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Uncertainty of VNA S-parameter measurement due to non-ideal
TMSO or LMSO calibration standards

U. Stumper
Physikalisch-Technische Bundesanstalt, Bundesallee 100, D-38116 Braunschweig, Germany

Abstract. For the widespread 12-term TMSO and LMSO estimates. It is also necessary to investigate what impact
calibration of 4-sampler vector network analyzers (VNA), the deviations of the reflection coefficients of the calibration
the sensitivity coefficients of the S-parameters of two-portsstandards have on the uncertainty of 8¢ of test objects
are developed as functions of the deviations of the reflecwhich include not only matched attenuators (often used as
tion coefficients of the one-port calibration standards and ofattenuation transfer standards) but also high-reflective two-
an imperfect through or line connection. Expressions rep-ports of low and high attenuation (Stumper, 2002). In the
resenting the deviations of the S-parameters with respegbresent paper, the expressions for the sensitivity coefficients
to the error terms and for the deviations of the error termsare extended to the LMSO calibration method, i.e. where a
with respect to the non-ideal calibration standards are alsdine representing the characteristic line impedance of known
given. It is shown that the deviations of the S-parameterdength between the test port reference planes, is used in-
become quite large particularly for high-reflective two-port stead of a through connection, e.g. with on-wafer measure-
test objects. If applying a broadband load (instead of us- . 0 ST
ing the time consuming “ideal” sliding load routine) and the ments. The ideal through-matr¥ge.; = (Sle 1C2>) changes
VNA-internal firmware-operated calibration and evaluation sST. ST +s5T. . .
routines where the reflection coefficient is set to zero, de-tOT - (s{iiss;l ” 5322) for an imperfect line, where the
viations may appear of some 0,1 dB for the attenuation ancsT, ST are the transmission coefficients of the ideal line and
some degrees of the transmission phase angle. the 881, 851, and ST, 551, are the reflection and trans-
mission deviations, respectively. The general set of expres-
sions obtained for the sensitivity coefficients is explicitly dis-
1 Introduction played, as well as the sets of expressions for the deviations
of the S-parameters with respect to the error terms and for
When assuming the 12-term error model with a 4-sampletthe deviations of the error terms with respect to the non-ideal
vector network analyzer (VNA) and applying the widespread calibration standards. In the calculations, the effect on the
TMSO (or SOLT) calibration method, the one-port stan- raw values e.g. of noise, non-linearity, and cross-talk is not
dards of different reflection — usually a low-reflective termi- considered (i.e. only 10 error terms are taken into account

nation M, a short-circuit S and an open circuit O — may be and the two additional cross-talk (or leakage) error terms are
non-ideal, i.e. their reflection coefficiend;, K;, and L; ignored in the following calculations).

of M, S and O connected to the VNA test port numbered

i = 1 or 2 show deviationgM;, §K;, andsL; from the

ideal values (or values assumed true). The through or line Measurement: dependence of the S-parameter devia-
connection necessary for the calibration may also be non- tions on error term deviations

ideal. The assumption of ideal reflection values with the ) )
firmware-operated performance and evaluation of calibratiof9n0ring the two cross-talk error terms, we consider the 10
and measurement of a commercial VNA then leads to deCOMPIex error termst p, E}p(directivity), Es, Ejg(source
viations of the S-parameteis of the test object. To es- Match), Eg, ER(refI/ectlon tracking).Er, Er(transmission
tablish an uncertainty budget for the S-parameters of a tedfacking), ande,, £} (load match). The undashed quantities
object measured after calibration, according to well knowndenote an active test port 1 and the dashed ones an active test

guidelines (GUM, 1995; Guidelines, 2000) it is necessary toPO't 2. Thes; of a two-port test object are .obtained from
calculate the individual uncertainty contributions — and the @ S€t Of four linear equations (Thumm, 1997; Gronau, 2001)

sensitivity coefficients — associated with the different input 91ven here in matrix form:
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(Esmi1+ Egr — EsEp) - Et EREpm21 0 0
0 0 (Esmi1+ Egr — EsEp) - Er EREpmo
ERE;mip (Egmop+ Ef — EZE)) - E}, 0 0
0 0 EWE}m1z (Eymop+ Ely — E4XE}) - E}
S11 (m11— Ep) - Er
S12 Ermo
“sa| T Epmi2 ' @)
S22 (ma2— E}) - E

For commercial VNAs, the tracking terms di€g| ~ 1, flected, and transmitted signal when test port 1 is active (cf.
|Ex| ~ 1, |Er| =~ 1, |E}| =~ 1, while the magnitudes of Fig. 1), andnj, m/, andm/ the raw (sampler) values of the
the directivity and the source and load match are about 0,1 oincident, reflected, and transmitted signal, respectively, when
smaller. Then11 = m1/mo, mo1 = mg/mo, my2 = m/l/mg, test port 2 is active. After rewriting the equation system and
andmgz = mj/m5 are normalized raw values, whete, solving it with respect to the raw values, we obtain:
m1, andmg4 are the raw (sampler) values of the incident, re-

m11 = {[S11- (Er — EpEs) + Ep]- (1 — S22EL) + S21512E1 - (Er — EpEs)}/{(1 — S11Es) - (1 — S22E1)

—S$21812EsE L}, (2)
m21 = S21E7/((1 — S11Es) - (1 — S22E1) — S21S12E5EL), ©)
mi2 = S12E7 /(1 — S22E) - (1 — S11E}) — S12521EGE}), 4)

mop = {[S22 (Ex — EpEY) + Epl- (1 — S11E}) + S12501E] - (Ep — EREQ)}/{(1 — S22E%) - (L — S11E})
—S12S1EGE] }. )

We assume that the deviatiofS;, are not affected by vari- differentiations we finally obtain a set of four linear equa-
ations of them ;. Two total differentials, which are set to tions which are uniquely solved for the four S-parameter de-
zero, can then be established considering the S-parameteviationséS11, 8512, 521, ands S22 as functions of the 10 de-
S11, S12, S21, S22, and the undashed error terfig, E, Eg, viations$Ep, 8Es, 8ER, 8Er, 8EL, E},), SE§, 8E, SET,

Er, Er (or the dashed) as variables. After execution of thesE; . For§S1; andsS12 we obtain:

N 8811 = —8Es - S11-[S11- (1 — S22E1) + $21S12E1) - (1 — S11E}) + SE§ - $21512 - [S22- (1 — S11E}) + S12521E7 1 - E¢.
—8Ep - [(1— S11Es) - (1 — S22E1) — S21S12EsEL] - (1 — S11Es) - (1 — S11E7)/ER
—8E - $21512 - [(1 — S22E%) - (1 — S11E}) — S12S21EGE; 1 - EGEL/Ey — 8ER - [S11+ (1 — S22E1)
+821812E1] - (1 — S11E5) - (L — S11E})/Eg — 8Eg - $21512 - [S22+ (1 — S11E}) + S12521E; ] - EEL/ER
+8E7 - $218512- (1 — S11E}) - EL/ET + 8E7 - S12821- (1 — S11E}) - EL/E — 8EL - 21512
‘(1= S1E}) +8E] - S11512521E L (6)

N 8812 =38Es - 811512 [S11- (1 — S22E) + S21S12E1]1- E} —SE§ - S12- [S22+ (1 — S11E}) + S12521E7 |-
(1= 822EL) +8Ep - S12- [(1 — S11E5) - (1 — S22E1) — S21512EsE] - (1 — S11E5) - E; /Eg + 8E} - S12-
(1= S22E%) - (1 — S11E}) — 8S12S21EGE; |- (1 — S22EL) - E§/ER + 8Eg - S12- [S11- (1 — S22E1) + S21S12E 1 ]-
(1 — S11Es) - E} JER +8EgR - S12- [S22- (1 — S11E}) + S12521E7 1 - (1 — S22E1) - E§/ER — 8E7 - S21-
STELE} /Er —8ET - S12+ (1— Sp2EL) - (1 — SuE})/Ep + 8EL - S1S5E] — 8Ep - S11512- (1 — Sp2E 1) ™




U. Stumper: Uncertainty of VNA S-parameter measurement 3

rf generator
1 2
undashed dashed
my, m1‘ my, m4‘

reflectometer sampler \@

4 test object
[ | S Fig. 1. Block diagram of a 4-sampler
VNA, with test port 1 active and the
m, m;* raw (sampler) values of the incident, re-
port1 port2 flected, and transmitted signab, m1,

andm4 measuredyz omited.

Fig. 2. Calculated (lines) and measured
(signs) error term deviatiordE' g due to

frequency GHz St

— dZE 4 - Rs = i 1‘: dE12 1:) | 1:E 8 a non-ideal broadband load (of reflec-
ea S ea s meas. —@— Imag S mag S meas. -
tion Reas M1 and ImagéM1) at port 1
e 9~ Rea dWt —o lmag W1 for the TMSO calibration.
whereN = (1— S22E1) - (1 — S11E}) — S21812EL E; . tained from a set of ten linear equations, which can be solved
As the magnitudes of the directivity and the source andwith respect to the raw values’;, m%, m%, andm], (T
load match are smalB S is primarily dependent 0AEg, for “through” or, alternatively, “ﬁne”). These depend on the

SEp, SEgr, and§Er, and §S12 primarily depends on the MSO standards of reflection coefficiem$;, Mo, K1, K2,
deviationss E;, SE/., andSE} of the “dashed” error terms L1, L and the S-parametet®;, S7,, S3,, and 7, of the
whereas the influence of the deviations of the other errothrough-connection. For active test port 1 the raw values are:
terms is smaller. Due to the symmetry of the 12-term er-

ror model, the corresponding expressionsd8s, andsS,; 11 = [M1- (Er — EsEp) + Epl/(1— M1Es), (8)

are obtained by replacing index 1 by 2 and vice versa and ,

undashed error terms by dashed ones in Egs. (6) and (7). ™11 = [K1-(Er — EsEp) + Epl/(1— K1Es). C)
miy =[L1-(Er — EsEp) + Epl/(1— L1E), (10)

3 Calibration: dependence of the error term deviations
on reflection and through deviations

The second step is to find out, for a full TMSO or LMSO mj; = ([S1T1~ (Er — EpEs) + Epl- (1 — SLE)+
calibration, the dependence of the error term deviations T

8Ep,...0E, on the reflection deviation8M1, My, 5K1, +851512EL - (ER — EDES))/

8K, 8L1, 8L, and on the four deviationsST,, 57, 857, ( T T T T )

885, of the S-parameters of the through-connection or, alter- A= S1Es) - (1= 5pE0) = SuSipEsEL). (1)
natively, of the line inserted instead of the “through”. The

error terms assigned to test port 1 and test port 2 are ob#i3, = SleET/((1—SlTlEs)'(1—SzTgEL)—SleSlT2EsEL).(12)
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0,10 - reflective 3 dB attenuator (coaxial PC-7)
0S12
0,05 f -t
0,00
-0,05 ! !
| | G . .
-0,10 frequency GHz Fig. 3. Comparison of calculated and
2 4 6 8 10 12 14 16 18 measured deviation&S12 for a high-
—8—Rea dS12(dM2) calc. O Rea dS12(dM2) meas. reflective 3dB attenuator, using a mis-
—e—Imag dS12(dM2) calc. O Imag dS12(dM2) meas. match instead of a sliding load at port 2
for the TMSO calibration.
0,6 1 reflective attenuator 3 dB (coaxial PC7) 6
0,5 4
o 0,4 2 3
0,3 o<
] 2
=02 2.2
Fig. 4. Calculated deviationg S12| in
0,1 4 o
dB and phase deviatiordsarg(S12) for

2 4 6 8 10 12 14 16 18
frequency GHz

—8—1ds121 dB (dM1)
—o—d arg (S12)° (dM1)

—a—1dS12l dB (dM2)
—e—d arg (S12)° (dM2)

a high-reflective 3dB attenuator using
a low-reflective broadband load instead
of a sliding load at port 18(1) or
port 2 §M>) for the TMSO calibration
(its reflection is plotted in Fig. 2).

For active test port 2 we obtain a second set by replacerror term deviationSED,...;SE/L as functions ob M1, s M5,
ing index 1 by 2, and vice versa and undashed error terms Ky, K, §L1, §L, ands ST, sST,, 851, 8S1,. The general
by dashed ones. We assume that the devia@hsSE’ are  expressions obtained are symmetrical with reference to the
not affected by variations of the raw values and establish 1Qy;, K;, andL; which can be of arbitrary values, i.e. M, S
total differentials, namely five for active test port 1, consid- and O can be not only match, short and open circuit as used
ering M1, K1, L1, Sy, 15, S3;, S3, and the undashed error - with the TMSO or LMSO calibration method but, for alter-
termsEp, Eg, Er, Er, E; as variables and a second set of native calibration methods, can be also e.g. three offset short
five for active test port 2 by replacing index 1 by 2 and vice circuits which provide different reflection phase angles. The
versa, and undashed error terms by dashed ones. After exafluence of theasli deviations due to a non-ideal through
ecution of the differentiations we finally obtain a set of five connection is only on transmission tracking and load match
linear equations assigned to the undashed error terms andi@. ons E7 andsEy, not depending oM;, K;, andL;. We
second set of five linear equations assigned to the dashed esbtain for the deviation of the undashed source match:
ror terms. These 10 linear equations uniquely deliver the 10

(A -K1E5)- (1 - L1Es) ~ A-MEs)- (1 - L1Es) (- Ki1Es) - (1 — M1Es)

SEg = 8L, (13)
(K1 — M) - (L1 — M) (M1— K1) - (L1— K1) (K1 —L1)- (M1— L)
directivity:
ErK41L ErM1L ErK1M
SEp — rK1L1 My rRM1L1 K1 rRK1M1 5Ly, (14)

_ SMq — 5Ky — .
(K1 — My) - (L1 — M) (M1 — K1) - (L1 — K1) (K1—Liy)- (My— Ly)

reflection tracking:

ER[2K1L1Es — (K1 + L1)] s
(K1— M) - (L1 — M)

_Er[2MiL1Es — (M1 — Ly)]
(M1 — K1) - (L1 — K1)

_ ER[2K1M1Es — (K1 + M1)]
(K1 —Ly) - (M1 — L)

SER= -8§L1(15)
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transmission tracking:

Er[KiL1Es — EL] Er[Mi1L1Es — EL] Er[KiM1Es — E1 ]

SET = — 1— 6Ky — 8L
(K1 — M1) - (L1 — M1) (M1 — K1) - (L1 — K1) (K1—L1)-(M1—Ly)
E
——1 881 — ErEL - 5SD,, (16)
S21
load match:
KiL1 — Er - (K1 + L1) + E? MiLy — Ep - (M1 + Lq) + E?
SE, = 1L1 L (K1 1) L spy 1L1 L (M 1) L skt
(K1 — M1) - (L1 — M1) (M1 — K1) - (L1 — K1)
KiMy — Er - (K1 + My) + E? 1 E E
WM = Br - (Kt M) + B 1= = - 88T — 2 sST, -~k 55T, — E2 555, (17)
(Ky—Ly) - (M1 — L) 521512 12 21
The expressions simplify for the TMSO methotl; = vs. frequency of a precision air line impedance standard ter-
0). Particularly,6Ep = —8M; - Eg whereas the influence minated either by a short circuit or by a low-reflective load,
of §K and§ L on directivity deviations is zero. To obtain the respectively. The applicability of the ripple method could
expressions for the dashed error term deviathiis,... 5 E , be tested especially for thin coaxial line systems (2,92 mm

index 1 is replaced by 2 and vice versa, aid ..., E; by and 2,4 mm) where reflections of an imperfect inner conduc-
Ej, ..., E} . Theinfluence of a given deviatidd/; of anon-  tor contact at the test port become significant and therefore
ideal low-reflective broadband load at port 1 of the VNA on an increase to thB Eg| and|§ Ep| values may occur due to
theSEr, §Eg, and§ Ep has been tested. The valuesky, these reflections.

Eg, and E;, were obtained by either an “ideal” TMSO cal-

ibration of the VNA including a sliding load technique (i.e.

My = 0), a plane short circuit for S and a standard open4 Sensitivity coefficients: dependence of the

circuit for O taken from the calibration kit or a “non-ideal” S-parameters on reflection and through deviations

calibration with the low-reflective load at port 1, while all . ) )
other standards were considered as ideal. The calculated epY inserting Egs. (13) to (17) — and the corresponding ex-

ror term deviations £, , 8 Es, ands E, agreed well with the pressions for the dashed error term deviations — into EqQs. (6)
differences of the values dfs, Ex, and E;, respectively and (7), we finally obtain 40 sensitivity coefficients of the

which were obtained experimentally after the “non-ideal” or S-Parameters of arbitrary two-port test objects with re-
the “ideal” calibration. As|Ey| is small,sE; ~ SMy is spect to the non-ideal calibration standards, represented by

iati T T T
valid. The other deviations are also of nearly the same magth€ deviationsiMy 2, K12, 6L12, 85y, 8515 855, and

nitude assM1. An example foB E is shown in Fig. 2. The 881,. These expressions are functions of the actual values
results may be used for comparison with results of the well-Of Sit, M1.2, K1.2, L1,2, and the parameters),, S{, of the
known “ripple method” (Guidelines, 2000) whes&s and  through (line) connection. We obtain 6611, 6512 and the

8 Ep are evaluated from the modulus of reflections measuredleviationss M1, s Ma:

(1—SuE}) - Zim S21812E1 Zoy
55118 M) = My + - SMy, (18)
(K1 —M1)-(L1—M1)-N (K2 —Mz)- (M2 —L2)-N
S12E, Z S12-(1— Sx»EL)-Z
5S12(8M) = 127, 21m omy 2 L= 522EL)  Zam g pere (19)
(K1 —M1)-(M1—L1)-N (K2 —M2) - (L2 — M2) - N
KiLj
Ziy = (S11— K1) - (S11— L) - (1 — S22E1) — $21512 - | o7 o7 — Sukr |, (20)
821512
Zomt = Saz- (1— S11E ) + (S12801 — SToST) - B + Sp1- | (Ko + Loy - B, — 22 (21)
2m = 822+ ( 11E7) + (812821 — §12551) - Ep + S11- | (K2 2) - Ep @ ,
for the deviation$ K1, §K>:
1-S11E)-Z S21S12E1. 7
5511 (5K) = ( 1E}) - Z1k SK1 4+ 21812E1 Z2k 5Ko. (22)

(My— K1) - (L1 — K1) -N (My— K2)-(Ka— L) - N
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S12E" Z S12- (11— S0E;) - Z
5S12(8K) = 127, 21K oKy 4 12 (= 522B1) Zok  p o here (23)
(M1—-K1)- (K1 —L1)-N (M2 — K2)- (L2 — K2)- N
MiL1
Zik = (S11— M) - (S11— L1) - (1 — S22E1) — S21512- <ﬁ - SllEL) : (24)
S21512
/ T oT / , MaLs
Zog = Sp2- (1= S11E}) + (8512821 — 8§18 - E} +S11- | (M2 + L) - E} — T | (25)
12921
for the deviation$ L1, 8 Lo:
1-S11E"))-Z S21812E1. 7
5S11(5L) = ( 1nk;)-Zi 5Lyt 21812E 1 Z>1 5Ly, (26)
(Ky—L1)-(M1—L1)-N (K2 = L2)- (L2 — M2)- N
S12E} Z S12- (L= Sx»E;) - Z
5S12(8L) = 122 AL gLy o2 U= Sebl) Za e 27)
(K1 —L1)-(L1—M1)-N (K2 —L2)- (M2 —L2)-N
K1 M,
Zip = (S11— K1) - (S11— M1) - (1 = S2EL) — S21512- | <57 — SuEe |, (28)
S21512
KoM>
Zop = Sa2- (1— S11E}) + (512521 — S15537) - E| + S11- [(Kz + Mp) - E; — ST ST } . (29)
12521

The sensitivity coefficients are symmetrical with reference taheX;, andL; which can — as well as thg;; — be of arbitrary
values. For the through (line) deviatiohs!,, 8S7,, 851,, 851

1-S11E] ,
S$12821 - L —E|E
550 (58T — 12521 < 53151 L L) 5sT 811812821ELE} 55T $118521812E L E}, 55T
11(8S;;) = N : 11_31T2—'N. 12_551—'1\’. 21~
S$11812821F
_ 11T 12T 21E1 "SSsz’ (30)
S12571- N
T 21”12 T 12 - - L — 101 LE} T
8512(88;;) = N - 883, + TN - 881+
S12S11E" - (1 — So2E S$12811 - (1 — SxoF
L S125u LT( 22 L)'552Tl+ 12 11T(T 22 L)'SSZTZ’ (31)
Sy1- N 812521 N
whereN = (1 - S»E;) - (1-— S]_]_El) — S21S;|_2ELE/L. (32)
To obtain the sensitivity coefficients f8621 ands Sz, in- devices were of nominal 0 dB, 10dB, and 60 dB attenuation.
dex 1 is replaced by 2 anfl; by E; and vice versa. A rather large reflection coefficient of a mismatch of VSWR

1,5 as M standard was used ¥, (or § M), while M1 and

M> were set to zero in the calibration routine and in the sen-
5 Experimental and calculations sitivity coefficients. The calculated deviatiofi$;1 andsS12

agreed well with the differences of the valuesSef and.S12,
The sensitivity coefficients have been experimentally verifiedrespectively, which were obtained experimentally after cali-
with a set of coaxial (PC-7) two-port test objects of (nominal) brations using either this mismatch or an “ideal” sliding load.
attenuation 0dB to 60dB. A high-reflective test object was Results are shown in Fig. 3 fén1>.
a step attenuator with three attenuation settings (0dB, 3dB, To show the influence of small values &#1;, §K;, and
and 60dB). TheSy1 of these objects varied with frequency §L; at either port 1 or port 2 as they may occur with real cal-
(2-18 GHz) between about0,6 and +0,6. Low-reflective ibration items from commercial calibration kits, additional
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0,015 —hair 0,1 mm in thickness in the measuring plane —;
Sik' : : : :
0,010 +---- EEREEEEEE - i -
0,005 - ‘ : , |
i | 1
0,000 } : ; ;
-0,005 - ‘ ; ‘ ‘ Fig. 5. S-parameterss), of a hair
| | | 0,1 mm in thickness in the through con-
-0,010 - ‘ ‘ ‘ ‘ nection when stretched across the con-
| | | | nection plane of the two VNA flexible
0,015 L frequency GHz ‘ ‘ PC-7 coaxial test cables, measured with
2 4 6 8 10 12 14 16 18 “ideal” TMSO calibration.SzT2 is nearly
—ReaS11T — Imag S11T —=Rea S12T —o—Imag S12T equal tosT, andsJ, is nearly equal to
T
512'
0,10 ——matched 10 dB attenuator (coaxial PC-7)—— 0,5

15S121 dB

Fig. 6. Calculated and measured devia-
tions|8S12| in dB and phase deviations
L .0,5 §arg(S12) for a matched 10 dB atten-
uator using a non-ideal through with a
hair whose S-parameters are shown in
Fig. 5, instead of an ideal through, for
the TMSO calibration.

i
0,00 ——————frequency GHz
2 4 6 8 10 12 14 16 18

—1dS12I dB calc. —=1dS12l dB meas.
——d arg ($12) calc.’ —>—d arg (S12) meas.’

calculations have been carried out. The experimentally ob- The influence of a “non-ideal” through was separately
tainedS;; values of the test objects and the valuessibf, investigated. To generate a non-ideal through, after hav-
or § M, of the broadband low-reflective termination (shown ing carried out a TMSO calibration with an ideal through
in Fig. 2) were used. In Fig. 4, calculated deviations of trans-which was then measured}( ,,,,,), small disturbing mat-
missiond S12 are shown, for the high-reflective 3 dB attenu- ters of different shape and material were then inserted in
ator, using the low-reflective load #7>) instead of a sliding  the connection plane and the S-paramefé;;on_idw, mea-
load at port 2 for the TMSO calibration. This example showssured. With this non-ideal through, a second calibration
that, if applying a broadband load of maximum reflection — now non-ideal — was then carried out. To calculate the
of 0,05 (instead of using the time consuming “ideal” slid- deviationsss;; using Eqgs. (30) and (31), the differences
ing load routine) and the VNA-internal firmware-operated S = s? .. . — I .. . were used as th&S!. For
calibration and evaluation routines where the reflection co-different test objects, the calculated deviatidisg, agreed
efficient of M is set to zero, deviations may appear of thewell with the differences of the values of the S-parameters
attenuation and of the transmission phase angle in the ordesbtained experimentally using either the error terms of the
of 0,4 dB and 3 respectively. For low-reflective test objects, non-ideal or of the ideal calibration. In laboratory practice,
also significant deviations of about 0,1 dB and°Oytay oc-  small lints may get in between the end planes of the connec-
cur. The influence of a non-ideal open or short circuit with tors. As an example, the measured four S-paramsy’"gl(sf
an offset length deviation of 0,01 mm or a short circuit loss about maximum 0,01) of a human hair 0,1 mm in thickness
of about§ K1 = §K» = 0, 02 at the upper coaxial band end in the through connection are shown in Fig. 5. The devia-
(18 GHz) has been found to be significantly smaller than thetions of modulus and phase of the transmission coefficient of
influence of the non-ideal broadband load (Stumper, 2003)a matched 10 dB attenuator — due to the S-parameters of this
hair — are shown in Fig. 6. Even with this thin hair, the devia-
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6 Conclusions

Analytical expressions have been developed for the estima-

tion of uncertainties in S-parameter measurement due to dereferences

viations from the ideal values of the reflection coefficients

of the standards used for the 12-term LMSO or TMSO cal-Gronau, G.: Hchstfrequenztechnik, Springer-Verlag, Berlin, Hei-
ibration and due to an imperfect line or through connection.  delberg, New York, 381-389, 2001.

The expressions are free of raw values and error terms exce@uidelines on the Evaluation of Vector Network Analysers
the load match. The results are experimentally verified and (VNA), European Co-operation for Accreditation, Doc. EA-
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