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K-band Quadrature Mixers with
Plastic-packagedDiodes

Matjaz Vidmar
University of Ljubljana , Slovenia

Quadraturemixers(alsoknownasIQ mixers) are
importantsignal-processingcomponentsin radio
transmitters(asvectormodulators) andradioreceivers(as
image-rejectmixersand/or demodulators) aswell asother
microwaveequipment(phase-lockedloops(PLL)). A
quadraturemixerrequirestwo balancedmixersthatare
preciselymatchedin amplitudeandoperatedatan
accurate90° phaseshift. Preciseamplitudematchingand
exactphaseshiftsareincreasinglymoredifficult to obtain
athigherfrequencies. At K-bandfrequencies, thebest
technicalsolutionis probablymonolithicintegration.1,2

However, thereareotherpossiblehardware
implementationsthatshouldnotbeneglected.

In thisarticle, two practicalK-band, quadraturemixer
designsarepresentedusinginexpensive, packaged
semiconductordevicesinstalledonconventionalprinted
circuit boards. Althoughmostpackagedsemiconductor
devicesweredevelopedfor operationat relativelylow
frequencies(usuallybelow3 GHz for themassmobile
phonemarket), themixers’ smallpackagesizeand
excellentchipcharacteristicsallow usefulperformance
evenin theK-bandfrequencyrange. Thefirst application
exampleis a20Gbpsclockrecoverycircuit thatrequiresa
quadraturephasedetectorin its PLL. Thesecond
applicationis adirect-conversion(zeroIF) 24GHz
industrial, scientificandmedical(ISM) bandradio
transceiverthatrequiresquadraturemixersbothin the
transmittermodulatorandthereceiverdemodulator.
Finally, apracticaltestmethodfor quadraturemixersis
presentedthatallowsquickandefficientcircuit
optimizationaswell asverificationof all important
quadraturemixerparameters.

The Antiparallel Diode Mixer
At K-bandandhigherfrequencies, the
antiparalleldiodemixer is apopular
solutionsinceit requiresa
subharmonicLO atone-half the
conversionfrequency. (In otherwords,
theantiparalleldiodemixerhasabuilt-
in LO frequencydoubler.) On theotherhand, the
antiparallelmixer’s insertionlossandnoisefigureaswell
astheintermodulationdistortion(IMD) areworsethan
thoseof fundamentalLO mixers, andtheantiparallel
mixer is muchmoresensitiveto theLO signallevel than
fundamentalLO mixers.

Theprincipleof operationof anantiparallelmixer is
shownin Figure 1. TheI/V curveof aperfectantiparallel
diodepair is anoddfunctonthatcanberepresentedwith a



Page 2K-band Quadrature Mixers with Plastic-packaged Diodes

11/01/06 15:46:43file://localhost/C:/Clanki/Stariclanki/K-band%20Quadrature%20Mixers%20with%20Plastic-packaged%20Diodes.htm

polynomialwith just oddpowersof V (C1, C3, C5,
C7, ...). Oneof thethird-orderconversionproducts, the
RF inputminustwice theLO, is thedesiredconversion
productof amixerwith asubharmonicLO. Of course,
otherthird- andhigher-orderconversionproductscause
IMD.

In anantiparallelmixer, thehighestconversionefficiency
is obtainedwheneachdiodeconductsfor approximately
90electricaldegreesof theLO signal. WhentheLO level
is too low, theconversionefficiencymaydropto zeroif
thediodesarenot turnedonatall. On theotherhand,
whentheLO signallevel is toohigh, eitheroneor the
otherdiodeis turnedonmostof thetime, againresulting
in little impedancechangeandpoorconversionefficiency.
ConventionalsiliconSchottkydiodestypically requirean
LO levelbetween0 and10dBmfor thebestconversion
efficiencyin anantiparallelmixer in a50Wenvironment.

A frequentlyforgotten, but important,
attributeof theantiparallelmixer is
thatit is abalancedmixer. Thanksto
theoddtransferfunctionof aperfect
antiparalleldiodepair, rectificationand
second-harmonicgenerationarenot
possible. Evenmoreimportantatvery
high frequencies, themixerbalancingof anantiparallel
mixer is obtainedwithoutcritical andcomplexbaluns.
Goodmixerbalancingis importantin aphasedetectorto
reducetheoutputoffsetvoltage. Goodmixerbalancingis
alsoimportantin areceivingmixer to suppressLO noise,
especiallyatvery low intermediatefrequenciesor in
direct-conversionreceivers. Finally, goodmixerbalancing
is alsorequiredin avectormodulatorin atransmitterto
suppresstheresidualcarrier.

SincetheRF, LO andIF frequenciesarewidely separated
andnobalunis required, antiparallelmixercircuitsare
usuallysimple. At low IF values, theRF is closeto the
secondharmonicof theLO frequency. Therefore, the
conventionalantiparallelmixercircuit, shownin Figure 2,
includesjust anopenstubandashortedstub. Bothstubs
areone-quarterwavelengthat theLO frequencyandone-
half wavelengthat theRF. TheIF is coupledthrougha
simpleLC lowpass.

Unlesstwo monolithicallyintegrated
diodesareusedastheantiparallelpair,
packageandcircuit parasiticsmay
corruptthemixerbalancing. When
usingsingle-packageddiodesatK-
bandfrequencies, acompletely
symmetricalcircuit is requiredfor
goodmixerbalancing, asshownin Figure 3. An
additionaladvantageof thesymmetricalcircuit is thatno
critical connectionto ground(viasin themicrostripboard)
is required. TheIF canbetakeneitherfrom theLO or RF
sideof themixer. In bothcases, anIF returnto ground
mustbeprovidedon theothersideof themixer. The
quarter-wavelengthRF trapsintroduceasubstantial
mismatchfor theLO signalsoadditionalLO matching
stubsarealwaysrequired. Little if anymatchingis
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requiredon theRF sideof themixersincethequarter-
wavelengthLO trapsbehaveashalf-wavelength
resonatorsat theinputRF.

BAT14-02W singlesiliconSchottkydiodes,
manufacturedby InfineonTechnologies(formerly
SiemensSemiconductors), areusedin thedescribedK-
bandantiparallelmixer. Thismedium-barrierdiode(430
mV forwarddropat1 mA) is packagedin thevery small
SCD80plasticsurface-mountdevice(SMD) package. An
antiparallelmixerwith two BAT14-02W diodesrequires
approximately7 dBmof LO powerfor operationatK-
bandfrequencies.

A 20GbpsRZ Clock RecoveryApplication
In optical-fiber communications, speciallyshaped
lightwavepulsescalledsolitonsarefrequentlyusedfor
dataratesbeyond10Gbps. In thereceivingphotodiode
thesolitonpulsesareconvertedin areturn-to-zero(RZ)
electricaldatastream. RZ-encodeddatahaveavery
strong, discretespectralline at theclock frequency. An
RZ clockrecoverycanbesimplyanarrowbandpassfilter
(BPF) tunedto theclock frequency.

A PLL is frequentlyusedasanarrowbandfilter in clock
recoverycircuits. A suitablesecond-orderfeedback
networkin thePLL canremoveanystaticclockphase
errorsregardlessof componenttolerancesandclock
frequencyoffset. Unfortunately, theinital frequencyoffset
of suchaPLL maybemuchlargerthantheacquisition
bandwidthof thePLL. A searchlogic functiontogether
with areliablelock detectorarethereforerequiredin a
PLL-basedclockrecoverycircuit. A clockrecoveryPLL
requirestwo phasedetectorsoperatingin quadrature. The
in-phase(I) detectorprovidesthelock informationwhile
thequadrature(Q) detectorprovidestheloopfeedback. In
theunlockedstate, thesearchlogic scanstheentire
frequencyrangeof theVCO. As soonaslock is detected,
thefeedbackloopis closedby connectingtheQ detector
outputto theVCO controlinput.

Thecircuit diagramof apractical20
GHz quadraturephasedetectoris
shownin Figure 4. Thecircuit
includesatwo-stage, selectiveRF
preamplifierandtwo antiparallel
mixerswith BAT14-02W diodes. Both
mixersarefed in phasewith the10
GHz LO signal. A 90° phaseshift is introducedby theRF
input line to theQ mixerbecauseit is one-quarter
wavelengthlongerthanthecorrespondingline to theI
mixer. BothRF andLO signalsaresplit with Wilkinson
dividersto reducethecrosstalkbetweenthetwo mixers.

TheselectiveRF preamplifierhasagainof approximately
13dB, includingthe20GHz BPF' s insertionloss. The
BPFis requiredto preventoverloadingof bothmixers
with thewidebandsignalcomingfrom thephotodiode. An
RF inputof -10dBmat20GHz producesI andQ outputs
of approximately±150mV acrossahigh impedanceload
with anominal+10dBmLO driveat10GHz.
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The20GHz quadraturephasedetector
is built asamicrostripcircuit etchedon
0.5-mm-thick (19mil) RogersCorp.
Ultralam2000laminatewith a
dielectricconstantof 2.43. Sincethe
circuit is aprototype, thereareno
plated-throughholes. All components
aregroundedthrough3.2 mm(1/8") diameterholesin the
laminatethatis coveredwith 0.1-mm-thick copperfoil on
thegroundplaneside. The80x 30mmcircuit patternis
shownin Figure 5.

Eachof the1 pFcapacitorsis madewith two 0.5 pF,
0402-sizeceramiccapacitorsinstalledin parallelto
minimizethediscontinuitieson themicrostriplines. All
resistorsare0805size. Theresistorsin theRF partof the
circuit (thetwo 330Wresistorsin thegatesof theFETs
andthetwo 100Wresistorsin theWilkinsondividers) are
installedupsidedownwith theresistivelayerfacingthe
surfaceof theprintedcircuit board.

Theblockdiagramof the20GbpsRZ
(soliton) clockrecoveryis shownin
Figure 6. Theclockrecoveryincludes
ahighspeedphotodiode, anadditional
20GHz narrowbandamplifier, a20
GHz quadraturephasedetector, aPLL
searchlogic function, aPLL loop
amplifieranda2.5 GHz VCO followed by phaseshifters
andfrequencymultipliers. TheEPITAXX EPM820FJ-S
highspeedphotodiodeincludesaninternal50W
terminationandis specifiedfor 15GHz bandwidth
operation. Theexpectedopticalinputsensitivityis
approximately-5 dBm. Dependingon theshapeof the
input (soliton) opticalpulses, evenbettersensitivities
wereobservedin practice. Dueto thelargeimpedance
mismatchbetweenthehigh impedancephotodiodeandthe
50Wsystem, a-5 dBmopticalinputonly producesanRF
signalof approximately-35dBmat20GHz, therefore, an
additionalamplifier is requiredin front of thephase
detector.

Theremainingcircuitsof the20Gbps
clockrecoveryaredesignedaroundthe
samephaseshiftersandothercircuits
describedpreviously.3 TheVCO is
operatedat2.5 GHz to allow simpler
phaseshiftersfollowed by frequencymultipliers. The20
Gbpsclockrecoverycircuit suppliestwo main10GHz
clockoutputsfor the20/10Gbpsdemultiplexer(D-flip-
flop) andthe10Gbpserrordetector. Both10GHz clock
outputshaveindependentphaseshifters. An additional2.5
GHz outputis providedasatriggerfor asampling
oscilloscope. Finally, anadditionalphaseshifteris built in
thePLL itself, supplyingthe10GHz LO to the20GHz
quadraturephasedetector. Thisadditionalphaseshifteris
very convenientwhentheoptical-fiber lengthin front of
theclockrecoveryis changedwhile all otheropticaland
microwaveconnectionsremainunchanged. Thedescribed
clockrecoverydesignwasintendedfor particular
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laboratoryexperimentsthatrequireddifferentoutput
options. Althoughadirect20GHz outputcouldbeeasily
implemented, it wasnotprovidedsinceit wasnot required
for theaforementionedexperiments. Figure 7 showsthe
completedclockrecoveryassembly.

A 24GHz Direct-conversionTransceiver
Direct-conversiontransceiversincludeadirectvector
modulatorin thetransmitteranddownconversionto avery
low IF in thesamerangeasthebasebandmodulation
signalin thereceiver. Critical andexpensivemicrowave
hardware(suchasnarrowBPFs) is not requiredsince
thereareno imageresponsesor otherclose-in spurious
signalsto befiltered out. A direct-conversionor zero-IF
transceiveris, therefore, apromisingsolutionfor no-tune,
low cost, mass-marketapplicationsif simpleandreliable
quadraturemixersareavailablefor thefrequencyrangeof
interest.

In direct-conversionor zero-IF transceivers, the
subharmonic-LO mixerhasyetanotheradvantage. Since
thesubharmonicLO operatesonadifferentfrequency
from theRF front endof thetransceiver, muchless
shieldingis requiredto preventLO leakagefrom being
pickedupby thereceivingantenna. Lessshieldingis also
requiredto preventthetransmittedsignalfrom disturbing
theLO source. PoorLO shielding, resultingin an
interactionwith theRF front endof thetransceiver,
corruptsthebalanceandquadratureoffsetof both
receivingandtransmittingmixers. Thequadratureerrors
areusuallyamajordrawbackof direct-conversion
designs.

To checkthefeasibilityof direct-conversiondesigns, a
Weaversingle-sideband(SSB) analogvoicetransceiver
for 24GHz wasdesigned, built andtested. Thetransceiver
includesquadraturemixerswith antiparalleldiodesboth
in thetransmitterandthereceiver. Of course, asimilar
transceiverdesignalsocouldbeusedfor biphaseor
quadraturephase-shift keyingdatatransmissionin the24
GHz ISM band.

Thedesignof the24GHz quadrature
receivingmixer, shownin Figure 8, is
very similar to thealreadydescribed20
GHz phasedetector. Two simple12
GHz BPFsareaddedto preventlow
frequencynoisefrom theLO from
disturbingtheweakI andQ IF signals.
Two IF preamplifierswith two PhilipsBF199transistors
areincludedin thequadraturemixermodulefor asimilar
reason. Both IF preamplifiersreceivetheirsupplyvoltage
from thefollowing quadratureIF amplifier.

The24GHz RF preamplifieris alsosimilar to the20GHz
version. Unfortunately, theATF35076pseudomorphic
highelectronmobility transistorsareonly specifiedup to
18GHz by theirmanufacturer.4 While it is relativelyeasy
to matchthesedevicesat20GHz, it is muchmore
difficult to obtainusefulgainfrom themat24GHz,
probablydueto aninternalpackageresonance. Tuning
stubsatbothinputandoutputarerequiredto obtainagain
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similar to the20GHz version. Both transistorsoperateat
azerogatebiasfor maximumgain. Thegatebiasnetwork
includesalowpassfilter anda68Wresistorto decrease
thegainat lower frequencies. Redlight-emittingdiodes
(LED) areusedasvery low noiseshuntregulatorsfor the
drainsuppliesof bothtransistors. Supplyregulatorsare
requiredsincethe24GHz transceiversupplyis +12V.

The24GHz quadraturereceiving
mixer is built asamicrostripcircuit
etchedon0.5-mm-thick (19mil)
Ultralam2000laminatewith a
dielectricconstantof 2.43. Thecircuit
patternis shownin Figure 9 andhas
dimensionssimilar to the20GHz
phasedetector(80x 30mm). Theonly differencein the
constructionfrom the20GHz phasedetectoris two 1 nF
feedthroughcapacitorsinstalledin 3.2-mm-diameter(1/
8") holesin thesubstrate. Thetuningstubsaresmall
piecesof 0.1-mm-thick, pretinnedcopperfoil .

Thenoisefigureof thedescribed24GHz quadrature
mixer is high. Experimentshaveshownthatmostnoise
comesfrom the12GHz LO, especiallywith avery low IF
asin thecaseof aWeaverSSBvoicereceiver. In addition
to thebuilt-in, two-stagepreamplifier, a low noise
amplifiergainof at least25dB is requiredto masktheLO
noise.

The24GHz quadraturetransmittingmixer(vector
modulator) is identicalto thereceivingmixer. The12GHz
LO signallevel is increasedto approximately14dBmto
obtainahigheroutputpowerat24GHz. At higherLO
levels, theBAT14-02W diodesgeneratehighorder
harmonicsin themillimeter-waveregion. High order
harmonicscorruptthemixerbalancingandmayeven
causeinteractionbetweenthetwo antiparallelmixers. A
very simplecountermeasurefor this interactionmaybeto
swapthetwo mixerdiodesof oneantiparallelmixer to flip
thephaseof theoffendingharmonic.

Thetransmittingmixer includesatwo-
stageselectiveRF amplifierat24GHz.
Thisamplifier is identicalto theRF
preamplifierin thereceivingmixer
exceptthattheinputandoutputare
swapped. An undistortedSSBsignalof
approximately-3 dBmat24GHz is obtainedat theoutput
of thetwo-stageRF amplifier. Of course, thecomplete
transceiver, shownin Figure 10, includesadditional
amplifierstagesto increasethetransmitteroutputpower
aswell asimprovethereceivernoisefigure.

Testing Quadrature Mixers
Thespecificationof aquadraturemixer
requiresseveralparametersto be
tested. Besidestheparametersof the
singlemixers, precise90° phaseoffset
andgaintrackingbetweenthetwo
mixersalsoarerequired. A simpleand
quicktestprocedureto displayall importantquadrature
mixerparametersis requiredfor tuningor optimizinga
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circuit duringdevelopment. Thesuggestedmixer test
setup, shownin Figure 11, canbeusedto characterize
phasedetectorsor receivingmixerswith avery low IF.
Very low IFs, comparableto thebasebandmodulation
signals, areusedin direct-conversiontransceivers. The
samesetupcanalsoprovideusefuldatafor transmitting
mixerssincemostinterestingmixerparametersare
reciprocalundersmallRF/IF signalconditions.

While workingwith mixers, asuitableLO sourceis
usuallyavailableaspartof theequipmentwherethemixer
is goingto beused. A CW signalgeneratorequippedwith
avariableattenuatoris alsoastandardpieceof test
equipmentfor testingreceivers. Theonly additionalitem
requiredis a low frequencyXY oscilloscopedisplay. The
bandwidthof theoscilloscopeshouldincludetheexpected
IF range(usuallylessthan1 MHz in direct-conversion
transceivers).

TheRF signalgeneratoris tunedto afrequencythathasa
smalloffsetfrom theappropriateLO harmonic, depending
on thetypeof mixer. TheXY oscilloscopedisplaythen
showsarotatingbright spot. Thedirectionof rotation
(clockwiseor counterclockwise) dependsonwhetherthe
RF signalgeneratoris tunedbelowor abovethe
appropriateLO harmonic.

While makingmeasurementsonK-
bandmixers, afrequencyoffset
between100Hz and10kHz is usually
apracticalchoice. If thefrequency
offsetis too low, thephasenoiseof
bothRF andLO signalsourcesmakes
theoscilloscopetracevery noisy. If the
frequencyoffsetis toohigh, thefrequencyresponseof the
IF networkandXY displaymaycorrupttheresult. In all
casesit is usefulto checktheXY displayacrossthe
expectedfrequencyrangebeforemakinganyactual
measurements. A perfectquadraturemixershoulddisplay
aperfectcirclecenteredon theXY screen. Real
quadraturemixersdisplayanellipsedueto gain
differencesbetweentheI andQ channelsandaphase
offsetdifferentfrom theideal90°. Finally, thecenterof
theellipseis offsetfrom thecenterof theXY displaydue
to poormixerbalance, asshownin Figure 12.

Antiparallelmixerswith medium-barrierSchottkydiodes
suchastheBAT14-02W typestypically providealinear
outputrangeof approximately±150mV acrossahigh
impedanceload. If theRF signallevel is furtherincreased,
mixersaturationoccurs. Theellipseon theXY display
becomesdistorted. Thefirst visible effectis usuallyan
egg-shapedcurvedueto slight limiting in themixer.

Poorquadraturemixerbalancecanbedescribedwith the
ellipse-centeroffsetphasoro. Poorantiparallel-mixer
balanceis causedby single-diodetolerancesaswell as
highorderharmonicsathighLO drive levels. At anLO
drive levelof 10dBmfor theentirequadraturemixer(7
dBmperantiparallelmixer), theunbalancephasor
magnitudewasin the15mV range. In thetransmitmixer,
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aresidualcarriersuppressionof approximately-20dB
wasmeasuredat14dBmLO drive in adifferenttest
setup, confirmingthatreciprocityworksin thiscase.

Themixerbalancecouldbeimprovedby selecting
matchedpairsof theBAT14-02W mixerdiodes. It should
benotedthattheBAT14-02W diodesusedin the
experimentswerethevery first preproductionsamples
obtainedfrom themanufacturer. Fine-tuningof themixer
balancecanbeadjustedby precisepositioningof the
diodeson theprintedcircuit board. Sincethediodesare
solderedto theprintedcircuit boardasconventionalSMD
components, theycanberepositionedby simplesoldering
operations.

Themostimportantparameterof aquadraturemixer is
probablytheaxial ratioR of theellipseobservedon the
XY oscilloscopedisplay. Theaxial ratiodefinestheimage
(or unwanted-sideband) rejectionA of aquadraturemixer.
If theinclinationangleaof themajoraxisof theellipseis
alsoknown, theexactcauseof theellipticity canbe
determined(gainerror, phaseerroror both). This
informationis very usefulwhendevelopingor tuningthe
quadraturemixercircuit. A major-axisanglecloseto 45°
or 135° indicatesthatthephaseoffsetbetweentheI andQ
mixersdiffers from theideal90°. A major-axisangle
closeto 0° or 90° indicatesagaindifferencebetweentheI
andQ channels. Most importantly, theeffectsof
additionaltuningstubscanbeobservedimmediatelyon
theXY oscilloscopedisplay.

Thedesignsof bothK-bandquadraturemixerspresented
in thisarticlewereoptimizedin thedescribedtest
procedure. Thefinal designsachievedanaxial ratioof
approximately1 dB, correspondingto animage(or
unwanted-sideband) rejectionof approximately-25dB.
Dueto therelativelythick microstripboard(0.5-mm
TeflonatK-band), theunwantedeffectsdueto microstrip
radiationandreflectionsfrom thewallsof theshielding
enclosurewerein thesameorderof magnitude.

Conclusion
Two practicalK-bandquadraturemixerswerepresented
aspartof a20Gbpsclockrecoverycircuit or as
componentsof a24GHz direct-conversionradio
transceiver. Bothdesignsuseinexpensive, plastic-
packagedSMD diodessoft solderedon inexpensive
softboardsubstrates. Thesinglemixersuseantiparallel
diodesto achievesubharmonicLO operation, goodmixer
balancingandgoodresidualcarriersuppression. A simple
andefficientmethodfor testingquadraturemixersalso
waspresented. ThedescribedK-bandIQ mixersachieve
animage(or unwanted-sideband) suppressionof
approximately-25dB withoutadditionaltuning.
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