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Abstract—Two general methods of multi-port network
analyzercalibration are describedusing the classicalSOLT model
respectiely 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 measurementchan-
nels only to measure n-port devices with high accuracy The
GTXX-pr ocedure requiresnetwork analyzerswith 2«xn measure-
ment channelsand lesscalibration standard measuements.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-
corrected measuiement of any device irr espectve of the number
of ports (1 to n). Results of humerical experiments attest the
excellentprecisionof the GSOLT and the GTXX error procedure.

The mathematical processto calculate from the multi-port
measurements the differential mode parameter is shown. The
limitations are discussed.

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

I. INTRODUCTION

N the one hand RF-electronicsconsumerproductswith

multi-bandapplicationsarea growing market andon the
other hand differential systemsare coming up due to better
noise and power behaiour. Both systemtrendsresultin the
factthatthe numberof RF-portsis increasingE.g.,a standard
antennaswitch modulefor GSM-triple bandapplicationshas
9 RF-portsaltogether

To measurethese multi-port products with an adequate
accurag, a multi-port vectornetwork analyzelis neededTwo-
port network analyzersare well established.The hardware
expansionto realize a multi-port network analyzerbasedon
the conceptof a two-port network analyzeris well known and
producedby mostmanufcturers.

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

However, the GSOLT calibration procedureis the first
one for multi-port VNAs basedon the cheaperthree-channel
conceptln practice,network analyzersvith no exactworking
error correctionprocedureare useless.

This paperpresentghe generalizatiorof the classicalSOLT
two-port procedure,which is the standarderror correction
for three-channeVNAs and doublereflectometerstoo. This
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GSOlT-proceduré allows accuraten-port measurementaith
vectornetwork analyzershaving only n+1 measurementhan-
nels.

Additionally, this paperpresentavery simplemathematical
formulation to perform a multi-port calibration based on
double reflectometers,theso-called GTXX-proceduré. This
procedurerequiresvector network analyzerswith 2xn mea-
surementchannelsfor a n-port measurementThis 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)
2)

Measuremenof well-known calibrationstandards
Calculationof the errorcoeficients= Calibrationof the
network analyzer

Measuremenbf an unknown device undertest (DUT)
Error correction calculation of the DUT raw data by
using the error-coeficients

3)
4)

This article begins with a shortdescriptionof the classical
SOLT 5-termcalibrationprocedure The mathematicatleriva-
tion of the GSOLT calibrationprocesgresentshe calculation
of the n3 error coeficients by usingthe reflectionstandards
measurementsThe missing nx(n-1y2 error coeficients can
be calculatedby usingthe transmissiommeasurements.

The secondpart of the mathematicalderivation of the
GSOLT-proceduras thenovel andvery simpleerrorcorrection
process.This very short mathematicakolution is the key to
perform multi-port error correctionfrom 1 to n portsall with
the samemathematicahlgorithm.

Thelasttheorysectionpresentsa very simplemathematical
derivation of the GTXX multi-port VNA calibrationanderror
correction by using the 2xn measurementhannel perfor
mance.

The excellent conformity of the scatteringparametersof
multi-port verification standardggeneratedy a virtual multi-
port VNA shaws the systemaccurayg of both procedures.

Il. MULTI-PORT THEORY

For SOLT two-port measurementsgrror correction algo-
rithms are publishedbeginning with the 5-term procedureto
detectS11 andS2; in anuni-directionalway up to the 22-term
procedurdo detectall four scatteringparametersf a two-port
in a leakage-errosystem[3].

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

The hardwaretest-setfor an uni-directionalVNA is shavn
in Fig. 1.
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Fig. 1. Block diagramof a vectornetwork analyzerwith threemeasurement
channels

More than20 yearsagothe SOLT-procedurevasintroduced
(e.g.[4]). This theory describeshow to reducethe test-setto
a so-calledschematidblock diagram,as shown in Fig. 2.

mW Oq O2 m5
— —— —_— —
o—-7F 1 o S o] F —0
E,_ E S11 Syy F
o Er © 12 =
m,  [E] B o [F]

Fig. 2. Schematidlock diagramof a vectornetwork analyzerfor the 5-term
model

The schematidlock diagramincludesthe device undertest
(DUT) in scatteringparametersand the two error networks
(matricesE] and[F]) with the Ex- and Fx -error coeficients.
Thesefive error coeficients are similar to scatteringparame-
ters, including the physicalnon-idealitiesof the test-set.

Basedon this 5-termmodel (5 unknown error coeficients)
a simple relation betweenthe measuremenvaluesm;, mq
andthe reflectve one-portdevice (reflectionvaluer;) canbe
derived:

mo Egpr;

< _E 1
mq D+1—E5’7‘Z ()
~~

=%

Measuringthe threeknown reflectionstandardsshort (S),
open(O), andload (L, or matchM) with the known valuesrs,
rq, andrs, threeequationsare availableto calculatethe three
errorcoeficientsEp, Eg, andEg. Thisfirst stepis alsocalled
reflectometecalibration.This stepis usedin mostcaseswhere
only reflectionmeasurementare performed.In this caseit is
called 3-term procedurg(SOL- or MSO-procedure).

The other error coeficients F;, and Fr can be calculated
from the measurementesultsof a thru-connection(T) with
the scatteringmatrix:

se = (§ o) @

For therelationof the measurementaluesms to m; results

mg Fr
mq _1—FL ES ’ (3)
~—

=75

andthe relation betweenms andm; yields

mo FLER

— =F 4
mi DY F Es “)
~

=74

After a re-omanisationof theseequationsthe error coefi-
cients Fr, and Frr are obtained:

74— Ep

Fr = R
L Er+ Eg (74 —ED)

®)

and

Fr =5 (1-FL Eg) (6)

All five error coeficientscanbe calculated.

B. GSOLT Calibration of a N-Port VNA

The simple way to calibrate a multi-port VNA with the
GSOLT-procedureis describedby using a 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.
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Fig. 3. Block diagramof a vector network analyzerwith three ports and
four measurementhannels

The (real) switch can be mismatched,but it needsan
isolationin the rangeof the measuremendynamic.

The block diagramshawn in Fig. 3 can be separatednto
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 coeficients.

The calibration processfirst consistsof n (here n=3) re-
flectometercalibrations. Thesethreereflectometercalibrations
bring up 9 error coeficients Ey, Eg, Ey, Fp, Fg, F§, G5,
G, andGY3.

The secondcalibrationstepis basedon the thru-connection
measurementsetweenall ports: For every stateof the switch,
the secondpart of the 5-term procedures usedtwice:

The first stateof the switch delivers F} and Fr. aswell as
G, andG%. by usingequationssimilar to (5) and (6).

The secondstateof the switch providesthe calculationof
E{, Ef, G}, and G} from (5) and (6) and the third state
helpsto determineE}’, E7', F;", and Fy'.

3The numberof primesstandsfor the stateof the switch.
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Fig. 4. Schematidblock diagramof a three-portVNA for the first stateof
the switch
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Fig. 5. Schematidblock diagramof a three-portVNA for the secondstate
of the switch

Generally the numberof error coeficientsis 3xn for the
reflectioncalibrationstepsand 2xn#(n-1) for the transmission
calibrationsteps,i.e. 2xn?+n error coeficients altogether

C. GSOLT Error Correction Process
Using Fig. 4, the scatteringparameterelation

my\ _ (Ep Eg)(m
a, 1 E, )\ b

is valid for the propertiesat port 1. The incident and the
reflectedwave at port 1 of the DUT can be calculatedfrom
equation(7):

()

U
_s

ERr

@

my + = (my — Ep m1) (8)

1
Eg
All otherrelationsbetweenthe measurementaluesof the

first stateof the switch, the error coeficients, and the waves
at the port 2 and 3 can be directly picked up from Fig. 4:

b 9)

(ms — Ep my)

1 ! 1
bl _ ﬂ I FL m4 10
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T T
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m m
by = 6 o = =L 6 (11)
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The wavesal, bY, ay, ... b’ canbe calculatedin a similar

mannerfor the secondand the third stateof the switch.

A three-portscatteringmatrix is definedas follows:

by S11 S12 Sis a1
bo | = Sa1 S22 Sas a2 (12)
b3 S31 Ssz  Sa3 as

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

Finally, we can combinethe three setsof scatteringpara-
meterequationgo the matrix equation

! " 1 ! " "
bl bl bl S]_]_ S]_2 S]_3 0,1 0,1 0,1
! " 1" _ ! " "
by by by S21 S22 Sas ah ab aj
! " 1 ! " "
b3 b3 b3 S31 S32 S33 as as as
=[K] =[Sx] =[L]

(13)

The error correction equationis simply expressedin a
matrix formulation:

[Sx] = [K][L] (14)

The robustnessof an error correction algorithm is very
important[2]. Pleasenote,that the tracevaluesof the matrix
[L] arenever low or zero.This is animportantfactfor a very
goodnumericalquality of this simple GSOLT errorcorrection
equation.

D. GTXX Calibration of a N-Port VNA

The way to calibrate and to errorcorrect the multi-port
VNA with the GTXX-procedures describedy usinga three-
port triple reflectometerVNA. Theseresults can easily be
extrapolatedto n-port VNAs.

The block diagramwith the error networks of a three-port
triple-reflectometeNA is shown in Fig. 6.
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Fig. 6. Block diagramof a vectornetwork analyzerwith threeportsandsix
measurementhannels(triple-reflectometer)

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

Theblock diagramshowvn in Fig. 6 canbeseparatedihto two
double-reflectometer/NAs: Usingthefirst andsecondstateof
the switch, theerrormatrices/A] and[By] ™" canbecalculated
with a standardwo-port calibrationTXX-procedure With the
first andthird stateof the switch,the 7 parametersf the error
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boxes A and B;; can also be calculatedby using a TXX-
proceatiure.
The notationis usingthe transmissiorparameters

[Mx] = [A] [Nx] [B;] (15)

with the measurementatrix [Mx] for the DUT [Nx] [2].

Thenumberof errorcoeficientsis 3 for theerrorbox A and
4x(n-1) for the transmissioncalibration steps,i.e. 2x(n-1)+3
error coeficientsin total.

E. GTXX Error Correction Process

It is useful to invert the error matrices for the GTXX
multiport error correctionprocess.

[Gl=[A]"", H|=[B]", (=LI) (16)
Referringto Fig. 6, the relations
b m

(ai) =[G (m;) : (17)

b2 ms b3 ms
() = (i) - () =l (52)
applyto every stateof the switch for the invertedtransmission
parametersThat meansthat for a three-port,all threesetsof
error correctedncidentandreflectedwave valueswhich each
fit equation(12) canbe calculatedwith high accurag.

Finally, we can combinethe three setsof scatteringpara-
meterequationgo the matrix equation(13) and useequation
(14) to calculatethe errorcorretedscatteringparameters.

I1l1. A COMPARISON OF GSOLT AND GTXX
The advantageof GTXX:

+ Lesscalibrationmeasurements.

Many possiblecalibrationstandards.

« Easyto realizeself-calibrationstandardsan be used.
« Switch can have poorisolation.

The advantagesf GSOLT:

+ Lessmeasurementhannels= cheapeVNAs.

+ Basedon the most used SOLT-procedure= calibration
standardsare widespread.

« More robustfor high dynamicmeasurements.

IV. RESULTS OF NUMERICAL EXPERIMENTS

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

Thebestway to make a comparisorbetweerntwo calibration
proceduress the useof "measurementata”of avirtual VNA.
The conditionsof this software-VNA are well known. There
are no re-connectionerrors or other unknowvn errorsin the
system.

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

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

typical valuesfor leakageand reflection coeficients of the
test-setand the signal/noiseratio of -95dB.

For the GTXX-procedurethe general TAN-procedure([2]
with match- and reflect-standardsvas used. The reflect-
standardwvas a short.

The mostly usedverificationstandards a 20dB attenuatar
Fig. 7 illustratesthat both proceduresvork very accuratelyfor
the transmissiorof this attenuatar
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Fig. 7. Error correctedmulti-port scatteringparametersf a 20dB attenuator

performedby usingthe GTXX- (solid) and the GSOLT-procedureg(dashed)
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However, the largestmagnitudeof measuremengrrorsfor
reflectionmeasurementappeardor both procedurest port 3.
But the error correctedresultsare very similar as shovn in
Fig. 8 andthey are quite small (exact value: -40dB).
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Fig. 8. Error correctedmulti-port scatteringparameter®f the returnloss of

a 20dB attenuatomperformedby using the GTXX- (solid) and the GSOLT-

procedure(dashed)
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All investigationshow thatdifferencebetweerbothproce-
duresup to valuesof -50dB canbe negglected.In areal system
the non-perfectalibrationstandardsrethe maininfluenceon
the measuremenrdccurag.

In practiseit shouldbe easyto carry outthe error correction
of the measuremendataof a well-matchedandhigh isolating
device. However, Fig. 9 shaws that the GSOLT-procedureis
more suitablein this casethanthe 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-procedurg(dashed)

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

V. MULTI-MODE THEORY

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

This differentialdevice undertest(DDUT) canbe discribed
with the dual modematrix [M]:

by My My, Mgt Mt sar
by My My Myt My' | | ey
by M~ MYy MY, M || af
by MF~ M3~ Mf, M 1 \af

(19)
A signalflow diagramof theseM-parameterss illustrated
in Fig. 12.
The calculation of the M-parametersfrom multi-port S-
parameterss possibleif:

+ the DDUT hasground-coupleportsonly and
+ the DDUT is a passve device or

« with two 0°/180C° hybridsfor an active device.

To derive the M-parameters,the relations between the
unsymmetricalwaves and the differentialand commonmode

-50 T T T T T T T
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95} . :

30 35

~100 i i i i i
0 5 10 15 20 25

Frequency (GHz)
Fig. 10. Error correctedmulti-port scatteringparameterf the isolation
betweena mis-matcheddevice performedby using the GTXX- (solid) and
the GSOLT-procedureg(dashed)
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Fig. 11. [lllustration of a differential device undertest(DDUT) with multi-
modeparameters

waves mustbe used.

1
al = 7 (a1 +a2) a7 = % (a1 — a2) (20)
+ 1 - 1
bl = ﬁ (bl =+ b2) bl = 72 (bl - b2) (21)
+ 1 - 1
a; = ﬁ (az+as) ay = 72 (az — a4) (22)
1
b;_ = E (bs + b4) by = % (b — ba) (23)
After a longer calculationwe obtain:
M-parameterdor the differential mode:
_ 1
Mll = 5 (511 + S5 — S12 — S21) , (24)
1
M, = 2 (S13 + S24 — 814 — S23) (25)
1
M, = 5 (S31 + S42 — Sa1 — S3z2) (26)
1
M, = 2 (Ss3 + Sa4 — S34 — Sus) (27)
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Conversion
Modes

Fig. 12. Signalflow diagramof the multi-mode parameters

M-parameterdor the commonmode:

My = % (S11 + Seo + S12 + S21) ,  (28)
MY = % (S1s+ Saa + S1a + S2s) ,  (29)
M = % (Ss1 + Saz + Sa1 + S32) (30)
M, = % (S33 + S4a + S34 + Su3) (31)
Corversionparametergor the differentialinto the
commonmode:
MfT = 5 (Su-Sn-Sa+Sn) , (32
Mi = (S5 -Su-SutSs) , (39
MiT = L (Sn-Su+Su-52) , (39
M~ = % (S33 — S4a — S34 + Su3) (35)
Corversionparametergor commoninto the
differentialmode:
MOt = % (S11 — S22 + S12 — S21) (36)
Mgt = (S -Su+Su-5s) , @)
Myt = L (Sn-Sw-Su+Sn) , (39
M;," = % (S33 — Saa + S34 — Su3) (39)

VI. CONCLUSION

A generalcalibration and error correction algorithm that
canbeimplementedn ary vector network analyzerhasbeen
presented.This so-called GSOLT-method works for 1-port
measurementaswell asfor n-port measurementshe novel
error correction algorithm is robust and easy to program.
This well tested procedureallows to perform accuraten-
port measurementsvith a network analyzerwith only n+1
measurementhannels.

Additionally, a simple, robust, and easy to program al-
gorithm for the GTXX-procedurehas been discribed. This
multi-port procedureshowns benefitsregardingthe calibration
standardsind a drawbackregardingthe useof expensve 2xn
channelnetwork analyzers.

The multi-modeM-parameterhiave beenintroducedIt was
shawn, that the linear relationsbetweenM- and S-parameters
hold for a lot of devices.
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