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Contactless vector network analysis using diversity calibration with
capacitive and inductive coupled probes

T. Zelder, |. Rolfes, and H. Eul
Institut fur Hochfrequenztechnik und Funksysteme, Univatditannover, AppelstralRe 9A, 30167 Hannover, Germany

Abstract. Contactless vector network analysis based on aeling waves. An overview of different contactless measure-
diversity calibration is investigated for the measurement ofment techniques is given [8ayil et al.(2005.
embedded devices in planar circuits. Conventional contact- Another contactless measurement approach is based on the
less measurement systems based on two probes for each mesntactless vector network analysis. Thereby, the internal di-
surement port have the disadvantage that the signal-to-noisectional couplers of a conventional vector network analyzer
system dynamics strongly depends on the distance betweglVNA) are replaced by contactless probes. For an accurate
the contactless probes. determination of the scattering parameters conventional cal-
In order to avoid a decrease in system dynamics a diveribration algorithms are usedDe Groote et al(2006 and
sity based measurement system is presented. The measunghland and Stenarsaf2006 applied electromagnetic loops
ment setup uses one inductive and two capacitive probes. Ass contactless coupling structures. In contrast to this ap-
an inductive probe a half magnetic loop in combination with proach, byZelder et al.(2007) and Stenarson et a{2001),
a broadband balun is introduced. In order to eliminate syspure inductive or capacitive probes are used. A principle
tematic errors from the measurement results a diversity calisetup of a contactless vector network analyzer system using
bration algorithm is presented. Simulation and measuremeniwo probes is shown in Figl. The complex planar circuit
results for a one-port configuration are shown. consists, in this example, of three subcircuits and is fed by
the signal source of a two-port vector network analyzer. By
means of contactless probes placed in front of and behind of
the DUT, a part of the complex signal power is coupled di-
rectly to the four receivers of the VNA. In this configuration

The characterization of single subcircuits within complex the internal directional couplers of the VNA are not used.

planar microwave circuits can be realized by contactlesézor the elimination of the systematic errors of the measure-

measurement techniques. The measurement of the scattdPent setup conventional calibration algorithms can be used

; L e .g. Short-Open-Load-Thru (SOLS¢hiek(1999 or self-
ing parameters of each individual subcircuit is useful for the@S€.9. ; . .
development as well as the quality control of complex mi- calibration methods like Thru-Reflect-Line (TREphgen and

crowave planar circuits. Different contactless measuremenl[—loer_(]'g?g‘ Qne d|sadvant§ge Qf thls systemlls, thaF for_
methods have already been investigated. For example, b ertain probe distances a callbrgthn is not possible which is
Bridges(2004) the scanning probe microscopy, Bsofsky hown byZelder et al(2007). This limits the measurement
and Schwar1992, Gao and Wolff(1997) and buardirhi bandwidth. For the measurement system with two capacitive
and Laurin(2003 contactless electromagnetic probes and bypr%bésltgg Ocr|t|cal distances have been calculatedidiger
Dudley et al (1999 electro-optic probes are used to measured" u (2008. . ) .

the forward and backward traveling waves in front of and be- In this paper the analytical calculation of the critical probe
hind of the device under test (DUT). Further on, Hyi and distances is completed for a system with one inductive and
Weikle (2009 a non-contacting sampled-line reflectometer ©N€ capacitive probe. Further on, to reach a broadband

is implemented to determine the forward and backward trav-n€asurement bandwidth, a diversity calibration setup with
more than two contactless probes for each measurement port

Correspondence tof. Zelder is applied. Simulation and measurement results for a one-
(zelder@hft.uni-hannover.de) port contactless diversity network analyzer based on one

1 Introduction
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Fig. 1. Principle setup of a contactless vector network analyzer sys- Frequency [GHz]

tem using two probes for each measurement port. ) ] ] )
Fig. 3. System dynamics against the frequency for a probe distance

of AlI=100 mm; DUT: 5@2 load — Data fronZelder and Eu(2006.

SOL calibration
@ =t hAnle H= 1 line | termination
50 Q = ] coupling by an ideal transformer. The distance between the
two probes isAl. The coupled voltages are determined in a
. 502 system at the receivers; andmy. To get a more real-
“ v White istic system, additive white Gaussian noise is applied at the
+)e Gal_lss1an receivers with a respective power level of -118dBm relative
Noise to a noise bandwidth of 10Hz, which is typical for modern
vector network analyzers. For the accurate measurement of
@ @ the scattering parameters of a DUT, the error terms of the
50Q jm; [50Q |m, system are determined using the conventional Short-Open-

Load (SOL) calibration metho8chiek(1999. For this pur-
Fig. 2. Simulation model of a contactless measuring system withPOSe, the complex voltage ratips of the receivers; and
two electromagnetic probes. my using the three calibration standards short, open and load
are measured. In order to verify the calibration and to de-
termine the signal-to-noise system dynamics, the reflection
inductive and two capacitive probes are presented. As aigoefficient of a load standard is remeasured. In the following
inductive probe a half magnetic loop in combination with a the signal-to-noise system dynamics is abbreviated as system
balun is used. An extension of the presented method to Ndynamics.
port measurements is possible. In this paper merely the prin- A disadvantage of a contactless system, as illustrated in
ciple function of a contactless diversity based system and itg-ig. 2, is that the system dynamics depends on the distance
potentials are shown. between the two contactless probes. The system dynam-
ics for two different probe pair combinations is presented
in Fig. 3. To show the effect of probe distanca] is cho-
2 Problems using two contactless probes sen to 100 mm which is equivalent to a frequency distance
of 3GHz. In Fig.3 it is shown that at some critical frequen-
The simulation model for a contactless measurement systeroies, which are located in a distance of about 1.5 GHz, the
with two electromagnetic probes is illustrated in Fy. It dynamics decrease. The reason for these system failures is,
consists of a signal source with a power level of 1dBm whichthat the three voltage ratigs, of the two probes measuring
feeds a lossless SDtransmission line. As a transmission the calibration standards short, open and load become equal
line termination a calibration standard or the DUT can beat these critical frequencies. By contrast, for an accurate cali-
used. By means of this model two configurations are con-bration the three voltage ratios must be different. Depending
sidered. In the first configuration, CC, two capacitive probeson the probe distance, it is possible to determine the criti-
are used. For the second configuration, LC, one inductivecal frequencies analytically, which is shown in detail, for the
and one capacitive probe are applied. The capacitive coueonfiguration with one inductive and one capacitive probe
pling is modeled by an ideal capacitance and the inductivg(LC), in the next section.
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3 Analytical analysis of the dynamics decrease using The voltage ratios can be expressed by inserting Ejs. (
two contactless probes and @) into Eq. @):

Atfirst, the critical probe distances for a contactless one-port,, _ Kv - Un (l)(e"“p(u) 00 - g_'{w(“)) RIS @8)
measurement system with one inductive and one capacitive K- Up(1)(e/9@) — (1) - e7/9G2) +upp

probe will be calculated. For the mathematical analysis OfTo setup an equation for the V0|tage ratip, the load reflec-
the decrease in dynamics range the SOL correction algorithngion coefficientl", of Eq. (3) is inserted into Eq.§). With
Schiek(1999 described by Eq.1) is used. ¢(z1)=¢1 andg(z2)=e> it results in:

I'p—T1) - Ts—To)  (up—pr)- (s — po) Ky -Up(l) - €71 + uyq ©)
I'p—=To)-I's=TL) (up —po) - (s — pL) Kr-Up(l)-el%2 +u,p’
The reflection coefficients are represented yfor the cal-  In order to reduce the arithmetical complexity, the noise con-

ibration standards shorF'§), open o), load (") and the  tributions for the voltage ratioas ands.o of the short and
DUT (I'p). u, denotes the corresponding ratio of the volt- open standard are neglected. This results in:

1) pric=

ages at the receivens; andmy: oo Ky - Up()(ei% — 1. e—ion) _; sin(1) (10
_ Unm(zn) ) Kp-Up(l)(e#2 4 1- e~ J¢2) " cosp2)

Um2(z2) and

wherez1 andzz represent the coupling positions along the _ Ky Up()(e/91 4+ 1. e i%1) ., cod¢1) 1

transmission line. For the mathematical description of thet'© = Ky -Up(D)(ei®2 — 1. e—iv2) — /B sin(g2) (11)

system dynamics the calibration standards are assumed to %th

ideal. Thus, the reflection coefficients of the calibration stan- .

dards are given by: K, = K_‘I/ (12)

'y =0, T'gs=-1, Tp =1 3)

For the determination of the system dynamics the load stan-

After inserting Egs.3) into Eq. (1) the reflection coefficient dard is used as a DUT. By use of Ef) (ve have
I'p of the DUT can be calculated: Ky - Up(l) - €71 + u,3

1 FOLC =K U - e+ upa

(4)

(13)

Fp = 1— 2up—ro)(s—iL) ’

with changed noise valuess andu,4. Now, the raw data
(Wp—pr)-(Ls—po)

from Egs. @) to (13) are inserted into Eq4§ and it can be
For the mathematical description of the voltage ratigsthe transformed to:

voltageU,, v (z1) obtained by the capacitive probe and the .
voltageU,, ; (z2) obtained by the inductive probe are consid- Ipre=j-Ke (up.Lc— “_L’LC) cogAp) (14)
ered first. The expressions of the voltages are given by: “lrL,Lc - mp,Lc - SINp2)

+ K2 sin(2A¢ + 2¢))

Un.v(z1) = Ky - Up() (e (5) . 1
4 T,0) e IO 4y +j Ky (ur.ic + 1p,Lc) COS A + 2¢2)]
Un1(z2) = K1 - Up()(e#2 (6) = Nec(A9) - Dic(Ap) ™.
—T,() - e %@y 4y, The phase differencA¢ between the two capacitive probes
is given by:
Uy (1) represents the voltage amplitude of the forward trav-
eling wave at the position=! of the planar transmission A¢ = @1 — ¢2. (15)

line. The positionz=/ indicates the reference plane of the o gimilar analytical calculation can be done using two
system,I", (/) represents the reflection coefficient at the ref- jantical capacitive probes (C@glder and Eu(2006. The

erence planeky is the voltage coupling coefficient of the dynamics for a contactless measurement system with two ca-
capacitive probe and; is the coupling coefficient of the pacitive probes results in:

inductive probe. The terms,1 andu,» represent complex

noise values. The phase angles of the forward and backwarlip.cc = (ip.cc — iL.cc) SINAY) (16)
traveling waves are-¢: “[L.cc - p.cc - SiN2py)
2.7 + SiN(2A¢ + 2¢»)
AL R @

. -1
— (uL,cc + up,cc) SIN(Ap + 2¢7)]
where f represents the frequency anthe phase velocity. = Nec(A@) - Dec(Ap) ™t
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Fig. 4. Calculated results of a contactless measuring system using

two probes. Fig. 5. Calculated reflection coefficientSp cc andI'p 1c for

both probe pair combinations; DUT: &0oad.

For the determination of the critical probe distances the

zeros of the numerator and denominator of Efig) &nd 06)  pajr configurations. At these probe distances a measurement
must be quantified. Therefore the following simplifications is not possible. The critical phase differences can be deter-
are introduced for the system with two identical capacitive mined by calculating the zeros of the numeratdes-, Ny.c

probes: and the denominato®cc, D¢ of Egs. £3) and Q4):
(up.cc —pr.co) ~ Aur X 17) Agcco=m-m Withm=0,1,23, ... (25)
~ . J-AQ .
E“D’CC +ML*C§) 52_Z¢ gg; Agrco=n- % withn =1,3,5,7, ... (26)
Up,cCc "ML,cC) = e .

] ) . For these phase differences the system dynamics decreases.
Further on, for the measurement system using one inductiVge characteristics of the system dynamics is illustrated in

and one capacitive probe (LC) the simplifications are as fOI'Fig. 5. At the critical phase differencese, peaks in the sys-
lows: tem dynamics occur, so that a measurement is not possible.
(Up.rC —tL.Lc) ~ Ky - Auy (20) F_or two c_ap_acitive probes a calibratior_l is not possible, if the
DK el AV 1) dlsta_nce is in the range of integer multlples}m._ In case of
(up.LC +1L.LC) x one inductive and one capacitive probe the critical distances
(Up.LC BrLc) ~ K2 el Z09, (22)  petween the probes are odd-numbered multiplégafFor a

Inserting Egs. 17) to (19) into Eq. (16) and the Eqs.20) to given probe distancal and for an effective permittivity, eff
(22) into Eq. (14), the dynamics of the contactless measure-©f the planar transmission line we have the critical probe fre-

ment system with two contactless probes can be calculated:dY€NC1€s:
co
L. . Sj . 02 (Ap+g2) Sferitcc =m - -——— (27)
pcc = 2-j-Au, SIh(Aw) e ' _ Ncc (23) cri 2 Jerer - Al
, —14+2-ei20¢ _ pj4Ae Dcc co
50, T = e 28
Fp g = 2o tur - COSAP) -] 2aete2)  Npc (24) Jeite =n- - Creff - Al (28)

1+ 2. e/ 289 4 oj-4hDp o DLC.

In Fig. 4 the numerator&/cc, N.c and the denominators 4 Simulation model of a contactless diversity measure-
Dcc, Dic of Egs. @3) and @4) are shown as a function of ment system using different probe types
Ag. The value of the noise differenceu, is obtained from
measurements with a VNA model PNA E8361A. Thereby, For contactless measurements using two probes for each port
the raw data of the reflection coefficient of thesblbad is  of the DUT, the measurement bandwidth is limited due to
measured twice in a frequency range between 10 MHz andhe probe distance, as shown in Se2tand3. By means of
20 GHz, respectively. The mean value of the difference be-a diversity based measurement system a large measurement
tween the twice measured reflection coefficients is approxbandwidth can be achieved. For a contactless diversity mea-
imately 15 - 10-°, which is used for the analytical investi- surement setup, more than two contactless probes for each
gation. Figured shows distances where the zeros of the nu-port of the DUT are used. One-port measurement results us-
merator and denominator occur are identical for both probdang such a diversity based system are give@blder and Eul
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Fig. 7. Return Loss of the main microstrip line for port 1 and port

Fig. 6. Simulation model for the basic analysis of the contactless2

diversity system.

0

(2006. There, three identical contactless capacitive probes \ { | —S
made from very small semi-rigid coaxial lines with an outer 2
diameter of 86:m, are applied. o 104 | = = S\,

In this paper, a diversity based measurement setup using'% . SIII2
two identical capacitive@1, C2) and one inductive probe o _o( | -
(L) is examined. At first, a simulation of the system is per- & == B
formed. The simulation model is given in Fi§. A continu- L T
ous wave of a power level of 1dBm is led by a signal source 2 -304
to a microstrip line at port 2. During the calibration and mea- & Portl & Portll
surement the signal is swept over the frequency. The width 3 ]
of the first microstrip line is 1.12mm equivalent to a line © _40 : : . , . . .
impedance of 5Q. As terminations of the planar transmis- 2 3 4 5 6
sion line, the calibration standards short, open, load as well as Frequency [GHz] ——

a DUT are used. Without loss of generality, the three contact-

less probgs are, regllzed on the Same_SUbStrate (ROQerS 40%6. 8. Coupling factor between port 2 of the first microstrip line
as the microstrip line. Of course, it is also possible to Use,nq port I, port Il and port III.

separated probes. To illustrate the principal diversity method

and its potentials, this setup is sufficient. For the setup all

distances between the probes are chosenl#@5mm. The  crostrip line and the probes are illustrated in FdgFor the

size of the substrate is 76.2 n¥50.8 mm. simulation of this setup two different programs were consid-
In the setup the two capacitive probes are modeled byered. To determine the scattering parameters of the planar

means of a second and third microstrip line, which are notsix-port circuit, HESS of Ansoft was used. The other ele-

connected to the main line. The distance between the caments like the balun, the receivers, the source and the termi-

pacitive probes and the main microstrip line is 300. The  nations were simulated using ANSOFT DESIGNER. Intro-

inductive probe is realized by a half magnetic loop. The ge-ducing white Gaussian noise, the system was calibrated by

ometry of the loop is also given in Fi§. The loop is directly  using the diversity SOL (DSOL) calibration algorithm which

connected to two additional microstrip lines. One characterwas implemented in MATLAB. A description of the DSOL

istic of a half loop is that the energy is coupled through thecalibration is given in the next section.

loop by the electric and magnetic field at the main microstrip

line. To get rid of the capacitive coupled voltage, a balun is

used at the end of the loop. The ports of the two capacitives Diversity SOL calibration

probes and the inductive probe are denoted by port I, port Il

and port lll. The return losses of the main microstrip line are For a better understanding of the diversity calibration, a gen-

given in Fig.7 and the coupling factors between the first mi- eral block diagram of the probe pair selection is given in

www.adv-radio-sci.net/5/19/2007/ Adv. Radio Sci., 5,28-2007
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Fig. 9. General block diagram of the probe pair selection.
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Fig. 11. Comparison of the coupling factors of the simulation and
the measurement results.

With the knowledge of all voltage ratigs; to uy the re-
flection coefficientd™; to Iy for all possible probe pair com-
binations are determined using the conventional SOL cor-
rection algorithm of Eq.4). As the load standard is used
as DUT, the determined reflection coefficieftsto I'y de-
scribe the system dynamics. In order to get, for each fre-
guency, the probe pair combinations showing the highest dy-
namics the minima of the reflection coefficients have to be
Fig. 10. Photograph of the contactless measurement setup Wit,{pund. With these mlnlma, the best probe pair comblna-
three probes. tions are known for which the largest system dynamics can

be achieved. These probe pairs are used for further measure-

ments of an unknown DUT. The described diversity combin-
Fig. 9. The input quantities of the algorithm are the fre- ing can also be implemented with other calibration methods
guency dependent, complex voltage vectarsto mp of like SOLT, TRL, etc. For a practical test, a real diversity

the P contactless probes. Each voltage veaigy consists  measurement setup is discussed in the next section.
of four voltage values resulting from the measurement of

the calibration standards short, open and load Wig} s,
Um,.0, Un,.L and the DUT withU,, , p for the probep: 6 Measurement setup

mp = Uny.5(£): Unp.0(f): Uyt (F); Uny. 0 (D1 (29) The one-port measurement system is realized according to

In order to determine the system dynamics, the load standarthe simulation setup of Fig. The setup is shown in Fig.0.

is employed also as the DUT. The line is fed by the signal source of the VNA of a power
The voltage ratiogt,, for each possible probe pair com- level of —14dBm. The forward and backward traveling sig-

bination are calculated using all measured probe voltagesnals propagating on the main line are partly coupled to three

With P contactless probesy different probe pair combina- coherent receivers of the VNA, by two capacitive probes and

tions are possibleV is given by the binomial coefficient: one inductive probe. The geometries of the inductive and
capacitive coupling structures are described in Seclthe
P P! X o
N = 5 )= m (30) measured coupling factors of the capacitive probes are ap-

proximately —35dB at 2 GHz and-25dB at 10 GHz and
One example of the voltage ratjg, for the nth probe pair fit very well to the simulated values. As an example, the
combination using the probegsg and p2 is given by: simulated and measured coupling factors between port | and

rt2 ar mpared in Figll. The differen f mea-
Umpl,s' Umpl,o. Um,,l,L. Unyy. port 2 are compared o e difference of mea

Ly = : : : ] (31)  surement and simulation can be explained by influence of
Unpy.s Umpy.0” Umpyt” Umpy.D microstrip to coaxial transitions used in the measurement.
= [n.S5 Un.05 Un.L; Hn.D] These were connected to coaxial cables used to feed the

Adv. Radio Sci., 5, 1928, 2007 www.adv-radio-sci.net/5/19/2007/
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Table 1. Critical frequencies. -304
—— Measurement ]
frc1lGHz]  frc2[GHz]  feic2 [GHZ] 40+ = * - Simulation
1.85 0.92 0.00 -504 | LC,: 50mm | F
5.54 2.77 3.69 e} I, l,
9.23 4.62 7.39 2 60 |
12.92 6.46 11.08 T [
9 -70+ H "! '. J ° IE”
Al el R R
-80- YA LI L ol s R G
N l.~ (]
-90 1 S A
device and to connect the DUT and precise coaxial cali- 0 1 2 3 4 5 6

bration standards at a well-defined reference plane. The

) ) . ) _ Frequency [GHzZ] ———
obtained simulation and measurement results are given in

Sect.7. Fig. 12. Comparison of simulated and measured system dynamics
for combination LG.
7 Results
-30
7.1 52 standard T —— Measurement
-40+ - - - Simulation

A comparison of the system dynamics for the simulation
model and the measurement system using tte &8libra- -50+ ‘ Diversity System I
tion load as DUT is shown in Figsl2 and 13. The re- 1

[dB]

sults show a good accordance. The remaining differences— -60-

are due to fabrication tolerances of the coupling substrate (D: ]

and to the constant noise level used in the simulation. Ac- — /0

cording to a 10 Hz intermediate frequency bandwidth of the ]

PNA E8361A, reference AWGN was applied in the simu- -80+

lation with a respective power level 6118 dBm. For ex- _90'

ample, Fig.12 shows the system dynamics using the probe 0 ' 1'

pair combination. andC». The system was calibrated with Frequency [GHz]

a conventional SOL algorithm. Here peaks occur showing

at which frequencies the calibration fails and consequently,
where accurate measurements are not possible. By know!

edge of the probe distances and of the mean value of the
effective permittivity of the main microstrip line, which is

€reff=2.64 at 6 GHz, the critical frequencies can be calcu-tion coefficients are given for all three possible probe pair
lated using Egs.27) and @8). The results are given in Ta- combinations.C1, LC» andC1Co. A SOL calibration was

ble 1. The calculated critical frequencies f for the three pos-applied. We observe, that at the critical frequencies given in
sible probe pair combinations are equal to the frequenciesable1, peaks occur with an amplitude of up to 0.3dB. An
obtained by simulation and measurement. In comparison tgmprovement can be achieved using the diversity measure-
the system using two contactless probes, the diversity systeffhent system. The measurement setup of Higs calibrated
achieves a broad measurement bandwidth. Critical frequengsing the DSOL calibration, and then the open calibration
cies do not exist any more. Figufied shows the achieved |oad is remeasured. The results are shown in F5g.Com-
measurement bandwidth of the diversity based system. Th@ared with the results given in Fi@j4, a significant improve-

system dynamics is approximately70dB. Compared t0 ment can be achieved: Only small peaks with a maximum
the LC> combination (Fig.12), a gain of about 30dB is  amplitude of 0.04 dB exist.

achieved.

ig. 13. Comparison between the simulated and measured system
ynamics for the diversity system.

7.3 Comparison of contactless and conventional vector net-
7.2 Open standard work analysis using an offset-load

Here a high reflective DUT is considered, realized by theThe contactless system using two probes and the diver-
open calibration standard. In Fi§4, the measured reflec- sity based system was compared here using a conventional

www.adv-radio-sci.net/5/19/2007/ Adv. Radio Sci., 5,28-2007
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Fig. 14. Measurements results of the open standard as a DUT, afteFig. 16. Deviations between the contactless system with two probes
a SOL calibration, for three probe pair combinations. and the measurement results using the conventional VNA, DUT:
Offset-5@2-load.
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Fig. 15. Measurements results of the open standard as a DUT, after

a DSOL calibration, for the diversity system. Fig. 17. Deviations between the contactless diversity based system

with three probes and the measurement results using the conven-

. tional VNA, DUT: Offset-5(2-load.
vector network analyzer. For this purpose an offse250

load, which is not used for the calibration, is applied as a

DUT. The results are shown in Figk6 to 19. Thereby, the  and 6 GHz. In contrast to these results, the errors are min-
measurement data from a conventional vector network analynized using the diversity based system. The described di-

ysis was_used asa reference. o versity based system shows a significant improvement of the
In particular Fig16 shows the percentage deviations of the ¢gntactless measurement system, as can be seen ih7Fig.
absolute values of the measured reflection coefficients usingne results of the diversity based system show a maximal er-
the system with the probe pair combinatiah€s, LC2 and  ror of 32%. The remaining maximal error seems to be quite
C1C>. Thereby, the amplitude errors (AE) of the contactlesshigh put it has to be annotated that for the calculation of the

systems were calculated by using E2)( percentage deviation a very small reference value of about
IMeontactiesk — |Teonventional —35dB of the offset load is used.
AE = 100%-: (32) Considering the phase, for the contactless system of two

r i -
IFeonventionl probes, phase errors of up to 278cur at the critical fre-

At the critical frequencies large errors in the characteris-quencies. By means of the diversity based system a maximal
tics of the measured reflection coefficients occur. These reerror of 22 arises in the frequency range between 35 MHz
sult in measurement errors of up to 670% between 35MHzand 6 GHz, as shown in Figd8 and 19. Thus, a clear
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Fig. 18. Deviations between the contactless diversity based systenirig. 19. Deviations between the contactless diversity based system
with three probes and the measurement results using the convenwith three probes and the measurement results using the conven-
tional VNA, DUT: Offset-5@2-load. tional VNA, DUT: Offset-5(2-load.

reduction of the measurement errors can be achieved. Thgssults are compared with reflection measured by the contact-
phase errors (PE) were calculated by using E33): ( less system using two probes and by the contactless diversity
based system. And in this case, the measurement errors can

PE = arg(Tcontactles} — arg(I'conventional - (33) . g . . .
o _ _ be reduced significantly by applying the diversity based sys-
A part of the remaining errors of the diversity system are o

caused by non-perfect reproducibility of the system and by
cross-coupling of signals in the planar structure. An im-
provement of the measurement accuracy can be achieveldeferences

by using shielded probes, which is shown bglder et al.
(2007. Bridges, G. E.: Non-contact probing of integrated circuits and pack-

ages, IEEE MTT-S International Microwave Symposium Digest,
vol. 3, pp. 1805-1808, June, 2004.
8 Conclusions De Groote, F., Verspecht, J., Tsironis, C., Barataud, D., and
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In the first part of this paper the contactless vector network main load-pull measurements, European Microwave Conference,
analysis using two probes is presented. It is shown that de- Vol- 1, October, 2005. _ _
pendent on the distance between the two probes, a calibr2udley. R. A., Roddie, A. G., Bannister, D. J., Gifford, A. D.,
tion is not possible at certain frequencies. For the two con- <rems; T., and Facon, P.: Electro-optic S-parameter and electric-
figurations using either two capacitive probes or one induc- field profiling measurement of microwave integrated circuits,

. d o be. th itical f . IEE Proceedings Science, Measurement and Technology, vol.
tive and one capacitive probe, these critical frequencies are 146, no. 3, pp. 117-122, May, 1999.

obtained analytically. An enhanced, diversity based, CONEngen, G. F. and Hoer, C. A.: Thru-Reflect-Line: An improved
tactless measurement system is presented which eliminates technique for calibrating the dual six-port automatic network an-
these system failures. In a one-port setup two capacitive alyzer, IEEE Transaction on Microwave Theory and Techniques,
and one inductive probe are integrated in a system. A diver- vol. 12, pp. 987-993, December, 1979.

sity calibration algorithm is applied to determine probe pair Gao, Y. and Wolff, I.. Measurements of field distributions and scat-
combinations, for which the largest system dynamics can be tering parameters in multiconductor structures using an electric
achieved. The most convenient probe pair combinations are field probe, IEEE MTT-S International Microwave Symposium
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a DUT. Simulation and measurement results show a signifUl- - and Weikle, R. M.: A non-contacting sampled-line reflec-
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