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ABSTRACT

Transmitantennadiversity using closedloop and open
loop modesarecomparedn ervironmentswith line of
sightpropagatiorandspatiallyandtemporallynon-white
noise.Theconnectiorbetweerthefeedbackchanneta-
pacityin closedloop modesandthe channelcoherence
time is investigated. It is shovn thatin LOS environ-
ments therequirement®nthefeedbaclkchannebit rate
is lower. Furthermorewe derivedthebeamformingvec-
tor in closedloop transmitdiversity with directionalin-
terferenceandshavedhow this givesanequialentgain
in SNR of about3 dB at the recever, even at a beam-
forming weightphaseresolutionof 90°.

INTRODUCTION

Whencommunicatingover a flat fadingchannel,some
kind of diversityis usuallyrequiredto limit therequired
transmitpower andto reduceco-channeiinterference.
A bandwidthefficient way to introducediversity is to
use several transmitand/or receive antennas. To use
antennadiversity at the recever is straightforvard, be-
causethe channelcan be estimatedfrom the receved
data.To usetransmitantennaliversityis, however, more
cumbersomébecausehe channelis not readily avail-
ableatthetransmitter This problemcanbe approached
in several ways; a simpleway is to designthe system
to usetime-diision duplex (TDD) with a duplex dis-
tancesmallerthat the channelcoherencdime. Hence,
the uplink channelis valid asan estimateof the down-
link channeland knowledge of the downlink channel
is thenusedto optimize the downlink transmission.If
a frequeng division duplex (FDD) systemis used(or
a TDD systemwith duplex delay larger than the co-
herenceime) , the duplex distanceis commonlymuch
largerthanthechannektoherencéandwidthandtheup-
link datacannotbe usedto optimizethe downlink trans-
mission. Instead,one candecideto usean open-loop
transmitdiversity, aswaspresentedby Tarokhet.al.[1],
introducingthe space-timecodes(STC). One canalso
designthe systemwith a feedbackchannel,asin the
currentlydevelopingW-CDMA standard Thefeedback
signalling providesthe transmitterwith informationon

how to selectthe transmissiorto minimize the bit er

ror rateof thetransmissionThefeedbackchannehasa
low bandwidthandto decidewhatkind of information
to sendon this channeis anareacurrentlyunderinves-
tigation. In feedbacksystemsthe transmitterside has
only partialknowledgeof thechannelandthereliability
of thisknowledgedepend®nthefeedbackateandhow
fastthechannethangesie. thechannetime-frequeng
product.Thetime-frequeng productis T fp, whereT

is thesymboltime and fp is the Dopplerfrequeng.

In [2], the side information was modeledusing a
purelystatisticalapproactandit wasshovn how aspace-
time code(open-loopapproachanbeimprovedwhen
thetransmittethaspartialknowledgeof the channel.

In this paper we comparethe performanceof the
openloop space-timeblock codeswith a variable bit
ratefeedbackclosed-loopransmitdiversity systemand
alsowith a TDD system,which corresponddo a sys-
tem with perfectchannelfeedback. We are interested
in how thesesystemsvary in differentradio erviron-
ments,andinvestigatehow the requiredbit rate of the
feedbackchannelvarieswith the temporalcharacteris-
tics of the channel.We addthe effect of a line of sight
(LOS) componenin the channelandalsostudyhow a
co-channeinterfereraffectthe performanceAs MIMO
channemeasurementsave shawvn [3], theSTCconcept
shaows promisingresultsin aMIMO channekvenwhere
line of sight(LOS) componentgxists betweenTX and
RX antennas.

CHANNEL MODEL

AssumehattheflatfadingMIMO channelsrepresented
by the N7 x Ng matrix H:

hi1 hia thR
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Therecevedbasebandignalcanbewrittenas
x(k) = He(k) + n(k) 2



wherex(k) is the Ng x 1 recevedvector, ¢(k) is the
transmittedzectorandn(k) is therecevernoiseplusin-

terferencewith covariancematrixR.,,, = E {n(k)n* (k)}.

orin blockform
X=HC+N 3)

whereX andN is Ng x P andC is Nt x P. Hence
we have assumedhat the channelis constantover P
symbols.

To modelthewirelesschannelwith differentdegree
of scatteringrichness,we usethe well known Ricean
model[4]. Thechannelmatrix aredecomposethto the
direct (LOS) componenthatilluminatesthe arraysen-
tirely andthescatteredRayleighdistributedcomponent.
TheRiceanK -factor definedastheratio of determinis-
tic (LOS) and scatterecpower is introducedand gives
pureLOS or purescatteringasextremecasegd K = oo
andK = 0).

H=Hros5 +Hscar =
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Hered is therespectie anglefrom arraybroadsideand
a(#) is the normalizedarrayresponsevector G is the
largescalepathgainincludingtheantennalemengains.

The matrix H,.,; is calculatedusing a scattering
disc model. It is a simple, yet detailedchannelmodel
that includesthe spatial dimension. It was presented
in [5] andconsistsof a circular disc of uniformly dis-
tributedscattererplacedaroundthemobilestation. The
radiusof thediscis easilyvariedto modeldifferentsce-
narios. The path gain (elementsn H,,,;) arewritten
as

Hi,j _
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wherethe numberof scattererss L and q; is a com-
plex Gaussiamlistributedreflectioncoeficientwith zero
meanandunitvariance Furthermorery; _,,, andrs, .,
denoteghe distancefrom mobile antenngj to scatterer
j andscattererj to basestationantennai respectiely.
Finally g, (¢f*) andg,, (¢{) arethecomplex voltagera-
diation patternsof theantennas.

By assigningthe mobile a velocity and a direction
throughthe cloud of scatterersye cangeneratea time
varying channelfor eachtransmit-receie antenngpair
with differentcharacteristicdy varyingthe discradius,
speedof mobile, LOS parameterX or the baseto mo-
bile distance.Note thatthis modelgeneratesorrelated
fadingbetweerthe signalsfrom thereceving antennas.

DESCRIPTION OF METHODS

In this sectionthe openandclosedoop methodsarede-
scribed. First, we shov the expressionfor the STC bit
error rate probability (BER) andthenwe assumedhat
thetransmittethasperfectknowledgeof thechannebnd
derivethecorrespondingpeamformingrector Whenthe
channeis perfectlyknown we getaperformancéench-
mark,with thelowestBER possible.

Assumethatthe codevordsin the STCareof length
P andthatthe channelis stationaryduring the time of
transmissiorof one codevord. Form the vectorst’ =
veqX), C = veqC), N = veqdN) andthematrix H =
Ip ® H, where® is the Kronecler product.Now, write
thedetectiorhypothesisas:

H()Z X:HCO+N (6)
H1: X:H01 +N

Thelikelihoodratio testgivestheteststatistic7

_ p(X|H) ~
T = Do)

1
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whereR = E (NNH) andby usingthe Gaussiartail
approximationandassuminghatthe codewordshave
the samenorm, we can write the probability that the
transmittedNy x P codematrix C; is detectedasthe
othercodematrix Cg, i.e. makesanerror, as

Pr{C; = Co|H,R} <
1
5o (~IRT2HE - Co)lF/4)  ®)

where we have conditionedthis error on the channel
matrix and the recevved interferenceplus noisecovari-
ancematrix, which we assumes known at the trans-
mitter. If the noiseis temporallywhite, we canwrite

R-1/2 = Ip @ R,/ ? and(8) reducedo
Pr {C1 — C0|H,Rnn} <

1 iy .

s exp (—IRL/2H(C) - Co)l3/4) @)
Thisis assumedn therestof thispaperIn (9), || - || 7 is
the Frobeniusorm.

A linear transformation

To find the optimal codevord matrix C that minimizes
(9), given R,,,, and H, we must perform an exhaus-
tive searchover all possiblecodevords. Insteadwe fix
the codevordsto be orthogonal spacetime blodk codes
(STBC) [6], which have the nice propertythat the re-
ceiver algorithmhave very low compleity andthatthe



Euclideandistancebetweentwo codevord matricesis
equalfor all codewvord matrix pairs(denotedu). In [2],
it wasshown thatthe suboptimaltransmittedcodevord
matrix C can be linearly transformedby a weighting
matrix W

C=WwWC (10)

to improve the error probability (9). Now, as||AQ||% =
[|4]|3., whenQ is orthogonalwe rewrite equation(9) in
thecaseof orthogonalSTBCwith transmitweightingas

Pr{(:1 - CO|H,Rnn,W} <

1 _

5 e (w2 |RPHWF/4) - (1D)
whichis to beminimizedby properchoiceof W, under
thepowerconstrainf|W||%. = Ng. It is straightforvard
to shav that(11) is minimizedby the matrix

W, =+ Ngr [ Vimaz 0 0 ] (12)

wherev,,,... IS eigervectorcorrespondingo the largest
eigervalueof thematrix HYR, 1 H. This canbeinter-

pretedas beamformingin directionof v,,,, [2]. Note
thatthe optimal codevord matrix now reducego arank
onematrix. Hence whenthechannelis perfectlyknown

atthe transmitterbeamformings the optimaltransmis-
sionstratgy. Whenthereis no knowledgeof the chan-
nel at the transmittey the so called openloop scenario,
it wasshowvn in [7] thatW = I minimizes(11) sothe

STBCis useddirectly.

Feedback of channel information

We assumehat the feedbackchannelhasa capacityof
Ry bits persecondandthatthe numberof transmitan-
tennasNr = 2. Furthermorewe assumehat chan-
nelestimationis performedby simultaneouslyransmit-
ting independensequencefrom the transmitteranten-
nas and that the channelis known/predictedperfectly
attherecever. Therecever calculateshe eigervector
Vmaz, IN (12), correspondingdo the largesteigervalue.
Becausef limited feedbackwe will use

1
vlmaz = |: 6}0 :| ﬁ (13)
instead,whered is a uniform quantizationof the ideal
valueof thedifferencein the agumentf the elements
of v,az. The approachhereis similar to the oneused
in theW-CDMA standard Thetransmitteraverageghe
recevedfeedbaclsignalsovertwo consecutiereceved
bits while maintainingthetransmittecoowerin theboth
antennasThis canbe describedas[8]

o(t) =

arg {z’tmOd 25gn(2(t)) + it vMOd2gqn0, (4 1))}
(14)

where z(t) is the feedbackbit recevedattime ¢t. The
argumentd(t) have four statessimilar to QPSK.In [8],
a moreadwancedmethodis proposedwheremorethan
thetwo recentsamplesreusedin updatingd(t). Thisis
beneficialin ervironmentswherethe fadingis varying
slowly sothe channelis approximatelyconstantover a
longertime thanit takesto receve two bits in the feed-
backchannel.For optimal performancethefilter length
shouldbe updatedadaptvely to matchthe channelco-
herenceime. This hasnor beeninvestigatedurtherin
this paper

SIMULATION RESULTS

Thefollowing parametersverecommonfor all simula-
tions;thenumberof transmitandrecevveantennadvy =
Ngr = 2, antennaseparationtransmitterwas 2\ andat
the recever 0.5\. The transmitterto recever distance
was 600\ and the radius of the scatteringdisc 250A.
30000 sampleswere collectedin eachsimulationand
Alamouti's schemdor the STBC wasimplemented9].
Thecarrierfrequeny was2.15GHz.

The effect of feedback bit rate

We investigatedhe effect of feedbackbit ratein chan-
nels with differentcoherencdimes. As suggestedn
[8], we couldimprovethesystenperformancen slowly
varying channelsby filtering the feedbackbits with an
adaptvefilter length. Thesimulationsshow , for agiven
feedbackate,atwhichtime-frequenyg productthe BER
is higherthanthe open-loop,or STBC BER, i.e. when
thefeedbacldatashouldnotbetakeninto consideration.
In thesesimulationswe have no co-channeinterferer
henceR,,, = 021, whereo? is the spatiallyandtem-
porally white noisevariance. Figurel shavs how the
BER decreasewhenthefeedbaclbit rateincreaseskFor
the slowly fadingchannelT; fp = 0.0001, we perform
betterthanthe open-loopSTBC at a modestfeedback
rate of 150 bps. Whenthe channeltime coherencés
reduced,the feedbackrate hasto be increasedo per
form betterthanthe STBC. In thefigurethe TDD mode
is alsoshavn, wherewe have assumedhatthe channel
stateinformationis perfectly known at the transmitter
andhencethebeamformingveightareoptimal.

In Figure2, thereexistsa strongline of sightcompo-
nentbetweerthe basestatiomndthe mobile with K =
10000. We seethatin this casealow feedbackbit rate
will be sufficient asthe channelhasa cleardirectional
property Oncethe directionto the mobile hasbeenac-
commodatedthetransmissiortanlock onto themobile
andbeam-fornin thatdirection.Hence thereis noneed
for ahigh bit ratefeedbackchannel.
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Figurel: BER whenbit rateof feedbackchannels var-

ied in channelawith differenttime-frequeng products.
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Figure2: BER asafunctionof SNRperreceiveantenna.
The LOS components variedandalsothe feedbackbit
rate.Notethatin a strongLOS ervironment,thereis no
improvementby increasingthe feedbackbit rateabove
150bps.

Effects of co-channel interference

Anothermobilestationis now addedatthelocation800A
from the primarybasestation.We assumehatthis base
stationtransmitson the samephysicalchannelas our
mobile understudy This implies that the covariance
matrix of thenoisevectorR.,,, is afull matrix. We want
to investigateheeffect of takingthe non-spatiallywhite
noiseinto accountpy usingaccordingto equation(11).
We generatéhechannelsingthesamemodelasabove,
and estimatethe noise covariancematrix using the re-
ceiveddata.We thenusea semi-analyticahpproactand
calculatean upperboundof the error probability using
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Figure 3: “Instantaneous’BER as a function of time
with andwithout the useof the covariancematrix of the
spatiallynon-whitenoise

(11) andcomparethe BER with (11) usingR,,,, = o2 1.

Figure 3 shavs the instantaneouBER over time when
SNR = 4 dB without a LOS component.The signal
to interferenceratio at the mobile is -20 dB. We have

also addedthe BER using the quantizedbeamforming
vector, with 90 degreephaseresolution,andwe seethat
on averageis the BER lower thanthe BER acquiredby

assumingR..,,, = o2 L.

In Figure4 the “instantaneousBER averagedover
3 secondss shovn. The useof the noise covariance
matrix correspondg4o an equivalent4 dB gaini SNR
andthe useof quantizedphasereducegshe gainto 3.2
dB, still asignificantimprovement.
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Figure4: BER asa function of SNR with and without
the use of the covariancematrix of the spatially non-
white noise



DISCUSSION

We have shovn how thefeedbacknformationin atrans-
mit diversity systemcan be adjustedto dealwith non-
white noiseor interferers Thisis acommonsituationin
systemswith cochannelnterferencelt wasshown that
in a spatially colored,but temporallywhite noiseervi-
ronment,3.2 dB could be gainedin SNRfor a2 x 2
MIMO system,whena 20 dB wealer interferingbase
stationis present. A simple feedbackscheme similar
to the scheman W-CDMA was comparedo anopen-
loop solution, using spacetime block codesandit was
shavn how the requiredfeedbackbit rate dependson
the channeltime-frequenyg product. In LOS channels,
thedemand®on thefeedbackchannekapacitybecomes
smaller In future work, the feedbacksignalling can
be madeadaptve, to provide the transmitterwith the
bestpossibleinformation,independenbn the mobility
of themobileuser Furtherstudiesshouldalsodealwith
morethan 2 transmittingantennasas the demandson
thefeedbaclbit ratethenincreases.
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