),
in arealisticflat fadingervironment.It hasbeenobsenedthat
whenthe fadesof the MIMO receve channelsarecorrelated,
thechannetapacitycanbesignificantlysmallerthanwhenthe
fadesare independentindidentically distributed (i.i.d.) [6].
Hence we studythe capacityof the SFA andcomparehis ca-
pacitywith a completelyuncorrelatedgcenario.Furthermore,
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we apply spacetime block coding (STBC) techniquedo ex-
aminehow this correlationaffectsthe BER of a SFA system.

2. SWITCHED PARASITIC ANTENNAS

SRAs offering directionalpatternggoeshackto the earlywork
of Yagi andUdain the 1930's. For mobile communications,
Vaughan[4] gave someexamplesof this technologyto pro-
vide anglediversityastwo parasiticson a mobile phonehand-
set. The conceptis to usea single active antennaelement,
connectedo aradiotranscerer, in astructurewith oneor sev-
eral passiveantennalementspperatingnearresonanceThe
passie elementsrecalledparasiticelement{PE) andactto-
getherwith the active elemento form anarray asin thewell
known Yagi-Udaarray[7]. To alterthe radiationpattern,the
terminationimpedance®f the PEsare switchable to change
the currentflowing in thoseelements.The PE becomereflec-
tors when shortedto the ground plane using pin diodes[8]
andwhennot shorted the PE have little effect ontheantenna
characteristics.The recever is always connectedo the cen-
ter antennaelementso thereare no switchesin the RF direct
signalpath.

The parasiticantennasan be designedusing monopoles
on a groundplane[4],[8] or as parasiticpatchantennag9].
In this paperwe considerthe monopoleon the groundplane
for its omnidirectionalproperties. Examplesof parasitican-
tennasareshawn in Figure 1 for a 4-directionsymmetryand
in Figure2 for a 3-directionsymmetricantenna.The antenna
in Figure2 have anadditionalcircle of parasiticelementghat
alwaysareshortedo ground.Theeffectof thisarrangemens
anincreasedlirectivity astheirlengthareshorterthanthecor-
respondingesonantength(x A/4) andwill leadtheinduced
emf[7].

Thelengthsanddistanceglisplayedin Figurel and2 are
not optimalin ary way. Thelengthscanbe adjustedto give
the antennacertaincharacteristicssuchas directivity and/or
dualbandtuning,asdemonstrateth [8], whereageneticalgo-
rithm approachwvastakento optimizea six elementswitched
beamantenna. If the parasiticsare moved closerto the ac-
tive element,the mutual coupling increasesand the change
in the radiation patternwhen switching is greater however,
theantennampedancehangeslsomoredramaticallywhich
makesthe antennamatchingdifficult. Hence,a too large mu-
tual couplingrendersin aninefficient antenna.The trade-of
is therebybetweencompactnessnd high directvity on one



Figurel: A five elementmonopoleSFA. The centerelement
is active and connectedo the transcerer. The four passie
antennalementsanbe switchedin or out of resonanceising
appropriatelybiasedpin diodes.
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Figure2: A sevenelemenimonopoleSFA. Thecenterelement
is active and connectedo the transcever. The threepassie
antennaelementsclosestto the active canbe switchedin or
out of resonanceusing appropriatelybiasedpin diodes. The
threeoutermosimonopolesarehardwiredto ground.

handandantennaefficiency onthe other

Theantenna@ Figuresl and2 wassimulatedusingHFSS
(High Frequenyg StructureSimulator)from Agilent Technolo-
giesInc. which is a 3D simulator using the finite element
methodto solve for the electromagnetidield. The software
wasusedto calculatethe far-field radiationpatternof the an-
tennafor different settingsof the switchedparasitics. The
monopoleelementswere cylindrical with an lengthto radius
ratiol/r = 100 which have afirst resonancat approximately
0.24) [7]. Themonopolesvereassumedo beperfectconduc-
tors which forcesthe electricalfield to be normalto the sur
face.Furthermoreto shortenthe simulationtime, the ground
planewas assumedo be of infinite extent. The chosenfre-
queny was 2.15 GHz, suitablefor the downlink in UMTS
FDD mode.Hence thewavelengthis A=0.1395meter

Thefarfield power radiationpatternfor threeshortedpar
asiticsandoneopenfor parasiticantenndl is shavn in Figure
3 andthe correspondinglot for Figure2 is shavn in Figure4
for two shortedandoneopenparasitic. The directivity of the
two antennagre9.9dB and10.0dB respectiely.

3. MIMO CHANNEL CAPACITY AND DIVERSITY
GAIN

To achieve a high capacityin MIMO systemsr alargediver

sity gain,thesignalsrecevedby differentsettingsof thepara-
sitics, calledthe M modesmusthave low correlation(ideally
zero). Hence we definethe correlationcoeficient of the sig-
nal voltagesrecevedby two patternsas[10]

2w ™
pa= [ | S0.0E0.9)- Ei(6.0)smoddds (1)
0 0

wherethetwo farfield patterns®, (6, ¢) andE, (6, ¢) arenor
malizedas

27 T
/ / S(0,4)|E:(0,6)*sinbdbds =1 (2)
0 0

fori = 1,2. Above, S(6, ¢) is the pdf of theincidentwaves.
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Figure3: Pawerradiationpatternof thefive elemenimonopole

antennashown in Figurel with threeparasiticsshorted(S) to
groundandoneopen(O).
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Figure 4: Power radiation pattern of the seven element
monopole antennashavn in Figure 2 with two parasitics
shorted(S) to groundandoneopen(O) plusthreehardwired
to ground(S).



The correlationcoeficientsfor the complex voltage pat-
terns correspondingo the power radiation patternsin Fig-
ure 3 and 4 are calculatedassumingthe Clark scenario11]
with pdf S(8,¢) = 6(8 — 7/2) /(27 sin §) to modelaring of
densesourceson a horizonaboutthe receiving antenna.We
assumehat three (two) parasiticsare always shorted,to get
four (three)differentdirectionswith 90° (120°) separation.
This givesthe correlationcoeficient for adjacentpatternsor
modes,for the parasiticantennain Figure 3 as |p; i+1|*> =
0.1157 andfor oppositepatterns|p; ;+2|*> = 0.0120. For the
parasiticantennan Figure4 we get|p; i+1/|> = 0.1002. The
ervelopecorrelationcoeficientsfor the signalsrecevedfrom
themodesaretakenasp.;; ~ |p;;|* [12]. A well known rule
of thumbis that “uncorrelated”signalsin diversity branches
correspondso anernvelopecorrelationlower than0.5. Hence,
the SFAs presentedhere would achiere a diversity gain in
Clarke’s scenario.

3.1. Channel capacity

TheMIMO channetapacityis calculatedusingthe SFA atthe
basestation(BS) and/orat the userequipmen{UE). We con-
sidera single user point to point communicatiorover a flat-
fadingchannelwith N transmitmodes(or arrayantenneele-
ments)and M receive modes(or arrayantennalementsjiand
no co-channeinterferenceThechannebutputcorresponding
to aninputblock spannindgl” symboltimesis

Y=-HX+V 3)

wheretherecevedsignalY is M x T, thefadingchannelH
is M x N, thecodevord matrix X is N x T' andtherecever
noiseV isa M x T matrix. Theentriesof thenoisematrixare
i.i.d. Complex Gaussiarwith zeromean.We assumehatthe
channeis quasi-statici.e. constanbvertheblock of lengthT
symbols.

With n parasiticelementsthereare2™ differentmodespor
settingsof the switchablediodes. The transmitand receve
modesof the parasiticantennasare chosenamongtheseto
minimize the ervelopecorrelation. We assumethat the re-
ceiver switcheshroughandsamplegshe chosermodesduring
onesymbolinterval. As the underlyingconcepthereis angle
diversity, we usea simple,yet detailedchanneimodelthatin-
cludesthe spatialdimension. In [13], a simple model based
on a circular disc of uniformly distributed scatterergplaced
aroundthe UE. This modelwasextendedto aMIMO scenario
with generalantennaradiationfunctionsin [14]. Sincethe
modelis basedon fundamentabphysics,the correlationsbe-
tweenthe differentantennaarrangementsyhich are of great
importancen thistypeof study arephysicallymotivated.Dif-
ferentchannekcenariozaneasilybeobtainedby varyingthe
radiusof the scatteringdisc aswell asthe locationof the BS
relativethedisc[14].

The channelcapacityof the following casesare investi-
gated;BS antennaarray-UEantennaarray BS antennaarray-
UE SR\, BSSRA-UE SRA. Whenthearrayis used omnidirec-
tional antennaelementsaareassumedvith dgs = 2 spacing
attheBSanddyr = 0.5 spacingatthe UE. Furthermorewe
assumehatthechannekesponsés flat overfrequeng, anap-

proximationvalid if thecommunicatiorbandwidthi?” is much
lessthanthe channekoherencéandwidth.

Shannorscapacityformulafor a N input, M outputMIMO
channel,assumingequalpower radiatedfrom eachtransmit-
ting antennaandH unknown at the transmittercanbe written
as

€

C = log, det [IM + NHHH] (4)

where&/N is the signalto noiseratio (SNR) at eachreceve
antenna. The matrix elementsH; ; representthe complex
pathgainfrom transmitter; to recevers.

Using the channelmodel [13, 14], the path gain canbe
written as

L
Hi,j = Z Q exp {jk(rtj—)Sl + s —)r,)} 9t; (‘blT)g’rz ((ﬁlR)a

=1
(6)

wherethe numberof scatterersare L andq; is the complex

Gaussiardistributedreflectioncoeficient with zeromeanand
unit variance. Furthermore,r;; s, andr,, ., denotesthe
distancfrom UE antenng to scatterey andscatterelj to BS

antenna respectiely. Note thatthe wave numberis denoted
k = 2mr/X. Finally g;, (¢f%) andg,, (¢{*) arethecomple volt-

ageradiationpatternsof the antennasThe channelmatrix in

(4) is normalizedin the sensethat |H||, = /M, where F

denoteghe Frobeniusorm.

As the channelmatrix H is a function of the randompo-
sition andreflectioncoeficientsof the scatterersthe capacity
C'in (4) is arandomvariable. With the SNR setto 4 dB, a
MonteCarlosimulationwith 4000trialswasperformedo cal-
culatethe ComplementaryCumulative Distribution Function
(CCDF) for a scenariowith L = 20 scatterers.The calcula-
tionsareperformedfor anequalnumberof modesat transmit
andreceve (N=M=4). Thedistancebetweerthe BS andUE
is D = 50A. The CCDF of the capacityis shawvn in Fig-
ure5 for the scatteringdiscradiusR = 50\. Thecurvesare
comparedo the channelmatrix H with i.i.d. elementswith a
complex Gaussiardistribution. Usingthe arrayantennaatthe
UE resultsin aslightly highercapacitythanthearray-parasitic
configurationhowever at the expenseof more hardwaredue
to the useof four transcerersinsteadof one. If the SRA is
usedatthe BS,thecapacityis furtherdecreasedsthesignals
from the modesbecome<orrelateddueto the small angular
spreacasseenatthe BS.

The capacityat 10% outageis presentedn Figure 6 and
7 for the two typesof antennaconfigurationgespectiely. A
large disc correspondo an indoor scenario,whereboth BS
andUE aresurroundedy scatterersThe otherextreme,with
a small scatteringdisc centeredat the UE, asin an outdoor
to indoor channelresultsin a smallercapacity dueto there-
ducedangularspreadandhence lower anglediversity gain.
This canespeciallybe seenin the casewherethe BS andthe
UE bothareequippedwith parasiticantennasthe capacityin-
creasesvhenthe radiusof the scatteringdisc exceedshe BS
to UE distancewherefull angulardiversityalsois possibleat
theBS.
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Figure5: Thecomplementargumulatvedistributionfunction
of the MIMO channelcapacityfor the N=M=4 case. The
SNRis 4 dB andthescatteringliscradiusis 50\. Theparasitic
antennas shavn in Figurel.
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Figure6: The channelcapacityat 10% outageversusthe ra-
dius of the scatteringdiscfor the N=M =4 case.The parasitic
antennas shavn in Figurel. SNR=4dB.

At highbit ratesjt mightnotbepossibleo switchthrough
several modesduring a symbolinterval. Thereforea system
with only two modeswasinvestigated.The parasiticantenna
in Figure1 wasused,but only two modeswith lowestsignal
correlation(oppositein direction)wasutilized. The capacity
at 10% outageis shavn in Figure8. ComparingFigure6 and
8, we seethatthe overall capacityis lower, but the difference
betweerthearrayandthe SR is slightly smallerat scattering
discradiusaround10\.

4. EVALUATING BER USING STBC

In this sectionwe usespacetime block coding (STBC) [15]
to exploit the availablechannelcapacitydiscussedn the pre-
vious section.We assumehatthe transmitterhave no knowl-
edgeof the channelstateinformationandusesa very simple
maximumlik elihooddetectobasednlinearprocessingtthe
recever. The codingconsistsof mappingP consecutie sym-
bolszy,...zp ontothetransmissiommatrix X. Theentriesof
X arelinearcombinationsof x4, ... zp andtheir conjugates.
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Figure7: The channelcapacityat 10% outageversusthe ra-
diusof the scatteringdiscfor the N=M =3 case.The parasitic
antennas shovnin Figure2.
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Figure8: The channelcapacityat 10% outageversusthe ra-
dius of the scatteringdisc. Only N=M=2 of the 4 modesin
theparasiticantennadn Figure2 areused. SNR=4dB.

For example,with N = 2 transmitantennasve canusethe
Alamouti's schemd16]

_( -

x- (2 7). ®
SinceP time slotsareusedto transmitP symbols therateof
the codeis one. For complex symbolconstellationsrate one
STBConly existsfor N = 2 [15], howeverfor realconstella-

tionsthereexistsorthogonal delayoptimal rateonecodesfor
N = 2,4,8, asfor example

I —XI9 —I3 —X4
T2 I3 T4 —T3
r3 —I4 I1 T2
T4 I3 —X2 I

X = (@)

To studythe performancen termsof BER usingthe SR, we
simulatethe systemsemploying the STBCs(6) and (7), us-
ing the 4-directionSFA in Figure 3 and comparethe results
with the arrayantennasolution. Whenthe Alamouti's STBC
schemds used,we usetwo opposite(180° separatiordirec-
tion) modesas the two receving/transmittingmodesfor the



SFA. TheBER for theseconfigurationss comparedn Figure
9. We useBPSK modulationin both caseshencethe bit rate
1 bit/s/Hz. It is obsenedthatat thebit errorrateof 102, the
2-modeSFA gives 8 dB gain over the uncodedsystemwith
oneantennaandthe 4-modegivesabout16 dB gainin SNR.
Thelargeandsmallscatteringadiusgivesadifferencen SNR
gainlessthanl dB. The array-arrayconfigurationis about5
dB betterthanthearray-SR configuration.
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Figure9: BER usingSTBCwith N=M=2 andN=M=4 modes.
Thescatteringdiscradiusis 750\ and15\. The BER curvesa
comparedothe N = M = 1 referenceantenna.

5. CONCLUSIONS

A MIMO systemusinga switchedparasiticantennahasbeen
analyzedjn termsof capacityandBER, assumingrthogonal
spacetime block codes. The channelcapacitywassimulated
usinga spatialchannelmodel. It wasfound thatthe SFRA of-

feredcapacitiescloseto the capacitieofferedby anarrayan-
tenna,in realistic MIMO scatteringervironments. Sincethe
SFA only requiresonerecever, it could be an attractve low

costsolutionto future userterminalsusingspacetime coding
to increasedatarates. The examplesof SFA:s presentedhere
are only for demonstratie purposesthe designof the SFA

depend®n thedimensionf the userequipment.

REFERENCES

[1] G.J. Foschini and M.J.Gans. On limits of wireless
communicationsn a fading ervironment when using
multiple antennas.WrelessPersonal Communications
6:311-335March1998.

[2] A.A.Almhdie, V.Kezys,andT.D.Todd. Improvedcapac-

ity in TDMA/SDMA usingswitchedparasiticantennas.

In Proceedingsof IEEE Personal, Indoor and Mobile
Radio Communications pages363-367, London,UK,
2000.

[3] N.L.Scott,0.L-Taylor, andR.G.VaughanDiversitygain

from a single-portadaptie antennausing switchedpar

[4]

[5]

[6]

[7]

(8]

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

asitic elementsillustrated with a wire and monolopole
prototype. IEEE Transactionson Antennasand Propa-
gation, 47:1066—10701999.

R.Vaughan.Switchedparasiticelementdor antennadi-
versity |EEE Transactionson Antennasand Propaga-
tion, 47:399-4051999.

S.L.Preston,D.V.Thiel, T.A.Smith, S.G.O’Keefe, and
J.WLiu. Base-statiortrackingin mobile communica-
tions using a switched parasiticantennaarray |EEE
Transactionson Antennasand Propagation, 46:841-
844,1998.

D-S.Shiu,G.J.Foschini,M.J.Gansand J.M.Kahn. Fad-
ing correlationandits effect on the capacityof multiele-
mentantennaystemslEEE Transactionson Communi-
cations 48(3):502-5132000.

C.A. Balanis. AntennaTheory JohnWiley and Sons,
Singapore1982.

R.Schlub,D.V.Thiel, J.WLu, and S.G.O’Keefe. Dual-
bandsix-elementswitchedparasiticarray for smartan-
tennacellular communicationsystems.Electronic Let-
ters, 36:1342-13432000.

S.L.Preston, D.V.Thiel, JWLu, S.G.OKeefe, and
T.S.Bird. Electronicbeamsteeringusingswitchedpara-
sitic patchelements Electonic letters, 33:7-8,1997.

R.VaugharmandJ.B.AndersenAntennadiversityin mo-
bile communications.|IEEE Transactionson \ehicular
Tedhnolagy, 36:149-1721987.

R.H.Clarle. A statisticaltheory of mobile radio recep-
tion. Technicalreport, Bell SystemTechnicalJournal,
1969.

J.N.PierceandS. Stein.”Multiple Diversitywith Nonin-
dependenfading”. Proc.ofthelRE, 48:89—-104January
1960.

P.Petrus,J.H.Reed,and T.S.Rappaport. Geometrically
basedstatisticalchanneimodelfor macrocellulamobile
environments. In Proc. IEEE Global Telecommunica-
tionsConfeence pagesl197-12011996.

T. SvantessonAn antennasolutionfor MIMO channels:
The multimodeantenna. In Proc. 34th Asilomar Conf
Sig, Syst..Comput, Pacific Grove, CA, October2000.

V.Tarokh, H.Jafirkhani, and A.R.Calderbank. Space-
time block codesfrom orthogonaldesign. IEEE Trans-
actionson Communications45:1456—-14671999.

S.M. Alamouti. A simpletransmitdiversity technique
for wirelesscommunicationsIEEE Journal on selected
areasin communicationsl6:1451-1458]998.



