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Abstract. The scattering parameters of embedded devices
can be measured by means of contactless vector network
analysis. To achieve accurate measurement results, the con-
tactless measurement setup has to be calibrated. However,
if the substrate material or the planar transmission lines on
the substrate changes, a new calibration is necessary. In this
paper a method will be examined, which reduces the num-
ber of calibration cycles by using a database. Analytical re-
sults show that by using this database method, errors occur
which depend on the coupling coefficients and on the load
impedances of the contactless probes. However, the mea-
surement results show deviations smaller than 7% in com-
parison to the conventional vector network analysis, which is
sufficient for the most pratical applications.

1 Introduction

The scattering parameters of embedded devices can be de-
termined by contactless measurement methods described by
Sayil et al. (2005), Zelder and Eul(2006), Dudley et al.
(1999). A promising method is the contactless vector net-
work analysis proposed byStenarson et al.(2001), Zelder
et al. (2007a). A simplified two-port setup of this contact-
less measurement technique is illustrated in Fig.1. The two-
port setup consists of a conventional vector network analyzer
(VNA) with a source, a switch and four vectorial receivers
m1 to m4. In Fig. 1 the output ports of the VNA are con-
nected to a planar circuit board. In contrast to the conven-
tional setup, contactless probes are connected directly to the
receivers. Furthermore, the probes are positioned above the
planar transmission lines of the device under test (DUT).
In this paper a setup using capacitive probes is described.
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Zelder and Eul(2006) also used inductive probes, whereas
Zelder et al.(2007a) andYhland and Stenarson(2005) ap-
plied loop couplers as contactless probes. After a conven-
tional calibration such as Thru-Reflect-Line (TRL) given by
Engen and Hoer(1979), a DUT can be characterized. By
moving the probes from one planar DUT to another, the scat-
tering parameters of all DUTs which have equal planar con-
nection lines, can be determined. If the geometry of the pla-
nar connection lines or the substrate changes, a new calibra-
tion has to be carried out because the coupling coefficients
between the contactless probes and the planar transmission
lines change. This leads to variations of the calibration er-
ror terms. Thus, for each substrate material and each planar
transmission line geometry to be measured, a separate cal-
ibration substrate must be available. With the introduction
of the database method the calibration complexity can be re-
duced, because only one reference calibration substrate and
a database are necessary.

2 The database method

In the database, differences of the error terms are stored
using on the one hand a planar transmission line of a ref-
erence substrate and on the other hand any other planar
transmission line. Without loss of generality in this pa-
per, the database method is described using the conventional
Short-Open-Load (SOL) calibration algorithm. However, the
method can also be applied to other calibration methods like
TRL.

At first the well-known one-port error box model of a re-
flectometer used byRehnmark(1974) is shown as a flow
graph in Fig.2. In the grapha1, b1, aDUT andbDUT repre-
sent the measured waves and the real traveling waves to and
from the DUT, respectively. The other parameters illustrate
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Fig. 1. Contactless vector network analysis setup shown inZelder
et al.(2007b).

the error terms, which can be expressed by a matrix

[R] =

(
R11 R12R21
1 R22

)
. (1)

The error termsR11, R12R21 andR22 can be determined us-
ing three known calibration standards like short, open and
load. The ratioµx of the measured traveling waves

µx =
b1

a1
(2)

for a reflection coefficient0x in the reference plane can be
expressed in dependence of the error terms shown in Eq. (3).

µx = R11 +
R12 · R21 · 0x

1 − R22 · 0x

(3)

Applying Eq. (3) for three calibration standards, the error
terms can be calculated, whereby an unknown reflection co-
efficient0DUT can be determined

0DUT =
µDUT − R11

R22 · µDUT + R12 · R21 − R22 · R22
. (4)

For the database method, the error term matrices
[Rsubr ], [Rsub1], [Rsub2], . . . , [Rsubn ], . . . [RsubN ] according
to Eq. (1) using (N+1) different calibration substrates
with different transmission line geometries or substrate
permittivities are determined by means of the SOL algorithm
and a contactless one-port setup. Thereby, a constant and
repeatable probe positioning relative to the DUT and to the
transmission line must be warranted. One of the applied sub-
strates can be defined arbitrarily as the reference substrate
(index subr ). For the database method the following basic
approach is arranged

[Tsubn ] = [Tsubr ] · [1Tsubrn ]. (5)

In Eq. (5) the cascade matrix[Tsubr ] corresponds to the ref-
erence error term matrix[Rsubr ] by

[Tsubr ] =

(
R12R21 − R11R22 R11

−R22 1

)
. (6)

Fig. 2. One-port error box model.

Further more, it is assumed that the cascade matrix[Tsubr ]

multiplied by a matrix[1Tsubrn ] equals the error term cas-
cade matrix[Tsubn ] of the substrate subn. In this case the
matrix [1Tsubrn ] represents the deviations of the error terms
between the setup using the reference substrate subr and the
substrate subn. The deviation matrices[1Tsubrn ] can be cal-
culated relatively to the reference transmission line by

[1Tsubrn ] = [Tsubref ]
−1

· [1Tsubrn ] (7)

where[1Tsubrn ] corresponds to

[1Tsubrn ] =

(
1T11,subrn 1T12,subrn
1T21,subrn 1T22,subrn

)
. (8)

These deviation matrices[1Tsubrn ] are stored in the database
for all given substrates and transmission lines, respectively.

An alternative way to determine the deviation matrices
[1Tsubrn ] is the usage of a two-tiered calibration. Thereby,
the contactless measurement setup is calibrated, for example
with a SOL algorithm using the reference substrate. After
that, the reference transmission line is replaced by another
transmission line, which has a different geometry and/or an-
other substrate material. Then, a second calibration is per-
formed with the changed transmission line and the resulting
error term matrix of the second tier is equal to the deviation
matrix [1Tsubrn ].

The database method can be used for example in the qual-
ity control of printed circuit boards (PCB), where different
transmission line geometries often exist on one board or de-
vices on different substrate materials have to be character-
ized. Usually, for each change of the transmission line ge-
ometry a new calibration has to be carried out. However,
by using the database method the contactless measurement
setup has to be calibrated only once using the reference sub-
strate. If during the measurement the planar transmission line
geometry changes, the error terms can be corrected easily by
a software using the database and thus Eq. (5).

Usually the VNA, which is used for generating the
database, is different to the VNA which is used during the
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Fig. 3. Analytical one-port model of a contactless measurement
setup.

measurement; also the connecting cables between the re-
ceivers of the VNA and the contactless probes are differ-
ent. These facts result in a changed load impedance of the
contactless probes. If the database methods are used with a
changed load impedance an error occurs. An error estimation
using an analytical model will be given in the next section.

3 Simulation

3.1 Analytical model

In this section the influence of different load impedancesZV

of the contactless probes and different coupling coefficients
are examined. Therefore, an analytical model is used as il-
lustrated in Fig.3. In the model a source with a power level
of 0 dBm is connected to a coaxial line having conductive
loss of 1 dB/m. Two capacitively coupled probes are used
in the one-port scenario which are modeled by two capac-
itancesCS . In the simulation results the capacitances for
the reference substrate are namedCSr and for the measure-
ment substrateCS1. Each capacitance is terminated with the
impedanceZV , which represents the receiver impedance of
the VNA and the interferences of the transmission lines be-
tween receiver and probe. The load impedances which are
used while the database is set up are namedZV r and the
impedances which exist during the measurement of a DUT
are namedZV 1. The distance between the probes is cho-
sen to be 3.5 mm and the distance between the last probe
and the reference plane is 20 mm. Furthermore, two differ-
ent substrates are examined. Therefore, two different permit-
tivities εr,subr=2.0, εr,sub1=2.8 for the coaxial line between
source and DUT are used in the simulation. These values
correspond roughly to the effective permittivities of a 50�

microstrip line on a Rogers RT5870 and RO4003 substrate.
In this paper the coaxial line with the permittivityεr,subr is
chosen as the reference substrate and the line with theεr,sub1
represents the measurement substrate.

3.2 Analytical results

Comparing both database methods, exactly the same scatter-
ing parameters are obtained, thus, the following results are

Table 1. Capacitances and coupling coefficients at 10 GHz.

CS [fF] 10 15 22.5 34

|S31| [dB] −30.2 −26.8 −23.4 −20.0

Fig. 4. Deviations of the reflection coefficient in dependency of the
the port impedancesZV and the frequency. DUT:ZL=200�.

valid for both methods. In the first analysis the capacitances
are chosen to beCSr=15 fF andCS1=10 fF which results in
a deviation of1|S31|=3.4 dB and16 (S31)=61◦ at 10 GHz.
The values of capacitancesCS and the coupling factors at
10 GHz are given in Table1. In Fig. 4, two scenarios are
compared, whereas on the one hand the load impedances are
chosen to beZV r=40� andZV 1=60� and on the other hand
the impedances are exchanged. The deviations regarding an
ideal DUT with an input impedance ofZL=200� and a con-
stant reflection coefficient ofS11=0.6 are smaller than±0.5%
up to 20 GHz. The phase deviations which are not illustrated
are smaller than±0.12◦.

The increase of the errors in dependence of the differ-
ence of the load impedances1Z=ZV 1−ZV r is shown in
Fig. 5. For this examination the capacitances are chosen to
be CSr=1 fF andCS1=10 fF. In Fig. 5 it is illustrated that
the error is zero if1Z=0. With an increasing1Z the er-
rors also increase. In Fig.6 the influence of the param-
eter S31 is examined. Using different substrates the com-
plex coupling coefficients depend on the transmission line
geometry, its permittivity and the vertical, and horizontal
probe positions. Three scenarios are examined, where for
all scenarios the same deviation of the coupling coefficient
of about1|S31|=3.4 dB exists. Figure6 makes it obvious
that the errors increase if the coupling coefficients|S31| in-
crease. The reason for that is the increasing interaction be-
tween the probes and the main transmission line. Thus, there
must be a tradeoff, because low coupling coefficients result
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Fig. 5. Deviations of the reflection coefficient in dependency of the
differences of the port impedances1Z and the frequency. DUT:
ZL=200�.

Fig. 6. Deviations of the reflection coefficient in dependency of the
coupling capacitances and the frequency. DUT:ZL=200�.

in small errors, however, they also reduce the dynamic range
of the contactless measurement. Furthermore, in Figs.7 and
8 the deviations are separated into absolute error values and
phase errors and are shown in dependence of the reflection
coefficient. It is obvious that the deviation increases for high
reflection coefficients. For the phase deviations the error in-
creases with decreasing reflection coefficients such as the ab-
solute error if it is depicted in percent. In Fig.9 the deviations
depending on the differences1|S31| of the coupling coeffi-
cients using either the reference or the measurement substrate
are shown. By adjusting the capacitancesCSr andCS1, the
differences of the coupling coefficients1|S31| are changed
between 3.4 dB and 10.2 dB. As shown in Fig.9, the errors
increase with an increasing1|S31|. But even if a strong cou-
pling of about−20 dB (CSr=34 fF) and a difference of about
1|S31|=10.2 dB exist, the measurement error of a 200� load

Fig. 7. Deviations of the reflection coefficient in dependency of the
coupling capacitances at 10 GHz.

Fig. 8. Deviations of the reflection coefficient in dependency of the
coupling coefficientS31 at 10 GHz.

is smaller than±2,5% and±1◦. Figure10shows that a high
coupling coefficient for the reference substrate as well as for
the measurement substrate is even worse. For the chosen
coupling coefficients it is insignificant that the probes above
the reference substrate or above the measurement substrate
have a higher coupling. It can be summarized that using the
database method a small error occurs. The errors decrease
with decreasing differences of the load impedances1Z of
the contactless probes, with decreasing the coupling coef-
ficientsS31 andS41 as well as with decreasing differences
of the coupling coefficients1S31 and1S41 of the reference
substrate in comparison to the measurement substrate.
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Fig. 9. Deviations of the reflection coefficient in dependency of the
differences1|S31| of the coupling coefficient. DUT:ZL=200�.

Fig. 10. Deviations of the reflection coefficient in dependency of
the order of the capacitancesCSr andCS1 and the frequency. DUT:
ZL=200�.

4 Measurement

4.1 Measurement setup

The database method is tested using the measurement setup
shown in Fig.11. For the measurement two small semi-rigid
coaxial lines are used as capacitive probes. The inner con-
ductors of the coaxial lines have a diameter of 200µm. The
probe ends are positioned in a distance of 3.5 mm from each
other and about 50µm above the microstrip lines. Two mi-
crostrip lines on Rogers RO4003 (εr=3.55) and on RT5870
(εr=2.33) are used. The width of the microstrip lines are
1.1 mm (RO4003) and 1.49 mm (RT5870) which results in
characteristic impedances of about 50�. Setting up the refer-
ence database, the calibration substrate RT5870 and a VNA
(Agilent PNA E8361A) are used. The database method is

Fig. 11. Contactless measurement setup with capacitive probes.

Fig. 12. Comparison of the measured coupling coefficients with a
model using a single capacitance.

utilized on the measurement substrate RO4003 using a VNA
(Rhode & Schwarz ZVA24).

4.2 Measurement results

At first the characteristics of both the contactless probes and
the substrates have been examined. Therefore, a four-port
measurement setup is used which is calibrated with a four-
port TOSM procedure regarding the coaxial reference planes
at port 1 to port 4. The absolute values of the coupling coef-
ficients using both substrates are plotted over the frequency
in Fig. 12. For the RO4003 substrate, the coupling coeffi-
cient is about|S31|=−26.8 dB which is comparable with a
coupling capacitance of 15fF as illustrated in Fig.12. The
differences of the coupling coefficientsS13 andS14 using the
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Fig. 13. Measured reflection coefficient of a filter using on the one
hand a conventional VNA and on the other hand the contactless
database method.

RT5870 and the RO4003 substrate is smaller than±3.5 dB
in magnitude and±25◦ in phase up to 20 GHz. Furthermore,
the load impedances of the probes are compared using on the
one hand the PNA and on the other hand the ZVA. Over the
whole frequency range, the load impedances including the
coaxial connecting lines and the receiver impedances vary
by ±13� between 1 GHz and 20 GHz. The match of the
load impedances with respect to a reference impedance of
50� is smaller than−10 dB. The reflection coefficient of a
passband filter is shown in Fig.13. The measurement re-
sults using a conventional VNA and the contactless setup in
combination with the database method are in close concor-
dance. The deviations between both measurement results are
shown in Figs.14 and15. The deviations of the absolute
values of the reflection coefficient for high reflective DUTs
are smaller than±7% and for the phase smaller than±6◦

between 2 GHz and 16 GHz. The deviations can be reduced
if the measurement results are averaged which has not been
done for the results shown in Figs.13 to 15. With the mea-
surement the deviations are higher than with the simulations,
as in the simulations noise, positioning errors, and surround-
ing influences are neglected.

5 Conclusions

Using the contactless vector network analysis it is neces-
sary to recalibrate the setup for any changes of the planar
transmission lines which are connected to a DUT. With the
database method only one calibration on a reference sub-
strate is necessary to use different transmission line geome-
tries during the measurement. Simulation and measurement
results show that the errors of the database method can be
neglected in comparison to the errors caused by noise, the

Fig. 14. Deviations of the absolute values of the reflection coeffi-
cients of the filter using on the one hand a conventional VNA and
on the other hand the contactless database method.

Fig. 15. Deviations of the phase of the reflection coefficients of the
filter using on the one hand a conventional VNA and on the other
hand the contactless database method.

surroundings, and insufficient reproducibility of the probe
positioning.
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