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Abstract —Vector network measurements are enhanced by cal-
ibrating the measurement system over the entire band of inter-
est. This is presently done using a 12-term error correction
model. Many measurement systems including open air devices,
such as MMIC wafer probes, contain leakage and coupling error
terms not modeled in current calibration systems. In this paper
all error terms in such a system are included in a new 16-term
error model and calibration procedure. Corrected measure-

ments using the new 16-term calibration procedure are com- -

pared with TRL and 12-term calibration measurements and
excellent agreement-is observed for a non-leaky system. For a
leaky system, the 12-term model is shown to break down while
the 16-term model retains its accuracy. These results validate
the accuracy and viability of the new calibration procedure for
MMIC wafer probe measurements and other measurement sys-
tems containing leakage.

I. INTRODUCTION

HE ACCURACY and usefulness of the Vector Net-

work Analyzer (VNA) is enhanced by calibrating the
measurement system at the device under test (DUT)
interface. The calibration should be capable of providing
a repeatable representation of the measurement system
and account for most of the system errors. A large num-
ber and variety of error models and calibration proce-
dures have been proposed to date [1]. These include the
12-term error model [2], TRL [3], TSD [4] and others [5].
Although these models are accurate for many measure-
ment systems, they include only a portion of the possible
errors in a measurement system and do not include many
of the leakage and coupling terms often encountered in
MMIC measurcments.

In an MMIC wafer probing system, the wafer probes
utilize open air fixtures which result in leakage and cou-
pling errors not modeled and accounted for in the 12-term
or other models. Consequently, if accurate MMIC mea-
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surements are expected, it is necessary to include these
new leakage terms in the error model.

It is the purpose of this paper to present an error
model and a new calibration procedure which accounts
for all of the errors in an open air fixture such as an
MMIC device; in the case of a two-port network, this
extends to 16 terms. The 16-term model will allow fixtures
that have poor grounding and numerous cross-talk paths
to be accurately calibrated. This paper will investigate the
theory and methods used to solve the 16-term error
model system as well as simulation and measurement
results obtained from this model.

II. GENERAL THEORY

For a two-port measurement such as that shown in Fig.
1, the 16-term S-parameter error model is shown in Fig.
2. As shown the dotted arrow terms represent the cross-
talk paths of which six terms are not accounted for in the
conventional 12-term error model. Using flow-graph anal-
ysis, the error adapter is represented in matrix form as
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The measured (S,,) and the actual (S,) S-parameters of
the device under test are defined as
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The objective is to establish a calibration procedure that
may be used to calculate all the error terms in the matrix
E so that the actual matrix S, of the device under test
may be extracted from the measured S-parameters S,,,.
By applying the definitions of §,, and S, to (1) and
applying linear algebra operations, a relationship between
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Fig. 1. Block diagram of a two-port system.

S, S,, and the error matrix E is obtained as (4)

Sp=E+ E,S,(I1- E,S,) " E, (4)
where I is the unit matrix.
Solving for §,, we obtain
_ -1
S.={Es(S,—E)) 'E,+E} . (5)

Detailed expansion of (5) shows that it is nonlinear in the
error terms thus making it difficult to solve for the error
terms in terms of the calibration standards.

On the other hand, by using cascading 7-parameters to
represent the error terms, a linear set of equations and an
easier solution may be obtained. The error system of (1)
may be represented in terms of T-parameters as
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By applying the definitions of §,, and §, to (6) and
applying linear operations, the following relationships be-
tween §,,, §, and T are obtained:

S = (TISa + Tz)(Tssa + T4)_1

(7
T8, +T,—8, TS, —S,T,=0 (8)
Sa:(Tl_SmT3)_1(SmT4_T2)‘ (9)

Note that (8) is a set of four homogeneous equations that
are linear in the entries of the partitioned T matrix.
Theoretically, by using four different two-port standards,
enough equations are generated to solve the 16 T error
terms. Once T is solved, equation (9) can then be used to
determine the actual S-parameters S, of an unknown
DUT from its measured S-parameters S,,. The developed

16-term model is general and because it takes into ac-
count the leakage terms, it improves accuracy for mea-
surement systems containing leakage.

III. SoLvinGg THE T ERROR TERMS

Once the set of equations is obtained, the problem lies
in solving the system of homogeneous equations 4T = 0.
Other calibration methods have been suggested to date
which use cascading error networks [4], [5]. Most have
taken special cases and have introduced assumptions to
simplify the mathematical manipulations required to solve
for the error network. Along with the theory, this paper
introduces a general, accurate method for solving 4-7T =0
for the error terms of a network analyzer.

A. Solution Method

The trivial solution T =0 is always a possible solution
for a homogeneous set of equations. In fact if 4 + 0, then
the matrix equation A-T =0 has only the trivial solution
T = 0. Therefore the solution for T is nontrivial if and
only if |4]=0 [6].

In this situation, the matrix equation generated by the
16-term error model contains two singularities. This is
due to the inability to measure independently the e, and
€55 error terms. In the 12-term model these terms are not
solved for independently but in combination with e,; and
e3, [1]. Since the T-terms reprosent the E-terms, the same
singularities exist in both matrices, although they are not
as obvious in the T matrix.

The homogeneous system of 16 equations can be solved,
in principle, by a variety of methods. The equations may
be normalized to one of the unknown coefficients, prefer-
ably one whose magnitude is close to unity, yielding an
equation of the form 4T = B, and solving the resulting
15 equations using one of the routine direct solution
methods. Alternatively, the over-determined system of 16
equations may be solved in a least-squares sense using a
procedure such as the singular value decomposition (SVD)
method [7]. Initial experience with the first procedure
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Fig. 2. Flow graph of the 16-term error adapter corresponding to the system shown in Fig. 1.

provided unsatisfactory results probably due to the singu-
larities and a successful solution was obtained using SVD.

B. Solving Least Squares Using Singular
Value Decomposition

Singular value decomposition (SVD) was used to solve
the least squares problem for the 16 terms of the error
model. SVD was chosen for three reasons. First, SVD is
designed to handle singularities. Second, in an over-
determined system, which is the case here, SVD produces
a solution that is the best approximation in the least-
squares sense. The final and most important reason is
that SVD provides additional valuable information about
the system. This includes the condition of the matrix,
singularities and an indication of noise and other system-
atic errors present in the system of equations. Although
other methods may be faster, the information from SVD
proves to be very valuable in understanding and solving
many of the problems associated with the singularities
and systematic errors in the 16-term system. A detailed
discussion of the mathematics of SVD can be found in the
literature [7], [8].

The basis of SVD is that any m X n matrix 4 can be
decomposed into an equivalent product of three matrices
U, W, and V7 where U is a column-orthogonal matrix, W

a diagonal matrix and ¥ a row-orthogonal matrix.
A=U-[diag(w))]| V" (10)

SVD performs this decomposition of 4 regardless of the
singularities of 4. The number of singularities of A is

determined by the number of zero w, elements. The
condition number of A is defined as the ration of the
largest w, to the smallest w;. In a noiseless system, the
smallest w; is identically zero. As noise is added to the
system a corresponding increase in the smallest w; results. -
In simulation and noise analysis it was determined that
the value of the smallest w; corresponded approximately
to the level of noise and systematic errors in the system.
For instance, if noise at a level of —60 dB is added to the
system, then the smallest w; will be approximately — 60
dB. Thus SVD not only solves the system equations but
also gives additional valuable information about the sys-
tem and a good indication of the validity of the solution.
Once SVD is performed on A, the solution to the T
matrix can be obtained [7}:
T =V-[diag(1/w;)]-U"B "(11)
where B is a column vector obtained from the normaliza-
tion of the homogeneous set of equations (8).

IV. SIMULATION AND MEASUREMENT RESULTS

A. Measurements of a Non-Leaky Coaxial Systém

For verification of the 16-term model theory and cali-
bration procedure, the model was first simulated and then
implemented on the HP8510B network analyzer via HPIB
communication to an external controller. First, extensive
simulations were performed to verify the accuracy of the
new procedure. Then a 51 point calibration was per-
formed on the HP8510B from 2 to 12 GHz on a 7 mm
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Fig. 3. Comparison of measurement of a 25 () mismatch airline using
the 16-term calibration procedure and a TRL calibration of a 12-term
model. (a) Magnitude. (b) Phase.

coaxial measurement system. Two different verification
standards, a 20dB attenuator and a mismatch airline,
were used. The corrected measurements obtained from
the 16-term calibration were then compared to measure-
ments made using a 12-term, TRL calibration of the same
measurement system.

The 16-term measurements corresponded very well to
the 12-term, TRL-calibrated measurements, as shown in
Fig. 3. The phase measurements can hardly be distin-
guished in Fig. 3(b). It thus confirms the validity of the
16-term error model system and calibration procedure.
There was, however, a slight difference in the measure-
ments. This difference is most likely due to imperfections
in the calibration standards used. Unlike TRL, since all
four standards need to be fully known in the 16-term
model calibration procedure, the calibration standards
must match their models for accurate results. The four
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Fig. 5. Isolation measurements (S;,) comparing uncorrected and after

12-term correction with matched loads at the DUT ports.

standard combinations used in this calibration were
THRU, MATCH-MATCH, OPEN-SHORT, and
SHORT-OPEN. The difference in measurements is then
about the same as the difference between 12-term calibra-
tions using TRL and using OPEN/SHORT/LOAD/
THRU. Another source of error can be attributed to the
fact that in a coaxial measurement system many of the
leakage terms are below the noise and systematic error
levels in the system. It is common practice, in such cases,
to set the leakage terms to zero which yields better results
than averaged measurements of noise. By including these
terms in the calculations, another source of systematic
error is introduced.

B. Measurements of a Leaky System

The measurement configuration shown in Fig. 4 was
used to provide a very simple approximation to a leaky
system such as an MMIC wafer probing station. As can be
seen in the figure, this measurement system provides
additional leakage paths which are not included in the
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Fig. 7. Isolation measurement (S;,) comparing uncorrected and after
16-term correction with matched loads connected at the DUT ports.

12-term model. However, the 16-term error model does
include these paths. It will be shown that the performance
of the 12-term model is significantly reduced while the
performance of the 16-term calibration remains good.
For this measurement system, a 12-term OPEN/

SHORT /LOAD /THRU calibration (including isolation)

was performed along with the 16-term calibration. The
performance of the 12-term model when measuring isola-
tion (Fig. 5) where the test ports are terminated by
matched loads is very good (= —65 dB). It is clear that
the 12-term model fails to'isoldte the leakage paths when
measuring a highly reflective device as can be seen from
Fig. 6. When shorts or opens are connected at the test
ports, the isolation measurement increases to approxi-
mately that of the leakage path (= —20 dB). Ideally, the
isolation measurements should not change when different
DUT’s are measured. This illustrates one situation where
the 12-term model does not work.
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Fig. 9. Measurements of a 25  mismatch airline comparing ideal
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On the other hand, the 16-term isolation measurements
remain consistently good (= —60 dB) for both highly
reflective and well matched termination devices. This is
illustrated in Figs. 7 and 8 and the results obtained clearly
demonstrate the advantage of the 16-term calibration
procedure when measuring a leaky system.

A mismatch airline was also measured with both 12-term
and l6-term procedures as shown in Fig. 9. As can be
seen, the 16-term measurements are much better than the
corresponding 12-term measurements by comparison with
the measurement of a non-leaky system, shown in Fig.
3(a), over the range 2 to 4 GHz. Again, this shows the
advantage of using the 16-term calibration procedure over
that of the 12-term procedure when measuring with a
leaky system such as an MMIC wafer probe station.
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V. CoNCLUSION

The 16-term error model and calibration procedure has
been successfully developed, simulated and implemented
using the HP8510B. It provides a general model and
method for characterizing all the errors in a four-port
error adapter. Good results were obtained in both simula-
tion and measurements showing the validity of the 16-term
error model. The 16-term calibration was also made on a
leaky measurement system emulating the situation of a
wafer probing station. Measurements were made using
T-junctions in each of the two ports to facilitate simula-
tion of coupling between the ports.

This work has demonstrated that the leakage effects
can be measured and corrected. However, the on-wafer
measurement environment has additional error, such as
probe placement, location and repeatability, wafer motion
and perturbations caused by the presence of the device
under test, all of which will change the leakage paths.

After calibration, the 16-term model performed signifi-
cantly better than the corresponding 12-term model of the
same leaky system. The results demonstrate an improve-
ment over the 12-term model, taking into account the
leakage terms and hold the potential for providing for
more accurate network analysis of MMIC measurement
devices.
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