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Abstract:Anewsystemformeasuringlow-ohmicstandardresistorsthroughadualcurrentsourcesbridgeisintroduced.Itis
usedforlowresistancemeasurementsfrom1mΩto1Ωat1∶1ratio,whichissuitableforthelaboratorieswithoutcryogenic
currentcomparators(CCC)ordirectcurrentcomparators(DCC)bridges.Behaviorofthisbridgeisevaluatedbycomparingits
measuredvalueswiththeunknownresistorvaluesobtainedbyanothermethod.Theaccuracyoftheintroducedbridgeisinthe
levelof10-5forthe1mΩresistor,andinthelevelof10-4forthe10mΩ,100mΩand1Ωresistors.Moreover,adualvoltage
sourcessystemforthemeasurementofDCstandardresistorsfrom1kΩto100 MΩisalsopresented.Inthissystem,a
modificationismadeonthemodifiedWheatstonebridgetoevaluateitsperformancebyaddinganotherdigitalmultimeterto
measuretheratiobetweentheunknownandthestandardresistorssimultaneously.Thisbridgeisverifiedbycomparingthe
measuredvaluesof10kΩresistorobtainedbythetwomethodswithitsactualvalue.Thebridgeaccuracyisinthelevelof10-6

exceptforthe1kΩresistor,andthebridgeasymmetryisalsoevaluated.Itisfoundtheasymmetryisinthelevelof10-6for
theresistorsfrom10kΩto100MΩandinthelevelof10-5for1kΩresistors.Theintroducedbridgesoperationsarecontrolled
byLabVIEWprogramsdesignedspeciallyforthispurpose,andtheexpandeduncertaintyisalsoevaluatedforallmeasurement
results.
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0 Introduction
 Resistance measurementisconsidered as one
importanttasktoaccuratelydeterminetheohmic
valuesofthelowandhighohmicresistors.Low
standardresistorsareusedinsomepowerindustry
applicationssuchasmeasuringthehighdirectand
alternating currents[1]. At National Metrology
Institutes(NMIs),themostcommonmethodforthe
standardresistorscalibrationistheresistancebridges
basedoncryogeniccurrentcomparators (CCCs).
TheCCC bridgesimplyconsistsoftwocurrent
sourceswhichdrivecurrentsthroughtheunknown
resistorRx andthestandardresistorRs bythe
primaryandthesecondarywindingsoftheCCC[2].It
isfixedwithverysensitivesuperconductingquantum
interferencedevice (SQUID)asthemagneticflux
detectorintheCCC.ForNMIswithoutCCC,direct
currentcomparators (DCC)isusedforresistance
measurements of up to 10kΩ.For low-ohmic
resistorsmeasurementsfrom 100μΩto100 mΩ,

DCCisusedinconjunctionwithrangeextenderand
DCpowersupply[3].TheresistorRxisconnectedto
theprimary circuitand Rs isconnectedtothe
secondarycircuit.The DCC resistance bridgeis
balancedbyadjustingtheprimaryturnsforanull
conditionondetectornVusingthereversalbalancing
procedure[4].
 There are other different methods used for
measuring the low resistance standards in the
secondarylaboratoriesbutwithlowercapabilities[5].
Someofthese methodsaredirectreading witha
digitalmultimeter(DMM)andsubstitutionmethod
whereRsandRxareindirectlycompared.Theyare
suppliedbyaconstantcurrentandaDMMisusedto
measurethevoltagedropacrosstheresistors.There
isalsovolt-ampere-metricmethodwhereacurrent
sourceisusedtosupplythecircuitandaDMMis
appliedto measurethe voltage drop acrossthe
resistor[5].Theratiotechniquemethodisalsoused,
whereRsandRxaredirectlycomparedbyusinga
DMMinitsratiomode[6].Someofthesemethods
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havesomedisadvantagesliketheirdependencyonthe
linearityandtheaccuracyoftheusedinstruments[7].
 Intermediateandhighresistance measurements
wereconsideredasthemainworksattheNational
InstituteforStandards (NIS),Egyptinthepast
years.Theaim ofthese worksisincreasingthe
accuracy and reducing the uncertainty of the
measurementresults,whichistransferredtoother
standardresistorsandcommercialdevices.Thereare
alotofdifferentmethodsformeasuringthehigh
resistancestandardssuchasin Refs.[8-9].The
modified Wheatstone bridge methodisthe most
knownandused method,whichdependsonhigh
resistancecomparisonwithlowuncertainty[10].Two
resistivearmsinthemodifiedWheatstonebridgeare
replaced by two programmable voltage
calibrators[11].By adjusting one or both ofthe
voltagesources,thebalanceofthebridgecanbe
obtainedandsensedbyanullinstrumentwhichis
eithervoltagedetectororacurrentdetector[10].
 Inthispaper,newautomatedsystemsaredesigned
byusingdualsources.Oneofthemisusedforthe
low-ohmicresistorsmeasurementsintherangeof
1mΩ-1Ω with acceptable accuracy which is
suitableforthesecondarylaboratories.Another
systemasthemodifiedWheatstonebridgeconsisting
ofdualvoltagesourcesisalsoestablishedatNISto
improve capabilities. However, there is a
modificationtobedoneinthisbridgetohelpin
evaluatingitsperformancewithanothermethodat
thesametime.Theintroduceddualsourcebridges
are fully automated systems controlled by a
LabVIEW programswhichhavebeendesignedfor
thispurpose.Theset-upoftheintroduceddual
source bridgesis describedin this work. The
measurementmethodandresultsarealsointroduced.
The bridges verifications are donethrough two
different means.One ofthem is done by the
calculationofthebridgeasymmetryerrorandthe
otherismadewithanothermethodsimultaneouslyby
thecomparisonofresistance measurementresults
obtainedfromthetwo methods withtheiractual
values.Furthermore,theuncertaintybudgetsand
theassociatedexpandeduncertaintiesareestimated
fortheobtainedmeasurementresults.

1 Measurementsystemswithdoublesources
 Constructionofthepresentedsystemsusedforlow
andhighstandardresistorsmeasurementsfrom1mΩ
to10MΩisdescribedinthefollowingsub-sections.

1.1 Measurement system of low-ohmic
standardresistors

 Thesystemdesignedtomeasurethelowresistance
standardsconsists oftwo DC current sources,
sensitivevoltmeter,Rx andRstoestablishadual
currentsourcebridgesystemasshowninFig.1.One
oftheDCcurrentsourcesisusedtopassDCcurrent
IxthroughRx.TheotherDCpowersupplysupplies
Rs withvariable DCcurrentIs untilthebalance
conditionoccursbetweenthetworesistors.

Fig.1 Compensationsystemwithdualcurrentsources

 Thesensitivevoltmeter(V)isusedasavoltage
nulldetectortoindicatethebridgebalancecondition.
Theinputimpedanceoftheusedvoltmeterisvery
hightoinsureitshighsensitivitywithgreaterthan
10GΩand5nF[12].Coaxialshieldedcablesareused
andthesystemisalsoconnectedtoasingleground
pointtoreducethenoisesandeliminatethethermal
voltages[7].
 The measurement procedures are done
automaticallybya LabVIEW program,whichis
designedforthispurpose.Isischangedinstepswith
thesequence setin the program until balance
occurrs.The number of measurements is also
selectedintheprogram.Inthismeasurement,10
readingsarerecordedateachsequenceandsavedin
anexcelsheet.AfterthatIxandIsarereversedto
eliminatethethermalemfandtheeffectofzero
offset[7]andother10readingsaresaved.Atthe
balancecondition,theactualvaluesofIsandIxare
accuratelycalibrated.Rx isthencalculatedafter
choosingthebalancedcurrentIs.Atthispointthe
appliedcurrentsratioisequaltotheresistanceratio,
soRxcanbeobtainedby

Rx =Is

Ix
Rs. (1)

1.2 Measurementsystemofintermediateand
high-ohmicstandardresistors

 The modified Wheatstonebridge[4]isdoneby
substitutingthetwoarmsofresistorswithtwoDC
voltagesources.Theintroducedsysteminthispaper
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constructsfrom two programmablecalibratorsin
theirvoltagemodetoestablishadualvoltagesources
bridgesystemasillustratedinFig.2.

Fig.2 Dualvoltagesourcebridge

 One ofthecalibratorssuppliesthe unknown
resistorRx with DC voltageVx.Theotherone
suppliesthestandardresistorRswithDCvoltageVs.
Adigitalvoltmeter(DVM)isalsousedasavoltage
nulldetectortoindicatethebridgebalance.The
selectednulldetectorhassignificantlyhighinput
impedancewhichisgreaterthan10GΩand5nF[12]

to insure high sensitivity. Furthermore, a
modificationismadeinthisbridgebyaddingDMMin
itsratio mode.This modification completesthe
introduceddualsource bridgeforthe4-terminal
standardresistors.Itisaddedtomeasuretheratio
betweenRxandRsatthebalancevoltagetomeasure
Rx byanothertechniqueatthesametimetobe
compared withthebridgeresults.Coaxialcables
withlessdielectricabsorptionshouldbeusedinall
connectionsofthebridgetogetridofthenoises[1].
Moreover,itisimportanttopreventtheleakage
resistanceintheintroducedbridgetoincreaseits
sensitivity by using two-pin shielded connector,
especiallyinthepartconnectingbetweenthehigh
terminaloftheDVMdetectorandthelowterminals
oftheRxandRs.Allthesystemisalsoconnectedto
asingleguardtoeliminatethecurrentleakage.
 Itisfullyautomatically measuredbyusingthe
introducedsystem throughaLabVIEW program,
whichhasbeenestablishedforthisobject.The
resultsofthe DVM detectorandthe DMM are
automaticallystoredinanexcelsheet.Thevoltage
Vsisautomaticallychangedwiththestepmentioned
intheprogramuntilthebalanceoccurrswhenthe

DVM detectorreadings become closeto 0.Vx

remainsconstantduringthemeasurementprocess.
Then,VxandVsarereversedtoobtainRxatpositive
andnegativeappliedvoltagestoreducetheeffectof
thethermalemf.10readingsarerecordedinthe
forwarddirectionand10readingsarerecordedinthe
reversedirectionateachstep.VsandVx voltage
valuesareaccuratelycalibratedatthebalancepoint.
RxiscomputedbyselectingthevoltageVstorealize
thebalancepoint.Atthispoint,theappliedvoltage
ratio is equal to the resistance ratio. The
measurementsequenceisrepeated10timesatthe
balancepointintheforwardandreversedirections.
TheaverageistakentocalculateRxby

Rx =Vx

Vs
Rs. (2)

2 Measurementresults
 Thedualcurrentsourcessystemisusedforthe
measurement of the low ohmic DC resistance
standardsfrom100mΩto1Ωat1∶1ratio.The
measurementisdoneatenvironmentalconditions
withtemperatureof(23±1)℃ andhumidityof
(50±10)%.ThevaluesofIsandIxareaccurately
determined when the sensitive voltmeter shows
minimumreadingwhichtendstobe0.Rxisthen
computedfromEq.(1).Table1showstheapplied
currentsatthedifferentresistancevaluesandthe
relativedeviationsofthe measuredresistancesat
1∶1ratio.

Table1 Relativedeviationsformeasuredresistors

NominalresistancevalueAppliedcurrent(A) Relativedeviation

1mΩ 15 -2.7×10-5

10mΩ 7 -7.7×10-4

100mΩ 1.5 2.4×10-4

1Ω 0.25 11×10-4

 Forintermediateandhighresistanceranges,the
dual voltage sources system is used for DC
resistancesmeasurementfrom1kΩto100MΩ.The
measurementisdoneat1∶1ratioforresistance
standardsfrom1kΩto10MΩ.Resistorsof10MΩ
and100 MΩ are measuredat10∶1ratio.The
measurementisdoneattemperatureof(23±1)℃
andhumidityof(50±10)%.ItisfoundthatRxat
positiveandnegativeappliedvoltagesarecloseto
eachother,whichindicatesthelow noiseofthe
system duetousingcoaxialandlowthermalemf
cables.
 TheaccuratevalueofVsisdeterminedwhenthe
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balanceisobtainedandtheDVM detectorreading
tendsto0,thenRxiscalculatedbyEq.(2).Table2
shows the relative deviations of the measured
resistancesat1∶1ratio.

Table2 Measurementresultsat1∶1ratio

NominalresistancevalueAppliedvoltage(V) Relativedeviation

1kΩ 1 8.4×10-5

10kΩ 1 -1.9×10-6

100kΩ 10 -1.8×10-6

1MΩ 10 -2.2×10-6

10MΩ 10 -2.0×10-6

 Measurementofthe10 MΩresistorisrepeated
againat10∶1ratio.VxandVsare10Vand1V
respectivelyfor10MΩand100MΩmeasurementsat
10∶1ratio.Itisfoundthatdifferencebetweenthe
measuredvaluesat1∶1ratioand10∶1ratiosis
0.6μΩ/Ω,whichmeansthatthemeasurementsat
thetworatiosarecomparable,soratio10∶1could
beusedformeasuringthe100MΩstandardresistor.
Table3showstherelativedeviationsofthemeasured
resistancesat10∶1ratio.

Table3 Measurementresultsat10∶1ratio

Nominalresistancevalue(MΩ) Relativedeviation

10 -3.2×10-6

100 -4.0×10-6

3 Bridgesevaluation
 Evaluationsofthedoublecurrentsourcesandthe
dualvoltagesourcesbridgesaredescribedinthe
followingsub-sections.Itisdonetoevaluatethe
accuracylevelofthetwobridges.

3.1 Evaluationoflow resistancestandards
bridge

 Theintroducedbridgebehaviorisevaluatedby
comparingits measuredvalueswiththeunknown
resistorsvaluesobtainedbyanothermethod.Their
valuesareobtainedbycomparisontotheNIS1Ω
standard resistor using DCC bridge with range
extenderand DCsource.The NIS1 Ω standard
resistorisregularlycalibratedbycomparisonwith
theInternationalBureauofWeightsand Measures
(BIPM)referencestandardsknownintermsofthe
recommendedvalueofthevon Klitzingconstant.
Table4showstherelativedeviationbetweenthe
measuredvaluesobtainedbytheintroducedbridge
andthemeasuredvaluesobtainedbytheDCCbridge.

Table4 Relativedeviationsformeasuredresistors

Nominalresistancevalue Relativedeviation

1mΩ -5.1×10-5

10mΩ -8.8×10-4

100mΩ 1.8×10-4

1Ω 11×10-4

 Itisfoundthattheorderoftherelativedeviation
betweenthemethodsforthe1mΩrangeisrelatively
small.Therelativedeviationorderthenincreasesat
the1Ωrange.Theseresultsreflectthehighaccuracy
andreliabilityoftheintroducedbridgeespeciallyat
thelowerresistanceranges.

3.2 Evaluation of intermediate and high
resistancestandardsbridge

 The performance oftheintroduced bridgeis
verifiedinitsresults.Itisevaluatedbytwoways.
Oneofthemisdonebydeterminingitsasymmetry
andtheotherisdonebycomparingthemeasurement
resultsobtainedatthebalancepointbyusingthe
dualsourcessimultaneouslywiththeresultsobtained
bymeasuringthedirectratiobetweentheunknown
andstandardresistors.Andtheobtainedresultsare
thencompared withtheiractualvalues.Forthe
evaluationofthebridgeitself,itsasymmetryis
determinedby[13]

Bridgeasymmetryerror≅ r1+r2
2  -1, (3)

wherer1istheratioofRx∶Rs,r2istheratioof
Rs∶Rx whichisdetermined byexchangingtheir
positionsandrepeatingthemeasurementagain.The
bridgeasymmetryisonlycalculatedfor10 MΩ
measurements. Table5 demonstrates the bridge
asymmetryfortheresistorsfrom1kΩto10 MΩ.
Bridgeasymmetryisoneoftheuncertaintysources
andisputintoconsiderationinthe uncertainty
budget.

Table5 Asymmetryerrorofbridge

Nominalresistancevalue Relativebridgeasymmetryerror

1kΩ 5.0×10-5

10kΩ -5.2×10-6

100kΩ -3.0×10-6

1MΩ 2.0×10-6

10MΩ -2.7×10-6

 Thebridgeasymmetryat1kΩisslightlyhighmay
beduetowiringeffect,soitisnotrecommendedto
useinresistorbelow 10kΩ.Thebridgeisalso
evaluatedbycomparingitsobtainedresultswiththe
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corrected and traceable results obtained from
measuringtheratiobetweenRxandRsdirectlyusing
theaddedDMM atthebalancepointatthesame
time.Rxinthiscaseiscalculatedby

Rx =rr·Rs, (4)

whererristheratioreadingoftheDMMinitsratio
mode.
 ThemeasuredvaluesofRxobtainedbythetwo
methodsarecomparedwithitsactualvalues.Taking
10kΩresistorasanexample,NIShastworesistance
standards which are regularly calibrated by
comparisonwithBIPMreferencestandards.Oneof
themisconsideredastheunknownresistorand
measuredbytheintroduceddualsourcebridge.The
obtained values by the two methods are then
comparedwithitsactualvalue.Itisfoundthatthe
relativedeviationbetweenthemeasuredvalueandits
actualvalue obtained by dualsource methodis
-2.9×10-6. However, the relative deviation
betweenthe measuredvalueanditsactualvalue
obtainedbythedirectratiomethodis-2.5×10-5.
Thisresultreflectsthehighaccuracyandreliability
oftheintroduceddualsourcebridge.
 Formeasurementofthestandardresistorsof10Ω
and100Ω,itisfoundthatthemeasurementaccuracy

isintheorderof10-3byusingthetwointroduced
bridgesmaybeduetosomeerrorssuchasthe
residualflux,soitisrecommendedtomeasuresuch
valuesbyCCCorDCCbridges.

4 Uncertaintyestimation
 The uncertainty of measurement results is
evaluatedaccordingtotheGuidetotheExpressionof
Uncertaintyin Measurement(GUM)[14].Thereare
severalfactors that effect on the measurement
processaccuracy.SomearerelatedtoRsandthe
othersarerelatedtothebridgecomponents.The
sourcesofuncertaintyarecarriedoutwithType A
and Type B.Type Aisevaluatedbystatistical
methodsandhasnormaldistribution.Type Bis
evaluatedbyothermeansandusuallyhasnormalor
rectangulardistribution.Inthese measurements,
uncertaintyofTypeAiscomputedfor10valuesof
Rx,whereas Type B has manycontributionsas
mentionedinTable6forthe10kΩresistorasan
example.Thecombineduncertainty(Uc)isobtained
by calculating root sum squares of uncertainty
contributionofTypeAandTypeBcomponents.The
expandeduncertainty (Uexp)isthenobtainedby
multiplyingthecombineduncertaintybythecoverage
factor(k=2)forconfidencelevelof95%.

Table6 Uncertaintybudgetfor10kΩresistor

Quantity,Xi
Probabilitydistribution/
methodofevaluation

Standarduncertainty
(μΩ/Ω)

Divisor
UncertaintyContribution

U(Ri)(μΩ/Ω)

Repeatability Normal/A 0.26 1 0.26

CalibrationofRs Normal/B 0.034 2 0.017

DriftofRs Rectangular/B 0.038 3 0.022

Temp.coefficientofRs Rectangular/B 0.087 3 0.05

PowercoefficientofRs Rectangular/B 0.12 3 0.069

VoltagecoefficientofRs Rectangular/B 0.0001 3 5.8×10-5

DVMdetectorsensitivity Rectangular/B 0.17 3 0.096

Bridgeasymmetryerror Rectangular/B 5.2 3 3.03

VsSourcestability Rectangular/B 1.3 3 0.75

VxSourcestability Rectangular/B 1.3 3 0.75

CombinedstandarduncertaintyUc(μΩ/Ω) 3.23

Expandeduncertainty,k=2(μΩ/Ω) 6.5

 Theexpandeduncertaintyofthe measurement
resultsforthestandardresistorsthataresuitableto
bemeasuredbythedualsourcesbridgesarelistedin
Table7.
 Itisfoundthattheexpandeduncertaintyofthe
measurementresultsforresistorsfrom100kΩto
100MΩbyusingtheintroduceddualvoltagesources

system is improved and lower than other
uncertainties,whichareobtainedbyusingotherNIS
methodsasgiveninRefs.[15-16],especiallyinthe
high-ohmicvalues.Itreflectsthereliabilityofthe
introducedbridgeduetoitshigheraccuracythan
othermethods.
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Table7 Expandeduncertaintiesofresistorsmeasurement

Nominalvalue Expandeduncertainty(k=2)(μΩ/Ω)

1mΩ 8.5
10mΩ 9.1
100mΩ 6.2
1Ω 2.2
10kΩ 6.5
100kΩ 7.1
1MΩ 11
10MΩ 16
100MΩ 16

5 Conclusion
 A double current sources bridge system is
constructedand usedfortheresistancestandard
measurementsintherangefrom1mΩto1Ω.Itis
evaluatedbycomparingtheobtainedresultswiththe
resultsobtainedbyusingDCCforthesameunknown
resistors.Theaccuracyoftheintroducedbridgeisin
thelevelof10-5forthe1mΩresistor,andthislevel
isreducedtobeinthelevelof10-4forthe10mΩ,
100mΩand1Ωresistors.Theresultsreflectthe
acceptableaccuracyandreliabilityoftheintroduced
bridgeespeciallyatlowerresistanceranges.Thedual
voltagesources bridge system whichis setfor
intermediate and high resistance measurements
improvesthecapabilitiesofNIS.Thisbridgecould
beusedtomeasuretheresistanceinrangesfrom1kΩ
to100MΩ.Howeveritisnotrecommendedtobe
usedinresistorsbelow 10kΩ duetothecables
effects,whicheffectonthebridgeaccuracyinthese
ranges.Therelativedeviationbetweenthemeasured
valueofthe10kΩresistorobtainedbytheintroduced
dualsourcebridgeanditsactualvalueis-2.9×
10-6.Allresultsreflectthe high accuracy and
reliability of the present systems which are
constructed by doublecurrentsourcesand dual
voltagesources.Itisrecommendedtomeasurethe
standardresistancevaluesof10Ω,and100Ωby
using CCC or DCC because by using thetwo
presentedbridgestheirmeasurementaccuracylevelis
intheorderof10-3.
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用于测量直流电阻标准的自动双源系统

RashaSMAli,M HelmyARaouf
(国家标准化研究所 电气计量研究所,吉萨12211-136,埃及)

摘 要: 介绍了一种通过双电流源电桥测量低欧姆标准电阻的新系统,用于1mΩ~1Ω之间比率为1∶1
的低阻值电阻测量。该电桥适用于没有低温电流比较器(CCC)或直流比较器(DCC)电桥的实验室。通过将电

桥的实测值与另一种方法得到的未知电阻值进行比较,对电桥的性能进行了评价。该电桥对1mΩ电阻的准

确率达到10-5级,对10mΩ,100mΩ和1Ω电阻的准确率达到10-4级。此外,利用双电压源系统测量了

1kΩ~100MΩ的直流标准电阻。通过增加另一个数字万用表改进惠斯通电桥以同时测量未知电阻与标准

电阻的比值对该系统性能进行了评价。将10kΩ电阻用两种方法获得的测量值与实际值进行对比对该电桥

进行了验证。除了1kΩ电阻,电桥对其他电阻的准确率达到了10-6级。此外,对电桥的不对称性也进行了

评价。实验发现,不对称率对10kΩ~100MΩ的电阻为10-6级,对1kΩ的电阻为10-5级。该电桥的操作由

专门为此设计的LabVIEW程序进行计算机控制,并对所有测量结果的不确定度进行了评估。

关键词: 直流比较器;电压零位计;改进的惠斯通电桥;比率技术;电阻测量;不确定度
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