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Abstract. For the 7-term LRL and TRL calibration of a four- However, the S-parameters associated with the Line 1 (or
sampler vector network analyser (VNA), expressions for theThrough), Line 2, and Reflects as taken from the calibration
deviations of the measured S-parameters of two-port test obkit and connected to the measuring ports show deviations
jects from their actual values are presented as functions of théom the ideal values assigned to the calibration elements by
deviations of the S-parameters of the LRL/TRL calibration the VNA firmware. Consequently, the calculated error terms
elements from their ideal values. The obtained sensitivity co-will deviate from their real values which are defined by the
efficients are suitable for establishing the Type-B uncertaintyVNA hardware, and consequently, the S-parameters of sub-
budget for S-parameter measurements. They show how theequently measured test objects evaluated by use of these in-
measurements are affected by imperfect calibration elementsorrect error terms will show deviatiodsy from their ac-
and nonideal connections. tual S-parameter§k. The aim of this paper, which is an ex-
tension of previous work (Stumper, 2004, 2005), is to show
how these deviationsSjk depend on the deviations from the
ideal S-parameters of the calibration elements, e.g. to calcu-
1 Introduction late the sensitivity coefficients assigned to them. These can
be used to establish the Type-B uncertainty budget, according

When applying the frequently used 7-term LRL calibration t© Well known guidelines (GUM, 1995; Guidelines, 2000),
method to a 4-sampler VNA, its two measuring ports 1 andWher? it is necessary to cglculate _the |nd|y|dual uncertainty
2 are connected via a length of an ideally nonreflecting linecontributions associated with the different input estimates.

(a precision air-line impedance standard “Line 1“ defining For the derivation of the deViationS, the Scattering param-
the characteristic impedance), then via a second ideally noneter notation (Rytting, 2001) is used here instead of the usual
reflecting line “Line 2“ (an impedance standard of a length depiction of the TRL or LRL methods using cascade matri-
different from that of Line 1 but of the same characteristic ces. Effects on the raw values e.g. caused by noise or nonlin-
impedance) and are then terminated by reflective loads, ustearity and cross-talk effects are not considered here.

ally short-circuits R (“Reflect”) of ideally equal reflection co-

efficients. In most cases, the Lines and Reflects are parts of

commercial calibration kits. When applying the wide-spread2 LRL calibration method and evaluation of measure-
TRL calibration method, one of the Lines is replaced by an ~ ments

ideally nonreflecting “Through“ connection with transmis-

sion One (i.e. by connecting the measuring ports directly).In the literature, the characteristics of the VNA are most com-
By means of the VNA firmware, from the raw reflection monly described in terms of cascade matrices of the error
and transmission values determined for the three calibratioierms (e.g. Gronau, 2001). However, for the error analysis
states, the seven error terms which characterize the VNAgepicted here, scattering matrices are used (Rytting, 2001)
and additionally the characteristics of the Lines and Reflectgllowing simplest calculations. For better understanding of
(“self-calibration*) are calculated. There it is assumed thatthe analysis, a short description is given first showing how
the calibration elements have the ideal properties as specthe error terms are obtained with the LRL calibration method

fied. when scattering parameter notation is used.
The actual S-parameterSjx of calibration elements
Correspondence tdJ. Stumper or of the test object and the non-corrected S-parameters

ulrich.stumper@ptb.de (raw values mjx) measured by the VNA are related
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Fig. 1. Flow graph of the 8-term error model (Rytting, 2001). With
an LRL calibration, the test object is replaced by the LRL calibra-
tion elements (Line 1, Line 2 and Reflective Loads).

to 8 error termseqo, eo1 €10, €11, €22, €23, e3z2, and
e3s (cf. Fig. 1). By normalization, the number of
error terms is reduced to seven,
plification, with respect to Line 1 with an associated
transmission coefficientL1: a=eqo, b=L1-e11- (e23/€10),
c=L1- (egoe11—e10e01) - (e23/e10),  d=L1-e22- (e10/e€23),
e=e33, f=L1-(ex2e33—e32e23) - (e10/€23), &= (e10/e23).
With commercial VNAs, the moduli of, f, andg are in
the order of 1 while the moduli of, b, d, ande are in the
order of 0.1 or less. Usingk=Sjk/L1, the relations between
raw values, S-parameters and these 7 error terms are then
“linear-in-T” form (Rytting, 2001)

a +riami1bg — riacg + raimizd = mia (1)
riom11bg — riacg + raomipd —mizg =0 (2)
riymaibg + raymaad — ra1f =mo1 3)
riomaibg + eg + rogmogd —ro2f —mag =0 (4)

in “measured S-parameters” (raw values) form (Rytting,
2001):

-cg) - (g —ro2-d) —riorp1-cdg

mi1 = 5
Gy bg) - (g —r22-d) —rioro1- bdg ®)
riz-(ab—c)-g
mi2 (6)
(1—r11-bg) (g —ra2-d) —rioro1-bdg
ro1-(de—f)-g
moy = (7)
(1—r11-bg) (g —ra2-d) —rioro1-bdg
(1—r11-bg)-(eg —r22- ) —rior21- bfg
map = . (8
(A—r11-bg)- (g —r22-d) —rior21- bdg
or in “actual S-parameters” form (Rytting, 2001):
(m11—a) - (ma2d — f) — miomo1d
ri1 )

T [m11b — ¢) - (maad — f) — m1gmabd] - g

and that, for sim-
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rip = mi2- (de — f) (10)
[(m11b — c) - (mo2od — f) — m1om21bd)
m21 - (ab — c)
= 11
e [(m11b — ¢) - (m22d — f) — m1omo1bd] (1)
_ [mub —c) - (map — ) —moaam12b] - g (12)

rgp = .
[(m11b — ¢) - (m22d — f) — m1omp1bd)

For calibration, we connect Line 1 of lengthand prop-
agation coefficienty to the VNA test ports 1 and 2. The
undisturbed scattering matrix describing the ideal Line 1 is
o 0 L1\ 0 evh

1= Ly 0 ) \ev h 0
Sik/L1 in Egs. () to (4) and inserting for theSjc the entries
of L1 (Index T of raw values for Line 1), we obtain:

. By replacing thejk by

a+mid =mi (13)
m{lb —c= m{z (14)
mhd — f =mby (15)
mib +e =mb,. (16)

With the connection of an ideal Line 2 of lengih,

represented by the undisturbed scattering matrix
— (0L ([ 0 ek
= (Lz 0 ) = (e"’ L oo ) to the test ports,

we obtain, by replacing thgk by Sik/L1 in Egs. @) to (4)
and inserting for theSi the entries ofL, (Index L of raw
values for Line 2):

a+ Mmipd = m7y (17)
Mmbb — Mc =mi, (18)
Mmb,d — Mf = mb; (19)
Mm%b+ e =mj, (20)

where,
M = Lz/L1 = exp[—y - (l2 — 1)] = exp(—y - Al) . (21)

If we connect two ideal (i.e. equally reflecting) loads (usu-
ally short-circuits), represented by the undisturbed scattering
ro
or
therjk by Sjk/L1 in Egs. () and @) and inserting for theSj
the entries oR (Index R for Reflect):

a+ (T/Ly) -mfbg — (T/L1) - cg = m¥, (22)
eg + (T/L1) - mipd — (T/L1) - f = g - my, (23)

where S1o=S21=mf,=mX =0, as cross-talk effects are not
considered here.

The error termy is obtained by elimination of'/L1from
Egs. 2) and @3):

¢’= (mfl—a> . (mgzd—f> / {(mgz—e) . (mflb—c)} .(24)
We obtain 10 equations for 9 unknowns (7 error terms

plus M andT'). The calculation is straightforward. With
the “self-calibrating” LRL method)/ is determined from the

matrix R= , to the test ports, we obtain, by replacing
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raw values obtained for Line 1 and Line 2: By elimination of from Eqn. (24). All error terms are then known. Measure-
f from Egs. (5) and @9), of a from Egs. (13) and17), and  ments can now be evaluated by use of E§¥.t¢ (12) and

of e from Egs. (16) andZ0) we obtain rik=3Sjk/L1. The S-parameters of test objects are known ex-

cept for the transmission coefficiehg, which has to be sep-
d= (mél - Mm;l) / (Mméz - Mmgz) (25)  arately determined using the knowhand the lengthg, and

I> of both Lines determined by mechanical measurements:
d = (mby—my) / (Mmby = m]) (26)

—In(M) = —In(L2/L1) =y - (l2—11) (29)
b= (mby—my) | (Mmfy = mh) @D L= e = expliy - In(M)/ (12— )] - (30)

Elimination ofd from Egs. (25) andd6) yields a quadratic

equation to be solved fo¥, For the TRL calibrationL.1=1 andMtr_=L>.

2 T L L T

M- maymip+ M- {(mll mll) 3 Calculation of the § Si
L T L L T T T L
(mzz m22> Mzt lemlz} mignz = 0. (28) As we are interested, in a first step, in the effect of the seven

A second equivalent quadratic equation can be found bydeviationséa, 8b, éc, éd, e, §f, ég of the error terms on
other combination of Egs. (13) t&Q) yielding also the rela-  the deviations$ Six of the measured S-parametsjigof a test
tionmI,m5 =ml mk, (Engen and Hoer, 1979). A physically object, we assume that they are not influenced:yvaria-
significant solution will be nearest td¢qc~ exp(—j-B-Al) tions.
calculated from phase coefficieAtand mechanically mea- We use Eqgs.5) to (8) to find at first the dependence of the
suredAl. With known M, the termsb andd can now be  §rik=3 (Sjk/L1) on the deviations of the error terms. Four to-
calculated from Egs. (25) to (27), then the error teems, tal differentials are established which form four linear equa-
e, and f from Egs. (13) to (16) orl(7) to (20), and finallyg tions, similarly as in (Stumper, 2003a).

om; om;
jk jk

0=8mjj, = )

MK Gy Tt

amjk 8mjk 3mj 3mjk 3mjk 3mjk 3mjk 3mj

k k . Omj
8 8 8 ) 8b ) 8d ) ) 82 (31
riot ra1t ragt—= = dat— = bt — =dek— = ddd— = det — 7 f+ 7 ¢.(31)

ori2 oro1 0rp2

(where the indices jk are 11, 12, 21, or 22). After having carried out the differentiations and some rearranging, we finally
obtain the following expressions as solutions for the deviatfepsof a test object:

Srii— _(1—r11~bg)_8a_r11- (a—r11-cg) PYNREES (1—r11~bg)_ac riora1- f Sd— riorz1-d -8f—ril~8g} (32)
g (ab—o) (ab—c) (ab—c) g (de—f) g (de—f) g
_ | na(a—riacg) o riz (I—r11-bg) reorizf rigd - raorizd

T @ T o e Tde=n g de—n } 33

Sror— ravb o raraveg o rrarbg o rav(eg—razf) o rer(§—rzzd) -Sf} (34)
(ab—c) (ab—c) (ab—c) g (de—f) g (de—f)

Srype | 112728 _rizrarbg o2z (eg—razf) _(g—rp:d) o122 (g—rzzd).gf r22 o } (35)
(ab—c) (ab—c) g (de—f) (de—f) g-(de—f)

3Sik

ASs Srix=4 (Sjk/Ll) =T
on the deviationd M, §l1, anddl, of M and the lengths andls:

l M lp611—11:61
1 ~——|—In(M)-(2 Ll 2)] .
(l2=l1) M (Io—l1)

- Sjk-%l, the deviations Sk of the measured S-parametdjis of a test object are dependent also

(36)

S8Lq
5Sjk=L1'8rJ‘k —I—Sjk~L—1=L1-8rJ‘k+Sjk~ |:

For the TRL calibrationL1=1 andSjx=rjk, 8 Six=4rk.
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4 Calculation of the deviations of the error terms 4.2 Determination of the deviatiatM

4.1 Nonideal calibration elements At first, M is determined. By means of the VNA firmware,
M = Ly/L1 is calculated from the raw values obtained for

In a second step, the deviatiods, 8b, Sc, 8d, Se, 8f, Sg Line 1 and Line 2, thereby ideal scattering matritgsand
are obtained as functions of the deviations from the ideal Sk2 are assumed. To calculate a disturbéd= M +35M, we
parameters associated with Line 1, Line 2, and Reflect. Ifeplace thej by Si/L1 in the Egs. §) to (8) and insert the
is not possible here to use the method shown in (StumperS-parameters of the disturbéd, or Lo, (Table 1), respec-
2003a). tively, for S11, S12 S21, andS22. We then calculate disturbed

The deviations with Line 1, Line 2, and Reflect are de- (index g) raw Va'“”';kgi 'L WhiCh differ from the undis-
scribed below by the “disturbed” scattering matrices, whichturbed ideal raw valuemT, mi E by deV|at|0n58ka, Smi ik
are compiled together with the “undisturbed ideal” matricesrespectively. The equation for the disturb& is obtalned
in Table 1. by expanding Eqg. (28) by th®elements:

(M +6M)? - (my + 8m3y) 'T(f)n%z;im%z)a [y — ) 4 sy — L]
L Umyy —myy) +omyy —omy, |- [(mps — may) 4 0ma; — oma, T T\ . (L Ly _
Mo { = (mip+8mip) - (mgy +dmpy) — (mgy + 3m3y) - (mip + miy) } +mzztomig) - (g o) =0

(37)

If We insert the calculated undisturbed ideal raw values4.4 Deviations of the error terms due to nonideal Line 1
ka' mJk and deviationﬁmJ smik ik into Eq. (37), we finally and Line 2
obtain a rather simple expressmn for the deviatioh
By a nonideal Line 1, all error terms are affected. The
1 equations describing the disturbed (Index g) error terms
M = oL - 8521 — i 8T21. (38)  ag=a+dary, ... ,gg=g+dgL1 affected by the S-parameters
of a nonideal Line 1 are calculated according to Egs. (13) to

4.3 Deviations of the error terms due to nonideal Reflect (16) and (25) to (27), for example fér

’"22 mzz 5’”22

By means of the VNA firmware, the seven error terms arep + §p 1 = (41)
calculated from raw values obtained for the Reflects, thereby (M +8Myy) -my; —my; — Smjy,

an ideal scattering matriR is assumed. To obtain dis- ) " _
turbed error terms (ideal plus deviation), we replacerihe If we insert the calculate&ﬂMLl:—— 8721 and the undis-
by Sik/L1 in the Egs. §) to (8) and insert the S-parameters turbed ideal raw vaIuemT, L and dewatlonsSmJ{ into

of the disturbedR, (Table 1), forS1; andS»,. We then cal-  these equations, we flnaIIy of)taln the error term deviations
culate disturbed (index g) raw valuesf which differ from  due to a nonideal Line 1, e.g. for

the undisturbed ideal raw valuesg' by deviationsim.

: (1—M? - bd) b

By a nonideal Reflect, the error termsb, c, d, e, andf Sb 1 = NN -8T12
are not affected. Only is affected here. The equation de- (L-M?) Ly
scribing the disturbegy is according to Eqn. (24): b-M?.(1—bd) (1— M2 . bd)

T STy o 8T (42)
(1-M?3) Ly (1-M?)-Ly-g
g2=(g+8gr)* _ _
R 4 smR R L smRY g By a nonideal Line 2, all error terms are affected as
_ (miy+dmiy—a) - {(mzy+dmzy) -d—f} ' (39)  Well. The equations describing the disturbed error terms

 (mEytomEy—e) - {(mF+omEy) -b—c} armg=a+darz, ... , gg=g+dgL2 affected by the S-
parameters of a nonideal Line 2 are calculated according to
If we insert the calculated undisturbed ideal raw vahg's Egs. (13) to (16) and (25) to (27), for example for

and deV|at|ons§mJJ into Eqn. (39), we finally obtain a simple mlfz—mgz+5m§2

relation for the deviatiodg b+ 8b o= . (43)
(M+8M2) - (m3y+8mby) —my,
8 . .
bg =8gr = 5T (5511 3552) (40)  If we insert the calculatedMLz—i 8s21 and the undis-
turbed ideal raw valuesu, m L and deviationsim¥ into

due to a nonideal Reflect. these equations, we flnaIIy oﬂltam the error term deviations
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due to a nonideal Line 2, e.qg. fér Line 2, and Reflect. If the reflection coefficient of one of the
Reflect terminations i§ while the other has a deviating re-
M-(1—bd)-b . ) X :
$b g = ———F——5— 8512 flection '+8T", there is an influencenly on the reflection
Li-(1-M?) coefficients, not on the transmission coefficients of test ob-
M-(1—-bd)-b - Ssor — (1-0bd) 55 (44) jects, without any influence d¥ and of any error term. By
Li-(1-Mm?) 27 (1-M2) g 22 inserting Eqn. 40) for Reflect into Egs.32) and (35), we
obtain:
5 Resulting sensitivity coefficients dri1lr1 = —dr11lr2 = _27.1? i (45)

Combining the results from the first and second step, we obdepending on the position of the deviating termination either
tain sensitivity coefficients for the four S-parameters of a testat port 1 (Index RJ&F:SSfl) or port 2 (Index Rmrzasfz),
object which are separately given for deviations with Line 1, respectively.

Inserting the deviations of the error terms (cf. Sect. 4.4) obtained for Line 1 into E)20((35), and withhg=e11-L1, we
obtain (Index L1):

(M2—r12r21) rll‘(F2+L%-M2)

5 @&y §T11— 212 (1-M?)T (8T11 — 8T22) — 57 - (6Ta2+ 8T21) ”
TURLZY L m2ey [ o] sr o sp ST o)
+(1—M2) : 2T 11 - (8T12 — 8T21) — I (A-M?) 22
driz11 22 1 ri1- M?-e1n r11
- 8Ty — — 8T1p— A (5T — T — ———— . §Tyy. 47
e T L) UL Ty R T g “0

Inserting the deviations of the error terms (cf. Sect. 4.4) obtained for Line 2 into E)20((35), and withhg=e11-L1, We
obtain (Index L2):

2
_ (A-r1orp1) ri1-(P+L7)
Ssu+t sz )T

Ll‘(l—Mz) : (5 §11 — ) S22)

dri112 = . , 48)
M- r11-(F +L ) 2 r
- (1—;}%) ‘ [ 2= — | (8s12— 8 s20) + Ll(ﬁ;) -8 522
drio2  dra12 r22 r1-M - e1n 11
= = - 8s +—(SS — 45 +—5S . 49
r12 21 Lq- (1 — MZ) 1 (1 — M2) (8512 21) L1 (1 — MZ) 22 (49)

For Line 1 and Line 2, only11 occurs in the sensitivity co-  the other terms, so that simplified sensitivity coefficients can
efficients. To obtain corresponding expressionssfoi and be set up, ifT"| is near to One. If we assume reflection sym-
droo, index 1 is replaced by 2 and vice versa in Ed$) to metry for the nonideal Through and Line and not too large
(48). reflectionsSy1, S22 of the test objects, the sensitivity coeffi-

An exchange of Line 1 and Line 2 is based on definitionscients are then approximately given by:

/ A I
of an Tk Sik/L2 and of anM'=Ly/L5. Then, Egs.46) to (LZ B 512521)

(49) remain valid, but they are replaced by, =Sj/L2,and  sg,,1 ~ - 8T11 — % -(8T12+68T21)  (51)

thedsik are replaced byTjk and vice versa. (1 - LZ)
88121 S22 S11
6 Sensitivity coefficients for the TRL calibration S (1-L19) 0711 — 8T12 = (1-12) T2z (52)
If the length of Line 1 diminishes to zero, Eq46f to (49) (1 — S12821)
are valid whereL1=1 (Through),rjk=Sj, 8rjk=8Sjk, and  8S11L ~ _W - 8511 (53)
M=M+r =L>=L (Line). For nonideal Reflects we then
have:
58S 88 S N
Sut SlZL _ S21|_ ~ 22 _ s+ % Ssan (54)
88111r1 = —8811lR2 = 3T ol (50) 12 21 (1-1?) (1-1L2)

Experimental verification of Eqs46) to (49) showed that, (Index T for Through and L for Line). To obtain correspond-
ase11 is small, the terms containing 1 in the sensitivity co-  ing expressions fodS»; andd S, index 1 is replaced by 2
efficients for Through and Line are also small compared withand vice versa in Egs. (50) t63).



56 U. Stumper: Influence of nonideal LRL or TRL calibration elements

Table 1. “disturbed” and ideal scattering matrices for the calibration elements.

disturbed, nonideal undisturbed, ideal

. — 6T17  L1+6T12 — 0 L
Linel Lqiy;= L=
1d (L1+8T21 8To 1=\; 0

. — 6511 Lo+ds12 — (0L
Line2  L2q= (L2—|—3521 8 522 La= Ly O

~(or)

Py

R
Reflect Ry = (F +oSy 0 )

0 TI+s8s%

reflective line

-
o
N
n
%
<
o
-
-
n
%
Rea dS11R1 calc. ——Imag dS11R1 calc.
06 1l ® Rea dS11R1 meas. O Imag dS11R1 meas. ||
“h - ---ReadS22R1lcalc.  ------- Imag dS22R1 calc.
T A ReadS22R1 meas. A Imag dS22R1 meas.
-0,8 ‘ ‘ frequency GHz ‘ ‘
2 4 6 8 10 12 14 16 18

Fig. 2. Comparison of calculated and measured deviatifig|r1 andsSoo|r1| for the high-reflective line (coaxial 7 mm/PC-7) as test
object, using a nonideal short-circuit loaded with dielectric Teflon foils as the Reflect, instead of an ideal short-circuit on port 1, for the TRL
calibration.

0,10 low-reflective 10dB attenuator pad 0,5
0,09 ‘ 0,4
0,08 0,3
m 0,07 0,2
© -
o 0,06 01 &
< i —
© 0,05 00 »
[ =)
Y 0,04 01w
wn o
« 0,03 -0,2
0,02 -0,3
0,01 LE}JE 0,4
0,00 + frequency GHz T -0,5
2 4 6 8 10 12 14 16 18
—©—1dS12TI dB (TRL) ——1dS12TI dB (TMSO)
—5-d arg S12T ° (TRL) —-d arg S12T ° (TMSO)

Fig. 3. Simulation: Comparison of the calculated deviati¢i$;o7| in dB and phase deviatiodsarg(S127) in degrees for a low-reflective
10dB attenuator pad, using a nonideal Through with an 0.1 mm thick hair (cf. Fig. 22 of Stumper, 2003b) whose S-parameters are shown in
Fig. 5 of (Stumper, 2003c), instead of an ideal Through, for the TRL and the TMSO calibration (cf. Fig. 6 of Stumper, 2003c).
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7 Discussion and experimental results calibration, was taken to calculate the deviatié§s; T and
8S1o1. These are compared with the difference of e
As regards the Through and Lines, the sensitivity coeffi-values obtained experimentally after TRL calibrations using
cients (Egs. 46) to (49)) are free of all error terms but the either this nonideal Through or an “ideal* Through without
“match” termez1 (similar to a nonideal TMSO calibration, foil. A third example is given in Fig. 2 of (Stumper, 2005
cf. Stumper, 2003a). They may become largeMif ap-  with the high-reflective line as test object showing the cal-
proaches 1, e.g. if the differenég-/1 in length of the lines  culated and measured deviatiots 1. andsS12.. Here, for
approaches./2, wherea is the wavelength, (or in case of the nonideal line, the inner conductor of the line (ideal di-
TRL, if L2 approaches 1, e.g. if the lengttof the line ap-  ameter 3.040 mm) was replaced by an inner conductor of the
proaches\/2). For lines taken from commercial calibration same length but of diameter 3.248 mm. For all examples, the
kits, this should never be the case. For example, for a linecalculated deviation&S; 1, §S12, 8S21 , ands Sy, agreed well
of 1=6.95 mm taken from a commercial 7 mm/PC-7 calibra- with the differences of the measured valuesSof, S12, S21,
tion kit, 1/|1—L?| <1.74 in the specified frequency range andsS,;, respectively.
(2-18GHz). Considering Eqs4€) to (49), all deviations Some additional calculations were carried out to show the
86811, S22 become large when using loads of sniafor the influence of rather small values 6f", §Tj, or ésj as they
Reflects, while all transmission deviations are not affected bymay occur in the real world during the calibration or with
I', therefore short (or open) circuits should be taken. Furthercalibration items from commercial calibration kits. For a
on we observe atermin Eqn. (47) ®nz 1 andin Eqn.$2)  Line taken from a precision calibration kit, the diameters of
for §S1271 (@nd also fo S217) showing a direct dependence, the conductors will deviate not more than sopam from
unaffected by any other parameter, on the through transmisthe ideal values. FoAD=2m, the effect or$S1o, for the
sion parameter deviatiodd12 (ands 721, respectively), sim-  high-reflective line is already considerably large. Even with
ilar to a nonideal TMSO calibration (Stumper, 2003a). this high Line precision, the deviatiof Sz | in attenua-
The exact Eqs4p) to (49) have been experimentally ver- tion could be close to 0.01 dB for high-reflective test objects,
ified for the TRL case [1=1) with a set of 7mm coax- whereas, for example, the deviations of the S-parameters of
ial two-port test objects fitted with PC-7 connectors, i.e. the low-reflective 20 dB attenuator are negligibly small.
high-reflective devices including a step attenuator of (nom- Small particles (e.g. lints) which get in between the end
inal) attenuation 0dB, 10dB, and 30dB and a short coax-planes of the connectors with the Line or Through connec-
ial line, each sandwiched between the side arms of two Ttions, may cause considerable deviations of the S-parameters
junctions, and two low-reflective attenuator pads of (nomi- of high-reflective but also low-reflective test objects. For ex-
nal) attenuation 20 dB and 50 dB, similar to the set describechmple, a human hair, 0.1 mm thick, will cause S-parameter
in (Stumper, 2003a). A 8510B type VNA was used for the deviations of the Through connection of about maximum
verification. TheSj values of the set of test objects experi- 0.01 (cf. Fig. 5 in Stumper, 2003c). The deviati®fi ot
mentally obtained after an “ideal” TRL calibration were used (modulus and phase) for a low-reflective 10 dB attenuator is
in all calculations. The S-parameters of the high-reflectiveshown in Fig. 3. Connector imperfections such as gaps at the
line varied between approximately —0.8 and +0.8 in the fre-inner conductors may also give rise to deviations.
quency range 2-18 GHz. Only one of the elements Through, For all test objects, the deviation in reflection phase is
Line, and Reflect at a time was considered nonideal. equal to half the difference in phase shift of the Reflects.
In an example, a nonideal short-circuit at port 1 was real-with a difference of 0.02 mm of the offset length of the short
ized by loading the “ideal” short by three dielectric Teflon circuits, the deviation would be 0.4%t 18 GHz. Only for
foils (each of 5mm diameter and 0.019 mm in thickness)high-reflective test objects, the reflection magnitude is influ-
at the connection of the inner conductor to the measuringenced by the differences in phase and loss of the reflection
port. The difference of the reflections of the loaded andcoefficients of the Reflects. A loss difference with the Re-

the ideal short, both measured after an “ideal* TRL cali- flects has no influence on the reflection phase of the test ob-
bration, was taken a&F:(SSfl to calculate the deviations jects.

8S13r1 @and8Syo 1, for the high-reflective length of coax-

ial line as test object. In Fig. 2, the deviations are compared

with the difference of theSjc values obtained experimentally 8 Conclusion

after TRL calibrations using either this nonideal Reflect or

the ideal Reflect without foils. A second example is given Analytical expressions (sensitivity coefficients) have been
in Fig. 1 of Stumper (2004) with the high-reflective 0dB developed showing the deviations of the S-parameters of test
attenuator as test object showing the calculated deviationsbjects which depend on the deviations of the S-parameters
38117 andéS127, as functions of the deviations of the actual associated with the Through, Lines, and Reflects from the
S-parameters of a nonideal Through. The Through connecideal values which are used by the VNA firmware with the
tion was loaded by a thin copper foil (thickness 0.03 mm, di-LRL and TRL calibration methods. If the reflection of the
ameter 3.2 mm) introduced between the inner conductors ofest objects is not too high, simplified expressions can be set
port 1 and 2. The difference of the reflections of the loadedup. Calculations and experiments show that connector im-
and the ideal Through, both measured after an “ideal" TRLperfections such as gaps at the inner conductors and small
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particles which get in between the end planes of the conRytting, D.: Network Analyzer Error Models and Calibration Meth-
nectors with the Line or Through connections or small de- ods, ARFTG/NIST Short Course on RF Measurements for a
viations (someum) of the cross dimensions of the Lines  Wireless World, Nov. 29-30 2001, San Diego, CA, 2001.

from the ideal values may lead to considerable deviationsStumper, U.: Influence of TMSO Calibration Standards Uncertain-
and consequently contribute significantly to the uncertainty ties on VNA S-Parameter Measurements, IEEE Trans. Instrum.

of S-parameter measurements. Meas., vol. 52, No. 2, 311-315, 2003a.
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