Adv. Radio Sci., 6, 1925, 2008 .
www.adv-radio-sci.net/6/19/2008/ A(_:Ivanges in
© Author(s) 2008. This work is distributed under Radio Science
the Creative Commons Attribution 3.0 License.

Usage of the contactless vector network analysis with varying
transmission line geometries

T. Zelder, B. Geck, I. Rolfes, and H. Eul
Institut fur Hochfrequenztechnik und Funksysteme, Leibniz Univarstannover, Appelstr. 9A, 30167 Hannover, Germany

Abstract. The scattering parameters of embedded deviceZelder and Eu(2006 also used inductive probes, whereas
can be measured by means of contactless vector networKelder et al.(20073 and Yhland and Stenarsof2005 ap-
analysis. To achieve accurate measurement results, the coplied loop couplers as contactless probes. After a conven-
tactless measurement setup has to be calibrated. Howevdrpnal calibration such as Thru-Reflect-Line (TRL) given by

if the substrate material or the planar transmission lines orEngen and Hoe(1979, a DUT can be characterized. By
the substrate changes, a new calibration is necessary. In thisoving the probes from one planar DUT to another, the scat-
paper a method will be examined, which reduces the num+tering parameters of all DUTs which have equal planar con-
ber of calibration cycles by using a database. Analytical re-nection lines, can be determined. If the geometry of the pla-
sults show that by using this database method, errors occumar connection lines or the substrate changes, a new calibra-
which depend on the coupling coefficients and on the loadtion has to be carried out because the coupling coefficients
impedances of the contactless probes. However, the medetween the contactless probes and the planar transmission
surement results show deviations smaller than 7% in comiines change. This leads to variations of the calibration er-
parison to the conventional vector network analysis, which isror terms. Thus, for each substrate material and each planar
sufficient for the most pratical applications. 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.

1 Introduction

The scattering parameters of embedded devices can be de-

termined by contactless measurement methods described by

Sayil et al. (2009, Zelder and Eul(2006, Dudley et al.

(1999. A promising method is the contactless vector net-2 The database method
work analysis proposed b$tenarson et al2001), Zelder

et al. (20073. A S|mp||f|gd twg—port setup.of th|s contact- In the database, differences of the error terms are stored
less measurement technique is illustrated in Eigrhe two- . S
using on the one hand a planar transmission line of a ref-

port setup consists of a conventional vector network analyze{erence substrate and on the other hand anv other planar
(VNA) with a source, a switch and four vectorial receivers o . . ny. TP
m1 10 ma. In Fig. 1 the output ports of the VNA are con- transmission line. Without loss of generality in this pa-

nected to a planar circuit board. In contrast to the convenPen the database method is described using the conventional
. ' . Short-Open-Load (SOL) calibration algorithm. However, the
tional setup, contactless probes are connected directly to the

. o method can also be applied to other calibration methods like
receivers. Furthermore, the probes are positioned above t RL
planar transmission lines of the device under test (DUT). ’

In this paper a setup using capacitive probes is described. At first the well-known one-port error box model of a re-
flectometer used brehnmark(1974 is shown as a flow

graph in Fig.2. In the graphas, b1, aput andbpyt repre-
Correspondence toT. Zelder sent the measured waves and the real traveling waves to and
BY (zelder@hft.uni-hannover.de) from the DUT, respectively. The other parameters illustrate
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Fig. 2. One-port error box model.

Fig. 1. Contactless vector network analysis setup showzdlder

etal.(20079. Further more, it is assumed that the cascade mfrixy ]
multiplied by a matrix{ATsuy, ] equals the error term cas-
the error terms, which can be expressed by a matrix cade matrixTsup,] of the substrate syb In this case the
matrix [ATsup, ] represents the deviations of the error terms
[R] = (Rll R12R21> ) (1) between the setup using the reference substratessubthe
1 Rz substrate syp The deviation matricegATsyp,, ] can be cal-

The error termsR11, R12R21 and R can be determined us- culated relatively to the reference transmission line by
ing three known calibration standards like short, open and

: ) -1
load. The ratiqu, of the measured traveling waves [ATsup, | = [Tsup 1™~ - [ATsup, | (7)
b
Ly = 21 ) where[ATsyy, ] corresponds to
ai
for a reflection coefficient’, in the reference plane can be (AT, | = (ATllsubn Alevsubﬂ) . (8)
expressed in dependence of the error terms shown ir3Eq. ( AT21sup, AT22sup,
Ri2- Rp1-T These deviation matricg AT are stored in the database
Uy = Ryp+ ——= =% ©) €A Tsup,, ]

1— Ry Ty for all given substrates and transmission lines, respectively.

App|y|ng Eq (3) for three calibration Standardsy the error An alternative Way to determine the deviation matrices

terms can be calculated, whereby an unknown reflection colATsun, 1 is the usage of a two-tiered calibration. Thereby,
efficient "pyTt can be determined the contactless measurement setup is calibrated, for example

with a SOL algorithm using the reference substrate. After
. 4) that, the reference transmission line is replaced by another
R22- pout + Ri2- Ro1— Raz- Raz transmission line, which has a different geometry and/or an-
For the database method, the error term matricesother substrate material. Then, a second calibration is per-
[Rsup I [Rsun Is [Rsuby]s - - -5 [Rsup, I, - - - [Rsupy ] @ccording  formed with the changed transmission line and the resulting
to Eq. () using (N+1) different calibration substrates error term matrix of the second tier is equal to the deviation
with different transmission line geometries or substratematrix[ATsub"]_
permittiVities are determined by means of the SOL algorithm The database method can be used for examp|e in the qua|_
and a contactless one-port setup. Thereby, a constant ang, control of printed circuit boards (PCB), where different
repeatable probe positioning relative to the DUT and to thetransmission line geometries often exist on one board or de-
transmission line must be warranted. One of the applied subyices on different substrate materials have to be character-
strates can be defined arbitrarily as the reference substraiged. Usually, for each change of the transmission line ge-
(index sub). For the database method the following basic ometry a new calibration has to be carried out. However,
approach is arranged by using the database method the contactless measurement
[Tsup] = [Tsup ] [ATsupy 1. (5) setup has to be calibrated only once using the refer_en_ce s_ub-
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 &Y. (

R12R21 — R11R22 R11 Usually the VNA, which is used for generating the

[Tsupl= ( —Ry 1 ) : (6) database, is different to the VNA which is used during the
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upuT — R1a

Iput =

In Eqg. 6) the cascade matri}l syp.] corresponds to the ref-
erence error term matrpRg,p, 1 by
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Fig. 3. Analytical one-port model of a contactless measurement
setup.

measurement; also the connecting cables between the res
ceivers of the VNA and the contactless probes are differ-
ent. These facts result in a changed load impedance of theZ
contactless probes. If the database methods are used with & ]
changed load impedance an error occurs. An error estimation = -0.002 -
using an analytical model will be given in the next section. g
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3.1 Analytical model _ - . L
Fig. 4. Deviations of the reflection coefficient in dependency of the

In this section the influence of different load impedanges ~ Ne Portimpedancegy and the frequency. DUTZ, =202.

of the contactless probes and different coupling coefficients

are examined. Therefore, an analytical model is used as il- ) . .
lustrated in Fig3. In the model a source with a power level valid for both methods. In the first analysis the capacitances

of 0dBm is connected to a coaxial line having conductive &€ chosen to b€, =15fF andCs1=10fF which results in

loss of 1dB/m. Two capacitively coupled probes are used? deviation ofA|S31|=3.4dB andAZ(S31)=61" at 10 GHz.
in the one-port scenario which are modeled by two capac-The values of capacitances and the coupling factors at

itancesCs. In the simulation results the capacitances for 10 GHz are given in Tablé. In Fig. 4, two scenarios are
the reference substrate are nangg and for the measure- compared, whereas on the one hand the load impedances are

ment substrat€s;. Each capacitance is terminated with the C10Sen 10 b&y, =402 andZy1=60¢ and on the other hand
impedanceZy, which represents the receiver impedance 0fthe impedances are exchanged. The deviations regarding an

the VNA and the interferences of the transmission lines be-/d€@! DUT with an input impedance af; =200¢2 and a con-
tween receiver and probe. The load impedances which argt@ntreflection coefficient ¢,=0.6 are smaller tha#0.5%
used while the database is set up are namied and the up to 20 GHz. The phase deviations which are not illustrated
impedances which exist during the measurement of a puTare smaller thas-0.12. . _

are namedZy1. The distance between the probes is cho- The increase of the errors in dependence of the differ-
sen to be 3.5mm and the distance between the last prob@ce of the load impedanc@sZ=Zy1—Zy, is shown in
and the reference plane is 20mm. Furthermore, two differ-Fig. 5. For this examination the capacitances are chosen to
ent substrates are examined. Therefore, two different permitP® Cs-=1fF andCs;=10F. In Fig.5 it is illustrated that
tivities €, sub-=2.0, €,.supi=2.8 for the coaxial line between the error is zero ifAZ=0. With an increasing\Z the er-
source and DUT are used in the simulation. These value£0rs also increase. In Fig the influence of the param-
correspond roughly to the effective permittivities of a50 ©ter a1 IS 'examme.d.. Using different substrates.th'e com-
microstrip line on a Rogers RT5870 and RO4003 substrateP!€x coupling coefficients depend on the transmission line
In this paper the coaxial line with the permittivity sup- is geometry, its permittivity and the vertical, and horizontal
chosen as the reference substrate and the line with. thg;  Probe positions. Three scenarios are examined, where for

represents the measurement substrate. all scenarios the same deviation of the coupling coefficient
of about A|S31/=3.4dB exists. Figur®& makes it obvious
3.2 Analytical results that the errors increase if the coupling coefficiefts| in-

crease. The reason for that is the increasing interaction be-
Comparing both database methods, exactly the same scattdween the probes and the main transmission line. Thus, there
ing parameters are obtained, thus, the following results arenust be a tradeoff, because low coupling coefficients result
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Fig. 5. Deviations of the reflection coefficient in dependency of the Fig. 7. Deviations of the reflection coefficient in dependency of the
differences of the port impedancesZ and the frequency. DUT:  coupling capacitances at 10 GHz.
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Fig. 6. Deviations of the reflection coefficient in dependency of the Fig. 8. Deviations of the reflection coefficient in dependency of the
coupling capacitances and the frequency. DBT=200x. coupling coefficientS3 at 10 GHz.

in small errors, however, they also reduce the dynamic rangés smaller thant2,5% and+1°. Figure10shows that a high

of the contactless measurement. Furthermore, in Figad coupling coefficient for the reference substrate as well as for
8 the deviations are separated into absolute error values anil€ measurement substrate is even worse. For the chosen
phase errors and are shown in dependence of the reflectig#Pupling coefficients it is insignificant that the probes above
coefficient. It is obvious that the deviation increases for highthe reference substrate or above the measurement substrate
reflection coefficients. For the phase deviations the error inhave a higher coupling. It can be summarized that using the
creases with decreasing reflection coefficients such as the alatabase method a small error occurs. The errors decrease
solute error if it is depicted in percent. In F@the deviations ~ With decreasing differences of the load impedanses of
depending on the differences|Ss1| of the coupling coeffi- the contactless probes, with decreasing the coupling coef-
cients using either the reference or the measurement substrafi§ients S31 and S41 as well as with decreasing differences
are shown. By adjusting the capacitancgs andCs1, the of the coupling coefficienta 531 and A S41 of the reference
differences of the coupling coefficients|Ss1| are changed substrate in comparison to the measurement substrate.
between 3.4dB and 10.2 dB. As shown in Fgthe errors

increase with an increasing|S31|. But even if a strong cou-

pling of about—20 dB (Cs,=34 fF) and a difference of about

A|S31|=10.2 dB exist, the measurement error of a2006ad
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the order of the capacitanc€y, andCg1 and the frequency. DUT:
Z1=2002. Fig. 12. Comparison of the measured coupling coefficients with a

model using a single capacitance.

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

The database method is tested using the measurement setd|2 Measurement results

shown in Fig.11. For the measurement two small semi-rigid

coaxial lines are used as capacitive probes. The inner conAt first the characteristics of both the contactless probes and
ductors of the coaxial lines have a diameter of 20@. The  the substrates have been examined. Therefore, a four-port
probe ends are positioned in a distance of 3.5 mm from eacimeasurement setup is used which is calibrated with a four-
other and about 5@m above the microstrip lines. Two mi- port TOSM procedure regarding the coaxial reference planes
crostrip lines on Rogers RO4008.£3.55) and on RT5870 at port 1 to port 4. The absolute values of the coupling coef-
(e,=2.33) are used. The width of the microstrip lines are ficients using both substrates are plotted over the frequency
1.1 mm (RO4003) and 1.49 mm (RT5870) which results inin Fig. 12. For the RO4003 substrate, the coupling coeffi-
characteristic impedances of aboutb(®Betting up the refer-  cient is about S31/=—26.8 dB which is comparable with a
ence database, the calibration substrate RT5870 and a VNA&oupling capacitance of 15fF as illustrated in FIg. The
(Agilent PNA E8361A) are used. The database method idifferences of the coupling coefficienfss andS14 using the

www.adv-radio-sci.net/6/19/2008/ Adv. Radio Sci., 6,25-2008
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Fig. 13. Measured reflection coefficient of a filter using on the one

database method. cients of the 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 th&cb dB 10
in magnitude and-25° in phase up to 20 GHz. Furthermore, ]
the load impedances of the probes are compared using on the 6
one hand the PNA and on the other hand the ZVA. Over the

whole frequency range, the load impedances including theo__ 41
coaxial connecting lines and the receiver impedances vary Q 2
by +£13Q between 1GHz and 20 GHz. The match of the &  0-
load impedances with respect to a reference impedance of 24
50¢2 is smaller than-10dB. The reflection coefficient of a é’ 4]
passband filter is shown in Fig.3. The measurement re- @

sults using a conventional VNA and the contactless setup in &" -6
combination with the database method are in close concor-A -8
dance. The deviations between both measurement results are -104%+——+4%4+—+—+—+—++—+—+—+—+—+—
shown in Figs14 and15. The deviations of the absolute 0 2 4 6 &8 10 12 14 16
values of the reflection coefficient for high reflective DUTs Frequency [GHz]
are smaller thant7% and for the phase smaller th&i6°

between 2 GHz and 16 GHz. The deviations can be reducegig. 15. Deviations of the phase of the reflection coefficients of the
if the measurement results are averaged which has not bediter using on the one hand a conventional VNA and on the other
done for the results shown in Figk3to 15. With the mea-  hand the contactless database method.

surement the deviations are higher than with the simulations,

as in the simulations noise, positioning errors, and surround- i ) . o
ing influences are neglected. surroundings, and insufficient reproducibility of the probe

positioning.

— APhase(S, )
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Using the contactless vector network analysis it is necesnhetwork analyzer.
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
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