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Open-Ended Metallized Ceramic

Coaxial Probe for High-Temperature

Dielectric Properties Measurements
Shane Bringhurst, Student Member, IEEE, and Magdy F. Iskander, Fellow, IEEE

Abstract-A metallized ceramic coaxial probe has been devel-

oped for high temperature complex permittivity measurements.
The probe is made of alumina and metallized with a 3.0-mil-

thick layer of moly-manganese, and a 0.5-mil-thick protective

coating of nickel plating. It is shown that based on carrying out
the network analysis calibration procedure up to 1000° C, and
on actual dielectric properties measurements, the probe provides

accurate dielectric measurements over a broad frequency range

(500 MHz to 3 GHz) and for temperatures up to 1000° C. An
uncertainty analysis based on two different calibration techniques

was also given to help quantify possible measurement errors,

I. INTRODUCTION

o PEN-ENDED coaxial probes have been used for broad-

band dielectric properties measurements for several year

[1]-[4]. The open-ended probe basically consists of a truncated

section of a coaxial line, with an optional extension of a ground

plane. The probe is connected to a vector network analyzer,

FIP8510B (45 MHz to 40 GHz), through a coaxial cable.

The sample under test is placed flush with the probe and the

values of the complex permittivity are then determined from

the measurement of the input impedance of the probe. One

of the critical elements in dielectric properties measurements,

using an open-ended probe, is making a good contact between

the probe and the material under test. It has been shown that

air gaps on the order of fractions of a millimeter strongly

influence the measured input impedance [5]. Several formulas

are available for relating the measured input impedance to the

complex permittivity of the material under test [6]–[7]. Even

a commercial software package is available from Hewlett-

Packard for making these measurements [8]. None of the

available probes, however can be used at temperatures as

high as 1000° C. This is due to problems with the differ-

ential thermal expansion of the inner and outer conductors

in metal probes. Even the use of metals of small thermal
expansion coefficients, such as kovar, has resulted in limited

success and provided reasonable results for temperatures up

to 800” C at which the thermal expansion coefficient of kovar

increased significantly and hence affected the accuracy of

the measurements [9]. Cavity perturbation techniques, on the

other hand, although successfully applied for measurements

at temperatures as high as 1400°C [10], are known to provide
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results over a narrow-band. In this paper we present the design,

calibration and use of a metallized ceramic probe for high

temperature dielectric properties measurements. In addition.

the results of an uncertainty analysis will be presented to help

quantify the errors associated with these measurements.

II. PROBE DESIGN AND IMPEDANCE CHARACTERISTICS

To solve the thermal expansion problem in coaxial probes

we developed a metallized ceramic probe, However in design-

ing any probe there are many important features to consider.

Good impedance matching is important so as to minimize

unnecessary reflections. Sufficiently large fringing fields are

desired at the open end where the probe is placed in contact

with the sample. This will help the field penetration in the

sample under test and improve the accuracy of the characteri-

zation of the sample, and minimize contact errors between the

probe and the sample under test. The probe dimensions need

to be chosen carefully so that sufficient field penetration in the

sample is provided at lower frequencies, and at the same time

avoid radiation and multimode at higher frequencies [11].

The metallization should also be of sufficient thickness so that

skin depth problems are avoided at lower frequencies. The

probe also needs to be of sufficient length, or a cooling system

needs to be designed so as to minimize heating of the probe

connectors. A brief description of the development of the probe

design and preliminary results are discussed in other papers

(conference proceedings) [12]–[ 13], while in this paper we

will briefly mention the design, and present the results of more

recent experimental results and the results from uncertainty

analysis.

The probe was designed to be used in the frequency range of

500 MHz to 5 GHz. The probe was manufactured by WESGO

Inc., by using an alumina rod and an alumina tube for both
inner and outer conductors, of the tioaxial probe, respectively.

The dimensions of the rod and the tube were chosen so that the

characteristic impedance of the probe would be 50 Q. The tube

and rod were metallized with about 3 roils of mol y-manganese,

and a 0.5-mil protective coating of nickel plating was then

applied. TO connect the probe to the standard accessories of
a network analysis system, like the HP8510B, a GR–N-type

connector was chosen, because of its broadband performance

in the desired frequency range. The GR half of the connector

was modified so that it could facilitate the connection of the

open-ended coaxial probe.
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Fig.1. Me:iswed impedance ofprobe intiefrequency rmgefrom500 MHz

to 3 GHz with calibration short attached.

To verify that the thermal expansion of the metallized

ceramic is minimal, the probe was calibrated with a short. Fig.

1 shows thle measured impedance of the probe, in the frequency

range from 500 MHz to 3 GHz, when the calibration short was

attached, The probe and short were then heated up to 1000”C.

Fig. 2 shows the measured impedance of the probe when

terminated by a short at 1000”C. To emphasize the importance

of developing a probe with very small thermal expansion

coefficients, we constructed an identical probe of steel, and

evaluated its calibration performance for temperatures up to

1000°C, Fig. 3 shows the obtained results from a short cir-

cuited metal probe at 1000°C. It is clear that having a coaxial

probe with small thermal expansions coefficients, significantly

improves the quality of the calibration procedure and certainly

improves the accuracy of the dielectric measurement results.

More discussion of measurement errors due to differential

thermal expansion between the inner and outer conductors will

be presented in the error analysis section of this paper.

111, HIGH-TEMPERATURE DIELECTRIC MEASUREMENTS

A. Calibration Procedure

An important feature of the probe is the ability to carry

out accurate and reproducible calibration procedures over a

reasonably broad frequency band. Two different calibration

procedures have been used with the metallized ceramic probe.

One calibration procedure is the traditional 12-term error

correction technique [14], and the other is a simpler derivative

of the saline procedure. Three known standards are required

to determine the unknown coefficients in the 12-term error

correction technique. An open, a short, and a standard mate-
rial (usually deionized water), are the three commonly used

calibration standards for low temperature open-ended probe

measurements. For high-temperature measurements, however,

another standard material must be used due to the low boiling

point of water. Therefore we used an open, a short, and a

standard ceramic material, for which S’ is measured (using

Fig. 2. Measured impedance of metallized probe, in the frequency

from 500 MHz to 3 GHz when a short was attached at 1000”C.

\ +_-~_.’\

Fig. 3. Measured impedance of metal probe, in the frequency range from

500 MHz to 3 GHz when a short was attached at 1000”C.

cavity perturbation techniques) for temperatures as high as

1000”C. These standards must be used at all temperatures,

and this becomes very time consuming for measurements that

are made up to 1000° C.

The simpler calibration technique is much easier to use and

is not as time consuming, but in exchange the results are

less, accurate, as will be described later. For this calibration

technique the probe is calibrated with the response calibration

option which is available in automatic network analyzers such

as the HP8753C. The response calibration is essentially ,used
to remove the frequency response of the test setup. A response

calibration only uses either a short or an open. The standard

chosen depends upon the type of material being measured. We

have found that if the dielectric properties of the material under

test are closer to an open (e.g., ceramics like A1203, Z@2),

then better results are obtained if the open standard is used.
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Fig. 4. Effect of response cahbratlon with respect to open on measured ad- Flg. 5. Effect of response cal~bration with respect to short on measured ad-
mittance value. An Ali 03 sample was used m this experiment, --- Admdtance

trace on network analyzer. Y Mark of the 3 GHz value. ❑ Mark of the 500
mitttmce value. An Alz 03 sample was used m this experiment. --- Admittance

MHz value. v, F! The 3 GHz and 500 MHz admittance values calculated,
trace on network analyzer. V Mark of the 3 GHz value. ❑ Mark of the 500

MHz value. y, ❑ The 3 GHz and 500 MHz admittance values calculated,
based on cavtty perturbation measured complex perrrnttivity vatues based on cavity perturbation measured complex permittivity values.

Likewise when the dielectric properties are closer to a short

(e.g., water, methanol, and other materials of high dielectric

properties), then better results are obtained if the short standard

is used. Fig. 4 shows the measured admittance from 500 MHz

to 3 GHz of A1203 after a response calibration with an open,

and Fig. 5 shows the measured admittance from 500 MHz to

3 GHz of A1203 after a response calibration with a short. In

Figs. 4 and 5 the admittance (Y) as measured by the probe

is marked at 3 GHz with a V mark and at 500 MHz with

a ❑ mark. These two frequencies are the two extremes of

the measured frequency range. These values of admittance are

then compared with the admittance which corresponds to the

complex permittivity values at these frequencies as determined

using the cavity perturbation technique. The admittance from

cavity measurements at 3 GHz is marked with a v mark and

the admittance at 500 MHz is marked with a E#mark.

By comparing Figs. 4 and 5 it maybe seen that the measured

admittance after the calibration with an open provides more

accurate results than the case when a short was used in the

calibration. Fig. 6 shows the measured admittance from 500

MHz to 3 GHz of methanol after a response calibration with

an open, and Fig. 7 shows the same measurement, but with

a response calibration with a short. The values of admittance
are compared with the admittance which corresponds to the

complex permittivity values at these frequencies as determined

using the Cole–Cole equation. In this case the measured

admittance with a short calibration provides more accurate

results (particularly at higher frequencies) as compared to

calibration using an open circuit.

B. Calculation Method

After calibration the standard material and the material

under test are measured. As indicated earlier, to help improve

the accuracy of the results, it is suggested that the standard
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Fig. 6. Effect of response calibration with respect to open on measured
admittance value A methanol sample was used m this experiment. ---

Admittance trace on network analyzer. V Mark of the 3 GHz value. ❑ Mark

of the 500 MHz value v, E The 3 GHz and 500 MHz admittance values
calculated, based on cavity perturbation measured complex perrmttnmy values,

material should be in the approximate dielectric range as that

of the material under test. After measuring the admittance

of both the material under test and the standard material, a

correction factor CcOvr is found using

y~heo,
(7—corr =

Ymess

(1)

where Ymeas is the admittance that was measured with the
probe. YtheO, is the theoretical admittance that is found by
taking the theoretical values of the complex permittivity from

literature and then calculating the admittance using the follow-
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Fig. 7. Effect of response calibration with respect to short on measured

admittance vatue. A methanol sample was used in this experiment. . . .
Admittance trace onnetworkanafyzer. E? Mark of the3 GHz value. ❑ Mark
of the 500 MHz vatue. ‘, ■ The 3 GHz and 500 MHz admittance vatues

calculated, based on cavity perturbation measured complex permittivity values.

ing integral equation derived by Levine and Papas [15]:

where

&i

Y.

b

a

E

Ydut

Jo(x)

dielectric constant of probe filler;

intrinsic admittance of the probe;

radius of the outer conductor;

radius of the inner conductoq

complex permittivity of sample;

measured input admittance of the probe when

brought in contact with sample under test;

cylindrical Bessel function of argument x;

and where

k=z. (3)
A.

If the values for the standard material are not found in

literature then the standard material is measured using cavity

perturbation techniques (over limited frequency range) and

those values are assumed to be the theoretical values. The

corrected admittance of the material under test Yd.t. is then

found by using

where C..vr is the correction factor obtained using measure-
ments on the standard material, and YdUt is the measured

admittance of the material under test. Once the corrected value

of the admittance is found then the complex permittivity results

(&~) can be obtained by substituting the values of ydu~c into
(2). For our purpose, we used a Mathcad@ subroutine to carry

out these calculations.
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Fig. 8. s; of methanol measured with metallized probe versus theoretical
vatues in the frequency range from 500 MHz to 3 GHz.

C. Measurement Results

Figs. 8 and 9 show the results of the complex permittivity

of methanol measured at room temperature with the metallized

ceramic open-ended probe. Fig. 8 shows the results of E;, and

Fig. 9 shows the results of E:. These results are compared

with the theoretical complex permittivity values as given by

the Cole–Cole equation

E: = E; – jE;

Es — Em .rl
=&m+

1 + (jLJT)l-” – Jwe.
(5)

where

~ ionic conductivity of the liquids;

T relaxation time;

a distribution paramete~

Em optical relative permittivity;

Es static relative permittivity;

w radian frequency.

The Cole–Cole parameters have been taken from the Na-

tional Bureau of Standards data [15]. For the methanol mea-

surements the calibration of the probe was done by taking a

response calibration with respect to short and using deionized

water as the standard material.

Figs. 10 and 11 show the obtained e; results of ceramics that

have been measured at room temperature with the metallized

ceramic probe. For Fig. 10 the material under test was Alz03

+ 0.1 mol% MgO, and the standard material used for the

measurements was ZrOz + 8 mol’% Y203. For Fig. 11 the

material under test was ZrOz + 8 mol’% YZ03, and the

standard material was A103 + 0,1 mol% MgO. The results
in both cases are compared to the previously mentioned

commercially available HP probe, and to cavity perturbation

results [16]. When a line is fit to the data points it shows very

good correlation between the three methods. However there

are a few erroneous points in the metallized probe results.

This is due to the more relaxed calibration method. It may be
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Fig 9. :{! of methanol measured with metalhzed urobe versus theoretlcat
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Fig. 10. :; of Alz 03 +(). 1 mol’% MgO measured after a response calibration
versus cavity techniques and the commercially available Hewlett–Packard

probe.

shown that in a calibration where only two standards are used

that the results will not be as accurate as a method that uses
the more complete calibration procedure.

Figs. 12 and 13 show the results of a more complete

calibration on Zr02 + 8 mol% Y203. For these measurements

the full 12-term error correction model was employed by using

the three standards needed for the calibration. An open, a short,

and then two different standard materials were used as the

standard material so that a comparison could be made. A1203

+ 0.1 mol% MgO was used as one of the standard materials
and deionized water was used as the other. Fig. 12 shows the

results for c(,, and Fig. 13 shows the results for c;.

In both figures a comparison is made between cavity per-

turbation techniques and measurements done on the same
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Fig. 11. e(. of ZrOz + 8 mol% Yz 03 measured after a response calibration

versus cavity techmques and the commercially avadable Hew

probe,
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Fig. 12. “’ of Zroz + 8 mol% Yz 03 measured after a full calibration using

two dlffer~~t standard materials versus cawty techmques.

material, but just merely changing the standard material used

in calibration. It is clear that these results are more accurate
than the results shown in Fig. 11 because of the improved

calibration procedure used in this case. It can also be pointed

out that the standard material does not have to be in the

general dielectric range of the material under test when a more

complete calibration in performed.
After verification that the metallized probe worked well

at room temperature the probe was used to make high-

temperature measurements. Due to oxidation problems of the

metallization at high temperatures, the probe must be used in

a controlled atmosphere. Therefore a heating system has been

developed that utilizes a molybdenum coil to heat the sample

and the probe in a hydrogen atmosphere. The coil is typically
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Fig. 13, e! of ZrOz+ 8 mol% Y2Os measuredafter a fun CalibrationUsing
two different standardmaterialsversuscavity techniques.
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Fig. 15. s; of ZrOz + 8 mol% YzOs versuscavity resultsat both 600 ~d
800”C in the frequency range from 500 MHz to 3 GHz.
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Fig. 14. c;. of ZrOZ + 8 mol% YZ 03 versus cavity results at bo~ ’200 ~d Fig. 16. 6; of zr02 + 8 mol% Y203 versus cavity results at 20034003 @O,

400° C in the frequency range from 500 MHz to 3 GHz. and 800° C in the frequency range of 500 MHz to 3 GHz.

4-in long, with a 2-in diameter. The coaxial probe is placed due to

inside the coil with the coil centered at the interface between would

the probe and the sample. Figs. 14–1 6 show the results of ZrOz

+ 8 mol% Y203. For these measurements L%?03 + 0.1 mol%

MgO was used as the standard material. These measurements Tt hs,

were done with the simpler response calibration. Fig. 14 shows

the results ofs; compared to cavity perturbation results at 200

and 400”’C, Fig. 15 shows the results of E: compared to cavity
perturbat~lon results at 600 and 800”C. Fig. 16 shows the results

of e: compared to cavity perturbation results at 200, 400, 600,

and 800”C. A line has been fit to the data points in all three

figures and it is clear that there is good agreement between the

two measurements procedures. It is also clear that there are a

few poinl:s that are not as accurate and, once again, this maybe

the simpler calibration method used, A full calibration

undoubtfully give more accurate overall results.

IV. ERROR ANALYSIS

A. .1...3 been mentioned earlier that a small air gap between

the probe and the sample under test can cause significant

errors in the measurements [5]. An analysis was therefore

made to quantify the errors caused by the differential thermal
expansion which is inherent in metal probes. In the heating up

cycle the outer conductor will heat up faster than the inner

conductor, and will therefore expand more than the inner

conductor, thereby causing a measurement air gap between

the inner conductor and the material under test. In the cooling

down cycle the outer conductor will cool faster than the inner
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TABLE I
COMPARISONBETWEEN THE FDTD REFLECTION COEFFICIENTRESULTS VERSUS ANALYTICAL DATA [51FORTHE CASE OF AIR GAPS BETWEEN THE PROBE

AND THE SAMPLE UNDER TEST PROBE DIMENSIONS ARE a = 3.0 MM, b = 7.0 MM, AND THE PROBE FILLER HAS c: = 2.54, AND THE
MATERIAL UNDER TEST HAS THE RELATIVE COMPLEX I%RMITTIVITY :; = 10.0 – j 1,0, RESULTSWERE CALCULATED AT f = 1.0 GHz

Probe liftoff I r (Magnitude) I r (Phase in Degrees) I
from sample ‘-’

FDTD Model Reference [5] FDTD Model Reference [5]

00 mm 0.950 0,952 -32.0 -29.0

05mm 0991 0993 -108 -104

10mm 0.998 0996 -71 -7.0

TABLE [1
Coiw,4RIsoNOFMAGNITUDEAND PHASE OF INPUT IMPEDP.NCEWHEN AIR GAPS DUE TO DIFFERENTIAL THERMAL EXPANSIONSARE PRESENT

0/0Difference with
probe flush against
material under
test

Magnitude

Phase

Air gap between outer Alr gap between inner
conductor and material under conductor and material under
test test

0.25 05 1.0 0.25 05 10
mm mm mm mm mm mm

344 730 1047 296.6 4800 9857

44 54 138 55 61 121

TABLE III

COMPARISONOF COMPLEX PERMITTIWTY RESULTS WHEN CHAR.ACTERNTICIMPEDANCE VALUES ARE CHANGED DUE
TO DIFF~RHNTIAL TRANSVERSETHERMAL EXP4NSION BETWEEN THE INiYER AND OLTER COXDL’CTORSOF THE PROBE

0/0 difference Change m characteristic impedance by
m

+5’%0 -5% +1Ovo -lo%

E,’ 1 67% 2,48% 4.5~o 2,76’%0

e,” 45% 123% 73 9% 157%

conductor, and will therefore shrink faster, thereby causing an

air gap between the outer conductor and the material under test.

Errors created by these air gaps were modeled using finite-

difference time-domain (FDTD) simulations. The probe was

first modeled flush against the material under test, and the

input impedance was measured. Then an air gap, of 1.0, 0.5,

and 0.25 mm, between the inner conductor and the material

under test was modeled, and an air gap, of the same sizes,

between the outer conductor and the material under test was

also modeled. In all cases the input impedance was measured

and compared to the original case. To check the accuracy of

our FDTD model we first compared the FDTD results with

those published earlier [5] for the case when the entire probe
(both inner and outer conductors) were separated from the

sample by an air gap. Table I shows comparison between

the FDTD results and the analytical data published earlier [5]

where it may be seen that there is a good agreement.

Table II gives the FDTD results of the error analysis for the

high temperature case. Table II shows a comparison of both

the magnitude and phase of the calculated input impedance

when the probe is in contact with the sample versus when it is

assumed that there is a differential thermal expansion between

the inner and the outer conductors as described earlier.

It should be noted that the error analysis presented in

this paper are different from those available in literature [5].

Unlike available analysis where uniform gaps between the

probe and the sample are examined [5], the presented results

show possible errors due to differential thermal expansions

which are highly relevant to the topic of this paper. It may

be desirable to report error analysis results for air gaps with

dimensions smaller than 0.25 mm. This was however, very

difficult using our presently available uniform mesh FDTD

code. Memory requirements on the available work stations was

simply prohibitive. It is possible to obtain such results using

the variable mesh code presently under development [18] and

these results will be reported in a future article.

Another analysis was also completed to examine the effect

of thermal expansion on the characteristic impedance of the
probe and hence its effect on the accuracy of the dielectric

properties measurements. The ratio of the inner and outer

conductors was changed by +5~0 and +10%. +5% change

in the characteristic impedance corresponds to + change in

the radius of the outer conductor b or + change in the radius

of the inner conductor a. The new characteristic impedance

(Z.) of the probe was then calculated. The admittance (1~)

can then be found. and substituted into (2) to find the new

complex permittivity values. The new complex permittivity

values were then compared to the original values obtained for

a probe with an characteristic impedance of 50 G?.Table III

gives the results of the comparisons.
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From the results in Tables II and III it may be noted

that longitudinal and transverse differential thermal expansion

of the probe may have significant effect on the dielectric

properties measurements. The development of the metallized

ceramic probe, therefore, is highly important and certainly

needed.

Finally an analysis was made to estimate how the errors

in the measurement of S11 (since the S1l term is what is

measured) could affect the complex permittivity results. An

actual measurement was made and then S11 was intentionally

varied to see how the results for the complex permittivity

would change. The magnitude and phase of S1l were changed

from 1–5 % (both separately and then together) and then

substituted back into the 12-term error correction model to

obtain a new Ydut. The value of the complex permittivity is

then obtained by using (2). Figs. 17 and 18 show the absolute

value of the resulting errors in the value of the complex

permittivity by measurement errors in S11 when the probe

was in contact with the material under test.

Similar analysis was done by altering Sll from 1–5%

(both magnitude and phase separately and then together) when

calibration was made on the standard material. Figs. 19 and

20 show the errors in e; and c; of the material under test as

a result of errors in S1l when the probe was in contact with

the standard material.

By examining Figs. 17–20 it can be seen that for only

a 5% error in the measurement of S11, of the material

under test, the error can be as high as 8.770 for e:, and

as high i~s 289. l% for E;. It can also be seen that for

only a 5 ‘ZO error in the measurement of S11, of the standard

material, the error can be as high as 7.1 ~o for E;, and as
high as 261.5% for E:. This leads to the conclusion that

for accurate dielectric measurements using the open-ended

coaxial probe, errors in S11 for standard materials, and for

the material under test should be less than 190. Other errors

that may be introduced from differential thermal expansions

are expected to further ,reduce the accuracy of the results.
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It is shown that the use of the metallized ceramic probe

will significantly enhance the accuracy and capability of this

dielectric properties measurement system.

V, SUMMARY AND CONCLUSION

An open-ended metallized ceramic coaxial probe has been

developed to provide accurate dielectric properties results over

a broad frequency band and up to 1000°C. The probe was

made of alumina and metallized with 3-roil thickness of moly -

manganese and a 0,5-mil protective coating of nickel. This
metallized ceramic probe ensures more accuracy than any type

of metal probe because of the minimal thermal expansion

difference between the inner and outer conductors. Typical

frequency range of the developed probe is from 500 MHz to 5

GHz. At lower frequencies, a larger coaxial probe is expected

to provide improved accuracy, while a coaxial probe with
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smaller inner and outer conductor dimensions, are expected

to help improve the accuracy of these measurements at higher

frequencies.

Two different calibration methods have been employed in

the presented measurement results. One method consists of

a response calibration with either a short-circuit or an open-

circuit, and a standard material, which should have similar

complex permittivity values as the material under test. The

other calibration method is the three calibration standard

method used to determine the unknown coefficients in the 12-

term error correction model in the vector network analyzer.

There is a trade-off in deciding which calibration to use. The

former method is much simpler and less time consuming than

the later, but the results are not as accurate. In the later method

any standard material can be used as the calibration standard

as long as the dielectric properties are well known.

An error analysis has been given to show that relatively

small errors in the measurement of S11 of either the material

under test or the standard material can result in significant

errors in the complex permittivity results. The resulting errors

are much greater in c: than in the e: values. This is due

to open-ended coaxial probes inherent problem of not being

suitable for measuring the loss factor accurately in particularly

low-loss materials. The broadband capabilities of this probe,

however, and the simplicity of use continues to make this
measurement technique an attractive and frequently used one.

An error analysis has also been given to show that the

differential thermal expansion which is inherent in metal

probes can lead to erroneous results in the measurement of

the complex permittivity. This can be due to both air gaps

between the probe and the material under test, and changes in

the characteristic impedance of the inner and outer conductors

of the probe.
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