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ABSTRACT

This paperintroducesa methodfor experimentallyprobing

indoorwirelesschannelgo computeMIMO transferfunc-

tion matrices H. Thedatais gatheredusingrotatingtrans-
mit andreceve antennaso obsene themultipathray struc-
ture of the channel. H canbe computedfor ary arbitrary
transmitand receve array sizesand geometrieausing the

single probedataset. EstimatingH is crucial for space-
time codingcommunicationglgorithmperformancenaly-
sis. Exampleresultsarepresented.

1. INTRODUCTION

With thepromiseof dramaticcapacityimprovementsspace
time coding and relatedMIMO wirelesscommunications
systemshave becomeimportantareasof researchand de-
velopmenfactiity [1] [2]. Suchapproachedependonrich
scatteringervironmentsaandknowledgeof thechannetrans-
fer matrix at the recever, transmitter or both. A crucial
stepin developingsuchsystemss formingrealisticchannel
modelsfor usein statisticalalgorithm performanceanaly-
sis. At the presenttime, very few experimentshave been
reportedwhere MIMO channelcharacteristichave been
measuredn practicalervironments. The issuesof deter
mining wherespacdime codingwill work, andfinding op-
timal array geometriedor highestcapacitygainshave not
beenfully resohed. Answeringtheseguestionswill require
awide rangeof MIMO channeprobingmeasurementsith
a variety of array geometriesand locations,including in-
door, outdoot fixedandmobileervironments.
Channebprobingis expensve, time consumingandim-
practicalfor thelarge variety of arraygeometriegshatneed
to be evaluatedfor space-timeodingapplications.An ap-
proachis neededvhich usesa commonsetof probingdata
from a single experimentto computethe MIMO channel
matrix, H, for ary arbitraryproposedarraygeometrywith-
outneedingo take new field measurement&urrentexper
imentsby our own groupand others( [3], Lucent, AT&T
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Laboratoriesetc.) arebeingundertalento physicallymea-
sureH for a specifictransmitter receverarraypair. How-
ever, the proposeday basedapproachdescribedbelow is
theonly onewe areawareof which cangenerat@measured
H for an arraywhosegeometryis specifiedafter probing
experimentdatacollection.

1.1. Channel Ray Model

We will assumepropagationn the horizontalplaneandflat
fading. Thechannemodelis basedn Spences[4], which
is an extensionof [5]. To the Spencesstatisticalmodelwe
add a ray departureangle,, anddrop the time of arrival
termssincewe aredealingwith narravbandflat fadingcom-
munications. The channelis representeésa sumof dis-
creteray paths:

K
C(¢,0) = Y Bre™d(¢p—®k,0—0;) (1)
k=1

where®,; and©; arethe departureandarrival anglesre-
spectvely for the kt* ray in the channelfrom transmitto

receve array As in [4], theseare randomvariableswith

a mixture of uniform and Laplaciandistributionsbasedon
a clustermodel. 3, is Rayleighdistributedwith a random
meandrawn from adoubleexponentialdistribution, andey,

is uniform (0, 27).

The MIMO narrovbandtransfermatrix, H, relatesthe
comple transmitarrayexcitationvector a, to theobsered
recever arrayelementesponseector y, asy = Ha. Us-
ing the individual ray parametergrom the C(¢,6) model,
onecancomputeH for ary giventransmitandrecevearray
configuration.
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where' ®’ indicategheelement-wis&chumatrix product,
‘x’ is the corventionalmatrix product,and‘-’ is theinner
productof 3-D vectors.#; and#; arethe 3-D positionvec-
torsfor thelt” elementf the transmitandreceve arrays
respectiely. d,, (6) isthedirectionalresponsef thel*" ele-
ment,v.,.(¢) is therecevearraysteeringvectorfor direction
0 (i.e arrayresponseo a unit planewave from direction),
andi andj arex andy unit vectorsrespectiely. v¢ (), 5,
andd;(¢) aredefinedsimilarly.

2. A BI-DIRECTIONAL CHANNEL PROBER

2.1. Experiment Description

Figure 1 is a photographof the probing testbed usedfor
indoor H estimationwith arbitraryarrays.We referto this
systemasthe “bi-directional channelprobe” becausenea-
surementsare taken while rotating directionalantennasat
boththetransmitandreceie ends.The 22 cm squarehorn
antennantherightis usedto transmita 6.0 GHz CW tone.
The 61 cm parabolicdish antennaon the left is usedto re-
ceivessignals.Antenna3 dB beamwidthsareapproximately
10 and3 degreesrespectrely. A computeron therecever
cart controlsa Hewlett Packardmicrowave network ana-
lyzer which generateghe prober.f. signal. This is then
amplifiedand sentby a 200 foot coax cableto the remote
transmithorn. Undercomputercontrol,thetransmithornis
steppedhrough36 discreteangles ¢,,, at 10° increments.
For each¢,, setting,the recever dishis steppedhrough
540 discreteanglesg,,, covering 360°. The dish signalis
amplifiedandfed backto the network analyzerinput. The
analyzercalculatesa magnitudeandphaseresponsdor the
entiretransmit- receive loop. Calibrationresponsefor the
amplifiers,cables,and feedsare removed from eachmea-
surementBy recordingrecevedamplitudesandphasedgor
all combinationsof transmitdepartureand receve arrival
angles,individual rays can be identified as corresponding
to amplitudepeaksalbeitblurredby the antennabeamre-
sponseatterns.
Probingmeasurementsiay be modeledas
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whereb, (¢) andb,(#) arethetransmitandreceve probing
beamresponsegespectiely andy is systemnoise. ¢ = 0,
6 = 0 correspondo the mainlobepeaks. The goal of this
work is to use probing  measurements,

Fig. 1. Experimentathanneprobingapparatus.

P(¢m,0y,), to form H estimatedor ary desiredarbitrary
setof transmit- receve antennaarrayslocatedin the same
generalpositionsasthe probingantennasGivenarrayele-
mentlocations(#; and#) anddirectionalresponsegd;, (¢)
andd,, (6)), we wish to computeH for a variety of arrays
givenasingledatasetP (¢, 0y,).

We proposehefollowing errormetricto beusedn eval-
uatingalgorithmsfor accurag in estimatingH.
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This metricis insensitve to bulk scaleandphasesothatit
is invariantto probinginstrumentcalibrationerrorswhich
do not affect channelcapacitycalculations. It is however
sensitve to elementwise deviations, which represensin-
gle transmit- recevve antenngpairs. The normalizederror
metricrangesover( < e < 1.

2.2. A Deconvolution Approach to Channel Estimation

Theapparentlifficulty with directuseof P in H estimation
is that the individual ray pathsare not isolatedfor usein
equation(2). As canbeseenn equation4), P hastheform
of a2-D corvolution of scaleddeltafunctions(correspond-
ing to ray departure/arvial angle pairs) with a a blurring
beamresponsdunction, h[m, n] = by(¢.,)br(6,). Whatis
requireds adecorvolutionmethodo recoveranestimateof
C(¢,0) throughits parametersgy, ¥, r, and©y. With
theseparametersequation(2) canbe directly evaluatedto
yield H.
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Fig. 2. Simulatedchannelprobingdata. PeakSNR is 40
dB, the channelhad 12 rays consistingof 4 clustersof 3
elementsach.

We proposeusing a modificationof the CLEAN algo-
rithm [6], which is particularlywell suitedfor decorwolv-
ing blurred point sourceimageslik e this discreteray an-
gle map. This method,alsoreferredto as“iterative beam
subtractior, locatesrayshby finding the peakmagnituden
P(ém,0y), fitting a scaled shiftedcopy of h[m,n] to this
peak,and subtractingit from P. This removes (approxi-
mately) the effect of oneray from P. The processs re-
peatedo locateeachsuccessie ray until theresidualmag-
nitude dropsbelow the noiseor modelingerror threshold.
The specificalgorithmusedis describedelow.

Ray Deconvolution Algorithm:
1. Initialize theresidualmatrix: & = 1, R (¢, 0,) =
P(¢m; bn).
2. Findthepeak:M, N = argmaxp, , |R¥ (¢m, On)|-
3. Form residualvector aroundneighborhoof peak:
p = vec{RF(¢m,0,)}, Y(m,n) € N{(M,N)}.
4. Find the leastsquaredit to the residualpeakfor a

shifted,complex scaled2-D probingbeamresponse:

aopt B¢, g = arg min ||p — ap(ds, )",
P(04,00) = wec{bi(dm — dar — 94)(360)
xb; (0 — On — d9) (360)
Y (m,n) € N{(M,N)},
Gopt = IA)ZIA)
PP

5. Add ray parameterso themodelC(¢,6): i = |a/,
Y = La, Py, :¢M+A¢,@k = 0N + dg.

6. Remaoretheray peakfrom residual:

Rk+1(¢ma9n) = Rk(ﬁémaen)
— aopthe(dm — ®1)(360)br (Bn — Ok) (360)-

7. If max,, » |R¥(¢m,0,)| > T,k =k +1,goto 2.
8. CalculateH usingequation(2). Done.

Subscrip(360)indicateanodulo360degreeperiodicangle
addition,and N {(M, N)} is thesetof 2-D samples(m,n),

in the neighborhoodf (M, N). We typically usea neigh-
borhoodwidth sufficientto containthe mainlobesof b, and
by
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Fig. 3. a) True H matrix for simulatedprobingexperiment.
b) Estimatedd. Transmitandrecevearrayswere7 element
ULAs with 5 cm elementspacing.

3. CHANNEL PROBING RESULTS

3.1. Synthetic Data Experimentsfor Validation

In orderto evaluatethe effectivenesf the proposedalgo-
rithm, syntheticrealizationsof channeimodel(1)weregen-
erated. Channelparametersvere dravn from randomdis-

tributionsconsistentvith indoorpropagatiorn areinforced
concretemultistory building [4]. Syntheticprobing mea-
surementsP(¢,.,0,) werethengenerated. H was com-
putedfrom P, and comparedwith the true H which was
computedirectly from C(¢, 8). Figure2 showvs oneof the
proberealizations. Note that someray peaksare blurred
togetherandcover arangeof departureandarrival angles.
Probingbeamresponsesvere for 20 cm dish antennasat
eachend,with approximatelyl0 degreebeamwidthsoper

atingat6 GHz.



Figure 3 shaws the true and estimatedH magnitudes
correspondingo P in Figure2 for a 7 elementULAs with
5 cm elementspacing. Note the striking similarity. The
computedestimationerrorwase = 0.048, which compares
favorablywith theerrorrangeof 0.7 < € < .95 foundwith
otheralgorithmswe evaluated.

3.2. A Real-World Channel Probing Experiment

Figure4 shaws probedata,P(¢.,,8,), collectedby the ex-
perimentablatformof Figurel.
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Fig. 4. Actual channelprobingdata. Both transmitterand
recever werelocatedin the same20 by 40 ft. room. Note
theline of sightpathis the highestpeak.

Figure5 showvs H computedor two differentarrayge-
ometries. Of noteis the factthatthe circular array matrix
has7 significantsingularvalues,as comparedvith only 5
for theline array Thecirculararraywouldthereforesupport
higher capacityspacetime processing.This illustratesthe
importanceof evaluatinga varietyof arrayconfigurationsat
eachprobingsite.

4. CONCLUSIONSAND FUTURE WORK

The validationexperimentsn Section3.1 suggesthe pro-

posedalgorithm producesreliable channeltransfermatrix

estimates. We are currently building a new test platform
for afurtherverificationexperimentto directly measuréd

for specificarrayswith up to 16 by 16 elements.Thesere-

sultswill be comparedwith the H estimatedrom probing
platformdescribecabore. We maythendrav moreprecise
conclusionsegardingaccurag of the presensystenfor ar

bitrary arrays.
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Fig. 5. Channelmatrix estimatedrom realdata. a) 7 ele-
mentline arrays,5 cm spacing.b) 8 elementirculararray
20cmdiameter
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