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ABSTRACT

This paperintroducesa methodfor experimentallyprobing
indoorwirelesschannelsto computeMIMO transferfunc-
tion matrices,

�
. Thedatais gatheredusingrotatingtrans-

mit andreceiveantennasto observethemultipathraystruc-
ture of the channel.

�
canbe computedfor any arbitrary

transmitand receive arraysizesand geometriesusing the
single probedataset. Estimating

�
is crucial for space-

timecodingcommunicationsalgorithmperformanceanaly-
sis.Exampleresultsarepresented.

1. INTRODUCTION

With thepromiseof dramaticcapacityimprovements,space
time coding and relatedMIMO wirelesscommunications
systemshave becomeimportantareasof researchandde-
velopmentactivity [1] [2]. Suchapproachesdependonrich
scatteringenvironmentsandknowledgeof thechanneltrans-
fer matrix at the receiver, transmitter, or both. A crucial
stepin developingsuchsystemsis formingrealisticchannel
modelsfor usein statisticalalgorithmperformanceanaly-
sis. At the presenttime, very few experimentshave been
reportedwhere MIMO channelcharacteristicshave been
measuredin practicalenvironments. The issuesof deter-
miningwherespacetimecodingwill work, andfindingop-
timal arraygeometriesfor highestcapacitygainshave not
beenfully resolved.Answeringthesequestionswill require
awiderangeof MIMO channelprobingmeasurementswith
a variety of array geometriesand locations,including in-
door, outdoor, fixedandmobileenvironments.

Channelprobingis expensive,timeconsuming,andim-
practicalfor the largevarietyof arraygeometriesthatneed
to beevaluatedfor space-timecodingapplications.An ap-
proachis neededwhich usesa commonsetof probingdata
from a single experimentto computethe MIMO channel
matrix,

�
, for any arbitraryproposedarraygeometrywith-

outneedingto takenew field measurements.Currentexper-
imentsby our own groupandothers( [3], Lucent,AT&T
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Laboratories,etc.) arebeingundertakento physicallymea-
sure

�
for a specifictransmitter- receiverarraypair. How-

ever, the proposedray basedapproachdescribedbelow is
theonlyoneweareawareof whichcangenerateameasured�

for an arraywhosegeometryis specifiedafter probing
experimentdatacollection.

1.1. Channel Ray Model

We will assumepropagationin thehorizontalplaneandflat
fading.Thechannelmodelis basedonSpencer’s[4], which
is anextensionof [5]. To theSpencerstatisticalmodelwe
adda ray departureangle, � , anddrop the time of arrival
termssincewearedealingwith narrowbandflat fadingcom-
munications.The channelis representedasa sumof dis-
creteraypaths:
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where
" � and

$ � arethe departureandarrival anglesre-
spectively for the &('*) ray in the channelfrom transmitto
receive array. As in [4], theseare randomvariableswith
a mixture of uniform andLaplaciandistributionsbasedon
a clustermodel. � � is Rayleighdistributedwith a random
meandrawn from adoubleexponentialdistribution,and + �
is uniform

�*,-�/.10 	 .
TheMIMO narrowbandtransfermatrix,

�
, relatesthe

complex transmitarrayexcitationvector, 2 , to theobserved
receiver arrayelementresponsevector, 3 , as 3%� � 2 . Us-
ing the individual ray parametersfrom the

�����4� �
	 model,
onecancompute

�
for any giventransmitandreceivearray

configuration.
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where‘ ; ’ indicatestheelement-wiseSchurmatrixproduct,
‘ > ’ is theconventionalmatrix product,and‘

E
’ is the inner

productof 3-D vectors.
Segf

and
Sh f arethe3-D positionvec-

tors for the ij'*) elementsof the transmitandreceive arrays
respectively. CB9Hk � �
	 is thedirectionalresponseof the i '*) ele-
ment,< 9 ��� 	 is thereceivearraysteeringvectorfor direction� (i.e arrayresponseto a unit planewave from direction � ),
and WX and W_ are l and m unit vectorsrespectively. < ' ��� 	 , STon ,
and 8 ' ��� 	 aredefinedsimilarly.

2. A BI-DIRECTIONAL CHANNEL PROBER

2.1. Experiment Description

Figure1 is a photographof the probing testbedusedfor
indoor

�
estimationwith arbitraryarrays.We refer to this

systemasthe“bi-directionalchannelprobe”becausemea-
surementsare taken while rotatingdirectionalantennasat
boththetransmitandreceive ends.The22 cm squarehorn
antennaontheright is usedto transmita6.0GHzCW tone.
The61 cm parabolicdishantennaon the left is usedto re-
ceivesignals.Antenna3 dB beamwidthsareapproximately
10 and3 degreesrespectively. A computeron thereceiver
cart controlsa Hewlett Packardmicrowave network ana-
lyzer which generatesthe prober.f. signal. This is then
amplifiedandsentby a 200 foot coaxcableto the remote
transmithorn.Undercomputercontrol,thetransmithornis
steppedthrough36 discreteangles,

�qp
, at r ,
s increments.

For each
�qp

setting,the receiver dish is steppedthrough
540 discreteangles,�ut , covering vJw , s . The dish signalis
amplifiedandfed backto thenetwork analyzerinput. The
analyzercalculatesa magnitudeandphaseresponsefor the
entiretransmit- receive loop. Calibrationresponsesfor the
amplifiers,cables,andfeedsareremoved from eachmea-
surement.By recordingreceivedamplitudesandphasesfor
all combinationsof transmitdepartureand receive arrival
angles,individual rayscan be identifiedascorresponding
to amplitudepeaks,albeitblurredby theantennabeamre-
sponsepatterns.

Probingmeasurementsmaybemodeledasx ���qpy� �ut�	� z�z|{} {�~ '
���! %� p 	 ~

9 � �  � t 	 ������� �B	 C � C �\�� ���qpy� �ut�	 (3)
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where ~ '
��� 	 and ~

9 � �
	 arethetransmitandreceive probing
beamresponsesrespectively and � is systemnoise.

� � ,
,��� ,

correspondto themainlobepeaks.Thegoalof this
work is to use probing measurements,

Fig. 1. Experimentalchannelprobingapparatus.

x ���qpy� �ut�	 , to form
�

estimatesfor any desiredarbitrary
setof transmit- receive antennaarrayslocatedin thesame
generalpositionsastheprobingantennas.Givenarrayele-
mentlocations(

Se f
and

Sh f ) anddirectionalresponses( C ' k ��� 	
and CB9Hk � �
	 ), we wish to compute

�
for a varietyof arrays

givena singledataset
x ��� p � � t 	 .

Weproposethefollowingerrormetrictobeusedin eval-
uatingalgorithmsfor accuracy in estimating

�
.

� � ��`�a���b� �  �� W� �b� ���b� � �b� �� (5)

�
min � W�����W� � W� � � ��� �V�V� ���

This metric is insensitive to bulk scaleandphaseso that it
is invariantto probinginstrumentcalibrationerrorswhich
do not affect channelcapacitycalculations. It is however
sensitive to elementwise deviations,which representsin-
gle transmit- receive antennapairs. Thenormalizederror
metricrangesover

,y� � � r .
2.2. A Deconvolution Approach to Channel Estimation

Theapparentdifficulty with directuseof
x

in
�

estimation
is that the individual ray pathsarenot isolatedfor usein
equation(2). As canbeseenin equation(4),

x
hastheform

of a 2-D convolutionof scaleddeltafunctions(correspond-
ing to ray departure/arrival anglepairs) with a a blurring
beamresponsefunction, � 6 � �H� =4� ~ '

���qp 	 ~
9 � �ut-	 . Whatis

requiredis adeconvolutionmethodto recoveranestimateof������� �
	 throughits parameters,� � , + � , " � , and
$ � . With

theseparameters,equation(2) canbedirectly evaluatedto
yield �� .
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Fig. 2. Simulatedchannelprobingdata. PeakSNR is 40
dB, the channelhad 12 raysconsistingof 4 clustersof 3
elementseach.

We proposeusinga modificationof the CLEAN algo-
rithm [6], which is particularlywell suitedfor deconvolv-
ing blurred point sourceimageslike this discreteray an-
gle map. This method,alsoreferredto as“iterative beam
subtraction,” locatesraysby finding thepeakmagnitudeinx ���qpy� �ut�	 , fitting a scaled,shiftedcopy of � 6 � ��� = to this
peak,and subtractingit from

x
. This removes(approxi-

mately) the effect of one ray from
x

. The processis re-
peatedto locateeachsuccessive ray until theresidualmag-
nitudedropsbelow the noiseor modelingerror threshold.
Thespecificalgorithmusedis describedbelow.

Ray Deconvolution Algorithm:
1. Initialize theresidualmatrix: &���r , � � ���qp�� �ut�	��x ���qp�� �Vt�	 .
2. Find thepeak: � �/� �¡ J¢�£¤�¥ u¦ p�§ t � � � ���¨py� �Vt�	 � .
3. Form residualvectoraroundneighborhoodof peak:© �ª� �o�u� � � ��� p � � t 	 � ��«�� � ��� 	­¬¥® � � � ��� 	 � .

4. Find the leastsquaresfit to the residualpeakfor a
shifted,complex scaled,2-D probingbeamresponse:�

opt
�O¯ n �O¯ U �  J¢�£°��`ba� § ±R²J§ ± Q ��� ©  �� W© � � n � � U 	 ��� � �W© � � n � � U 	³� � �V�V� ~ '

���qp´ ��Mµ¶ � n 	�·b¸/¹HºO»>
~
9 � �ut  �u¼  � U 	O·b¸/¹HºO»«y� � ��� 	½¬y® � � � ��� 	 � ��

opt � W© � ©W© � W© d
5. Add ray parametersto themodel W�!����� �
	 : W� � � � � � ,W+ � �¿¾ � , W" � � �Mµ \ ¯ n , W$ � �]�u¼À\ � U .

6. Removetheraypeakfrom residual:

� ��Á�� ���qpÂ� �ut�	��Ã� � ���qpy� �ut�	 ��
opt~ '

���¨p´ W" � 	O·b¸/¹HºO» ~
9 � �ut  W$ � 	�·b¸/¹HºO»Od

7. If �¥ u¦ p�§ t � � � ���qpy� �ut�	 �(ÄÀÅ , &¥�Æ&Ç\]r , go to 2.

8. Calculate W� usingequation(2). Done.

Subscript(360)indicatesmodulo360degreeperiodicangle
addition,and® � � � �/� 	 � is thesetof 2-D samples,

� � �H� 	 ,
in theneighborhoodof

� � �/� 	 . We typically usea neigh-
borhoodwidth sufficientto containthemainlobesof ~ ' and

~
9 .
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Fig. 3. a) True
�

matrix for simulatedprobingexperiment.
b) Estimated W� . Transmitandreceivearrayswere7 element
ULAs with 5 cmelementspacing.

3. CHANNEL PROBING RESULTS

3.1. Synthetic Data Experiments for Validation

In orderto evaluatetheeffectivenessof theproposedalgo-
rithm, syntheticrealizationsof channelmodel(1)weregen-
erated.Channelparametersweredrawn from randomdis-
tributionsconsistentwith indoorpropagationin areinforced
concretemultistory building [4]. Syntheticprobing mea-
surements,

x ��� p � � t 	 were thengenerated. W� wascom-
putedfrom

x
, andcomparedwith the true

�
which was

computeddirectly from
������� �
	 . Figure2 showsoneof the

proberealizations. Note that someray peaksare blurred
togetherandcover a rangeof departureandarrival angles.
Probingbeamresponseswere for 20 cm dish antennasat
eachend,with approximately10 degreebeamwidthsoper-
atingat6 GHz.



Figure 3 shows the true and estimated
�

magnitudes
correspondingto

x
in Figure2 for a 7 elementULAs with

5 cm elementspacing. Note the striking similarity. The
computedestimationerrorwas � � , d ,JÈ
É , whichcompares
favorablywith theerrorrangeof

, dËÊ�Ì � ÌÍd Î
Ï foundwith
otheralgorithmsweevaluated.

3.2. A Real-World Channel Probing Experiment

Figure4 showsprobedata,
x ���qpy� �ut�	 , collectedby theex-

perimentalplatformof Figure1.
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Fig. 4. Actual channelprobingdata. Both transmitterand
receiver werelocatedin thesame20 by 40 ft. room. Note
theline of sightpathis thehighestpeak.

Figure5 shows W� computedfor two differentarrayge-
ometries.Of noteis the fact that the circulararraymatrix
has7 significantsingularvalues,ascomparedwith only 5
for thelinearray. Thecirculararraywouldthereforesupport
highercapacityspacetime processing.This illustratesthe
importanceof evaluatingavarietyof arrayconfigurationsat
eachprobingsite.

4. CONCLUSIONS AND FUTURE WORK

Thevalidationexperimentsin Section3.1 suggestthepro-
posedalgorithmproducesreliablechanneltransfermatrix
estimates.We are currently building a new test platform
for a furtherverificationexperimentto directly measure

�
for specificarrayswith up to 16 by 16 elements.Thesere-
sultswill becomparedwith the W� estimatedfrom probing
platformdescribedabove. We maythendraw moreprecise
conclusionsregardingaccuracy of thepresentsystemfor ar-
bitraryarrays.
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Fig. 5. Channelmatrix estimatesfrom real data. a) 7 ele-
mentline arrays,5 cm spacing.b) 8 elementcirculararray,
20cmdiameter.
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