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Abstract—The problem of frequency limitation arising from the
calibration of asymmetric and symmetric test fixtures hasbeen in-
vestigated. For asymmetric test fixtures, a new algorithm based
on the thru-short—match (TSM) method is outlined. It is found
that the conventional TSM method doesnot have any inherent fre-
quency limitation, but using the same procedure with an unknown
match may lead tothesaid problem. Thislimitation can beavoided
by using adifferent algorithm. Thevariouscalibr ation methodsfor
symmetric test fixtures using known standards are also discussed
and theorigin of thefrequency limitation isidentified. Several ways
in avoiding the problem are proposed. Thereisgood agreement be-
tween the theories and experimental data.

Index Terms—Calibration, deembedding, microwave network
analyzer, scattering parameter measurement, test fixture.

|. INTRODUCTION

HE S-parameters of test fixtures can be obtained from the

measurements made at the reference planes of acalibrated
microwave network analyzer using aset of known devices (stan-
dards) astest devices. This procedure isreferred to as untermi-
nating or calibrating thetest fixtures[1]. In the past two decades,
many calibration methods have been established [2]{11]. The
thru—short—delay (TSD) [2] and the thru—reflect-ine (TRL) [3]
methods use two transmission-line standards, and the calibra-
tion equations obtained using these two line standards are lin-
early dependent at the frequencies nc/2(Ly, — L), where n
is an integer, c is the velocity of light, and L;, and L+ are the
lengths of the line and thru, respectively. Thus, the calibration
becomes very inaccurate at these periodic frequencies, and this
isatypical example of an inherent frequency limitation. For the
thru—short—open (TSO) method, the calibration equations ob-
tained using short and open standards have correlationswith the
equations of the thru standard at some frequencies periodically
[12], therefore, this method also has a corresponding frequency
limitation [12], [13]. The origin of the frequency limitation for
some calibration methods that use only one transmission stan-
dard and a short or an open standard has not been reported. The
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Fig. 1. Measurement configurations for the TSM and TOM methods.

Networks A and B are test fixtures.

problem is often mentioned in the literature, but up to now, no
thorough investigation has been carried out.

In this paper, an algorithm based on the thru—short—-match
(TSM) method is outlined for asymmetric test fixtures. The
match standard is treated as an unknown in the calibration,
and the suggested method can obtain higher accuracy than
the conventional TSM method at the expense of frequency
limitation, as given in Section |l. Three methods using one
known transmission-line standard and one known reflection
standard for calibrating symmetrical test fixtures are discussed
in Section I11. It is found that, if the reflection coefficient of
the standard approaches £1, the frequency limitation exists.
Finally, discussions and conclusions are given in Section 1V.

1. TSM AND THRU-OPEN-MATCH (TOM) METHODS

In most cases, test fixtures are reciprocal and asymmet-
rical/not identical. There are six S-parameters to be determined
in the calibration of the asymmetrical test fixtures. Fig. 1 shows
the measurement configuration for performing the TSM and
TOM methods. An HP8720D network analyzer was calibrated
using the short—open-oad-thru (SOLT) calibration technique
since this method is accurate and has no frequency limitation.
The test ports 1 and 2 of the calibrated network analyzer were
male and female, respectively. The calibration was carried out
using the HP85052D coaxial calibration standards over the
frequency range from 50 MHz to 20 GHz. The reference planes
were located in such a way that the measured S-parameter
Sta; for the thru standard equals 1 + j0. In this study, the 6-
and 3-dB coaxia attenuators were used as test fixtures A and
B, respectively. The fixtures were reciprocal, asymmetrical,
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and could be measured using the calibrated network analyzer.
Thus, a comparison can be made between our calculated results
and the directly measured results.

Inthefollowinganalysis, only the TSM method isconsidered.
Therelationsamong the S-parameters of thetest fixturesand the
standards can be described by the following equations [2], [7],
[14]:

Sair +kSp11Sr219mTi2

= Syt D
kS pTo
Sa22Syrrin — Aa — SMT
Ti2
—0 @)
SI\/IT21
kSp11Smree — kAp — 5
T2t

—0 3)
S 42057125 Mmm21 — BS T2 + kS B2

-0 (4)
Sa11 + S4225s115Ms11 — AaSs511

= Swvsu (5)
kS pms22 — kSB115s2205ms22 — kSBo2 + kARSsa.

-0 (6)
Sair + Sa22Sm11Smmir — AaSma

= Symit (7)
ESymez — kSB11SmaSvmer — kSBas + EABSh 20

=0 (8)

where

Ax = Sx119x22 — Sx125x21

X =AandB 9)

Sa21 Sa118a22 — Aa
b= Spu T BSpnSem ka0
Inthe subscripts, theletters A and B stand for thetest fixtures
A and B, respectively, the first letter A stands for measured
parameters if followed by another letter, and the letter after M
indicatesthe standard inserted in between thefixtures. 7°, S, and
M stand for the standards thru, short, and match, respectively. It
has been shown that three among (1)—(4) are independent, and
there are seven independent equations among (1)—8). For the
TSM and TOM methods, Sps11 = Sa22 = 0, and all the seven
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independent equations can be used to determine the following
terms:

Sat1 Saze Aa Kk kSpu kS kAp. (11)

It has been shown that the TSM and TOM methods do not
have the phase uncertainty problem and any frequency limita-
tion [13]. However, their accuracies depend greatly on the pre-
cision of the standards used. Since there are only six .S-param-
eters to be determined in the calibration of the test fixtures, one
of the S-parameters of the standards can be regarded as an un-
known, and can be determined using the redundant equation.
A new agorithm based on the conventional TSM method has
been proposed in our previous paper [14]. Inthisimproved algo-
rithm, the redundant calibration equation was used to determine
the reflection coefficient of an imprecise short standard. There-
fore, the effects of the imprecise short can be removed, and this
improved method is more accurate than the conventional TSM
method, with no phase uncertainty and no frequency limitation.
In some test environments, the standard match can be less pre-
cise than the short. For example, agood short is much easier to
obtain than a good match for a rectangular waveguide. In this
case, the redundant equation can be used to determine the S-pa-
rameter of the match standard. In our analysis, the match stan-
dard is treated as an unknown, the terms required for the test
fixture calibration are [14]

Sa11 Saze Aa kSpu Spao EAp. (12)

These terms and the reflection coefficient of the match Syr11
can be obtained by solving (2)—8). Considering that Ss;1; =
5522, Snar11 = S0z, and S712 = S701 = 1, and with the help
of (10), we have (13)—(16), shown at the bottom of this page.

After 5,411 isdetermined, al other termslisted in (12) can be
obtained as follows:

Smri1 — Sau

kSBll - S (17)
MT12

_q _ Q2

KAp = Saroe(Sprin — Sa11) — Syria (18)

Snri2
Sy = (Sa11 — Samrs11)(Sars22 — Sprrae) + VSt

2 R 572“125511

(19)

with (20)—«23), shown at the bottom of the following page.

Sa11 = {P(SMsn — Sym1)(Sas2z — Syr22)S211 Sz + Svrii(Swms2e — Syra2)]

—Q Sns11(Sumse2 — Sarare2)S3rie £RS s115mr12V PQ(Shrarit — Sarsi)(Saarze — SMSQQ)} /

. [(SMsn — Sy (Smsee — 5MT22)25§11 + Q(Snrare2 — 51\4522)512\”12}

where

P =5%710 — (Smsii — Sarri1)(Sararez — Sarroz)
Q = S3712 — (Svrvir — Savrn)(Swise2 — Syir2o)

R =53,715 — (Sars11 — Sarr11)(Syse2 — Syr2e)

(13)

(14)
(15)
(16)
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Substituting (12)—22) into (10) leads to

(Smrir — Sms11)V SE1; + (Sasit — Sai1)Sirio

R Syri12Ss11

k:

(24)
From (13), it can be seen that the solution has two roots. The
allowed error in the choice of the correct root can be aslarge as
£90° [5]. The correct choice can be easily made by comparing
the rootswith the solution obtained using the conventional TSM
method since the TSM method has a unique solution. In this
case, the measured length of the thru is zero, and the measured
offset length of the short L, is approximately 9.54 mm. At fre-
quenciesnc/4L, = n x 7.86 GHz, wheren isan integer, cis
the velocity of light in free space, Ss11 = +£1, and these fre-
guencies fulfill the following equation [12]:

R = S3por — (Sms11—Smri1)(Sus2e — Suraz) = 0. (25)

From (19), (21), and (24), it can be predicted that the denom-
inators of these expressions approach zero at frequencies n x
7.86 GHz. Fig. 2 shows the S-parameter S.41; obtained using
the present method. The directly measured data are also plotted
for comparison. Although it is hard to see that this method has
afreguency limitation from (13), it is obvious that the accuracy
of this method becomes very poor at frequenciesn x 7.86 GHz
from Fig. 2. From the above analysis, one can see that when
S 411 is determined, all terms required for test fixture calibra
tion can be obtained. This means that this method does have a
frequency limitation.

I11. THRU-SHORT (TS) AND THRU-OPEN (TO) METHODS

In some cases, the test fixtures are almost identical. For ex-
ample, the device under test is atwo-port with microstrip input
and output ports. Thetest fixtures can be two coax-to-microstrip
transitions and can be identical or symmetrical. The required
S-parameters of the symmetrical test fixtures reduce to S 411,
S 422, and S 4125421 [13]. Inthis case, two standards including
one transmission standard are needed for calibrating symmet-
rical test fixtures. The methods using known standards are the
thru-ine (TL) [11], [15], the TS/ITO [7], and the thru—match
(TM) [10] methods. The TL method uses two transmission-line
standards and has a frequency limitation.

In practical applications, exactly symmetric test fixtures are
difficult to obtain. In the analysis, the triple-through method [4]
is used to redlize the hypothetical symmetrical fixture halves
A and A’. The measurement configuration is shown in Fig. 3.
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Fig. 2. Measured S-parameter S 411 using the new agorithm of the TSM
method, compared with the data obtained using the full two-port SOLT method.

Thefixtures considered in the analysisinclude two-ports A and
B used in the above section and fixture C, which consists of
two adapters of the HP85052 coaxial calibration kit with a6-dB
coaxial attenuator inserted in between. The adapters were used
to convert the port sex of fixture C'. The cascaded networks are
indicated by the two letters, which stand for the two fixtures.
For example, the measurable network AB is obtained by cas-
cading two-ports A and B. Since the test ports 1 and 2 of the
calibrated network analyzer are male and female, respectively,
the subscripts 1 and 2 of the measured .S-parameters of the cas-
caded networks AC and C B should beinterchanged in order to

V =53712 — (Sa1 — Suri1)(Sams22 — Sur2z) (20)
(Sa11 — Sums11) [S3rrie + (Sams2z — Svr22)Surii] +V SwvsiiSE,
Aa= (21)
R Ss11

P (Sa11 — Sms11)Sms225% 710 + V [S3r10 + (Sumsit — Suri1)Surez) S34 22)

B22 =
(Sa11 — Sms11)S3yr1s + (Smsin — Sur11)V S%y,
St = Syl — Sau 23)

Sa22Svmir — Aa
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Fig. 3. Measurement configurations for the TS, TO, and TM methods;
networks A and B are test fixtures.

obtain the S-parameters of the required two-port networks C' A
and BC. All these changes are also shown in Fig. 3.

Thetransfer matrix of the thru connection of the hypothetical
symmetrical fixture A—A’ can be expressed as [4]

Taa =Tapl'Tecl'Tca (26)
where
1 1 — S22
T, =

Sm21 |:Sa:11 _Aa: :|

X =AB, BC, or CA 27)
, o1

I = L 0} (28)

Going back to the S-parameters from transfer matrix 74 4,
we have (29) and (30), shown at the bottom of this page.

Hence, the S-parameters of the cascaded symmetrical fix-
tures A and A’ can be calculated from the measured S-matrices
Sap, Spe, and S¢4. On the other hand, if the two real sym-
metrical fixtures A and A’ are cascaded together, the transfer
matrix of this cascaded network can be given by [4]

Tya =TaI'T]'T (31)
and its S-parameters can be expressed as
Sa11 — Sa224
Saair =S40 = ,111—;122,1 (32
1-— SA22
S 4195
Saa21 =S4412 = L;Ql (33
1- SA22
Rewriting these equations leads to
Sy = SAA; - San (34)
AA12
Sa128a21 =Saa12 (1 - 5,2422) (35)
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Once S.41; isdetermined, S420, and S.412.5.421 Can be easily
obtained from (34) and (35). The measurements with reflection
standards short, open, and match have been made in the above
section. For the TM method, a known match (Sy;;; = 0) is
used, and S 411 can be determined from (7) easily. For the TS
method, solving (5), (34), and (35), we have

Sms1194412—Sms511544119s11 A 445511

Sai1 = (36)

Sa4a12—Sms115511+54.4115511
The solution of the TO method is similar to that of the TS
method, and will not be given here. From (35), one can see
that an uncertainty exists in the phase of S,:> and Sao1.
Assumlng that Sa21 = [SAgllei(0+nl7T), S 4125421 Can be
expre$ed aS S4125421 = [SA21[26i(20+2"l77). The measured
phase frequency response is in between —w and «. In order to
determine m, the measured phase frequency response should
be converted to the real one, as shown in Fig. 4. The phase of

Sap11SBci1Scair — SapuilApe + Spc2ldAap — Scannlge

Saatr = Sas0 =

Spc11Scair — Sca1154aB22 + Spce2Sap2 — Apc
SaB129BC12SCA12

(29)

Sadi2 = Sado1 =

Spc11Scair — Sca11Sap22 + Spe22Sap2 — Apc

(30)
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Fig. 6. Measured S-parameter S 411 using the TM, TO, and TS methods. Direct measured data are also shown.

S 421 can, therefore, be reproduced by dividing the real phase
of S4125421 by two [16].

In order to investigate the reason why the problem of fre-
guency limitation occurs, we substitute (5), (32), and (33) into
(36), and express the denominator of S 411 as

W =84412 — Sms115s11 + 944119511

_ Sa12Sa0 (1-5%) -
(1 —5%22) (1 = Sa22Ss11)

The denominator of S 411 isgivenin Fig. 5 asafunction of fre-
guency. The measured offset length of the short standard was
approximately 9.54 mm. It is predicted that the denominator
of S411 approaches zero at frequencies n x 7.86 GHz. This
agreeswell with the experimental resultsshownin Fig. 5. Fig. 6
shows the S-parameter S 41; obtained using the TM, TS, and
TO methods, and the directly measured data are also plotted in
this figure for comparison. It can be seen that the TS and TO
methods have a frequency limitation. From (37), it follows that
if the short standard is replaced by a known termination whose



ZHU et al.: FREQUENCY LIMITATION IN CALIBRATION OF MICROWAVE TEST FIXTURES

-20
—
m
z
z
/2]
Q -40
©
=1
x=
c
(o]
(G
=
60 L —o— TR Method
—— Directly Measured |
0 5 10 15 20
Frequency (GHz)
@
180
B
S
5 90
[}
z
z
n 0
Q
72}
©
£
o 90
—o— TR Method
—— Directly Measured
_180 L L L

5 Frequer%gy (GHz)15

(b)

Fig. 7. Measured S-parameter S 111 using the TS method, where the short is
replaced by a 3-dB attenuator terminated with a short. Direct measurement data
are also shown.

reflection coefficient does not approach £1, the frequency limi-
tation can be removed. Thisis supported by the fact that the TM
method does not have a frequency limitation. Fig. 7 shows the
measured S 411 obtained using the TS method, where the short
isreplaced by a3-dB attenuator terminated with a short. Figs. 6
and 7 show that there is good agreement between the theory and
experimental data.

IV. DiscussioN AND CONCLUSIONS

Three standards including at least one transmission standard
are needed to calibrate asymmetric test fixtures. In this paper,
the TSM method has been taken as an example to investigate
thefrequency limitation. It has been shown that the conventional
TSM method does not have any frequency limitation. The cal-
ibration procedure has one redundant equation, which can be
used to determine one (unknown) S-parameter of the standards
and to improve the accuracy. In principle, any of the S-param-
eters of the three known standards can be treated as unknown.
When the short standard is treated as an unknown, the method
reduces to the TMR method [8], and the accuracy of the cali-
bration is improved and there is no frequency limitation [14].
However, when a standard match is treated as an unknown, the
problem of frequency limitation appears. Thus, frequency limi-
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tation may occur when using the same calibration standards, but
adifferent algorithm. Thisimpliesthat the frequency limitation
can, in general, be avoided by using a different algorithm.

Calibration methods using two transmission-line standards
have a frequency limitation. The TSO method has the same
problem because the calibration equations obtained with the
short and open have correlation with those from the thru at
some periodic frequencies. Our investigation on the calibration
of asymmetric test fixtures shows that, in certain cases, there
may be frequency limitation for the method using only one
transmission-line standard with a short (open) and a resistive
load.

The TRL isthe most precise calibration method. The problem
of the frequency limitation can be overcome by using another
line standard with different electrical length or by using several
line standards similar to the multiline method [9]. In our case,
the period of frequency limitation depends on the length of the
thru and the offset length of the short. A similar way can also
be used to avoid the problem. Since the calibration accuracy be-
comes worse at some periodic frequencies only, the calibration
dataaround these frequencies can be replaced, e.g., by those ob-
tained using the TSM or TOM method.

We have focused on the TSM method only because the equa-
tions obtained from the measurements with an open are similar
to those with a short; the theory established here can also be ap-
plied to the TOM method.

For the symmetric test fixtures, typical calibration methods
using known standards are the TL, TS, TO, and TM methods,
and only the TM method does not have an inherent frequency
limitation. The TS and TO methods have a frequency limitation
because the reflection coefficients of an ideal short or open are
close to £1. This frequency limitation can be removed when
the short or open standard is replaced by a known termination
with areflection coefficient different from +1, and thereis good
agreement between our theoretical and experimental data.
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