
46 Mar/Apr 2007

UniversityofAppliedSciences
Prittwitzstrasse10
89075Ulm,Germany
baier@hs-ulm.de

ALowBudgetVector
NetworkAnalyzerfor
AFtoUHF

ProfessorDrThomasC.Baier,DG8SAQ

Theauthor’sPCturnedhis“simplegadget”intoasophisticated
pieceoftestequipment.

Introduction

After years of professional work with
commercial vector network analyzers
(VNWAs),Ididnotwanttomissthishandy
kindoftestequipmentinmyshackathomeany
longer.Lookingthroughthesurplusmarket,I
foundthatthepriceforacommercialVNWA
isstillwelloutofreachfortheaveragehobby-
ist.Atthattime,aQEXarticleonahomebrew
VNWAcaughtmyattention.1SomeInternet
research revealedanothersimilarprojectby
N2PK.2Bothprojectshaveincommontheuse
ofdirectdigitalsynthesizer(DDS)circuitsto
generateanRFtestsignalandanLOsignal
fordown-converting the testedcomponent’s
responsesignalstozeroIF.ThedcIFsignals
are then digitized by appropriate analog-to-
digital converters. The digital numbers are
fed into a standard personal computer (PC)
forfurtherprocessingandimaging.

I found that concept very attractive; but
coming from the analog sideof electronics
design,Ithoughtaboutwaystosimplifythe
analogsectionandcutdownasmuchaspos-
sible on the digital components, consisting
of A/D converters and a microcontroller at
the least. Clearly, there was no reasonable
substitutefortheDDSoscillators.ButIfound
thatallotherdigitalandmixed-signal tasks
could be performed by the standard PC. I

intendedtotietheDDSoscillatorsdirectlyto
theparallelPCprinterinterfaceandtomake
useofthestandardPCstereosoundcardfor
analogsignalacquisition.Thusaverysimple
concepttookshapeinmymind.Allthatwas
neededtobuildaVNWAweretwoDDSoscil-
latorchips,anSWRbridgeandthreemixers
(through,reflectandreference).Iassembleda
firstprototypeinacardboardboxwithinafew
days.That’swheretheadventurestarted.

HadIknownbeforehandhowmanysoft-
wareproblemsIhadtosolve,Imightnever
havestartedtheproject.However,afterabout
ayearofheavylearningandcoding,thePC
has turned my simple little gadget into an
accuratepieceofRFtestequipment.

WhyVectorNetworkAnalysis?

Didyoueverwanttomatchacrystalfilter
systematicallytoobtainaperfectlyflatpass-
band?Ordidyoueverwanttoknowtheca-

pacitancevalueofthatspecialSMDcapacitor
ortheQvalueofyourhomemadeinductor?A
vectornetworkanalyzeristheperfectchoiceto
solvealltheseproblems.Whenyouanalyzean
RFcomponentlikeafilter,oranantenna,you
aretypicallyinterestedinthereturnlossand/or
intheinsertionattenuationofthecomponent
inaspecificfrequencyrange.Thisinformation
canbeobtainedwithascalarnetworkanalyzer,
whichbasicallyconsistsofasignalsource,an
SWRbridgeandanRFdetector.Thereturn
lossisdefinedasthepowerreflectedfromthe
deviceinputdividedbytheinputpowerinci-
dentintothedevice.Theinsertionattenuation
equalstheoutputpowerofthedevicedivided
bytheincidentinputpower.

Vector network analyzers do not only
measure thesesignalpower ratiosbutalso
the phase increments from input signal to
reflectedand/ortransmittedsignal.Onfirst
sight,thesephasevaluesseemuninteresting;

1Notesappearonpage53.

Figure1—ConnectionbetweenS-parametersandincidentandevanescentwavesatan
electricaltwoportdevice.
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butacloserlookrevealsthatitisthesephases
thatenableustocalculateimpedancevalues
andusethemeasurementresultsinsystem
simulationswithsoftwaretoolslikeAPLAC
orADS,3,4tocalculatethebehaviorofthetest
object at modified termination impedance
levels.Thetheorybehindthisisthetheory
of scattering parameters or S parameters.
ThesetofSparameters,alsocalledSmatrix,
completely describes the linear properties
of anRFdevice.AVNWAisdesigned to
measuretheseS-parameters.

Two-PortSParameters

To completely characterize the linear
propertiesofatwoportRFdevice(likeanIF
filter)atagivenfrequency,fourS-parameters
arerequired,whicharecombinedtoformthe
two-portS-matrix:
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S-parametersarecomplexnumbers;that
is,theyconsistofamagnitude(=attenuation)
andaphasevalue.AsshowninFigure1,they
relateincidentwaveamplitudesaitoreflected
andtransmittedwaveamplitudesbi:

b1=S11.a1+S12.a2

b2=S21.a1+S22.a2

While indices=1 denote waves on the
deviceinput,indices=2denotewavesonthe
deviceoutput.

At this point, it becomes clear how to
measureSparameters.TomeasureS21,make
surethatthereisonlyonewavea1incident
fromtheleftside.Measureitandmeasure
alsothewaveb2transmittedthroughthede-

viceundertest(DUT).Sincea2=0(nowave
incidenttotheoutputoftheDUTfromthe
righthandside)S21cansimplybeobtained:
S21=b2/a1.

S11canbeobtainedinasimilarmanner
byadditionallymeasuringthereflectedwave
fromtheDUTinputb1:S11=b1/a1.

S12andS22canbemeasuredinthevery
samewaybyexchangingDUTinputandout-
put.Commercialtwo-portVNWAsachieve
thisDUTreversalwithbuilt-inswitches.The
simplerhomebrewmethodistointerchange
the connectors during the S-parameter ac-
quisition.

Now,thetestconditiona2=0needsalittle
additionalconsideration.Itmeansthatthere
isnoRFpowerpropagating into theDUT
outputfromtherighthandside.Ofcourse,we
arenotabouttoconnectanoscillatortothe
DUToutputwhilemeasuringS21.Butthere
isanothersourceforsuchasignal,namely
thewavereflectedfromthesignaldetector
attheDUToutput.Reflectionalwaystakes
placewhenthedetectorinputimpedanceis
unequaltothetransmissionlineimpedance
ZL(usually50Ω)itconnectsto.Similarly,
carehastobetakenthatthesignalsourceim-
pedanceoftheVNWAontheDUTinputside
isproperlymatchedtothetransmissionline
impedance.Otherwisethewaveb1reflected
fromtheDUTbacktotheVNWAwillbere-
reflectedattheoscillatorinterfacebackinto
theDUTandintroduceanerrorona1.

VNWADesign
Figure 2 shows the basic design of my

VNWA.Itconsistsof twodigitallytunable
DDS oscillators. The RF oscillator gener-
atesawavea1whichisrunningthroughan

SWRbridgetotheDUT.Thebridgeisused
tomeasure the incidentwavea1 (reference
signal) and the reflected wave b1 (reflect
signal). The wave b2 transmitted through
theDUTisalsomeasured(throughsignal).
All these test signalsaremixeddownwith
aDDSlocaloscillatortoanIFsignalinthe
audiofrequencyrangethatcanbeprocessed
byaPCsoundcard.Thisisoneofthespecial
featuresofmydesigntosimplifytheVNWA.
SinceastandardPCsounddevicehasonly
two simultaneously sampled signal inputs,
namely stereo left and right, some kind of
switchisrequiredtomultiplexthethreetest
signalstothetwoaudiochannels.Carehasto
betakentoachieveasufficientlyhighswitch
isolationofabout100dB.Alternatively,one
couldaddasecondsoundcardtothePC.The
currentsoftwareversiondoesnotsupporttwo
soundcards,though.Sincemostsoundcards
utilize16bitAD-converters,adynamicrange
of20.log(216)dB≈ 96dBistobeexpected
andindeed,alsorealized.Experimentswith
a 24-bit sound card5 yielded no significant
improvementofthedynamicrange(theoreti-
cally144dB)though,sincetheleastsignifi-
cantdatabyteisdominatedbynoiseandon
top,asystematicphaseerrorbetweenleftand
rightchannelwasobserved.6

IntheLabyrinthofa
MicrosoftWindowsPC

ThePC’stasksarebasicallyquitesimple
now:

1. Set DDS oscillators to new test fre-
quency.

2. Wait until DUT reaches steady state
(especially important for DUTs with high
Q-values).

Figure2—Basicconstructionofthedescribedvectornetworkanalyzer.

[Eq1]
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Figure3—UnfilteredoutputspectrumofaDDSoscillator(fromNote7).

Figure5—UtilizationofDDSaliasfrequencies.TheRFspectrumisplottedsolid;theLO
spectrumisplotteddashed.Obviously,thereisonlyonefrequencypairmixingtothe
exampleIF,whichischosento10MHzforbettervisibility.InthiscalculationLO-DDS
andRF-DDSclocksarechosenas170MHzand180MHz,respectively.

Figure4—Generationoftwointerlocked
DDSclocksviaphaselockedloop.

3.Measurereferenceandreflectsignals
orreferenceandthroughsignals.

4.CalculateS11orS21.
5.Plotdatapointtothescreen.
6.Repeatmeasurementcyclewithnew

testfrequencyatstep1.
Herethetimingistherealchallenge.Care

has to be taken that the measured signals
canpreciselybe related to theset test fre-
quency.Ontheotherhand,thesweeptime
shouldbeasshortaspossible (up to1000
frequency points per second). Finally the
software should run under the widespread
Microsoft Windows 2000 or XP operating
system, which makes coding challenging,
sinceMicrosoftWindowsisnotareal-time
operatingsystem.

Additionally,thestandardPCcontainsa
multitudeofclockoscillatorsthatareusually
notsynchronizedwitheachother.Theimpor-
tantclocksfortheVNWAapplicationarethe

soundcardclockoscillator,determiningthe
samplingrate;aperformancecounter,which
canbeusedtomeasurepointsintimewitha
resolutionofabout1microsecond;andthe
Windows multimedia timer which can fire
upto1000Windowseventspersecond.The
latterisusedtoincrementthetestfrequency.
Sincethemultimediatimerfiresquiteran-
domly,even though theaveragefiring rate
isquiteprecise, it isnecessary tomeasure
thetimeofeveryfrequencyincrementevent
withtheperformancecounterandmemorize
itforthefurtheranalysis.Nowthesepoints
intimeneedtoberelocatedpreciselyinthe

audio data stream coming from the sound
card.Sincethesoundcardclockisusually
decoupledfromtherestofthePCandontop
isnotveryaccurate,itneedstobemeasured
onceagainsttheWindowsperformancecoun-
terforalatertimecalibration.Additionally,
the time delay between the actual start of
theaudioacquisitionandthesendingofthe
Windowscommandthatstartsacquisitionis
unknown. This time delay depends on the
actual soundcardhardwareandon theset
samplingrate.Itcanamounttoupto1milli-
second!Imeasureitoncewithacorrelational
methodfortimecalibration.Thesetwotime
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Figure8—ModifiedSWRbridgeoftheVNWA.

Figure6—ReferencesignalamplitudemeasuredwiththeVNWA.Clearly,the
structureresemblesFigure3.

Figure7—StandardSWRbridgedesign.

calibrationdataenableustoexactlyfindthe
datasegmentintheaudiostreamthatbelongs
toacertaintestfrequency.

BuildingBlocks

Oscillators

DDS-oscillators7 areaperfectchoice to
generatetheRFandLOsignals.Theyoffer
crystal stability, low phase noise and their
frequency can be controlled digitally—and
fast—withmillihertzresolution.DDSoscil-
lators work similarly to CD audio players.
Theyapproximatethewantedsinesignalwith
astepfunctiongeneratedbyaD/Aconverter.
Becauseofthisapproximation,theiroutput
spectrums do not only contain the wanted
frequency,butalsoquiteanumberofaliased
frequencies. Figure 3 shows the unfiltered
output spectrum of a DDS oscillator. Usu-
allythesealiasingfrequenciesareunwanted
andblockedwithalow-passfilter.Sincereal
low-passfiltersdonotexhibitinfinitelysteep
skirts,DDSoscillatorscanpracticallybeused
togeneratesinewavesignalsofuptoabout
onethirdoftheDDSclockfrequency.Ise-
lectedanAD9851withamaximum180MHz
internalclockfrequency,whichcantherefore
generatesinewavesuptoabout60MHz.I
usedthisDDStypebecauseitspackageisstill
bigenoughtobemanuallysolderablewitha
soldering ironandIcoulduseanavailable
PC-boardlayoutformyexperiments.8

However, I soon found that the limited
frequency rangeand thenecessity forhigh-
suppression filters (with their temperature
stabilityproblems)werebuggingme.So I
thoughtabouthowtoexplicitlymakeuseof
theDDSaliasingfrequenciesinsteadofsup-
pressingthem.Ihadtoavoidallthealiasing
frequenciesoftheRFoscillatormixingwith
thosefromtheLOtotheverysameIF.The
simplesolutionwastouseslightlydifferent
clockfrequenciesforthetwoDDSoscilla-

tors.Experimentsrevealedthatthetwoclocks
mustbetiedtoeachotherwithaPLLcircuit.
OtherwisestrongfluctuationsoftheIFwould
occur and deteriorate the phase accuracy.
Figure4showshowIhavegeneratedthetwo
interlockedclockfrequenciesof30MHzand
29.97MHzwithasimplePLLcircuit.The
30MHzXOsignalisdividedby1024.The
resulting30kHzsignalislockedtothefre-
quency difference obtained by mixing the
XOsignalwitha29.97MHzVCXOsignal.
Alternatively,anotherAD9851couldbeused
togeneratethe29.97MHzclockoutofthe
original30MHzDDSclock.Thisispossible
sincetheAD9851containsaninternalclock
multiplier×6.

Figure5showsanexamplecalculationof
howanyaliasingfrequencycanbeselected
forthemeasurementbyappropriatechoiceof
theRFtoLOoffset.AscanbeseenfromFig-
ure4,theDDSoutputpowerbecomeszeroat
integermultiplesoftheDDSclockfrequency
fclock.Inthevicinityofthesefrequenciesno
measurementsarepossiblebecauseoflack
ofsignalpower.

Interferenceduetothelackofanti-alias-
ingfiltersoccursatfrequencieswheretwo
spectrallinescross,forexampleat0.5×fclock,
1.5×fclock,2.5×fclock….Thus,withsomeex-
ceptions,theusablefrequencyrangeofthe
VNWAisextendeddramatically.

Figure6displaysthemeasuredconvolution
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Figure9—TopviewoftheVNWA.Fromlefttorightonerecognizes:RXmixer,TXmixers,DDS-oscillators,clockgenerator.
Outerdimensionsare185×100×40mm.

Figure10—BottomviewoftheVNWA.Here,thetwoDDSchipsandtheSWRbridgecanbeseen.
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oftheRFandLODDSspectrainthefrequency
range0-1GHz.Itwasobtainedbydetecting
thereferencesignalamplitudewithmyhome-
brewVNWA.Clearlythespectralstructureof
Figure3canberecognized.Precisemeasure-
mentscanbeperformedinthefrequencyrange
200Hzto160MHzand200MHzto330MHz.
Measurements in the70centimeteramateur
bandandabovearestillpossiblebutarelimited
inprecisionbecauseoflowsignalstrengthand
poormixerperformance.Itisremarkablethat
at1GHzasignalcanstillbedetectedstronger
than30dBabovethenoiselevel.

SWRBridgeandMixer

Since I wanted to use my VNWA down
totheaudiofrequencyrange,Icouldnotuse
adirectionalcouplerorahybridcouplerfor
thereflectionmeasurement,asinthedesigns
ofNotes1and2.Instead,Iselectedasimple
WheatstonetypeSWRbridge,whichworks
theoreticallyfromdctoseveralGHz.Figure7
showstheschematicofsuchanSWRbridge.
Thisbridgetypecanreadilybefoundincom-
mercialequipment.9Animportantfeatureof
SWRbridgesisthewell-defined50-Ωsource
impedanceattheDUTportasdiscussedabove.
Inour example, this isguaranteedwhenall
other ports are terminated with 50 Ω. The
bridgevoltageisdetectedthrougha1:1balun.
ItdependsontheinputimpedanceoftheDUT
andbecomeszero if theDUTimpedance is
50Ω.Sinceit’sclosetoimpossibletobuild
apassiveBALUNoperatingfromafewhertz
toUHF,IusedagenericbalancedGilbert-cell
mixer of type NE612 instead to detect the
bridgevoltage.Thesamemixertypeisalso
usedfordownconversionofthereferenceand
throughsignals.

Becauseof itshigh input impedanceof
about1kΩandthefactthattheDDSout-
putisacurrentsourcewithalmostinfinite
sourceimpedance,thebridgeresistorvalues
requiredsomeredesign.Figure8showsmy
SWRbridge,whichworksnicelywithstan-
dardresistorvalues.Myprototype,whichis
builtwithnonpre-selectedresistors,achieves
adirectivityof30dBat160MHz.Alsoim-
portant:AgoodfractionoftheDDSoutput
powerreachestheDUT.

Atthispoint,Istartedtoconsiderwhatsig-
naltheSWRbridgeexactlymeasures.Icon-
sideredthebridgeasa4-portdevicewiththe
DDSconnectingtoport1,port2connecting
tothereferencepath,port3connectingtothe
reflectpathandport4connectingtotheDUT.
Mostinterestingly,Ifoundthatnomatterwhat
thebridgeSmatrixlookslike,themeasured
signalM=reflectionsignal/referencesignal
alwaysdependsonthereflectioncoefficient
S=S11ofDUTintheverysameway:

1

⋅ +
=

⋅ +
a S b

M
c S

Figure11—Completemeasurementsetupwithamonolithiccrystalfilterconnected.

Figure12—Unmatched(A)andnumericallymatched(B)S-parametersofa10.7MHz
monolithiccrystalfilter.Forcomparison,anumericallymatchedreferencemeasurement
obtainedonanHP8753Cisalsoplotted(C).Thecolorversionisavailableatwww.arrl.
org/qexfiles/3x07_Baier.zip.

[Eq2]

Ifthebridgeisofperfectdesign,thenthe
constants b and c are zero (basic function
ofagoodSWRbridge).Inreality,thethree
numbersa,bandchave tobe foundwith
the aid of three calibration measurements.
Theseareperformedwiththreedifferentwell
knownterminations,theso-calledcalibration
standards.Usuallythestandardsarechosen
tobeshort,openandload=50Ω.

Coming back to the hardware, I use a

CMOSswitchmatrixCD4053tomultiplex
the reflected and the through signals. To
improvetheswitchisolationfrom50dBto
100 dB, I use low-resistance HexFETs to
short theunselectedswitchinputs.Finally,
thetwoIFsignalsareamplifiedbyafactor
of10withdifferentialamplifiersbuiltoutof
opampsof typeOP07before theyarefed
intothesoundcard.Figures9and10show
myprototypeVNWAbuiltintoa185×100×
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Figure13—Reflectioncoefficientsoftwodifferent10.7MHzfiltercrystals.

Figure15—SimulationresultsofthebridgetypecrystalfilterfromFigure14.

Figure14
—APLAC
simulation
fileofa
twopole
bridgetype
crystalfilter
usingthe
measure-
mentsfrom
Figure13.

40 mm sheet-metal enclosure. Except the
DDS part, all components have been as-
sembledontoexperimentalmultipurposePC
boardsthathavebeencoveredontheupper
side with thin adhesive copper sheets for
grounding and shielding. Figure 11 shows
the complete measurement setup with a
monolithic crystal filter connected to the
VNWA.

TestResults

Figure 12 shows S parameters of a
10.7MHzmonolithiccrystalfiltermeasured
with50Ωsourceandloadimpedance(A).
Becauseofthestrongimpedancemismatch
betweenfilter andVNWA, thefilter trans-
mission shows a considerable passband
ripple. With a simulation tool embedded
in my VNWA software, I have recalcu-
lated themeasuredfilterSparameters toa
2000 Ω / 2500 Ω impedance environment
(B). In addition, a reference measurement
obtainedonaHP8753Cisalsorecalculated
tothehigh-impedanceenvironmentandplot-
ted(C).ThematchbetweenmyVNWAdata
andtheHP8753Cdataisexcellent.Another
indicatorforthegoodqualityandconsistency
oftheS-parametersmeasuredonmyVNWA
isthatthefilterpassbandbecomesperfectly
smoothafterimpedancetransformation.Er-
roneous measurements can be recognized
byseverespikesinthepassbandofhighQ
devices after impedance transformation as
extremeimpedancetransformationsmagnify
theeffectofmeasurementerrors.

Figure 13 shows the measured input
reflection coefficients (S11) of two crystals
unsolderedfromabridgetypecrystalfilter.
IhaveimportedtheverysamemeasuredS
parametersintothesimulationtoolAPLAC
inordertocalculatehowthecrystalswould
behaveinabridgetypefilter(Figure14).The
simulation results are shown inFigure15.
Apparently themeasuredS-parametersare
wellsuitedforasystemsimulation.

TotestmyVNWAatverylowfrequen-
cies,Imeasuredanoldcommercialthree-pole
11kHzLCband-passfilter.Figure16displays
theresults.CurveAshowsthemeasuredfilter
transmissionintheoriginal50-Ωimpedance
environment.Thesamemeasurementrecal-
culatedto610Ωsourceandloadimpedances
is also plotted (B). Curve C (noisy curve)
was obtained by measuring the very same
filter with 560 Ω series resistors between
VNWATXportandfilterinputandbetween
filter output andRXport respectively.The
560 Ω resistors connected in series to the
50ΩVNWAimpedancesform610Ωsource
andloadimpedancesforthefilter.Obviously,
thecalculatedtrace(B)andthemeasuredtrace
(C)matchnicely.Also,anadditionalinser-
tionattenuationofcalculated21.7dBcaused
bytheresistorsisbasicallyobserved.These
measurements had been performed with a
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10 dB coaxial attenuator connected to the
VNWATXport inorder toobtainawell-
defined 50 Ω source impedance of the
TXport.Attheseverylowfrequencies,the
dc blocking capacitor changes the bridge
impedance.

Figure 17 shows a measurement per-
formedintheUHFrange.Ihavemeasured
the S parameters of a 400 MHz crystal
surfaceacousticwaveIFfilteroutofaGSM
mobilephone(A).Thereferencemeasure-
ments obtained on a HP8753C (B) prove
thatmeasurementsarestillpossibleat this
high frequency range. The dynamic range
islimitedbutimpedancescanstillbemea-
sured reasonably accurately for Amateur
Radiopurposes.Figure18displaysthevery
samemeasurements recalculated to550Ω
sourceandloadimpedances,withinductors
equivalenttonegativecapacitorsof–40pF
connectedinparalleltothefilterinputand
output.Apparently,theobtainedSparameters
arestillgoodenoughtocalculateamatching
network.A10dBcoaxialattenuatorinfront
of the RX port additionally degraded the
dynamicrangeduringthismeasurement.It
wasnecessarytoobtainawelldefined50Ω
loadimpedanceatthefilteroutput.

SummaryandOutlook

Ihavedescribedaverysimplehomebrew
PCsupportedvectornetworkanalyzerwhich
operatesonallAmateurRadiobandsbelow
500MHzandevenbeyond.Thewideoperat-
ingfrequencyrangewasobtainedbydeliber-
atelyusingaliasingfrequenciesgeneratedby
theDDSoscillators.Thesimplicityofdesign
wasreachedbyutilizinganIBMcompatible
PCtothegreatestextentpossible.Theparal-
lelprinterportwasusedforcontrolandthe
sound card was used for data acquisition.
Withthissetup,ameasurementresolutionof
0.01dBand0.1°canbeachieved.Adynamic
rangeofover100dBcanbereached.

Theconceptoffersmanypossibilitiesfor
further improvement. With higher clocked
DDSchips (forexample,AD9858,1GHz
clock)andimprovedmixers,thefrequency
rangecouldsimplybeextendedtobeyond
2GHz.LookatNote10fornewdevelop-
ments and for my most recent VNWA
software.
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