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Abstract

The basic philosophy of the THROUGH-SHORT-DELAY calibration procedure for two-port Automated Network Analyzers ,

has been extended to n-port S-parameter measurements, while also accounting for the possible signal leakage bet-

ween all port pairs. The system errors are represented by a 2n-port virtual error network, having n ports connec-
ted to the device under test (DUT) and n ports connected to an jdeal, error-free multiport network analyzer .

The (2n)? T-parameters of the error network are explicitly expressed,in blocks of n2 at a time,as matricial fun-

ctions of the 3 n? measured S-parameters of three n-port standards, sequentially replacing the DUT during system

calibration. Also the possibility has been proved of correcting the errors arising from repeatable port-impedance
value-changes, as those found in switching test sets. This capability has been introduced and tested also in the

classical two-port TSD algorithm, by means of minor modification and subsequent post-processing .

SUPER - TSD

The THROUGH-SHORT-DELAY (TSD) calibration procedure for
two-port Automated Network Analyzers [1] [2],has recen-
tly been proved capable of correcting large internal &
external errors affecting S-parameter measurements [3].
In particular,non-connectable components,requiring in-
terfacing networks,can be thus accurately measured [4].
Recent theoretical work has extended the capabilities
of the TSD method to multiport S-parameter measurements
while also accounting for the errors due to all possi-
ble signal Teakage paths, bypassing the DUT .

No theoretical limitation was found upon the relative
amount of signal Teakage that can be corrected for .
The basic advantages of the original TSD procedure, re-
presented by the fast execution of the closed-form al-
gorithm and the ability to handle large calibration er-
rors, have been retained in the new, generalized Super-
TSD explicit n-port calibration algorithm .

Using rather unconventional matrix algebra operators it
has been possible to express the new generalized closed
form solution in a concise symbolism, directly transla-
table in standard programming language .

As the original TSD method,Super-TSD relies on a global
representation of all system errors by the scattering
response of a virtual error network, connected between
the DUT and an ideal error-free multiport network ana-
lyzer. For an n-port DUT, the virtual error network is
a 2n-port, having n ports connected to it and n ports
connected to the multiport network analyzer system .
The most convenient representation of the error network
scattering response is given by a complex 2n x 2n T-pa-
rameter matrix (Fig. 1). By substituting three n - port
standards in place of the object, three pairs of measu-
red S-parameter matrices SMi and known matrices Ssi may

be obtained from which matricial expressions of the qua-
drants T2 s T3 and T4 of the 2n x 2n error network

T-matrix can be derived, as functions of the arbitrary
matrix quadrant T1 . The fundamental n x n matricial

equations relating the four quadrants to the SMi s SSi
matrix pairs are :

= L) - - -1
Swi = ( Ty=Sgi + T )e((T3=Sg5 + Ty ) (1)
1,2,3

These calibration equations may be rewritten in the
form of n2 x n2 matricial equations as :

(1@ Sk )-RS(T]) + RS(T,) = ( Sy () Sgq )+RS(T3)
- (sy; ® 1)Rs(Ty) = 0 (2)

where A (X) B is the Kroneker Tensor Product [5] of the

i =

matrices A and B, I is the n x n unit matrix, AT is the
transpose of matrix A and RS(A) is a " reshuffle " ope-
rator which transforms the n x n matrix A into the n? -
dimensional column vector RS(A),by rotating the rows of
A by 90° clockwise and sequentially ordering them in a
vertical line.The advantage of form (2) is that all its
terms are matrix-by-vector products of the same order n2
and thus these equations form an homogeneous set of 1i-
near, matricial equations in the four vectors RS(Ty) ,
i=1,2..4 ., From this set the following explicit
vectorial solution is obtained by Gaussian elimination:

RS(Tl) = Arbitrary column vector of order n2? (3)
RS(T,) {( sy ® sgl y8 s - p7lc) Y e - p7lR)
+ (s @1 ) - ¢y tale - el
-1 ® sy } o RS(T}) (4)
Rs(Ty) = (871 - 072e) (e E - D7lF) e Rs(T)) (5)
Rs(T,) = (A7l - ¢l ale - clpye RS(T,) (6)
where
A= (5 ® Sgl ) - (Sp ® 55 ) (7)
B = (S5, ® I )-(s,® I ) (8)
C = (S @Sy ) - (55 ® sg) (9)
D = (S ® I )-(S3® 1) (10)
E= (1 ®5H)-(1 @ Sgp) (11)
F=(1®sy)-01 ®sk) (12)

Once the 2n x 2n T-matrix of the error network has been
computed,the removal of all calibration errors from the
measured n x n scattering parameter matrix SM of an un-

known n-port network may be performed by computing the

" corrected " n x n scattering parameter matrix SX as :
= -1+ -1 -1; -1

SX = (T1 - T,T, T3) Smt (T3 - TyTy Tl) }

Aty ts s, -t s
2~ T3 M) 7 Sy * Ty - T3T1 7Ty
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This matricial "n-Port De-Embedment Equation" has been
proved to be invariant to scalar multiplication of the
matrix quadrant T1 by a complex constant and it is ex-

pected to be invariant to the arbitrary choice of T1 s
although no formal proof of this invariance has yet

been given. It is easy to obtain at least three n-port
standards with known S-matrices SSi s by using various

combinations of THROUGHS , SHORTS and DELAYS .

By using more than three standards , redundancy may be

introduced and the possible occurrence of il1-conditio-
ned matrices among those to be inverted may be circum-

vented . The " reshuffle " operator RS(A) may easily be
implemented in FORTRAN by a simple EQUIVALENCE between
the matrix A and the vector RS(A),both stored in COMMON.

The described Super-TSD calibration algorithm is expec-
ted to be even more effective and usefull than the ori-
ginal TSD,in measurements performed upon multiport sub-
assemblies and systems , especially in the presence of
substantial multiple signal leakages bypassing the DUT.
Possible examples are : multibeam antenna feeders and
multichannel microwave interferometers for thermonucle-
ar plasma diagnostics.

SWITCHING ERRORS

The so-called "switching" S-parameter Test Sets provide
speed and convenience in S-parameter acquisition , but
introduce additional errors due to possible non-repea-
tability of the microwave switches and measurement-port
impedance changes,reflecting the internal rearrangement
of the RF circuit during a full two-port measurement .
While switch repeatability is a technological and sta-
tistical problem, repeatable port-impedance changes may
be considered systematic error sources .

An analysis of these repeatable switching errors in two
port measurements has been conducted , by assuming the
system to be only affected by repeatable port-impedance
changes . Each measurement port was assumed to switch
through a series of four arbitrary,complex and frequen-
cy dependent impedance values Z , according to the

following scheme : nij
Measurement Impedance Port 1 | Impedance Port 2
11 i 11
*12 ‘112 2212
%21 Z121 Z921
322 - L122 L322

The effects of measurement-port mismatch changes may be
simulated, analytically and numerically,through a para-
meter transformation expressing the ("Super - Generali-

zed") S:j - parameters of a network,measured by a swit-
ching set,as functions of its standard S1.j - parameters
(measured in a 50 Ohm system) and,of the eight port
impedances Znij . The S - to - S transformation is
given by :

C X+C Y+C u+¢C v
- 111 211 311 411 (14)

Copp X+ Cppq Y+ Cgpq Ut Capp V

*
S1n

. 4s
s3, = 12 (15)
Corg X ¥ Cypp ¥+ Cyqp Ut Cypp V
* 4'S
Sy = 2 (16)
Copp X+ Cppp ¥+ Cgpq U+ Capq V
x Cigp X+ Copp ¥ = Capp U = Cppp ¥
522 = - (17)
Copp X+ Cpop ¥ # Cypp Ut Capp V
where
X = 1 - DET(S) (18) U =1+ DET(S) (19)
Y =55 - Sy (20) V= Sy, * Sy (21)
with : DET(S) = $11592 = $12591 (22)
while the 16 coefficients Cmij are expressed by :
...
_ 1ij
Chij - —H (23)
213
C21j = + (24)
Caii = __h Y i (25)
i
¥ 113221 I
z Zo.Zo..
Cpy = i ¢ L MI2 (26)
J Zi. .20 z
1137213 0
2 2 2 2
€45 = Cuq5 7 Cag5 - C3qy 74 (27)

In the super - generalized S:j - matrix each entry is

normalized to a different pair of measurement-port im-
pedances Zlij and ZZij ,a situation not commonly consi-

dered in the existing literature .
Simulated TSD calibration data may be obtained from the

*
S - to-S transformation by assuming the port impe-
dances Znij to be known functions of frequency and by

substituting , as standard S-parameters :

S1a7 = Sper = O (28a)
For the THROUGH
= = - el
Spo1 = Sp17 7 © (28b)
S11s = Sgps = -1 (29a)
For the SHORT
S125 = Sp15 = O (29b)
Siip = Sppp = O (30a)
For the DELAY
= = T P2
S12p = S21p = € (30b)
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An analysis of the reduced expressions of SIZ and 521

for the THROUGH and the DELAY shows a mutual inconsis-
tency of these data, which can not be accounted for in
the original TSD error model,consisting of the two-port
Error-Boxes A & B [1] [2] . The inconsistency is due to
the determinants of the T-matrices of the THROUGH and
the DELAY , expressed by the ratios :

S1o1 512D

DET(TDI) = (31) DET(TDZ) = (32)

So17 21D

being in general different in the presence of switching
errors. The inconsistency can,however,be removed by as-
suming the impedance-reference 1ine L2 , used in the

DELAY standard, to be "virtually" non-reciprocal with :

S;p = € P2 and S,y = e P2
This assumption does not infirm the validity of the
line as an impedance standard and does not introduce
any new unknowns, as the non-reciprocity is uniquely
determined by the known mutual inconsistency of the
THROUGH and DELAY data. The S-parameters of the Error-
Boxes A & B may still be explicitly computed with the
same algorithm , if the fundamental matrix products :

- -1 - -1
Ho= Ty Tpg (33) ko= 1,7t (3
are redefined as :
_ -3 -1
Hyew = ¢ (Tpp Tpp ) (35)
_ -4 -1
Kyew = @ ( Ty~ Tpg i B (36)
where : e ¢ =[‘/DET(H)} =[ DET(K)] =
S S
) 120 SoIt (37)
Sap StoT
and : § = 1/2 { pot - 0" ) (38)
po = 1/2 (p2' + 02") (39)

A numerical simulation of a Network Analyzer affected
only by switching errors has already been performed by
assuming the impedances Znij to be equivalent to eight

different resistive mismatches,located at eight diffe-

rent distances from the external measurement-port inter-
faces,deep inside the switching Test Set . The specific
mismatch value and its distance from the port interface

have been changed randomly in switching from one Sij

measurement to the other, thus introducing 16 randomly
chosen parameters in the Znij impedances of the ports .

These impedances also change with frequency in mutually
uncorrelated ways . *
By numerically computing the Sij scattering parameters

of the THROUGH , SHORT and DELAY with the expressions
(14) - (17) and using these simulated calibration data
as input to the TSD Error-Computation-Program , Error-
Box solutions have been computed , which appear to re-
present at least part of the switching error due to the
repeatable port-impedance changes ( Figrs. 2 - 5 ) .
Indeed , by "stripping” (or deconvolving) the obtained
Error-Boxes A & B from the SHORT data we obtain a resi-
dual network having S11 = 522 = -1 and 512 = 821 =0,

equivalent to an immediate short at both measurement
interfaces.By stripping the Error-Boxes A & B from the

THROUGH and the DELAY residual networks are obtained

having 511 = 522 = 0 (Fig, 6) to within the rounding-

off errors of the processor. In transmission , however,
both the THROUGH- and the DELAY-residual-networks show
residual magnitude and phase ripples around the expec-
ted values of S12 and 521 of the lines L, and Ly [17 .

Our present conclusion is that , although the two-port

TSD Error-Box Model is fully capable of representing
any errors other than switching, including any external
interfacing network,it can not in general represent the
totality of ‘the switching errors.In situations compoun-
ding switching and non-switching errors , the stripping
of the computed Error-Boxes will remove the totality of
the non-switching errors and an unspecified part of the
switching errors .

We assume that the residual error,after stripping,beha-
ves as a "residual switching" and can be represented by

anS-to-S transformation as defined by (14) - (17),
based on "equivalent" port-impedances Znij and corres-

ponding Cmij coefficients. A method has been developed
for computing the equivalent Cmij coefficients of the

residual switching error,from the scattering parameters
of the "Residual-THROUGH" , of the "Residual-DELAY" and
those of an auxiliary reciprocal , non-symmetric net-
work , to be measured as a reference object in forward
and backward insertion , during calibration .

The obtained Cmij coefficients are then used to post-

process measured data for final correction , after the
stripping of the Error-Boxes . The code implementing
these operations is being debugged at this writing .

CONCLUSION

A new calibration procedure has been developed extending
the basic philosophy of TSD to multiport scattering pa-
rameter measurements,affected by multiple signal leakage.
The new Super-TSD procedure computes a global error re-
presentation by means of explicit matricial expressions
using the measured scattering parameters of at least 3
multiport standards.Programs implementing the Super-TSD
algorithm are being written .

A study has also been conducted of the capability of the
classical two-port TSD to correct "switching errors” due
to repeatable measurement-port mismatch changes typical
of switching S-Parameter Test Sets. It appears that TSD
can be made to correct for these errors too,by means of
a minor modification and added data post-processing to
be applied after "de-embedment" or “stripping of the
Error-Boxes A & B" from the uncalibrated measurements .

REFERENCES

[1]-R. A. Speciale and N. R. Franzen,"A New Procedure
for System Calibration and Error Removal in Auto-
mated S-Parameter Measurements,” Paper C 1.1 ,
presented at the Fifth European Microwave Confe-
rence,Hamburg,Germany,on September 1,1975,pp. 67 -
73 of the Conference Proceedings .

[2] -R. A. Speciale and N. R. Franzen,"A Direct Method
of Solution for the TSD-Equations," Tektronix La-
boratory Report No. 009 , March 23 , 1974 .

[3]1-R. A. Speciale,"Automated Component Testing...it's
a Reality thanks to Minicomputers," Microwave
System News,Jdune/July 1976,Vol. 6,No. 3,pp. 79-99 .

[4]-R. A. Speciale and N. R. Franzen,"Accurate Scatte-
ring Parameter Measurements on Non-Connectable
Microwave Networks," Paper M 2.7, presented at the
Sixth European Microwave Conference,in Rome,ltaly,
on September 14,1976,pp. 210~214 of the Conference
Proceedings .

[5] - Richard Bellman,"Introduction to Matrix Analysis,"
second edition,McGraw-Hill,New York,1970,pp. 235 -
236.See also p. 245,Problem 16 and p. 92,Probl. 4.

116



THE GENERALIZED MULTIPORT ERROR MODEL
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Fig. 1 - The Super-TSD Error Model is a 2n-Port Virtual
Error Network interfacing the Unknown n - Port
to an ideal n - Port Network Analyzer .
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Fig. 2 - Apparent backward transmission of the THROUGH
and DELAY in presence of repeatable switching
errors due to frequency dependent port-mismatch.
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Fig. 3 - Apparent forward transmission of the THROUGH
and DELAY in presence of switching errors .
Comparisonwith Fig. 2 shows different 512/521.
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Fig. 4 - Magnitude of the forward transmission for the
Error-Boxes A & B computed from simulated TSD
calibration data representing switchingerrors,
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Fig. 5 - Phase of the forward transmission for the
Error-Boxes A & B computed from simulated TSD
calibration data representing switchingerrors.
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Fig. 6 - The residual network obtained by stripping the
Error-Boxes from the THROUGH data appears tobe
matched to within the rounding-off errors .
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