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Abstract

Adaptive antennasare usedto increasethe spectraleffi-
ciency in mobile telecommunicationsystems.Thepreci-
sion requiredin the beamformingand in the calibration
processis evaluatedby simulationsandverified by mea-
surementson an adaptive antennatestbed. As a perfor-
mancemeasure,thecarrierto interferenceratio (CIR) on
adaptive antennaoutputis used.A theoreticalexpression
for the outputCIR is derivedandcomparedwith simula-
tions andmeasurements.The testbedis designedfor the
DCS-1800systemandoperatesin theuplink only. It uses
the hybrid-digital-analogbeamformer, wherethe weights
arecomputedin aDSP, but thebeamformingis performed
on RF or IF frequency usinganalogphase-shiftersandat-
tenuators.We show how thesimulationtool canbe used
to make the designbalancedand thus avoiding over- or
under-dimensioningof hardwareparameterssuchasweight
accuracy andcalibrationaccuracy. This is importantfor
thesystem-designer, andcanbeusedto find performance
bottlenecks.

1 Introduction

The maximumachievable CIR of an adaptive array an-
tennais affectedby many parametersasthepower of the
receivedsignals,their angleof arrival, thenumberof an-
tennasandtheir position[1],[2]. The topic of this paper
is to investigatehow theimplementationof thesignalpro-
cessingin hardwareaffectsthe performanceof the adap-
tivearrayantenna.

Thepaperconsidersahybrid-digital-analogbeamformer
(ABF), wheretheadaptive algorithmis implementedin a
digitalsignalprocessor(DSP),but thebeamformerweights
areimplementedin hardware. Thus,the beamformingis
carriedouton theRFor IF frequency, usingdigitally con-
trolledanalogphase-shiftersandattenuators.Thebenefits
with theABF is thatit canbeusedasanadd-onsystemto
existing basestations,to boostcapacityin “hot-spot” traf-
fic areas.

To experimentallyinvestigatethe performanceof an
adaptive antennaarray in a mobile communicationsys-
tem, an adaptive antennatestbedhasbeendesignedand
constructed.It is designedfor usein the DCS-1800sys-
tem.Thetestbedoperatesin receiving modeonly andis of
thedescribedABF type.

Thetestbeddoesnotallow usto manipulatetheweight
accuracy or thenumberof bitsusedin theanalogto digital
converters(ADCs). Thus, to study the effect of imple-
mentation,andto comparewith themeasuredresultsfrom
the testbed,a simulationmodelwasdeveloped.Thesim-
ulation modelof the ABF considerthe limitations of the
following adaptiveantennaparts:

Sampling receivers Thesamplingreceiversdown-convert
thesignalto a complex basebandsignal,andADC
samplethe signal. If the receivedsignalamplitude
exceedsthemaximumamplitudelevel of theADC
input,clippingwill occur, andperformancewill quickly
degrade.TheADCswill alsointroducequantisation
noisewith a variancethatshouldbein thesameor-
der of magnitudeor lessasthe thermalnoisevari-
ancefor bestutilization of the dynamicrange. So
by usingmorebits in theADCs thedynamicrange
is increasedandsignalswith largeramplitudescan
bereceivedwithoutsaturatingtheADCs.

DSP The DSP hasa finite word length that affects the
thenumericalstabilityandaccuracy of matrix inver-
sionsusedby somealgorithms.Therequiredword-
lengthtoachievedesirableperformancebyusingthe
optimal weightshasbeenstudiedby Nitzberg [3],
whoshowedthatthesingleinterferencesourcecase
requiresthehighestprecisionin theDSP(thelargest
DSPword-length). Also, algorithm-specificerrors
is introducedthat affect performance,as the num-
berof samplesusedin theestimationof thecovari-
ancematrix. This hasbeenstudiedby Monzingo
andMiller [2].

Weighting units Theweightingunitsattenuatesandphase
shifts the received RF signalsto createthe beam-
pattern. The weighting units have finite accuracy
determinedby thetypeof weightused,andthenum-
berof controlbits from theDSP.

Calibration To matchthe differentantennachannels,a
calibrationmustbe performed. Dependingon the
calibrationmethodused,therewill be an amount
of inaccuracy in thecalibrationprocess,dueto e.g.
quantisation.Also, time-varying calibrationerrors
will occurwhentheantennais subjectto e.g. tem-
peratureandhumidity variationsor mechanicalvi-
brations. In [4] an on-line calibrationalgorithmis
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presentedthat is transparentto mainantennaoper-
ation,continuouslytrackingthechangesin antenna
channels.

The novel aspectof this paperis to investigatetheseer-
rors in theframework of mobilecommunicationsystems,
andcomparisonscanbe madewith the adaptive antenna
testbedto verify thesimulations.Also thedynamicrange
of the samplingreceiver is included,which hasnot been
consideredin previouspapers.A theoreticalmodelis de-
veloped,and the theoreticalresultsare comparedto the
simulationsandtestbedresults.

2 Preliminary consideration

A signalmodelof the hardwareis describedin this Sec-
tion. Figure1 showstheequivalentsignalmodelused.We
assumethat all signalsare representedby their complex
basebandequivalent.

The noiseof the amplifiersin the front-endand the
spatiallyandtemporallywhitenoisereceivedby theN an-
tennasaremodeledasanequivalentnoisesourcent

�
t � . We

assumethatnt
�
t � is a N � 1 vectorof zeromean,complex

Gaussiandistributedvariables,andwith covariancematrix
σ2

t I.
We assumethat two narrowbandsignalsimpingeson

anuniform lineararray(ULA) antennafrom two distinct
directionsθd andθi. Thereceivedsignalby theN antennas
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Figure1: Signalmodelof receiving arrayantenna

canthenbedescribedby theN � 1 vectorx
�
t � as

x
�
t ��� a

�
θd � sd

�
t ��� a

�
θi � si

�
t ��� nt

�
t � (1)

wherea
�
θd � is the array responsevector in directionθd

includingantennaelementgainandpolarization.Thesig-
nals sd

�
t � and si

�
t � are the desiredand interferersignals

respectively.
Thereceiverswill introducenoisein thedown-converting

processand the limited dynamicrangeof the ADC will
setthemaximaldistortion-freeamplitudebeforeclipping
of the received signaloccurs. The ADC also introduces
quantisationnoise.The total noiselevel will setthemin-
imum detectablesignalamplitudeof the receiver. In the
signal model, the samplingreceiver (SRX) are replaced
by limiters anda noisesourcenr

�
t � . This noiserepresent

theinternalnoisegeneratedin thereceiversandthequan-
tisationnoisegeneratedin thesamplingprocess.Thecor-
respondingsignalvector in the DSPcan thusbe written
as

xDSP
�
tk ���

sat� a � θd � sd
�
tk ��� a

�
θi � si

�
tk ��� nr

�
tk �	� nt

�
tk ��
 (2)

wherethe index k have beeninsertedto the expressthe
samplingtimingsat t � tk. Thesaturationoperator, sat �� 
 ,
limits thesignals,wherethelimiting amplitudelevel is de-
pendenton the automaticgain control (AGC) in the re-
ceiversandthedynamicrangeof theADC.

2.1 Calibration

Theaim of thecalibrationis to measurethetransferfunc-
tion of the channelbetweenthe SRX and the weighting
units.This is importantbecausetheweightsarecalculated
basedon thesignalsat theSRX but appliedto thesignals
at theweightingunits. Thesignalsat theweightingunits
areassumedto beanmagnitudeandphase-shiftedreplica
of thesignalsat theSRX.Thetransferfunctionsareused
to compensatethe weightsbeforethey areappliedin the
weightingof thesignals.By introducingthecomplex di-
agonalmatrixC � diag

�
c1 ��������� cN � , therelationof thesig-

nalat theweightingunits,xw
�
t � , andtheSRX,x

�
t � , canbe

expressedasxw
�
t ��� Cx

�
t � .

Assumethat the algorithmcalculatesthe weight vec-
tor wDSP, basedon thereceivedsignalsxDSP

�
tk � . To com-

pensatefor the differencesin the receiving channels,the
weightsarepre-adjustedto

w � �
C � 1 � HwDSP (3)

where
� � � H denoteshermitiantranspose.Theanalogbeam-

formeroutputsignaly
�
t � will be

y
�
t ��� wHxw

�
t ��� wH

DSPC � 1Cx
�
t ��� wH

DSPx
�
t � (4)

Thustheeffect of thetransferfunctionC is canceled.We
assumethat C is constantover the receiver passbandof
interest.
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Thecalibrationhaveafiniteaccuracy, soC isnotknown
exactly. Also, dueto temperaturedrift andaging,thecali-
brationcorrectionmatrixwill notdescribetheactualtrans-
fer function.Let thematrix C̃ bethecalibrationcorrection
matrix thatis storedin theDSP. If thecalibrationis error-
free,C̃ � C. Wecannow write C̃ � 1

C � I � δC, whereδC
is a diagonalmatrix with complex elements,representing
therelative errorsin thecalibration.Writing theelements
of δC asδcl � dle jφl , we separatethe relative calibration
errorsinto a magnitudeerrordl anda phaseerrorφl . The
magnitudedl is assumedto beboundedin therange��� εa 

andthephaseerrorφl is in therange��� εφ 
 . Thusanupper
boundonthesquarederrorof therelativecalibrationerror
canbeshown to bec2

max � ε2
a � ε2

φ.

2.2 The beamformer output signal

TheDSPcalculatestheweightsby usingthesamplema-
trix inverse(SMI) algorithm[2], usingthe26 bit training
sequencein themid-ambleof a DCS-1800timeslot. Due
to thefinite stepsizein thehardwareweightingunits, the
weightsw will bequantisedandanerrorvectorδw is in-
troduced.The phaseandmagnitudeof the weight quan-
tisation errors are assumedto be independentand zero
mean,white, and uniformly distributed variablesin the
ranges��� εM 
 and ��� εθ 
 respectively. Thetotal weighter-
ror covariancematrix is σ2

wI, whereσ2
w canbeshown to be

upperboundedby σ2
M � w2

maxσ2
θ, whereσ2

M � ε2
M � 3 and

σ2
θ � ε2

θ � 3 andwmax is themaximalweightmagnitude[5].
Thesignalon thebeamformeroutputcanbewrittenas

y
�
t ��� �

w � δw � H �
I � δC � x � t � (5)

Using equation(5) andassumingthat the stochasticvec-
torsδw andx

�
t � areindependent,thepower of thebeam-

formeroutputsignalcanbewrittenas

E ��� y � t ��� 2 � � wHE � x
�
t � xH �

t � � w �
� E � δH

w x
�
t � xH �

t � δw
� �

� wHE � δCx
�
t � xH �

t � δCH � w �
� E � δH

w δCx
�
t � xH �

t � δCHδw
�

(6)

Wherethe termsin (6) is referredto asthe first, second,
third andfourth term. The first term is the outputsignal
from a beamformerwithout calibrationor weightquanti-
sationerrors. The secondterm is due to weight quanti-
sationerrors. The third term in (6) includesthediagonal
matrixδC thatmodelsthecalibrationerrorsandthefourth
termcontainstheproductof thetwo errorvariablesandis
neglectedin the following. We assumethat thefirst term
includesthedesired,interfererandnoisesignals,andthe
other termsincludesthe noiseand interferingsignalsin
the total outputsignal. This is a pessimisticassumption,
becausethesetermsalso includessomesignal which is
correlatedwith thedesiredsignal.

Theoutputcarrierto interfererplusnoiseratio(CINR)
cannow bederivedby assumingthatthefinite samplesize

effectandthesaturationof theSRXdiscussedaboveis not
takeninto consideration.By carryingout theexpectations
in (6), a lower boundon theachievableoutputCINR can
beexpressedas

CINR � wHRdw ��� wHRiw � Nσ2
t w2

max �
� �

σ2
w � Nc2

maxw2
max � � σ2

d � a � θd � �!� σ2
i � a � θi ���!� Nσ2

t ��" (7)

whereRi � Rd is theautocorrelationmatricesfor theweighted
desiredand interferingsignal respectively. This expres-
sionillustrateshow thedesiredandinterferingsignalpower
(σ2

d ,σ2
i ) “leaks” throughthe beamformer, due to calibra-

tion errorsandweightquantisation.In thelimit wherecal-
ibrationerrorsandweightquantisationerrorsapproaches
zero,theCINR approachesthewell known expressionfor
CINR of adigital beamformer, CINR# wHRdw � wH �

Ri �
Iσ2

t � w.

3 The adaptive antenna testbed

In this sectionthe adaptive antennatestbedis described
briefly. For a detaileddescription,see[6]. Theweighting
unitshasastepsizeof 1$ anduseslogarithmicattenuators
with 1 dB stepsizeanda 50 dB dynamicrange.Calibra-
tion of theantennaarrayis performedprior to normalop-
erationof thetestbedandthecalibrationhaveanaccuracy
of 1$ in phaseand0.75dB in magnitude.

Measurementswereperformedin a lab,to validatethe
performanceof theadaptivearrayantennain aneasycon-
trollablesignalenvironment.Thefront endarrayantenna
is replacedby an8 � 8 Butler matrix. Two signalgenera-
torswereconnectedto theButlermatrixto emulatesignals
impingingideally from % 61$ and % 7 � 2$ .

In practice,theCINR in equation(7) cannotbe mea-
sured,due to the inability to separatethe desiredsignal
from the interferingand noisesignal. Instead,we mea-
sureda modifiedcarrierto interferenceratio on theadap-
tive antennaoutput,denotedCIRout , in fact,we measured
thecarrierplusnoiseto interfererplusnoiseratio, where
“noise” includesthethermalnoise,calibrationerrornoise
andtheweightquantisationnoise.

If theangleof arrival separationbetweenthe two sig-
nal sourcesis largeenoughtheexpression(7) canbeused
to approximatethemeasuredquantityCIRout as

CIRout # � Kσ2
d � Nσ2

t w2
max ��

σ2
w � Nc2

maxw2
max � � σ2

d � a � θd � �!� Nσ2
t �&"

� � Nσ2
t w2

max ��
σ2

w � Nc2
maxw2

max � � σ2
i � a � θi � �!� Nσ2

t � "
(8)

whereK is thearraygain,includingamplifiersin thefront
endandin theweightingunits.
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4 Simulation and measurement results

The simulationwas performedto imitate the testbedas
muchaspossible.To verify thetheoreticalmodelandthe
simulationresults,a comparisonis madein Figure2. The
simulationparametersaresetequalto theparametersused
in the adaptive antennatestbed,e.g. 8 bit ADCs and1$
and1 dB weightaccuracy.
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Figure2: CIRout asa functionof interfererpower. Com-
parisonsbetweenmeasured,simulatedandtheory(equa-
tion (8)). Carrierpowerconstantat-44dBmand-54dBm.
Noiselevel at -76dBm.

Figure2showsthemeasuredoutputCIR,denotedCIRout

asa functionof interferingsignalpower, whenthedesired
signalpower washeld constantat two different levels, -
44 dBm and-54 dBm. The figure alsoshows the corre-
spondingsimulationresultsandthe theory, describedby
equation(8). Themeasuredcurvesareameanvaluesover
ten measurementsand the simulatedare meanover 100
simulations. The standarddeviation is 7 dB and0.8 dB
in measurementsandsimulationsrespectively. The theo-
retical expressiondoesnot considerthe limited dynamic
rangeof theADC, sothetheoreticalCIRout is largerthan
the measuredandsimulatedCIRout when the interfering
signalsaturatestheADC.

The theory, equation(8), predictsthe CIRout to reach
aconstantlevel whentheinterfereris decreasedbelow the
noiselevel. This is verifiedby themeasurementsandthe
level is determinedby the desiredsignal power and the
weightandquantisationerrorvariances.

4.1 Calibration errors and weight accuracy

Weinvestigatehow thecalibrationaccuracy affectsCIRout

in Figure3. This figure displaysCIRout asa function of
weighterrorvariance,for four differentcalibrationaccu-
racies.A weighterrorvariancelessthan10� 5 will notfur-
ther improve the CIR becausethe calibrationerrorslim-
its the maximumachievable CIR. To comparewith the

testbed,with weightvariance1.25� 10� 3 themaximumachiev-
ableCIRout in Figure3 is approximately24 dB if thecal-
ibration is donewithout errors.This shouldbecompared
to themeasured18 dB from the testbedin thesamecon-
ditions. Thus,to improve the testbedperformance,effort
shouldbeputto improvethecalibrationalgorithm,in favor
for improving weight accuracy. Improving weight accu-
racy will raiseCIRout only afew dB.Theeffectof calibra-
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Figure3: CIRout asafunctionof weightquantisationerror
for differentcalibrationerrors,CIRin=-15dB,CNR=42dB

tion errorswhentheCIRin is variedby varying the inter-
ferenceto noiseratio (INR) is presentedin Figure4. The
carrierto noiseratio (CNR) washeldconstantat 22dB.A
comparisonwith the adaptive antennatestbedwasmade,
andthe CIRout wasmeasuredfor differentcalibrationer-
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Figure4: CIRout asa functionof interfererto noiseratio
(INR) for differentcalibrationerrors.CNR=22dB

rors and different CIRin. The weight quantisationsteps
weresetto 1 dB and1$ . Themeasuredcurvefits thecurve
with calibrationerrorof 1% in relative magnitudeand1$
in phase.

Furthermore,whenINR ' 22dB, i.e. whenCIR ( 0dB,
the calibrationerrorshave a negligible effect on the an-
tennaperformance.Whentheinterfererpower getslarge,
theoutputnoiseis increasing,seeequation(8) andtheCIR
decreases.Whenthetotal inputpowersaturatestheADC,
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theCIR decreasesabruptlyandtheantennacannotmain-
taina CIR above0 dB on theoutput.

5 Conclusion

It was found that the weight quantisationerrorsand the
calibrationerrorsincreasesthe outputnoisepower, thus
decreasingtheoutputCINR.Thedecreaseis inverselypro-
portionalto thetotal impingingsignalpoweron thearray.

A simulationtool that model the hardwareimperfec-
tion wasdeveloped,to studyhow theperformancewould
improve if the calibrationerrorsand weight errorswas
reduced.The simulationresultsshowed goodagreement
with the measuredresultsandthe derived theoreticalex-
pression.Theexpressionwasderivedby doingsomesim-
plifying assumptions,to get a quantitative expressionfor
theadaptiveantennaoutputCIR.

Thesystemdesignershouldputeffort into makingthe
phaseandmagnitudeerrorvariancesequalto minimizea
largeoverheadin eitherthephase-shifteror attenuatorac-
curacy.

Furthermore,thebalancebetweenweightaccuracy and
calibrationaccuracy wasexamined,andit wasshown that
with acertaincalibrationaccuracy, theoutputCINR could
not improveaboveacertainlimit, regardlessof weightac-
curacy. Thus, thesetwo sourcesof error shouldbe bal-
anced.For thetestbed,it wasseenthatimproving thecal-
ibrationaccuracy would gainmorein outputCIR ascom-
paredto improving theweightaccuracy.

The resultsobtainedin this work canbe usedto find
out the impactof differentimplementationtechniqueson
the total performance,to find performancebottle-necks
andto helpthedesignerto avoid over-dimensioningof an-
tennaparts.
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