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Abstract— Two general methods of multi-port network
analyzercalibration aredescribedusing the classicalSOLT model
respectively the 7-term TXX model which includes all linear
errors of the network analyzer test-sets.The GSOLT-procedure
supports vector network analyzerswith n+1 measurement chan-
nels only to measure n-port devices with high accuracy. The
GTXX-pr ocedure requiresnetwork analyzerswith 2� n measure-
ment channelsand lesscalibration standard measurements.The
error correction algorithms are both out-standing regarding the
simplicity and numerical robustness.The algorithms also allow
an easy programming of the calibration and enable the error-
correctedmeasurement of any device irr espective of the number
of ports (1 to n). Results of numerical experiments attest the
excellentprecisionof the GSOLT and the GTXX error procedure.

The mathematical processto calculate fr om the multi-port
measurements the differ ential mode parameter is shown. The
limitations are discussed.

Index Terms— Network analyzer, calibration, error-correction,
multi-port, multi-mode, scattering parameter.

I . INTRODUCTION

ON the onehandRF-electronicsconsumerproductswith
multi-bandapplicationsarea growing market andon the

other hand differential systemsare coming up due to better
noiseand power behaviour. Both systemtrendsresult in the
fact that thenumberof RF-portsis increasing.E.g.,a standard
antennaswitch modulefor GSM-triple bandapplicationshas
9 RF-portsaltogether.

To measurethese multi-port products with an adequate
accuracy, a multi-port vectornetwork analyzeris needed.Two-
port network analyzersare well established.The hardware
expansionto realizea multi-port network analyzerbasedon
theconceptof a two-portnetwork analyzeris well known and
producedby mostmanufacturers.

Two-port vector network analyzers(VNAs) are realized
as a three or a four measurementchannel(so-calleddouble
reflectometer)concept.For multi-port VNAs basedon double
reflectometers,calibration proceduresto correct all linear
errorsof the imperfecthardwareset-uparewell known [1].

However, the GSOLT calibration procedure is the first
one for multi-port VNAs basedon the cheaperthree-channel
concept.In practice,network analyzerswith no exactworking
error correctionprocedureareuseless.

This paperpresentsthegeneralizationof theclassicalSOLT
two-port procedure,which is the standarderror correction
for three-channelVNAs and doublereflectometers,too. This
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GSOLT-procedure1 allows accuraten-port measurementswith
vectornetwork analyzershaving only n+1 measurementchan-
nels.

Additionally, this paperpresentsaverysimplemathematical
formulation to perform a multi-port calibration based on
double reflectometers,theso-called GTXX-procedure2. This
procedurerequiresvector network analyzerswith 2� n mea-
surementchannelsfor a n-port measurement.This algorithm
may include every known 7-term TXX- or LXX-procedure,
e.g.TRL, LMR, or the generalTAN method[2].

The way to performa VNA error correctionis:

1) Measurementof well-known calibrationstandards
2) Calculationof theerror-coefficients= Calibrationof the

network analyzer
3) Measurementof an unknown device undertest (DUT)
4) Error correction calculation of the DUT raw data by

using the error-coefficients

This article begins with a short descriptionof the classical
SOLT 5-termcalibrationprocedure.The mathematicalderiva-
tion of theGSOLT calibrationprocesspresentsthecalculation
of the n� 3 error coefficientsby using the reflectionstandards
measurements.The missing n� (n-1)� 2 error coefficients can
be calculatedby using the transmissionmeasurements.

The second part of the mathematicalderivation of the
GSOLT-procedureis thenovel andverysimpleerrorcorrection
process.This very short mathematicalsolution is the key to
performmulti-port error correctionfrom 1 to n portsall with
the samemathematicalalgorithm.

The last theorysectionpresentsa very simplemathematical
derivationof the GTXX multi-port VNA calibrationanderror
correction by using the 2� n measurementchannel perfor-
mance.

The excellent conformity of the scatteringparametersof
multi-port verificationstandardsgeneratedby a virtual multi-
port VNA shows the systemaccuracy of both procedures.

I I . MULTI-PORT THEORY

For SOLT two-port measurements,error correction algo-
rithms are publishedbeginning with the 5-term procedureto
detect��� � and ��� � in anuni-directionalway up to the22-term
procedureto detectall four scatteringparametersof a two-port
in a leakage-errorsystem[3].

1The nameGSOLT is the abbreviation of GeneralSOLT.
2The nameGTXX is the abbreviation of GeneralTXX.
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A. The 5-Term Model

The hardwaretest-setfor an uni-directionalVNA is shown
in Fig. 1.

Fig. 1. Block diagramof a vectornetwork analyzerwith threemeasurement
channels

More than20 yearsagotheSOLT-procedurewasintroduced
(e.g. [4]). This theory describeshow to reducethe test-setto
a so-calledschematicblock diagram,asshown in Fig. 2.

Fig. 2. Schematicblock diagramof a vectornetwork analyzerfor the5-term
model

Theschematicblock diagramincludesthedevice undertest
(DUT) in scatteringparametersand the two error networks
(matrices� 	�
 and � �
 ) with the ��� - and ��� -errorcoefficients.
Thesefive error coefficientsaresimilar to scatteringparame-
ters, including the physicalnon-idealitiesof the test-set.

Basedon this 5-termmodel (5 unknown error coefficients)
a simple relation betweenthe measurementvalues ��� , ���
and the reflective one-portdevice (reflectionvalue � � ) canbe
derived: ������� � � ���� � � �� "! �$#%� �&$' ��(�� �*) (1)

Measuringthe threeknown reflectionstandards:short (S),
open(O), andload(L, or matchM) with theknown values� � ,� � , and � + , threeequationsareavailableto calculatethe three
errorcoefficients �� , ��# , and �$( . Thisfirst stepis alsocalled
reflectometercalibration.Thisstepis usedin mostcaseswhere
only reflectionmeasurementsareperformed.In this caseit is
called3-termprocedure(SOL- or MSO-procedure).

The other error coefficients ��, and ��- can be calculated
from the measurementresultsof a thru-connection(T) with
the scatteringmatrix:� .�/�
 �10�2 && 2�3 ) (2)

For therelationof themeasurementvalues��+ to ��� results��+���� � � ���� 4 � ��-&$' ��,"�$(65 (3)

and the relationbetween��� and ��� yields������� � � ���� 7 � �$ %! ��,���#&$' ��,"�$( ) (4)

After a re-organisationof theseequations,the error coeffi-
cients ��, and ��- areobtained:��, � 8 9 ' �$ �$#�!%�$(%: 8 9 ' �$ �; 5 (5)

and ��- � 8 < : &$' ��,���(=; ) (6)

All five error coefficientscanbe calculated.

B. GSOLT Calibration of a N-Port VNA

The simple way to calibrate a multi-port VNA with the
GSOLT-procedureis describedby usinga three-portVNA. It
is easyto extrapolatetheseresultsto n-port VNAs.

The block diagramwith the error networks of a three-port
VNA is shown in Fig. 3.

Fig. 3. Block diagramof a vector network analyzerwith threeports and
four measurementchannels

The (real) switch can be mismatched,but it needs an
isolation in the rangeof the measurementdynamic.

The block diagramshown in Fig. 3 can be separatedinto
three schematicblock diagramsfor the three statesof the
switch.

The Figs. 4 and 5 illustrate the schematicblock diagrams
for the first and secondstateof the switch with the included
error coefficients.

The calibration processfirst consistsof n (here n=3) re-
flectometercalibrations.Thesethreereflectometercalibrations
bring up 9 error coefficients �?> , �?># , �?>( , �?> > , �?> ># , �?> >( , @A> > > ,@A> > ># , and @?> > >( 3.

The secondcalibrationstepis basedon the thru-connection
measurementsbetweenall ports:For every stateof theswitch,
the secondpart of the 5-termprocedureis usedtwice:

The first stateof the switch delivers �A>, and �A>- aswell as@ >, and @ >- by usingequationssimilar to (5) and(6).
The secondstateof the switch provides the calculationof�?> >, , �?> >- , @A> >, , and @?> >- from (5) and (6) and the third state

helpsto determine� > > >, , � > > >- , � > > >, , and � > > >- .

3The numberof primesstandsfor the stateof the switch.
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Fig. 4. Schematicblock diagramof a three-portVNA for the first stateof
the switch

Fig. 5. Schematicblock diagramof a three-portVNA for the secondstate
of the switch

Generally, the numberof error coefficients is 3� n for the
reflectioncalibrationstepsand2� n� (n-1) for the transmission
calibrationsteps,i.e. 2� n� +n error coefficientsaltogether.

C. GSOLT Error Correction Process

Using Fig. 4, the scatteringparameterrelation0 ��>�B > � 3 �C0 �?> �?>#& �?>( 3 0 ��>�D > � 3 (7)

is valid for the propertiesat port 1. The incident and the
reflectedwave at port 1 of the DUT can be calculatedfrom
equation(7):B > � � � > � ! �?>E� ># : � >� ' � > � > � ; 5 (8)D > � � &� ># : � >� ' � > � > � ; ) (9)

All other relationsbetweenthe measurementvaluesof the
first stateof the switch, the error coefficients,and the waves
at the port 2 and3 canbe directly picked up from Fig. 4:D >� � ��>9� >- 5 B >� � �A>, ��>9� >- 5 (10)D >+ � ��>F@ >- 5 B >+ � @A>, ��>F@ >- ) (11)

The waves B > >� , D > >� , B > >� , ...
D > > >+ canbe calculatedin a similar

mannerfor the secondand the third stateof the switch.

A three-portscatteringmatrix is definedas follows:GH D �D �D + IJ � GH ��� �K��� �K��� +��� �K��� �K��� +��+ �K��+ �K��+ + IJLGH B �B �B + IJ ) (12)

We have already calculatedthree sets of error corrected
(highly accurate)incident and reflectedwave values which
eachfit equation(12).

Finally, we can combinethe threesetsof scatteringpara-
meterequationsto the matrix equationGH D > � D > >� D > > >�D >� D > >� D > > >�D >+ D > >+ D > > >+

IJ
� � � ���M NPO � GH ��� �Q��� �K��� +��� �Q��� �K��� +��+ �Q��+ �K��+ +

IJ
� � � ���M R S O

GH B > � B > >� B > > >�B >� B > >� B > > >�B >+ B > >+ B > > >+
IJ

� � � ���M T O )
(13)

The error correction equation is simply expressedin a
matrix formulation:� .�U�
 � � V�
 � W�
 X � ) (14)

The robustnessof an error correction algorithm is very
important[2]. Pleasenote, that the tracevaluesof the matrix� WP
 arenever low or zero.This is an importantfact for a very
goodnumericalquality of this simpleGSOLT errorcorrection
equation.

D. GTXX Calibration of a N-Port VNA

The way to calibrate and to error-correct the multi-port
VNA with theGTXX-procedureis describedby usinga three-
port triple reflectometerVNA. Theseresults can easily be
extrapolatedto n-port VNAs.

The block diagramwith the error networks of a three-port
triple-reflectometerVNA is shown in Fig. 6.

Fig. 6. Block diagramof a vectornetwork analyzerwith threeportsandsix
measurementchannels(triple-reflectometer)

The (real) switch can be mismatchedand it doesnot need
a perfectisolation [2].

Theblockdiagramshown in Fig. 6 canbeseparatedinto two
double-reflectometerVNAs: Usingthefirst andsecondstateof
theswitch,theerrormatrices� YZ
 and � []\ 
 X � canbecalculated
with a standardtwo-portcalibrationTXX-procedure.With the
first andthird stateof theswitch,the7 parametersof theerror
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boxes A and B ^ ^ can also be calculatedby using a TXX-
procedure._

The notationis using the transmissionparameters� `aU�
 � � YZ
 � b�U�
 � []c 
 X � (15)

with the measurementmatrix � `dU�
 for the DUT � beU�
 [2].

Thenumberof errorcoefficientsis 3 for theerrorbox A and
4� (n-1) for the transmissioncalibration steps,i.e. 2� (n-1)+3
error coefficients in total.

E. GTXX Error Correction Process

It is useful to invert the error matrices for the GTXX
multiport error correctionprocess.� fZ
 � � YZ
 X � 5 � g�c 
 � � []c 
 X � 5 : h �ji 5 i i ; (16)

Referringto Fig. 6, the relations0 D �B � 3 � � fZ
 0 ������ 3 5 (17)0 D �B � 3 � � g�\ 
 0 ��+� 9 3 5 0 D +B + 3 � � g�\ \ 
 0 � <� F 3 (18)

apply to every stateof theswitch for the invertedtransmission
parameters.That meansthat for a three-port,all threesetsof
error correctedincidentandreflectedwave valueswhich each
fit equation(12) canbe calculatedwith high accuracy.

Finally, we can combinethe threesetsof scatteringpara-
meterequationsto the matrix equation(13) anduseequation
(14) to calculatethe error-corretedscatteringparameters.

I I I . A COMPARISON OF GSOLT AND GTXX

The advantagesof GTXX:k Lesscalibrationmeasurements.k Many possiblecalibrationstandards.k Easyto realizeself-calibrationstandardscanbe used.k Switch canhave poor isolation.

The advantagesof GSOLT:k Lessmeasurementchannels= cheaperVNAs.k Basedon the most usedSOLT-procedure= calibration
standardsarewidespread.k More robust for high dynamicmeasurements.

IV. RESULTS OF NUMERICAL EXPERIMENTS

The GSOLT-procedureis implementedin the multi-port
network analyzer4 [5] since Oct. 1998 and performs in an
excellentway asshown in [6].

Thebestway to makea comparisonbetweentwo calibration
proceduresis theuseof ”measurementdata”of a virtual VNA.
The conditionsof this software-VNA are well known. There
are no re-connectionerrors or other unknown errors in the
system.

To realize a comparisonbetween the GSOLT- and the
GTXX-procedure,the dataof a virtual VNA were usedwith

4A similar software in specialR&S-multi-port-VNA solutions.

typical values for leakageand reflection coefficients of the
test-setand the signal/noiseratio of -95dB.

For the GTXX-procedurethe generalTAN-procedure[2]
with match- and reflect-standardswas used. The reflect-
standardwasa short.

The mostly usedverificationstandardis a 20dB attenuator.
Fig. 7 illustratesthatbothprocedureswork very accuratelyfor
the transmissionof this attenuator.
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Fig. 7. Error correctedmulti-port scatteringparametersof a 20dB attenuator
performedby using the GTXX- (solid) and the GSOLT-procedure(dashed)

However, the largestmagnitudeof measurementerrorsfor
reflectionmeasurementsappearsfor bothproceduresat port 3.
But the error correctedresultsare very similar as shown in
Fig. 8 and they arequite small (exact value: -40dB).
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Fig. 8. Error correctedmulti-port scatteringparametersof the returnlossof
a 20dB attenuatorperformedby using the GTXX- (solid) and the GSOLT-
procedure(dashed)
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All investigationsshow thatdifferencesbetweenbothproce-
duresup to valuesof -50dB canbeneglected.In a realsystem
thenon-perfectcalibrationstandardsarethemain influenceon
the measurementaccuracy.

In practiseit shouldbeeasyto carryout theerrorcorrection
of the measurementdataof a well-matchedandhigh isolating
device. However, Fig. 9 shows that the GSOLT-procedureis
moresuitablein this casethan the GTXX-procedure.
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Fig. 9. Error correctedmulti-port scatteringparametersof the isolation
betweena well-matcheddevice performedby using the GTXX- (solid) and
the GSOLT-procedure(dashed)

Nevertheless,in practisehigh isolation devices are mis-
matchedones, e.g. filters. The GSOLT-procedureshows a
better performancethan the GTXX-procedure(Fig. 10) for
worst caseconditionsof high reflective devices.

V. MULTI-MODE THEORY

A device undertestwith differentialin- andoutputis shown
in Fig. 11.

This differentialdevice undertest(DDUT) canbediscribed
with the dual modematrix � `d
 :GlH D X�D X�D m �D m�

I nJ �LopqZr X� � r X� � r X m� � r X m� �r X� � r X� � r X m� � r X m� �r m X� � r m X� � r m� � r m� �r m X� � r m X� � r m� � r m� �
s tu GlH B X�B X�B m �B m�

I nJ )
(19)

A signal flow diagramof theseM-parametersis illustrated
in Fig. 12.

The calculation of the M-parametersfrom multi-port S-
parametersis possibleif:k the DDUT hasground-coupleportsonly andk the DDUT is a passive device ork with two 0v /180v hybrids for an active device.

To derive the M-parameters,the relations between the
unsymmetricalwavesand the differentialandcommonmode
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Fig. 10. Error correctedmulti-port scatteringparametersof the isolation
betweena mis-matcheddevice performedby using the GTXX- (solid) and
the GSOLT-procedure(dashed)

Fig. 11. Illustration of a differential device undertest (DDUT) with multi-
modeparameters

wavesmustbe used.B m � � &w x : B �P! B � ; B X� � �y � : B � ' B � ; (20)D m � � &w x : D ��! D � ; D X� � �y � : D � ' D � ; (21)B m� � &w x : B +! B 9 ; B X� � �y � : B + ' B 9 ; (22)D m� � &w x : D +P! D 9 ; D X� � �y � : D + ' D 9 ; (23)

After a longercalculationwe obtain:

M-parametersfor the differentialmode:

r X� � � &x : ��� �P!%��� � ' ��� � ' ��� � ; 5 (24)

r X� � � &x : ��� +!%��� 9 ' ��� 9 ' ��� + ; 5 (25)

r X� � � &x : ��+ �P!%� 9 � ' � 9 � ' ��+ � ; 5 (26)

r X� � � &x : ��+ +!%� 9 9 ' ��+ 9 ' � 9 + ; ) (27)
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Fig. 12. Signalflow diagramof the multi-modeparameters

M-parametersfor the commonmode:

r m� � � &x : ��� �P!%��� �!"��� �!%��� � ; 5 (28)

r m� � � &x : ��� +!%��� 9 !"��� 9 !%��� + ; 5 (29)

r m� � � &x : ��+ �P!%� 9 �!"� 9 �P!%��+ � ; 5 (30)

r m� � � &x : ��+ +!%� 9 9 !"��+ 9 !%� 9 + ; ) (31)

Conversionparametersfor the differential into the
commonmode:

r m X� � � &x : ��� � ' ��� � ' ��� �P!%��� � ; 5 (32)

r m X� � � &x : ��� + ' ��� 9 ' ��� 9 !%��� + ; 5 (33)

r m X� � � &x : ��+ � ' � 9 �!%� 9 � ' ��+ � ; 5 (34)

r m X� � � &x : ��+ + ' � 9 9 ' ��+ 9 !%� 9 + ; ) (35)

Conversionparametersfor commoninto the
differentialmode:

r X m� � � &x : ��� � ' ��� �!%��� � ' ��� � ; 5 (36)

r X m� � � &x : ��� + ' ��� 9 !%��� 9 ' ��� + ; 5 (37)

r X m� � � &x : ��+ � ' � 9 � ' � 9 ��!%��+ � ; 5 (38)

r X m� � � &x : ��+ + ' � 9 9 !%��+ 9 ' � 9 + ; ) (39)

VI . CONCLUSION

A generalcalibration and error correction algorithm that
canbe implementedin any vectornetwork analyzerhasbeen
presented.This so-called GSOLT-method works for 1-port
measurementsaswell as for n-port measurements.The novel
error correction algorithm is robust and easy to program.
This well tested procedureallows to perform accuraten-
port measurementswith a network analyzerwith only n+1
measurementchannels.

Additionally, a simple, robust, and easy to program al-
gorithm for the GTXX-procedurehas been discribed. This
multi-port procedureshows benefitsregardingthe calibration
standardsanda drawbackregardingthe useof expensive 2� n
channelnetwork analyzers.

Themulti-modeM-parametershave beenintroduced.It was
shown, that the linear relationsbetweenM- andS-parameters
hold for a lot of devices.
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