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Abstract

Adaptive antennasare usedto increasethe spectraleffi-
cieng in mobile telecommunicatiosystems.The preci-
sion requiredin the beamformingandin the calibration
processs evaluatedby simulationsand verified by mea-
surementon an adaptve antennatestbed. As a perfor
mancemeasurethe carrierto interferenceratio (CIR) on
adaptve antennaoutputis used. A theoreticalexpression
for the outputCIR is derived and comparedwith simula-
tions and measurementsThe testbedis designedor the
DCS-1800systemandoperatesn theuplink only. It uses
the hybrid-digital-analogpeamformerwherethe weights
arecomputedn a DSR but thebeamformings performed
on RF or IF frequeng usinganalogphase-shifterandat-
tenuators.We shov how the simulationtool canbe used
to make the designbalancedand thus avoiding over- or
underdimensioningf hardwareparametersuchasweight
accurag and calibrationaccurag. This is importantfor
the system-designeandcanbe usedto find performance
bottlenecks.

1 Introduction

The maximumachiezable CIR of an adaptie array an-
tennais affectedby mary parametersisthe power of the
recevedsignals,their angleof arrival, the numberof an-
tennasandtheir position[1],[2]. The topic of this paper
is to investigatehow theimplementatiorof thesignalpro-
cessingn hardware affectsthe performanceof the adap-
tive arrayantenna.

Thepaperconsidersahybrid-digital-analogpeamformer
(ABF), wherethe adaptve algorithmis implementedn a
digital signalprocesso(DSP),butthebeamformeweights
areimplementedn hardware. Thus,the beamformings
carriedoutonthe RF or IF frequeng, usingdigitally con-
trolled analogphase-shifterandattenuatorsThe benefits
with the ABF is thatit canbe usedasanadd-onsystento
existing basestationdp boostcapacityin “hot-spot” traf-
fic areas.

To experimentallyinvestigatethe performanceof an
adaptve antennaarray in a mobile communicationsys-
tem, an adaptve antennatestbedhasbeendesignedand
constructed.lt is designedor usein the DCS-1800sys-
tem. Thetestbedperatesn recevving modeonly andis of
thedescribedABF type.

Thetestbeddloesnotallow usto manipulateheweight
accurag or thenumberof bits usedin theanalogto digital
corverters(ADCs). Thus,to study the effect of imple-
mentationandto comparewith themeasuredesultsfrom
thetestbeda simulationmodelwasdeveloped. The sim-
ulation modelof the ABF considerthe limitations of the
following adaptve antennaarts:

Sampling receivers Thesamplingeceversdown-corvert
the signalto a complex basebandgignal,and ADC
samplethe signal. If thereceved signalamplitude
exceedsthe maximumamplitudelevel of the ADC
input, clippingwill occur andperformancevill quickly
degrade.The ADCswill alsointroducequantisation
noisewith a variancethatshouldbein the sameor-
der of magnitudeor lessasthe thermalnoisevari-
ancefor bestutilization of the dynamicrange. So
by usingmorebits in the ADCs the dynamicrange
is increasedandsignalswith largeramplitudescan
bereceivedwithout saturatinghe ADCs.

DSP The DSP hasa finite word length that affects the
thenumericalstability andaccurag of matrixinver-
sionsusedby somealgorithms.Therequiredword-
lengthto achieve desirablgperformancéy usingthe
optimal weightshasbeenstudiedby Nitzber [3],
who shovedthatthe singleinterferencesourcecase
requireghehighesiprecisionin theDSP(thelargest
DSPword-length). Also, algorithm-specificerrors
is introducedthat affect performanceasthe num-
berof samplesusedin the estimationof the covari-
ancematrix. This hasbeenstudiedby Monzingo
andMiller [2].

Weighting units Theweightingunitsattenuateandphase
shifts the receved RF signalsto createthe beam-
pattern. The weighting units have finite accurayg
determinedy thetypeof weightused andthenum-
berof controlbits from the DSP

Calibration To matchthe differentantennachannelsa
calibrationmustbe performed. Dependingon the
calibrationmethodused, therewill be an amount
of inaccurayg in the calibrationprocessdueto e.g.
guantisation.Also, time-varying calibrationerrors
will occurwhenthe antennds subjectto e.g. tem-
peratureand humidity variationsor mechanicabi-
brations. In [4] an on-line calibrationalgorithmis



presentedhatis transparento main antennaoper
ation, continuousltrackingthe changesn antenna
channels.

The novel aspectof this paperis to investigatetheseer
rorsin the framewnork of mobile communicatiorsystems,
and comparisongan be madewith the adaptve antenna
testbedo verify the simulations.Also the dynamicrange
of the samplingrecever is included,which hasnot been
consideredn previouspapers.A theoreticaimodelis de-
veloped,and the theoreticalresultsare comparedo the
simulationsandtestbedesults.

2 Preliminary consideration

A signalmodelof the hardwareis describedn this Sec-
tion. Figurel shavstheequivalentsignalmodelused.We
assumehat all signalsare representedby their complex
baseban@quialent.

The noise of the amplifiersin the front-endand the
spatiallyandtemporallywhite noiserecevedby theN an-
tennasaremodeledhsanequivalentnoisesourcen: (t). We
assumehatn;(t) isaN x 1 vectorof zeromean,comple
Gaussianlistributedvariablesandwith covariancematrix
a?l.

We assumehattwo narravbandsignalsimpingeson
anuniform linear array (ULA) antennarom two distinct
directions8y and;. Therecevedsignalby theN antennas

DSP

Figurel: Signalmodelof receving arrayantenna

canthenbedescribedy theN x 1 vectorx(t) as
x(t) =a(Ba)sa(t) +a(6i)si(t) + e (t) )

wherea(6y) is the array responsevectorin direction 8y

includingantennalementgainandpolarization.The sig-
nalssy(t) ands(t) arethe desiredandinterferersignals
respectiely.

Thereceverswill introducenoisein thedown-corverting
processandthe limited dynamicrangeof the ADC will
setthe maximaldistortion-freeamplitudebeforeclipping
of the receved signaloccurs. The ADC alsointroduces
guantisatiomoise. Thetotal noiselevel will setthe min-
imum detectablesignalamplitudeof the recever. In the
signal model, the samplingrecever (SRX) arereplaced
by limiters anda noisesourcen, (t). This noiserepresent
theinternalnoisegeneratedn thereceversandthe quan-
tisationnoisegeneratedh the samplingprocessThe cor
respondingsignal vectorin the DSP canthus be written
as

Xpsp(tk) =
saffa(6q)sy(tk) +a(di)s (k) + nr(te) + e ()] (2)

wherethe index k have beeninsertedto the expressthe
samplingtimingsatt = tx. The saturatioroperatorsat[-],
limits thesignalswherethelimiting amplitudelevelis de-
pendenton the automaticgain control (AGC) in the re-
ceiversandthedynamicrangeof the ADC.

2.1 Calibration

Theaim of the calibrationis to measureghetransferfunc-

tion of the channelbetweenthe SRX and the weighting
units. Thisis importantbecaus¢heweightsarecalculated
basedon the signalsat the SRX but appliedto the signals
at the weightingunits. The signalsat the weightingunits
areassumedo be an magnitudeandphase-shiftedeplica
of the signalsat the SRX. The transferfunctionsareused
to compensat¢he weightsbeforethey areappliedin the
weightingof the signals. By introducingthe comple di-

agonaimatrixC = diag(cy, . .. ,cn), therelationof thesig-

nalattheweightingunits,xy(t), andthe SRX,x(t), canbe
expresse@sxw(t) = Cx(t).

Assumethat the algorithm calculateghe weight vec-
tor wpsp, basedn therecevedsignalsxpsp(tk). To com-
pensatefor the differencedn the receving channelsthe
weightsarepre-adjustedo

w=(C H"wpe (3)

where(-)" denotehiermitiantransposeTheanalogbeam-
formeroutputsignaly(t) will be

y(t) = wxu(t) = WhepCICX(t) = Whex(t)  (4)

Thusthe effect of thetransferfunctionC is canceled We
assumehat C is constantover the recever passbhanabf
interest.



Thecalibrationhave afinite accurag, soC is notknown
exactly. Also, dueto temperaturelrift andaging,thecali-
brationcorrectionrmatrixwill notdescribeheactualtrans-
fer function. Let thematrix C bethecalibrationcorrection
matrix thatis storedin the DSP If the calibrationis error
free,C = C. We cannow write C'C = | + 3C, wheredC
is a diagonalmatrix with complex elementsrepresenting
therelative errorsin the calibration.Writing the elements
of 5C asdc, = diel®, we separatehe relative calibration
errorsinto a magnitudesrrord; andaphaseerror@. The
magnituded; is assumedo beboundedn therange[+¢,]
andthephaseerror@ isin therange[+£y]. Thusanupper
boundonthesquarederrorof therelative calibrationerror
canbeshawn to be G, = €3+ €2,

2.2 Thebeamformer output signal

The DSP calculateghe weightsby usingthe samplema-
trix inverse(SMI) algorithm[2], usingthe 26 bit training
sequencén the mid-ambleof a DCS-1800timeslot. Due
to thefinite stepsizein the hardwareweightingunits, the
weightsw will be quantisedandan errorvectordy, is in-

troduced. The phaseand magnitudeof the weight quan-
tisation errors are assumedo be independentind zero
mean,white, and uniformly distributed variablesin the
rangeg+em] and[+eg] respectiely. Thetotal weighter

ror covariancematrixis 2|, whereo?, canbeshavn to be
upperboundedby o3 + W2, 03, whereo? = €%,/3 and
03 = €3/3 andwmay is themaximalweightmagnitudg5].

Thesignalon thebeamformeputputcanbewritten as

y(t) = (w+3w)" (1 +8C)x(t) (5)

Using equation(5) and assuminghat the stochastio/ec-
tors oy andx(t) areindependentthe power of the beam-
formeroutputsignalcanbewritten as

E{ly(t)[*} =w"E {x(t)x" (t)} w+
+E{3x(t)x" (1)dw} +
+wHE {8Cx(t)xH (t)aCH }w+
+E{&8Cx(t)x" (t)5C™dw}

Wherethe termsin (6) is referredto asthe first, second,
third andfourth term. Thefirst termis the outputsignal
from a beamformemithout calibrationor weight quanti-
sationerrors. The secondterm is dueto weight quanti-
sationerrors. Thethird termin (6) includesthe diagonal
matrixdC thatmodelsthecalibrationerrorsandthefourth
termcontainghe productof thetwo errorvariablesandis
neglectedin thefollowing. We assumehatthe first term
includesthe desired,nterfererand noisesignals,andthe
othertermsincludesthe noiseand interfering signalsin
the total outputsignal. This is a pessimisticassumption,
becausehesetermsalso includessomesignal which is
correlatedwith thedesiredsignal.

Theoutputcarrierto interfererplusnoiseratio (CINR)
cannow bederivedby assuminghatthefinite samplesize

(6)

effectandthesaturatiorof the SRX discusse@boveis not

takeninto considerationBy carryingoutthe expectations
in (6), alower boundon the achiezableoutput CINR can

be expresseds

CINR > wHRqw/ [W™Riw + NogW2 , +
+(0% + NG W) (05]a(8a)| + 0F a(8i) | + NoP)] - (7)

whereR;, Rq istheautocorrelatiomatricesor theweighted
desiredand interfering signal respectiely. This expres-
sionillustrateshow thedesiredandinterferingsignalpower
(03,02) “leaks” throughthe beamformerdue to calibra-
tion errorsandweightquantisationin thelimit wherecal-
ibration errorsandweight quantisatiorerrorsapproaches
zero,the CINR approachethewell known expressiorfor
CINR of adigital beamformerCINR~ wHRqw/wH (R; +
lo2)w.

3 Theadaptive antenna testbed

In this sectionthe adaptve antennatestbedis described
briefly. For a detaileddescription see[6]. Theweighting
unitshasa stepsizeof 1° andusedogarithmicattenuators
with 1 dB stepsizeanda 50 dB dynamicrange.Calibra-
tion of theantennaarrayis performedprior to normalop-
erationof thetestbedandthe calibrationhave anaccurayg
of 1° in phaseand0.75dB in magnitude.

Measurementaereperformedn alab,to validatethe
performancef the adaptve arrayantennan aneasycon-
trollable signalervironment. The front endarrayantenna
is replacedby an 8 x 8 Butler matrix. Two signalgenera-
torswereconnectedo theButlermatrixto emulatesignals
impingingideally from —61° and—7.2°.

In practice,the CINR in equation(7) cannotbe mea-
sured,dueto the inability to separatehe desiredsignal
from the interfering and noisesignal. Instead,we mea-
sureda modifiedcarrierto interferenceatio on the adap-
tive antennaoutput,denotedCIRqy, in fact,we measured
the carrierplus noiseto interfererplus noiseratio, where
“noise” includesthe thermalnoise,calibrationerrornoise
andtheweightquantisatiomoise.

If theangleof arrival separatiorbetweerthe two sig-
nal sourcess large enoughthe expression7) canbeused
to approximateahe measuredjuantityCIRy: as

CIRout ~ [K03 + No2w2,, +
(0% + NCreWiex) (03 [a(80) | + Not) ]
/ INGPWZ o+
(0% + NCraWea) (07 a(81) | +Nof)

(8)

whereK isthearraygain,includingamplifiersin thefront
endandin theweightingunits.



4 Simulation and measurement results testbedwith weightvariancel .25 10-3 themaximumachiev-

The simulationwas performedto imitate the testbedas
muchaspossible.To verify thetheoreticamodelandthe
simulationresults,a comparisoris madein Figure2. The
simulationparameteraresetequalto theparametersised
in the adaptve antennaestbede.g. 8 bit ADCs and 1°

and1 dB weightaccurag.
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Figure2: CIRy asa functionof interfererpower. Com-
parisonsbetweenmeasuredsimulatedand theory (equa-
tion (8)). Carrierpowerconstantait-44dBmand-54dBm.
Noiselevel at-76 dBm.

Figure2 shavsthemeasuredutputCIR, denotedCIRq
asafunctionof interferingsignalpower, whenthedesired
signal power was held constantat two differentlevels, -
44 dBm and-54 dBm. The figure alsoshows the corre-
spondingsimulationresultsandthe theory describedoy
equation(8). Themeasuredurvesarea meanvaluesover
ten measurementand the simulatedare meanover 100
simulations. The standarddeviation is 7 dB and 0.8 dB
in measurementand simulationsrespectrely. Thetheo-
retical expressiondoesnot considerthe limited dynamic
rangeof the ADC, sothetheoreticalCIRy is largerthan
the measuredand simulatedCIRy; whenthe interfering
signalsaturateshe ADC.

The theory equation(8), predictsthe CIRy to reach
a constantevel whentheinterfereris decreaseblelov the
noiselevel. Thisis verified by the measurementandthe
level is determinedby the desiredsignal power and the
weightandquantisatiorerrorvariances.

4.1 Calibration errorsand weight accuracy

We investigatehow thecalibrationaccurag affectsCIRq
in Figure3. This figure displaysCIRq asa function of
weighterror variance for four differentcalibrationaccu-
racies.A weighterrorvariancdessthan10~° will notfur-
therimprove the CIR becausdhe calibrationerrorslim-
its the maximum achievable CIR. To comparewith the

ableCIRyy in Figure3 is approximately24 dB if thecal-
ibrationis donewithout errors. This shouldbe compared
to the measured.8 dB from the testbedn the samecon-
ditions. Thus,to improve the testbedperformanceeffort
shouldbeputto improvethecalibrationalgorithm,in favor
for improving weightaccurag. Improving weight accu-
ragy will raiseCIRyy; only afew dB. Theeffectof calibra-
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Figure3: CIRy asafunctionof weightquantisatiorerror
for differentcalibrationerrors,CIR;,=-15dB, CNR=42dB

tion errorswhenthe CIR;, is variedby varying the inter
ferenceto noiseratio (INR) is presentedn Figure4. The
carrierto noiseratio (CNR) washeld constantat 22dB. A
comparisorwith the adaptve antennaestbedwas made,
andthe CIRy: wasmeasuredor differentcalibrationer
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Figure4: CIRo: asafunction of interfererto noiseratio
(INR) for differentcalibrationerrors. CNR=22dB

rors and different CIR;,. The weight quantisationsteps
weresetto 1 dB and1°. Themeasuredurvefits thecurve
with calibrationerrorof 1% in relatve magnitudeand 1°

in phase.

FurthermorewhenINR< 22dB,i.e. whenCIR> 0dB,
the calibrationerrorshave a nggligible effect on the an-
tennaperformance Whenthe interfererpower getslarge,
theoutputnoiseis increasingseeequation8) andtheCIR
decreasesVhenthetotal input power saturateshe ADC,



the CIR decreaseabruptlyandthe antennacannotmain-
taina CIR above 0 dB ontheoutput.

5 Conclusion

It wasfound that the weight quantisationerrorsand the
calibrationerrorsincreaseghe output noise power, thus
decreasingheoutputCINR. Thedecreasés inverselypro-
portionalto thetotalimpingingsignalpoweronthearray

A simulationtool that modelthe hardwareimperfec-
tion wasdeveloped to studyhow the performancevould
improve if the calibration errorsand weight errorswas
reduced. The simulationresultsshaved good agreement
with the measuredesultsandthe derived theoreticalex-
pression.Theexpressiorwasderived by doingsomesim-
plifying assumptionsto get a quantitatve expressiorfor
theadaptve antennautputCIR.

The systemdesignesshouldput effort into makingthe
phaseandmagnitudeerror variancesequalto minimize a
largeoverheadn eitherthe phase-shifteor attenuatoac-
curag.

Furthermorethebalancebetweerweightaccurag and
calibrationaccurag wasexamined,andit wasshavn that
with acertaincalibrationaccurag, the outputCINR could
notimprove above acertainlimit, regardles®of weightac-
curag. Thus,thesetwo sourcesof error shouldbe bal-
anced.For thetestbedijt wasseenthatimproving thecal-
ibrationaccurag would gainmorein outputCIR ascom-
paredto improving theweightaccuragy.

The resultsobtainedin this work canbe usedto find
out theimpactof differentimplementatiortechniqueson
the total performanceto find performancebottle-necks
andto helpthedesigneto avoid over-dimensioningf an-
tennaparts.
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