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Line Network Network (LNN): An
Alternative In-Fixture Calibration Procedure

Holger Heuermann,Member, IEEEand Burkhard Schiek,Member, IEEE

Abstract—An alternative method for a network analyzer cal-
ibration is evaluated. This line network network (LNN) method
avoids de-embedding of the device under test (DUT) and it allows
the characterization of an unknown two-port inserted between
an arbitrary number of cascaded unknown two-ports. An un-
known obstacle must be moved on a transmission line into three
positions. The LNN calibration technique delivers the electrical
wavelength or the relative dielectric constant of the transmission
line and the scattering parameters of the obstacle. Since the
connectors do not have to be exchanged, nonreproducibilities
of the connectors are only a minor problem. Additionally, a
double-calibration technique is presented. The double-calibration
technique is used to employ the LNN method on both sides
of the two-port DUT in order to perform an error-corrected
measurement. Experimental results compare the LNN method
with the tru-reflect-line (TRL) method particularly for an in-
fixture calibration.

Index Terms— Calibration of a network analyzer, de-
embedding, in-fixture measurements, microwave de-
vice.

I. INTRODUCTION

I N ORDER TO measure the scattering parameters of a
device under test (DUT), the chip or wafer must be mounted

in a contacting fixture, which transforms the actual chip or
wafer parameters.

Fig. 1 shows the block diagram of a double reflectometer
with a test-fixture.

[ ] and [ ] are virtual, linear-error networks interfacing
the DUT and the fixture networks [] and [ ] to an
error-free double reflectometer (network analyzer with four
measurement ports, e.g., HP8510, Wiltron 360).

There are two ways to obtain the unknown DUT parameters
with high precision.

The first way to get the corrected parameters is as follows.
The network analyzer is calibrated inserting standards at the
site of the DUT [1]. One directly calculates the combination

and [ ] of the error networks [ ] and [ ] and the
fixture networks [ ] and [ ] .

The DUT is implemented in a transmission line, (e.g.,
microstrip or coplanar line). This is termed an in-fixture
calibration [2] or one-tier de-embedding [3]. This method of
calibration is well suited for the Txx self-calibration proce-
dures [4]–[6], as well as the tru-reflect-line (TRL) method [7]
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Fig. 1. Error model of a network analyzer with four measurement channels
(double reflectometer) interfacing a test-fixture.

(a special case of Txx). All of these conventional calibrat-
ing methods exhibit the common drawback that during the
calibrating process the individual calibrating standards must
successively be inserted and taken out again, which poses a
problem with the reproducibility of the contacts.

The second way to get the corrected parameters is as
follows. The reflectometer is calibrated in either a coaxial-
type or another type of a waveguide, then the calibrated
network analyzer is used to characterize the fixture networks
[ ] and [ ] . This is termed a de-embedding [2] or two-
tier de-embedding [3] and is used in the frequency- [8] and
time-domain [9] options.

When in-fixture standards of a similar quality are available,
an in-fixture calibration should give more accurate results than
a de-embedding, since the evolution of measurement errors is
reduced.1

In this paper, the authors present a simple and robust
self-calibration method, where the calibration constants are
evaluated via closed-form analytical equations.

A further advantage of this new method is the fact that one
can perform a calibrated free-field measurement without mov-
ing the antennas. Therefore, this procedure allows calibrated
measurements with antennas for high frequencies.

Additionally, the authors present an alternative method of
calibration, the so-called double-calibration technique which
employs the line network network (LNN) calibration method
before and after the DUT to perform an error-corrected in-
fixture measurement. With the double-calibration technique
one can determine the corrected scattering parameters of a
DUT without the direct connection (thru or line) of the test-
ports of the network analyzer. It should be mentioned that any
two-port calibration method for double reflectometers [e.g.,
TAN, TRL, thru-match-reflect (TMR)], is equally well suited
for the double-calibration technique, if applied before and after

1Furthermore, the fixture networks ([G]; [H]�1) must normally be recip-
rocal for a de-embedding, whereas nonreciprocal elements are allowed by an
in-fixture calibration.
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Fig. 2. The four calibration measurements of the LNN calibration procedure
with a circular obstacle on a planar microstrip substrate.

Fig. 3. LNN calibration with an unknown obstacle on a planar microwave
substrate.

the DUT. Therefore, this alternative calibration method allows
calibrated measurements even when it is impossible to remove
the DUT (e.g., mixer measurements).

II. THE NECESSARYCALIBRATION STANDARDS

The LNN procedure requires the calibration measurement
of a line-standard and two or three measurements of the line
together with an object to be calibrated (called “obstacle”), as
is seen in Fig. 2.

The mechanical length of the line and step-widthmust be
known. The characteristic impedance of the line establishes
the reference impedance of the measurements (
). The system impedance is defined to be the same asof

the line.
The otherwise unknown obstacle is required to be reciprocal

( ), to have identical reflection coefficients on
either side ( ), and its electrical properties must
not change when it is moved.

The scattering parameters of the obstacle will be determined
in the self-calibration part of the algorithm. Furthermore, the
self-calibration delivers the generally complex propagation
constant of the transmission line. However, the algorithm
needs prior rough information regarding the propagation or
phase constant in order to resolve a sign ambiguity.

Fig. 3 is a cross section showing the application of the LNN
procedure in a network analyzer with a test-fixture in a stripline
technique on a substrate.

III. T HEORY

A. The LNN Self-Calibration Technique

Represented as transmission or chain-transfer parameters,
the vector equations of the mutually independent measuring
values , , , and for the first position of the
switch [5] and , , , for the second position
of the switch are combined in accordance with the so-called

four-port to two-port reduction to form a matrix equation:

(1)

(2)

with the measurements matrix

(3)

and the abbreviations

and

(4)

The - and -coefficients of the 2 2 matrices [ ] and
[ ] are the eight unknown-correction quantities which may be
reduced to seven by fixing one of them to unity [5].

Considering in Fig. 2 the left-hand and the right-hand
reference planes for deriving the so-called self-calibration, one
obtains with the line through connection ([] [ ]) for the first
calibrating measurement

(5)

in which

(6)

The Greek letter represents the complex propagation con-
stant and is the length of the line system. The transmission
parameter matrix of the object to be calibrated, the obstacle,
is [ ].

For the second calibrating measurement the obstacle is in
the first position and the measurements matrix is written as

(7)

in which

(8)

When substituting (5) in (7) it follows:

(9)

Using a theorem for similar matrices2 one obtains

(10)

2According to a theorem of the linear-mapping theory the following holds:
Square matrices [X] and [Y] for which:

[X] = [K]�1[Y][K]:

([K]: regular matrix) are similar matrices. Similar matrices have the following
properties:

trace ([X]) = trace ([Y])
det ([X]) = det ([Y]):
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from which there results the first self-calibration equation for
determining the unknown obstacle two-port []

(11)

For the third LNN calibration measurement the obstacle is
in the second position and it follows:

(12)

Combining the second and third calibration measurements,
the evaluation of

(13)

results in the second required equation

(14)

Here use has been made of the postulated property that
is the matrix of a reciprocal two-port:

(15)

The fourth calibration measurement yields, with the obstacle
in the third position

(16)

Combining (7) and (16), one obtains

(17)

delivering the last of the required equations to determine the
self-calibration parameters

(18)

Dividing (14) by (18) one obtains an equation for the
determination of either the complex phase constantor the
complex propagation constantwith the mechanical length
being known:

(19)

If the propagation constant is knowna priori, the fourth
calibration measurement and consequently the calculating
steps from (16) to (19) can be omitted.

If the mechanical length is given incorrectly, the result for
is likewise incorrect, but the product still is exact.
As both parameters and subsequently only occur in the

form of this product, the incorrectly given mechanical length
does not affect the calibration accuracy.
Considering the initially required property that the obsta-

cle should be reflection-symmetrical, the following holds in
transmission parameters

(20)

which substituted in (14) results in

(21)

Fig. 4. Error model of a network analyzer (double reflectometer) interfacing
a double-LNN test-fixture.

Fig. 5. Double-LNN calibration with an implemented DUT and an unknown
obstacle on a microwave substrate.

Substituting (11) in (15) one obtains after a short computa-
tion the equation for the other -quantities

(22)

and follows directly from (11).
Transforming the problem to scattering parameters, the sign

decisions are reduced to the evaluation of the passivity of the
obstacle. Furthermore the phase of the reflection characteristic
of the obstacle must be known to 180, similar to the previous
calibrating methods.

Once the coefficients and the product are known, the
so-called self-calibration is complete. Thus, four calibration
measurements with completely known standards are available.

However, for the computation of the and error-
correction coefficients one only requires three calibration mea-
surements with known standards. Hence, there is sufficient
information available to determine the correction values in a
conventional way [6].

Note that in this theory the obstacle with the transmission
parameters has been treated as a nonphysical two-port with
zero dimensions implemented between the lines with the trans-
mission matrix . One can obtain the physical transmission
parameters of the obstacle with the mechanical length
via

(23)

Notice that the sign decisions rely on the nonphysical
parameters .

B. The Double-LNN Self-Calibration Technique

In order to derive the double-LNN self-calibration tech-
nique, Fig. 4 describes the actual calibration scheme. []
and [ ] are error networks interfacing the DUT with the
transmission matrix [ ] to an ideal network analyzer.

Fig. 5 is a cross section showing the application of the
double-LNN technique in a test-fixture with stripline technique
on a substrate.
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Fig. 6. The six calibration measurements of the double-LNN calibration
process.

Dealing with these two-ports, one obtains in reference to
(2) the double reflectometer equation:

(24)

with the measurement matrix [].
During the double-LNN calibration process the connectors

do not have to be exchanged, only the scattering obstacle must
be moved on the transmission line before and behind the DUT
(Fig. 6).

The LNN calibration on the left side of the DUT delivers
the error-corrected coefficients, with set to unity

(25)

except for a common complex factor.
Similarly, the LNN calibration on the right side of the DUT

delivers the correction values

(26)

with set to unity. The error box [] is the same as the
error box [ ] except for a common factor.

Inserting [ ] and [ ] into (24) one obtains

(27)

Here, use can be made of the postulated property that [] is
the matrix of a reciprocal two-port . Taking

the determinant on both sides one can resolve for:

(28)

In order to make the sign decision it is necessary to have
a preliminary information about the DUT, but this does not
constitute a practical problem.

Inserting the result of from (28) into (27) it follows
for the DUT parameters:

(29)

For the measurement of the scattering parameters of a non-
reciprocal device like a transistor it may be advisable to turn
off the dc-voltages of the transistor to guarantee reciprocity
during the calibration part. If necessary, the transmission may
be enhanced by a coupling bridge during the calibration part.

For the actual measurement the transistor may be operated
actively. Notice that the transistor must not be removed for a
through connection as it is necessary for most other methods.

However, any two-port calibration method for double re-
flectometers (e.g., TAN, TRL, TMR), is equally well suited
for the double-calibration technique, if applied before and
after the DUT. In general, the double-calibration technique
is useful for a variety of coaxial and noncoaxial environments
and may find further application (e.g., in the field of free-space
measurements).

IV. EXPERIMENTAL COMPARISON: THE LNN
WITH THE TRL-CALIBRATION PROCEDURE

One can find in [10] very useful numerical simulations of
the LNN calibration procedure. One can additionally find in
this paper the first LNN-error-corrected measurements up to
4 GHz.

It has been shown in [10] numerically and in [11] experi-
mentally that the LNN self-calibration part is a good way to
evaluate the propagation constant. Verification measurements
of the double-LNN calibration procedure has been published
in [12]. One automatic method of movement of the obstacle
before and after the DUT for the double-LNN process is given
in [13].

For the comparison of the LNN correction process with the
TRL-calibration process, the resulting equations were applied
to measurements values. The following measurement have
been carried out on a HP 8510 C with a self-made test-fixture
over a frequency range of 2–10 GHz. The raw measurement
data have been read out and processed on a personal computer.
For the LNN calibration the step-widthof the movement of
the obstacle was 0.75 cm and the microwave substrate was
TMM3 ( ).

We have used a cylindrical block out of metal (diameter:
3.6 mm, height: 2 mm) and fixed it in plastic to realize the
obstacle. Additionally, we have produced a simple and robust
fixture with slots in a distance of 0.75 mm to move the obstacle
without changing its electrical parameters.

Fig. 7 shows the measurement values of the reflection of the
used obstacle evaluated via the LNN self-calibration process
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Fig. 7. Measurement of the magnitude of the obstacle evaluated via the
LNN-self-calibration process (solid line) and via a LNN calibration (dashed
line) versus frequency.

Fig. 8. LNN-error-corrected (dashed line) reflection measurement of a cal-
ibration-line standard versus frequency.

and via the LNN calibration. In the latter case (i.e., the LNN
calibration) the obstacle is treated as a normal DUT. This
figure proves that the self-calibration process does not have
a range of unreliable calibration (here at 6.2 GHz).

The following TRL-error-corrected measurements do not
break down because the step-widthwas so short that the
first multiple of half a wavelength was outside the considered
frequency range.

Since for the LNN calibration measurements nonrepro-
ducibilities of the connectors are only a minor problem,
the LNN-corrected measurement of the line-standard shows
superior results in comparison with the TRL-corrected mea-
surement (Fig. 8).

However, for a high-quality error correction of the mea-
surement of a common DUT it is necessary that one provides

Fig. 9. Magnitude of the transmission of a 50
-series resistor er-
ror-corrected with the LNN-procedure (solid line) and the TRL-procedure
(dashed line).

Fig. 10. Magnitude of the reflection of a 2.2-pF series capacitor er-
ror-corrected with the LNN-procedure (solid line) and the TRL-procedure
(dashed line).

over well-matchedand high-reflective calibration standards.
The numerical results of [10] prove that it is disadvantageous
to use an obstacle with a high-reflection value for the LNN
self-calibration process.

This matter of fact is the main reason that the LNN-
corrected results of common DUT’s are not as good as the
TRL-corrected results (Figs. 9 and 10).

Aside from these aspects of high-precision measurements,
these measurements results show that with this new LNN
method one can perform useful error-corrected measurements.

V. CONCLUSION

A simple and robust in-fixture calibration method has been
described in close-form solutions. The LNN calibration tech-
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nique delivers the electrical wavelength or the relative dielec-
tric constant of the transmission line. Since the connectors
do not have to be exchanged in the calibration process, non-
reproducibilities are only a minor problem in the calibration
process of the LNN procedure.

The experimental results show that the LNN calibration
technique delivers better error-corrected results than the TRL
calibration technique for well-matched DUT’s. But in the case
of a DUT with a high reflection coefficient the TRL procedure
is the better choice.
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