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Abstract-This paper presents a comparison between two
additively manufactureddual-polarizedopen-endedwaveguide
probe antennas.The probe antennadesigncoversthe up-link
and down-link frequencies of satellite communications at
Ku-band (10.7-14.5 GHz), and itcouldbeusedforfast
ground-station antenna measurements.Theused fabrication
processesare thefused filament fabrication (FFF)followedby
the metallization with conductive paint and the direct metal
printing using binder-jet process. The measuredperformance
ofthe manufacturedprototypes agreeswellwiththe simulated
performance inthedesign frequency range. The slight
dimensional deviations fromthedesignvalues increase the
low-frequency coupling and reflection coefficients comparedto
the simulations.To decreasethe coupling betweenpolarizations,
a horn-typewaveguideopeningis introduced.

Index Terms-additive manufacturing, probe antenna,
orthomodetransducer,squarewaveguide

I. INTRODUCTION

Additive manufacturing(AM)or 3D-printingisthe process
of fabricating a structure withthe theme of combining
materialstogether.Inthe pastdecades,the rapiddevelopment
in additivemanufacturing(AM) technologyhas madeantenna
prototyping easier and more common [1]. Furthermore,AM
allowsto realize complex structural details which are difficult
make with conventional manufacturingmethods. There are
several AM processes suchas stereolithography (SLA),
selective laser melting (SLM),fused filament fabrication
(FFF)orfused deposition modeling (FDM), electron beam
melting,andbinder-jetpirnting [1].UsingtheseAM processes,
the desired structures canbe realized with plastic, ceramic,
and metals. However, most of the commonly available 3D
printers supportonly dielectric materials.Typically, metal-AM
services are providedby limited professionalinstitutions and
fabrication timeislonger. Nevertheless, numerous antennas
are manufacturedusing metal AM[2],[3]. Metal structures
mayoffer mechanicalstrengthandcan bearhigh temperatures.
High weight of the metal-AM produced components isa
disadvantagein many commercialapplications.

Recently,various processes forthe metallization of
plastic-AM partsare studied [4]-[6]. The most commonly
used processes aretaping, electroplating,electroless plating,
conductivepaint coating,and ink-jet printing [4],[5], [7]-[9].
Using,e.g., adhesivecoppertapeto metallize the plastic parts
iseasyandfast,however,asthe structuresbecomecomplicated
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thetapingmaybe impossible [7]andthe limited adhesive
conductivity may breakgalvanic contact intape overlapping
areas.The electroplatingprocessdeposits a layer of metal on
the plasticpartswhichis pre-treatedwith galvaniccoating [5].
According to[4],the electroplatingprocesscanachieve good
conductivity, butthe metal depositionmight be non-uniform
[5]. Electroless plating canachievea uniform andthickmetal
layer in complex geometriesand cavities ata low-cost, but
the process maybeslow[8].The inkjet printer can deposit
a metal layer ona dielectric substrate [9],[10].However,to
achievegoodconductivity, the printedparts needtobe sintered
athigh temperature,approx. 125°-150°C,which needstobe
consideredwhen choosingmaterials.

Aneasyand efficient alternative forthe metallization is
sprayingor paintingwith conductivepaint [5]-[7]. Specialized
machinesare often usedto ensurecontrolledthickness [11].In
[4],thegainand efficiency ofthe prototype with conductive
paint are comparablewiththe electroplated prototype in
an8-18GHz frequency range.The impedance matching
andgain of theslot antennapaintbrush-coatedwith liquid
conductive silver paint is comparablewiththe commercial
silver-metallizationservice [6].

Recently,a comparisonbetweena plastic-SLA-printed and
copper-electroplatedhomandan aluminum-SLM-printedhom
at mm-waves was presented [12].Inthiswork,however,
different plastic-AM and metal-AM processes for antenna
manufacturingare compared:binder-jetmetal (BlM) printing
with stainless steeland FFF-based plastic printing followed
by coating with conductive paint. Stainless steel BlM
is reported to provide better dimensional accuracy than
aluminum-SLM-printing[2].Onthe otherhand,FFF followed
by metal painting isa low-cost fabrication method. The
studiedantennaisa dual-polarizedprobeantennadesignedfor
Ku-band. The correspondingdimensions andRF properties,
i.e. impedance matching, gain,and radiation pattern, are
compared.Further,a hom-typewaveguideopeningis proposed
to decreasecoupling between two polarizations.

II. DUAL-POLARIZED PROBE

The designand operationofthe coaxial-feddual-polarized
probe antenna (DPP) based onthe square waveguide are
detailedin[13].TheDPP consists of a gratingpolarizer-based
orthomodetransducer(OMT)andan open-endedwaveguide
(OEWG) asthe radiating element asshowninFig.1.The
side length of the designedsquareOEWG is14.55mmfor
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Fig.1:(a)Cut-awayviewoftheproposeddual-polarized
probe.Dimensionsareinnun.

TABLEI:ComparisonoftheDPPdimension.Dimensionsare
innun.

Dimensions Plastic printing + Binder-jet Designed
Conductivepaint metal printing value

LOMT 55 54 55
LOEwe 42.25 41.542.25

W 14.6 14.25-14.45 14.55

theoperationintheKu-band,i.e.10.7-14.5GHzcoveringthe
up-linkanddown-linkfrequenciesofsatellitecommunications
[14].TheDPPcouldbeusedforfastground-stationantenna
measurements.TheOEWGendistrimmedtominimizethe
scattering[15].TheDPPstructureincludesaratherdetailed
OMTstructurerequiringhighmanufacturingaccuracyandis
thereforeconsideredfeasibleforthecomparisonbetweentwo
AMprocesses.

III. FABRICATION

Thedual-polarizedprobeismanufacturedintwoparts,
OMTandOEWG,insteadofasinglepartasin[13].The
mainreasonisduetothelimitedvolumetriccapacityofthe
binder-jetprintingservice,butitalsoeasestheapplication
oftheconductivepaint.Aflangewithalignmentandscrew
holesisusedtoalignandassembletheOMTandOEWG.The
usedmanufacturingprocessesaredescribedinthefollowing
sections.

A.Binder-jetmetalprinting

Theprototypemanufacturedwithbinder-jetmetalprinting
usingStainlesssteel316LisshowninFig.2.The
manufacturerensuresthattheaveragesurfaceroughnessis6
urnandtheexpectedconductivityofthematerialis1.8x10 6

Sim [16].Thedimensionsofthemanufacturedprototypeare
withinthe ±2%tolerancelimitprovidedbythemanufacturer.
However,almostallthedimensionsoftheOMTandOEWG
aresmallerthanthedesignedones.Thelengthsofthe
fabricatedOMTandOEWGare54and41.5nun,respectively,
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Fig.2:Dual-polarizedprobeantennasfabricatedwith
binder-jetmetal-printingprocess(left)andFFFplasticprinting
followedbycoatingwithconductivepaint(right).

whichare1and0.75nunsmallerthanthedesignvalues,
seeTable I. Thecross-sectionaldimensionofthesquare
waveguidealsovariesbetween14.28and14.45mm,meaning
thatthecross-sectionofthewaveguideisslightytrapezoidal.
Furthermore,theflangesurfacesofboththeOMTandOEWG
aremilledtoflattenthesurfacesforimprovedconnectionand
alignmentwhichfurtherreducedtheoveralllengthoftheDPP.
Theweightofthemetal-AMprototypepartsis350gwithout
flangescrewsandconnectors.

B.Plasticprintingandcoatingwithconductivepaint

Theprototypeisalsomanufacturedin-housewithplastic
printingorFFFprocessusingPolylacticacid(PLA)filaments.
ThesurfaceroughnessofplasticpartsmanufacturedwithFFF
processisapprox.Ibumandthemanufacturingresolutionis
approx.10urn[17].Themeasureddimensionsarewellinline
withthedesignvalues,seeTable I.

Themetallizationoftheplastic-AMprototypeisdonewith
MGChemicals842WBconductivepaintwhoseconductivity
is (J = 1.3 X 106 Sim [11].Thesurfaceoftheplastic
printedpartsismadeslightlycoarsewithsandpaperbeforethe
conductivepaintisappliedwithapaintbrush.Threelayersof
conductivepaintareappliedontheplasticpartsataninterval
ofeighthourstoachieveconsistentmetalthicknessgreater
thanskindepthwhichis 5/lffi at10.5GHz.Theweightofthe
plastic-AMpartsis58gwithoutflangescrewsandconnectors.
Basedonvisualobservation,thesurfaceroughnessoftheFFF
plasticpartsdecreasesafterapplyingconductivepaint.In[18],
theaveragesurfaceroughnessisreportedtobe8.5urnafter
manuallyapplyingthesilverpaintontheplasticpartsprinted
withSLAprocess.

IV. SIMULATION AND MEASUREMENT RESULTS

A.ComparisonbetweentheDPPprototypes

Twopanel-mountSMAconnectorsareattachedtoeachof
theDPPprototypesforthemeasurements.Forbothprototypes,
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Fig.3: Simulatedandmeasuredreflectioncoefficientsof(a)Port1and(b)Port2,and(c)couplingbetweentheports,and
(d) realizedgains(line-typesasin(a)and(b)ofthe plastic-AM andmetal-AMDPPs.

thewallsoftheOMTsareincreasedtoachievethecorrect
coaxialprobelengthof4.5mminsidethewaveguide.Fig.
3showsthe measuredandsimulatedscatteringparameters:
reflectioncoefficientsandcouplingbetweentheports.The
levelofthereflectioncoefficientsaresimilar,butatthe
low-frequencyendofthebandtherearediscrepanciesboth
betweentheprototypesandin comparisonwiththesimulated
result.The metal-printedprototype hasthehighestcut-off
frequencywhichisaccountedforthesmallestOEWGaperture
size.

The measuredcouplingbetweentheportsisclearlylarger
thanthesimulatedcouplingforthebothprototypes.The
simulatedvalueismostlybelow -80 dB.Toachievethisin
practicewouldrequireextremelyaccuratefabrication.Thus,
the measuredlevelof -40 dBovermostofthebandis
consideredgood.Thecouplingofthebothprototypesishigher
atabout 10.5-11GHz.Thepotentialreasonforthehigh
couplingisassumedtobetheimpedance mismatch atthe
radiatingapertureofOEWG.Thepeakcouplinglevelsofthe
twoprototypesoffsetinfrequencywhichmightbeduetothe
differenceintheOEWGaperturedimensions.Asolutiontothe
impedancemismatchatradiatingapertureisdiscussedinthe
nextsub-section.Fig.3(d)showsthe measuredandsimulated
realizedgains.Theoverallgainlevelsaresimilaralthoughthe
conductivityoftheStainlesssteelusedinthesimulationis7
x10 6 Sim isgreaterthantheconductivitiesofthe prototype
metals,asdiscussedinsectionsIIIAandB.Atthecenter
oftheband,thefabricatedprototypesexhibitsomewhatlower
gains,thelargestdiscrepancybeingabout1.5dBwhereasat
thelow-and high-endofthebandthe realizedgainissimilar.

Fig.4showsthe normalizedmeasuredradiationpatterns
witha comparisontothesimulationresults.Forbothports,at
thefrequencyrangeof10.7-14GHz(notallfrequencypoints
shown),the measuredco-polarizedpatternsaresymmetric
andagreewellwithsimulations.Atfrequencycloseto14.5
GHz,boththesimulatedand measuredradiationpatterns
areasymmetric,seeFig.4(b)and(d),duetotheeffect
ofthehigherordermode[13].Inthecaseof plastic-AM
DPP,whichhaslarger cross-sectionoftheOEWGandlower
cut-offfrequencyof TEll, the measuredradiationpattern
ismore asymmetric thaninthesimulation,seeFig.4(b).
Incontrast,the measuredradiationpatternofthemetal-AM

DPPismoresymmetricbecausetheOEWG cross-section
issmaller,seeFig.4(d).The maximum cross-polarization
radiationofthe plastic-AM andmetal-AMDPPis25dB
and18dB,respectively.The cross-polarradiationforboth
theprototypesreaches maximum at 11 GHz,whichsuggest
thathigh cross-polarcouplingbetweenport1and2atlower
frequenciesmayalsoincreasethe cross-polarradiation.

B. Horn-type waveguideopening

Inordertoreducecoupling,thesquareOEWGissubstituted
withthe hom-shapedradiatingelementasshowninFig.
5.Theradiatingelementis manufacturedwiththesame
plastic-AM processasexplainedinSectionIII B. The
measuredS-parametersoftheDPPwithOEWGandhom
astheradiatingelementisshowninFig.6.The plastic-AM
OMTisusedinbothmeasurements.The hom-shapedradiating
elementimprovesthe impedancematchingatfrequencies
closertocut-off,i.e.,around11GHz.Fig.6 (b) showsthat
thecouplingbetweentheorthogonalpolarizationsimproves
significantlyaround 11 GHzwiththe hom-shapedradiating
elementascomparedtoOEWG.

CONCLUSION

Theadditive manufacturingofa dual-polarizedantenna
withanOMTwasstudied.A plastic-printedantennacoated
withconductivepaintanddirectly metal-printedantennawere
prototyped.TheOMTsandradiatingparts realized withthe
sameAMmethodswereconnectedthroughflangedwaveguide
connections.The performanceofthe manufacturedprobe
antennaswereinlinewiththesimulatedperformance.The
largestdeviationwasobservedinthecouplingbetweenthe
differently-polarizedports,whichis consideredasthemost
sensitive parameterforthe manufacturingerrors.However,the
couplingwasmostlybelow -40 dB.Thecouplingcouldbe
furtherimprovedthrough hom-likeradiatingpartbyreducing
thereflectionfromthe aperture-airinterface.The performance
ofthebothrealizedprototypesis consideredwellfeasiblefor
theKu-band.
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Fig.5:(a)Cut-awayviewoftheproposedDPPwithhom
radiatingelement.Dimensionsareinmm.

Fig.6:Measured(a)reflectioncoefficientsand (b) couplings
forplastic-AMDPPswithOEWG-and hom-type radiating
elements.
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