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K-band Quadrature Mixers with
Plastic-packagedDiodes
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University of Ljubljana , Slovenia

Quadraturemixers(alsoknownaslQ mixers are
importantsignalprocessingomponentsn radio
transmittergasvectormodulatory andradioreceiverqas
imagerejectmixersandor demodulatorsaswell asother
microwaveequipmen{phaselockedloops(PLL)). A
gquadraturemixer requirestwo balancednixersthatare
preciselymatchedn amplitudeandoperatedatan
accurate90° phaseshift. Preciseamplitudematchingand
exactphaseshiftsareincreasinglymoredifficult to obtain
athigherfrequenciesAt K-bandfrequenciesthe best

technicalsolutionis probablymonolithicin'[egra’[ionl’2
However thereareotherpossiblehardware
implementationshatshouldnot be neglected

In thisarticle, two practicalK-band quadraturemixer
designsarepresentedisinginexpensivepackaged
semiconductodevicesinstalledon conventionaprinted
circuit boards Althoughmostpackagedsemiconductor
devicesweredevelopedor operationat relativelylow
frequenciegusuallybelow3 GHz for the massmobile
phonemarke}, the mixers smallpackagesizeand
excellentchip characteristicallow usefulperformance
evenin the K-bandfrequencyrange Thefirst application
examplds a 20 Gbpsclock recoverycircuit thatrequiresa
gquadraturgohasedetectotiin its PLL. Thesecond
applicationis adirectconversion(zerolF) 24 GHz
industrial scientificandmedical(ISM) bandradio
transceivethatrequiresquadraturanixersbothin the
transmittermodulatorandthe receiverdemodulatar
Finally, a practicaltestmethodfor quadraturamixersis
presentedhatallows quick andefficient circuit
optimizationaswell asverificationof all important
gquadraturemixer parameters

The Antiparallel Diode Mixer

At K-bandandhigherfrequenciesthe
antiparalleldiodemixeris a popular
solutionsinceit requiresa
subharmonid.O atonehalf the
conversiorfrequency (In otherwords
theantiparalleldiodemixerhasabuilt-
in LO frequencydoubler) Onthe otherhand the
antiparallelmixer sinsertionlossandnoisefigure aswell
astheintermodulatiordistortion(IMD) areworsethan
thoseof fundamental O mixers andthe antiparallel
mixeris muchmoresensitiveto the LO signallevelthan
fundamental O mixers

The principleof operationof anantiparallelmixeris
shownin Figure 1. Thel/V curveof aperfectantiparallel
diodepairis anoddfunctonthatcanberepresentewith a
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polynomialwith just odd powersof V (C1, C3, C5,

C7, ...). Oneof thethird-orderconversiomroductsthe
RF input minustwice the LO, is the desiredconversion
productof amixerwith asubharmonid¢.O. Of course
otherthird- andhigherorderconversiorproductscause
IMD.

In anantiparallelmixer, the highestconversiorefficiency
is obtainedwvheneachdiodeconductdor approximately
90 electricaldegree®f the LO signal Whenthe LO level
is too low, the conversiorefficiency maydropto zeroif
thediodesarenotturnedon atall. Onthe otherhand
whenthe LO signallevelis too high, eitheroneor the
otherdiodeis turnedon mostof the time, againresulting
in little impedanceshangeandpoor conversiorefficiency.
Conventionakilicon Schottkydiodestypically requirean
LO levelbetweerD and10dBmfor the bestconversion
efficiencyin anantiparallelmixerin a50 Wenvironment

A frequentlyforgotten butimportant
attributeof the antiparallelmixeris
thatit is abalancednixer. Thanksto
theoddtransferfunctionof aperfect __: .
antiparalleldiodepair, rectificationand
seconeharmonicgeneratiorarenot
possible Evenmoreimportantatvery

high frequenciesthe mixer balancingof anantiparallel
mixeris obtainedwithout critical andcomplexbaluns
Goodmixer balancings importantin a phasedetectotto
reducethe outputoffsetvoltage Goodmixerbalancings
alsoimportantin areceivingmixerto suppres$.O noise
especiallyatvery low intermediatdrequencie®r in
directconversiorreceiversFinally, goodmixer balancing
is alsorequiredin avectormodulatorin atransmitterto
suppressheresidualcarrier.

Sincethe RF, LO andIF frequenciesarewidely separated
andno balunis required antiparallelmixer circuitsare
usuallysimple At low IF valuesthe RFis closeto the
seconcharmonicof the LO frequency Thereforgthe
conventionahkntiparallelmixer circuit, shownin Figure 2,
includesjust anopenstubandashortedstuh Both stubs
areonequarterwavelengthatthe LO frequencyandone
half wavelengthatthe RF. The IF is coupledthrougha
simpleLC lowpass

Unlesstwo monolithicallyintegrated
diodesareusedasthe antiparallelpair,
packageandcircuit parasiticanay
corruptthe mixer balancingWhen
usingsingle packagedliodesat K-
bandfrequenciesacompletely
symmetricakircuitis requiredfor
goodmixer balancingasshownin Figure 3. An
additionaladvantag®f the symmetricakircuit is thatno
critical connectiorto ground(viasin the microstripboard
is required The IF canbetakeneitherfrom theLO or RF
sideof themixer. In bothcasesanIF returnto ground
mustbe providedon the othersideof the mixer. The
quarterwavelengttRF trapsintroducea substantial
mismatchor the LO signalsoadditionalLO matching
stubsarealwaysrequired Little if anymatchingis
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requiredon the RF sideof the mixer sincethe quarter
wavelength_O trapsbehaveashalf-wavelength
resonatorsittheinput RF.

BAT 14-02W singlesilicon Schottkydiodes
manufacturedby InfineonTechnologiegformerly
SiemensSemiconductois areusedin the describeK-
bandantiparallelmixer. This mediumbarrierdiode (430
mV forwarddropat1 mA) is packagedn the very small
SCD80 plasticsurfacemountdevice(SMD) packageAn
antiparallelmixerwith two BAT 14-02W diodesrequires
approximately7 dBmof LO powerfor operatioratK-
bandfrequencies

A 20GbpsRZ Clock RecoveryApplication

In opticalfiber communicationsspeciallyshaped
lightwavepulsescalledsolitonsarefrequentlyusedfor
dataratesbeyondl10 Gbps In thereceivingphotodiode
the solitonpulsesareconvertedn areturnto-zero(RZ)
electricaldatastream RZ-encodedatahaveavery
strong discretespectraline atthe clock frequency An
RZ clockrecoverycanbe simply anarrowbandpasélter
(BPP) tunedto the clock frequency

A PLL is frequentlyusedasanarrowbandilter in clock
recoverycircuits. A suitablesecondorderfeedback
networkin the PLL canremoveanystaticclock phase
errorsregardles®f componentolerancesndclock
frequencyoffset Unfortunately theinital frequencyoffset
of suchaPLL maybe muchlargerthanthe acquisition
bandwidthof the PLL. A searcHogic functiontogether
with areliablelock detectorarethereforerequiredin a
PLL-basedclock recoverycircuit. A clockrecoveryPLL
requirestwo phasedetectoroperatingn quadratureThe
in-phasg(l) detectoprovidesthe lock informationwhile
the quadraturgQ) detectomprovidestheloopfeedbackin
theunlockedstate the searcHogic scangheentire
frequencyrangeof the VCO. As soonaslock is detected
thefeedbacKoopis closedby connectinghe Q detector
outputto the VCO controlinput.

Thecircuit diagramof a practical20
GHz quadraturgphasedetectolis
shownin Figure 4. Thecircuit
includesatwo-stage selectiveRF
preamplifierandtwo antiparallel
mixerswith BAT 14-02W diodes Both
mixersarefedin phasewith the 10
GHz LO signal A 90° phaseshift is introducedby the RF
inputline to the Q mixerbecausé is onequarter
wavelengthongerthanthe correspondindine to the |
mixer. Both RF andLO signalsaresplit with Wilkinson
dividersto reducethe crosstalkbetweerthe two mixers

The selectiveRF preamplifierhasa gainof approximately
13dB, includingthe 20 GHz BPF sinsertionloss The
BPFis requiredto preventoverloadingof bothmixers
with the widebandsignalcomingfrom the photodiodeAn
RFinputof -10dBmat20 GHz produced andQ outputs
of approximatelyt150 mV acrossahighimpedancdoad
with anominal+10dBmLO drive at10 GHz
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| The20GHz quadratureohasedetector
is built asamicrostripcircuit etchedon

0.5-mmtthick (19 mil) RogersCorp. g,
Ultralam 2000laminatewith a : _E‘{:Dwﬂ—l
dielectricconstanbf 2.43. Sincethe ‘
circuit is aprototype thereareno

platedthroughholes All components
aregroundedhrough3.2 mm (1/8") diameterolesin the
laminatethatis coveredwith 0.1-mm-thick copperfoil on
. thegroundplaneside The 80x 30 mm circuit patternis

. shownin Figure 5.

Eachof the 1 pF capacitorgs madewith two 0.5 pF,
0402sizeceramiccapacitorsnstalledin parallelto
minimizethe discontinuitieson the microstriplines. All
resistorsare0805size Theresistordn the RF partof the
circuit (thetwo 330 Wresistorsn the gatesof the FETs
andthetwo 100Wresistorsn the Wilkinson dividerg are
installedupsidedownwith theresistivelayerfacingthe
surfaceof the printedcircuit board

. Theblock diagramof the 20 GbpsRZ
(soliton) clock recoveryis shownin
Figure 6. Theclockrecoveryincludes
ahigh speedhotodiodeanadditional
20 GHz narrowbandamplifier, a20
GHz quadraturgphasedetectoya PLL
. searcHogic function aPLL loop
amplifieranda 2.5 GHz VCO followed by phaseshifters
andfrequencymultipliers The EPITAXX EPM820FJS
high speedphotodioddncludesaninternal50 W
. terminationandis specifiedfor 15 GHz bandwidth
. operation The expectedbpticalinput sensitivityis
approximately-5 dBm. Dependingon the shapeof the
input (soliton) optical pulses evenbettersensitivities
. wereobservedn practice Dueto the largeimpedance
mismatchbetweerthe highimpedancehotodiodeandthe
- 50Wsystema-5 dBmopticalinputonly producesanRF
signalof approximately-35dBmat 20 GHz, thereforean
- additionalamplifieris requiredin front of the phase
detector

Theremainingcircuits of the 20 Gbps §
clockrecoveryaredesignedaroundthe
samephaseshiftersandothercircuits

describecbreviously3 TheVCO s
operatedit2.5 GHz to allow simpler
phaseshiftersfollowed by frequencymultipliers The 20
Gbpsclock recoverycircuit supplieswo main10 GHz
. clockoutputsfor the 20/10 GbpsdemultiplexerD-flip -
flop) andthe 10 GbpserrordetectorBoth 10 GHz clock
outputshaveindependenphaseshifters An additional2.5
GHz outputis providedasatriggerfor asampling
oscilloscopeFinally, anadditionalphaseshifteris built in
thePLL itself, supplyingthe 10 GHz LO to the 20 GHz
. quadraturghasedetector This additionalphaseshifteris
. very convenienwhenthe opticatiber lengthin front of
the clock recoveryis changedvhile all otheropticaland
microwaveconnectiongemainunchangedThedescribed
clockrecoverydesignwasintendedor particular
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laboratoryexperimentshatrequireddifferentoutput
options Althoughadirect20 GHz outputcould be easily
implementedit wasnot providedsinceit wasnotrequired
for theaforementione@xperimentsFigure 7 showsthe
completedclock recoveryassembly

A 24 GHz Direct-conversionTransceiver
Directconversiortransceiversncludeadirectvector
modulatorin the transmitteanddownconversiono avery
low IF in the samerangeasthe basebandnodulation
signalin thereceiver Critical andexpensivanicrowave
hardwargsuchasnarrowBPFg is notrequiredsince
therearenoimageresponsesr otherclosein spurious
signalsto befiltered out A directconversioror zerclF
transceiveris, thereforg a promisingsolutionfor no-tune
low cost massmarketapplicationsf simpleandreliable
guadraturemixersareavailablefor the frequencyrangeof
interest

In directconversioror zero|F transceiversthe
subharmonid_O mixer hasyetanotheradvantageSince
the subharmoni¢.O operate®n adifferentfrequency
from the RF front endof thetransceivermuchless
shieldingis requiredto preventLO leakagefrom being
pickedup by thereceivingantennal essshieldingis also
requiredto preventthe transmittedsignalfrom disturbing
the LO source PoorLO shielding resultingin an
interactionwith the RF front endof thetransceiver
corruptsthe balanceandquadratureffsetof both
receivingandtransmittingmixers The quadratureerrors
areusuallyamajordrawbackof directconversion
designs

To checkthe feasibility of directconversiordesignsa
Weaversingle-sideband SSB) analogvoicetransceiver
for 24 GHz wasdesignedbuilt andtested Thetransceiver
includesquadraturamixerswith antiparalleldiodesboth

in thetransmitterandthe receiver Of course asimilar
transceivedesignalsocould be usedfor biphaseor
quadraturghaseshift keyingdatatransmissionn the 24
GHz ISM band

Thedesignof the 24 GHz quadrature

receivingmixer, shownin Figure 8, is

very similar to the alreadydescribe®0

GHz phasedetector Two simple12

GHz BPFsareaddedo preventiow
frequencynoisefrom the LO from

disturbingtheweakl andQ IF signals

Two IF preamplifierswith two PhilipsBF199transistors
areincludedin the quadraturemixer modulefor a similar
reasonBoth IF preamplifiergeceivetheir supplyvoltage
from thefollowing quadraturdF amplifier.

The 24 GHz RF preamplifieris alsosimilar to the 20 GHz
version Unfortunately the ATF35076pseudomorphic
high electronmobility transistorsareonly specifiedupto

18 GHz by their manufacturef While it is relativelyeasy
to matchthesedevicesat 20 GHz, it is muchmore
difficult to obtainusefulgainfrom themat24 GHz,
probablydueto aninternalpackageesonanceluning
stubsat bothinput andoutputarerequiredto obtainagain
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similar to the 20 GHz version Both transistoroperateat
azerogatebiasfor maximumgain The gatebiasnetwork
includesalowpassfilter anda 68 Wresistorto decrease
the gainatlower frequenciesRedlight-emittingdiodes
(LED) areusedasvery low noiseshuntregulatordor the
drainsuppliesof bothtransistorsSupplyregulatorsare
requiredsincethe 24 GHz transceivesupplyis +12 V.

The 24 GHz quadratureeceiving

mixeris built asamicrostripcircuit

etchedon 0.5-mm-thick (19 mil)

Ultralam 2000laminatewith a

dielectricconstanbf 2.43. Thecircuit

patternis shownin Figure 9 andhas
dimensionsimilar to the 20 GHz

phasedetector(80x 30 mm). The only differencein the
constructionfrom the 20 GHz phaseadetectoiis two 1 nF
feedthrougtcapacitorgnstalledin 3.2-mm-diameten(1/
8") holesin the substrateThetuningstubsaresmall
piecesof 0.1-mmthick, pretinnedcopperfoil .

Thenoisefigure of the described®4 GHz quadrature
mixeris high. Experiment$iaveshownthatmostnoise
comedrom the 12 GHz LO, especiallywith avery low IF
asin the caseof aWeaverSSBvoicereceiver In addition
to the built-in, two-stagepreamplifier alow noise
amplifier gainof atleast25dB is requiredto maskthe LO
noise

The 24 GHz quadraturdransmittingmixer (vector
modulato} is identicalto thereceivingmixer. The 12 GHz
LO signallevelis increasedo approximatelyl4 dBmto
obtainahigheroutputpowerat24 GHz. At higherLO
levels the BAT 14-02W diodesgeneratéhigh order
harmonicdn the millimeter-waveregion High order
harmonicscorruptthe mixerbalancinggndmayeven
causednteractionbetweerthetwo antiparallelmixers A
very simplecountermeasurr thisinteractionmaybeto
swapthe two mixer diodesof oneantiparallelmixerto flip
the phaseof the offendingharmonic

Thetransmittingmixer includesatwo-
stageselectiveRF amplifierat24 GHz

Thisamplifieris identicalto the RF

preamplifierin the receivingmixer
exceptthattheinputandoutputare

swappedAn undistortedsSBsignalof
approximately-3 dBmat 24 GHz is obtainedatthe output
of thetwo-stageRF amplifier. Of coursethe complete
transceivershownin Figure 10, includesadditional
amplifier stagedo increaseahe transmitteroutputpower
aswell asimprovethereceivemoisefigure.

Testing Quadrature Mixers

The specificationof aquadraturemixer
requiresseveraparameterso be

tested Besideghe parametersf the

singlemixers precised0° phaseoffset
andgaintrackingbetweerthetwo
mixersalsoarerequired A simpleand
quicktestprocedureo displayall importantquadrature
mixer parameterss requiredfor tuningor optimizinga
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circuit during developmentThe suggestedhixertest
setup shownin Figure 11, canbeusedto characterize
phasedetectoror receivingmixerswith avery low IF.
Very low IFs, comparableo the basebandnodulation
signals areusedin directconversiortransceiversThe
samesetupcanalsoprovideusefuldatafor transmitting
mixerssincemostinterestingmixer parametersre
reciprocalundersmallRF/IF signalconditions

While working with mixers asuitableLO sources
usuallyavailableaspartof the equipmentvherethe mixer
is goingto beused A CW signalgeneratoequippedwvith
avariableattenuatois alsoa standardieceof test
equipmenfor testingreceiversThe only additionalitem
requiredis alow frequencyXY oscilloscopelisplay. The
bandwidthof the oscilloscopeshouldincludethe expected
IF range(usuallylessthan1 MHz in directconversion
transceivers

The RF signalgeneratois tunedto afrequencythathasa
smalloffsetfrom theappropriatd.O harmonic depending
onthetypeof mixer. The XY oscilloscopelisplaythen
showsa rotatingbright spot Thedirectionof rotation
(clockwiseor counterclockwispdepend®nwhetherthe
RF signalgeneratois tunedbelowor abovethe
appropriate_O harmonic

While makingmeasurementsn K -

bandmixers afrequencyoffset

betweenlO0Hz and10kHz is usually

apracticalchoice If thefrequency

offsetis too low, the phasenoiseof

bothRF andLO signalsourcesnakes

the oscilloscopdracevery noisy. If the
frequencyoffsetis too high, the frequencyresponsef the
IF networkandXY displaymaycorrupttheresult In all
casest is usefulto checkthe XY displayacrosghe
expectedrequencyrangebeforemakinganyactual
measurement#\ perfectquadraturenixer shoulddisplay
aperfectcircle centeretbnthe XY screenReal
quadraturemixersdisplayanellipsedueto gain
differencedetweerthel andQ channelsandaphase
offsetdifferentfrom theideal 90°. Finally, the centerof
theellipseis offsetfrom the centerof the XY displaydue
to poormixer balanceasshownin Figure 12,

Antiparallelmixerswith mediumbarrierSchottkydiodes
suchasthe BAT 14-02W typestypically providealinear
outputrangeof approximatelyt150mV acrossahigh
impedancdoad If the RF signallevelis furtherincreased
mixer saturatioroccurs Theellipseonthe XY display
becomedglistorted Thefirst visible effectis usuallyan
eggshapedurvedueto slightlimiting in the mixer.

Poorquadraturemixer balancecanbe describedvith the
ellipsecenteroffsetphasoro. Poorantiparallelmixer
balancds causedy singlediodetolerancesaswell as
highorderharmonicsathigh LO drive levels At anLO
drive level of 10 dBmfor the entirequadraturemnixer (7
dBm perantiparallelmixer), the unbalancephasor
magnitudewasin the 15 mV range In the transmitmixer,
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aresidualcarriersuppressionf approximately-20 dB
wasmeasurect 14 dBmLO drive in adifferenttest
setup confirmingthatreciprocityworksin this case

The mixerbalancecould beimprovedby selecting
matchedrairsof the BAT 14-02W mixerdiodes It should
benotedthatthe BAT 14-02W diodesusedin the
experimentsveretheveryfirst preproductiorsamples
obtainedrom the manufacturerFine-tuningof the mixer
balancecanbe adjustedyy precisepositioningof the
diodeson the printedcircuit board Sincethediodesare
solderedo the printedcircuit boardasconventionaSMD
componentsthey canberepositionedy simplesoldering
operations

The mostimportantparameteof aquadraturanixeris
probablythe axial ratio R of the ellipseobservednthe
XY oscilloscopdisplay The axial ratio definestheimage
(or unwanteesidebangirejectionA of aquadraturamixer.
If theinclinationangleaof the majoraxisof the ellipseis
alsoknown, the exactcauseof theellipticity canbe
determinedgainerror, phaseerroror both). This
informationis very usefulwhendevelopingor tuningthe
quadraturemixer circuit. A majoraxisanglecloseto 45°
or 135 indicateghatthe phaseoffsetbetweerthe | andQ
mixersdiffersfrom theideal 90°. A majoraxisangle
closeto 0° or 9C° indicatesa gaindifferencebetweerthel
andQ channelsMostimportantly, the effectsof
additionaltuningstubscanbe observedmmediatelyon
the XY oscilloscopalisplay.

Thedesignof bothK-bandquadraturamixerspresented
in thisarticlewereoptimizedin the describedest
procedureThefinal designsachievedanaxial ratio of
approximatelyl dB, correspondingo animage(or
unwantedsidebangi rejectionof approximately-25 dB.
Dueto therelativelythick microstripboard(0.5-mm
TeflonatK-band, the unwanteceffectsdueto microstrip
radiationandreflectionsfrom thewalls of the shielding
enclosuraverein the sameorderof magnitude

Conclusion

Two practicalK-bandquadraturamixerswerepresented
aspartof a20 Gbpsclockrecoverycircuit or as
component®f a24 GHz directconversiorradio
transceiverBoth designauseinexpensiveplastic
packagedMD diodessoft solderedninexpensive
softboardsubstratesThe singlemixersuseantiparallel
diodesto achievesubharmonid.O operationgoodmixer
balancingandgoodresidualcarriersuppressionA simple
andefficient methodfor testingquadraturemixersalso
waspresentedThe describedK-bandIQ mixersachieve
animage(or unwanteesidebangl suppressionf
approximately-25 dB without additionaltuning
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