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Abstract

This paper describes a method to measure the permittivity and the perme-

ability at temperatures from room temperature up to 1000 ◦C using a single

rectangular waveguide. The hardware design of the setup that can handle

these temperatures and the procedure that is required to correct for the ther-

mal expansion is developed. This includes the sample displacement, the dis-

placement of the calibration reference planes, the thermal expansion of the

waveguide and the gap between the sample and the waveguide wall. Measure-

ments on Macor R© and NiZn Ferrite samples are performed in order to evaluate

the performance of the setup and the procedure that is used to determine the

permittivity and permeability from the measured S-parameters.

1 Introduction

Accurate values for the high temperature permittivity and permeability at mi-
crowave frequencies are crucial for many applications. One example is for the
modeling of microwave heating systems where it is important to have an accurate
knowledge of the complex dielectric constant for the heated material [19]. Another
example is the electromagnetic properties of radome materials on aircraft and mis-
siles. The radome material is heated aerodynamically and the properties change
with temperature [7]. It is then important that the designers of the radomes have
access to these data, e.g., so that radiation patterns can be modeled accurately.

A common way of determining the electromagnetic properties of materials is to
use a rectangular waveguide. A sample, a rectangular piece of the material to be
investigated, is then inserted in the waveguide and the transmission and re�ection
i.e., the S-parameters, are measured. The electromagnetic material parameters,
the complex-valued permittivity, ε and permeability, µ for the material can then be
determined from the measurement using an inversion algorithm.

Several procedures have been developed for the inversion where the measured
S-parameters are used to obtain ε and µ. The Nicolson-Ross-Weir [20, 27] (NRW)
method is commonly used for this inversion. An alternate way of performing the
inversion is to use a physically realistic model with adjustable parameters that obey
causality for the frequency dependent ε and µ such as one or several Debye or
Lorentz type models. The material parameters ε and µ are then obtained using an
optimization procedure [2].

There are practical advantages of using rectangular waveguide measurements.
Perhaps most important is the ease of sample manufacturing and that the sam-
ple is relatively small, compared to a free space measurement, which is important
when only small amounts of the material is available for technical or economic rea-
sons. These advantages of the rectangular waveguide measurements are valid for
high temperatures also. However, using a waveguide for signi�cantly higher tem-
peratures than room temperature is not without complications. First of all, the
waveguide material has to withstand the temperature. Secondly, the thermal ex-
pansion of the waveguide and the sample have to be corrected for. The thermal
e�ects cause displacements of the S-parameter reference planes, a change in the
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width of the waveguide leading to a change in the waveguide propagation. In addi-
tion, the thickness of the sample changes.

An alternative to using a rectangular waveguide is to perform a free space mea-
surement on a sample placed between two antennas combined with focusing lenses.
The advantage of such a setup is that the sample is not in thermal contact with the
more sensitive microwave part of the instrumentation. Measurements of the permit-
tivity of di�erent materials at temperatures up to 850 ◦C [26] and up to 1600 ◦C [12]
are reported using free space methods. The main disadvantage is the relatively large
samples that are needed when using this method.

Another alternative is to use an open ended coaxial line where the end of the
probe is inserted into an oven containing the sample while the part of the coaxial line
that is outside the oven is cooled using a water jacket. Measurement at temperatures
up to 800 ◦C can be made [1]. The disadvantages are similar to when using a
rectangular waveguide since parts of the probe are heated.

A cavity resonator with two dominating modes is used in another study to mea-
sure the dielectric properties of materials. One mode is used to heat the sample and
the other mode is used to perform the measurement of the dielectric constant. Since
the heating is very rapid the measurement cell remains close to room temperature
through the measurement for sample temperatures up to 1500 ◦C [8].

There are some previous studies where waveguide measurements are used to
measure the electromagnetic material parameters at high temperature. In one study
a rectangular waveguide is used to measure the X-band dielectric properties for
alumina and silicon nitride for temperatures in the range 22 ◦C to 900 ◦C and a
coax �xture is used for 2-18 GHz for the temperature range 25 ◦C to 500 ◦C. The
advantages of the coax and rectangular waveguide �xtures are compared. The main
advantages of the coax �xture are the large bandwidth for the measurement and
the simple air gap correction. The disadvantages of the coax �xture are the sample
shape, some issues with the center conductor and the sensitivity of the dimensions.
Details on the materials used in the waveguide and coax �xtures are not disclosed
[11].

An innovative design is used in another study employing a dual X-band waveg-
uide manufactured from Inconel alloy 601 R© [4]. The waveguide is placed in an oven
capable of heating the waveguide with the sample up to 1093 ◦C. One of the two
parallel waveguide arms is used for the sample while the other arm is measured to
obtain reference data for the phase changes that are caused by the thermal expansion
of the �xture. Both the permittivity and permeability are measured for di�erent
materials [4].

In this paper we describe a method to determine the permittivity and perme-
ability at temperatures from 22 ◦C to 1000 ◦C using a single waveguide setup. The
heated parts of the waveguide �xture are manufactured from Inconel alloy 600 R©.
The S-parameters are measured and the NRW inversion method is used in order to
determine ε and µ. The thermal expansion causes displacements of the reference
planes for the S-parameters, which are accounted for by performing separate com-
pensation measurements. Tabulated data for the thermal expansion of the waveguide
and the sample are used to determine the changes in the width of the waveguide
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Figure 1: Reference planes. Planes 1 and 2 are the calibration planes, 3 and 5 are
the sample holder edges, 3 and 4 are the sample edges.

that in�uences the waveguide propagation and the thickness of the sample. Fur-
thermore, when the waveguide material has a larger thermal expansion coe�cient
than the sample material a gap is formed between the sample and the waveguide
wall. The e�ect of this gap on the electromagnetic material parameters can also be
accounted for. The setup is presently hardware limited to X-band measurements
but can be easily extended to waveguide measurements for other bands and for coax
transmission line measurements.

2 Theory

2.1 The Nicholson-Ross-Weir inversion method

The sample with thickness d is placed in a waveguide with width a and height
b. The complex valued S-parameters are obtained by a vector network analyzer
measurement. The NRW method [20, 27] is then performed using the following
steps. First, de�ne K as

K =
r2 − t2 + 1

2r
, (2.1)

where r is the complex re�ection scattering parameter and t is the complex transmis-
sion scattering parameter, corresponding to the measured S11 and S21 parameters
with the reference phase planes at the surfaces of the sample. For reciprocal ma-
terials, the equation (2.1) and the following relations are also valid for incidence
from the opposite direction, i.e., by using S22 and S12 for r and t with the proper
positioning of the reference planes. The interface re�ection coe�cient, Γ , is then
given by

Γ = K ±
√
K2 − 1 (2.2)
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where the sign is chosen according to the condition |Γ | ≤ 1. The propagation factor
P is then given by

P =
r + t+ Γ

1− (r + t)Γ
(2.3)

The propagation factor can also be written as a function of the electromagnetic
material parameters

P = exp(−jβd) (2.4)

where d is the thickness of the slab and β is de�ned by

β =
√
k2

0εµ− k2
c (2.5)

where k0 = 2π/λ0 is the wave number in vacuum and kc = 2π/λc is the wave number
at the cuto� wavelength λc = 2a. Having determined P from (2.3) one can solve for
the argument in (2.4) by writing

φ = ln

(
1

P

)
+ jm2π, (2.6)

where φ = jβd and ln is the standard complex logarithmic function with branch
cut at the negative real axis. The extra term jm2π re�ects the periodicity of the
exponential function, and the number m is determined at each frequency by phase
unwrapping, starting with m = 0 at low frequencies where the sample is electrically
thin. This gives the following expression for β

β =
−jφ

d
. (2.7)

When β thus is known (2.5) can be rewritten to determine the product of ε and µ

εµ =
β2 + k2

c

k2
0

(2.8)

If the measured material is known to have no magnetic properties the permeability
can be set to µ = 1. In that case (2.8) can be used to solve directly for ε. In the
general case when the magnetic properties of the material are not fully known, µ is
given by

µ =
β

β0

(
1 + Γ

1− Γ

)
(2.9)

where β0 is given by

β0 =
√
k2

0 − k2
c (2.10)

The permittivity ε is obtained by combining (2.8) and (2.9).
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2.2 Correcting for reference plane displacement

In order to acquire a set of data to use for temperature compensation the re�ec-
tion and the line standard are measured at several temperatures. The S-parameters
obtained in the compensation data measurements are denoted SR(T ) and SL(T ),
respectively. The S-parameters, S(T ), are then measured at the desired tempera-
tures.

The task ahead is then to transfer the reference planes of the scattering param-
eters for the material data from planes 1 and 2 in Figure 1 to planes 3 and 4. This
can be done in the following way. The primes indicate a reference plane from the
right, and T0 is the reference temperature where the calibration is made.

rleft(T ) = S33(T ) = S11(T )
−SR

11(T0)

−SR
11(T )

(2.11)

tleft(T ) = S43(T ) = e−jβ0(T )d(T ) S21(T )
1

SL
21(T )︸ ︷︷ ︸

=S1′1(T )

(2.12)

rright(T ) = S4′4′(T ) = e−2jβ0(T )d(T )S3′3′(T )

= e−2jβ0(T )d(T ) S22(T )
1

SL
21(T )SL

12(T )︸ ︷︷ ︸
=S1′1′ (T )

−SR
11(T )

−SR
11(T0)

(2.13)

tright(T ) = S34′(T ) = e−jβ0(T )d(T ) S12(T )
1

SL
12(T )︸ ︷︷ ︸

=S22′ (T )

(2.14)

Thus, the compensation is done using only measured data except for the use of the
transmission factor e−jβ0(T )d(T ), which depends on temperature through the temper-
ature dependence of β0 (or rather waveguide width a), and sample thickness d. The
changes in a and d due to thermal expansion can be calculated from the thermal
expansion coe�cient for the waveguide and sample materials, respectively.

2.3 Correcting for sample displacement

Assume that the sample is displaced by a distance δ from its correct position so that
the left edge is actually at z = δ and not at z = 0, and the right edge is actually at
z = d + δ and not at z = d. Assuming everything else is perfect and the sample is
reciprocal, we then have the re�ection coe�cients

rleft = e−2jβ0δr and rright = e2jβ0δr (2.15)

where rleft and rright are the re�ection coe�cient from the left and the right, re-
spectively. We can then �nd a more accurate re�ection coe�cient by taking the
geometric mean

rmean =
√
rleftrright = r (2.16)
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Figure 2: Drawing showing a cross section of the sample in the waveguide.

For rleft − rright ≈ 0 it is possible to expand (2.16) in a Taylor series

rmean =
√
rleftrright =

1

2
(rleft + rright) + O((rleft − rright)

2) (2.17)

This justi�es the use of the algebraic mean in the case when rleft ≈ rright, but
the geometric mean is expected to give more accurate results. In practice, it is
necessary to be careful to use the correct branch of the square root. This is achieved
by assuming that β0δ is small, and compute the geometric mean as

rmean =
√
|rleftrright|ej(arg(rleft)+arg(rright/rleft)/2) (2.18)

The transmission coe�cient is not in�uenced by a sample displacement, but we
use the same geometric mean to produce an unambiguous transmission coe�cient
t =
√
tlefttright for the NRW inversion procedure.

2.4 Correcting for air gaps

The waveguide and the sample slab will in general di�er in thermal expansion coe�-
cients. This will not cause a problem when the assembly is heated if the sample has
a larger thermal expansion coe�cient than the waveguide, of course unless the strain
causes the sample to crack or shatter. If the sample has a smaller thermal expansion
coe�cient than the waveguide then air gaps will form around the sample when the
assembly is heated. This is shown in Figure 2. The air gap will introduce an error
in the determined material parameters. The e�ect of the air gap is most severe for
the gap along the horizontal edges of the sample, since the electric �eld is very small
close to the vertical walls of the waveguide. This error increases with increasing
values of ε and µ. The case where the sample does not �ll the waveguide completely
leaving an air gap has been treated by several authors. [3, 6, 7, 15, 18, 22, 25, 29].

The experimental solution of applying a conducting paste to the edges of the
sample has been found to work well for room temperature measurements [3, 29].
However, this will in general not work for the high temperature measurements that
are considered in this paper.
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Approximate corrections for the experimentally determined complex values of
ε = ε′ − jε′′ and µ = µ′ − jµ′′ have been given by [3, 7, 18, 22, 25].

These corrections can be derived in a quasi-static setting, where the measured
permittivity εm and permeability µm (the output of the NRW algorithm) correspond
to the harmonic and arithmetic mean value of the sample properties εs and µs, and
the gap properties εg and µg, according to

εm =

(
1−∆(T )

εs
+

∆(T )

εg

)−1

(2.19)

µm = (1−∆(T ))µs + ∆(T )µg (2.20)

where ∆(T ) = (b(T )− bs(T ))/b(T ) is the volume fraction of the air gap. Here b(T )
and bs(T ) are the temperature dependent heights of the waveguide and the sample
according to Figure 2.

The harmonic mean is the result of the electric �eld being perpendicular to the
gap, and the arithmetic mean is the result of the magnetic �eld being parallel to the
gap, corresponding to the Wiener bounds in homogenization theory [28]. Solving
for the sample parameters and assuming an air gap with εg = µg = 1 implies

εs = εm
1−∆(T )

1−∆(T )εm
(2.21)

µs = µm
1−∆(T )/µm

1−∆(T )
(2.22)

Equation (2.21) can be approximated and separated in real and imaginary parts if
the imaginary part of εm is small [7, 18, 22, 25]

ε′s = ε′m
1−∆(T )

1−∆(T )ε′m
(2.23)

ε′′s = ε′s

(
ε′′m
ε′m

)
1

1−∆(T )ε′m
(2.24)

Equation (2.22) can be separated without approximations [3, 22]

µ′s = µ′m
1−∆(T )/µ′m

1−∆(T )
(2.25)

µ′′s = µ′′m
1

1−∆(T )
(2.26)

A frequency dependent approach to determine the permittivity of a nonmagnetic
material in the presence of a gap is given by [3, 7, 15], based on the transverse
resonance condition of a partially �lled waveguide. Here we write these formulas
assuming that the gap is �lled with air with εg = 1:

tan(k1b(T )∆(T )) + χ tan(k2b(T )(1−∆(T ))) = 0 (2.27)
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Material α[10−6 K−1]
Inconel R©, [13] 12.9
Macor R©, [14] 11.4
Al2O3, [16] 7.1
Si3N4, [5] 3.1
SiC, [17] 4.4
NiZn ferrite, [24] 7�8

Table 1: Thermal expansion coe�cients at 500◦C for some materials.

where k1 = k0

√
1− εm, k2 = k0

√
εs − εm and

χ =
k2

k1εs
=

1

εs

√
εs − εm
1− εm

(2.28)

Equation (2.27) can be solved by iteration or with a global search algorithm. Equa-
tion (2.27) reduces to equation (2.21) in the static limit as k0 → 0.

Assuming that there is no air gap at reference temperature T0, i.e., b(T0) =
bs(T0) = b0, the temperature dependent heights can be estimated by b(T ) = b0(1 +
αwg(T − T0)) and bs(T ) = b0(1 + αs(T − T0)), where αwg and αs are the thermal
expansion coe�cients of the waveguide and the sample, respectively. Assuming that
the waveguide expands more than the sample, the volume fraction of the airgap as
a function of temperature, ∆(T ), can then be calculated theoretically as

∆(T ) =
b(T )− bs(T )

b(T )
=
b0(1 + αwg(T − T0))− b0(1 + αs(T − T0))

b0(1 + αwg(T − T0))

=
αwg − αs

1/(T − T0) + αwg

(2.29)

Some typical values for the thermal expansion coe�cients can be found in Table 1.

3 Measurements

3.1 High temperature waveguide �xture

The heated waveguide parts should be able to withstand repeated cycling from room
temperature, in our case 22 ◦C, up to temperatures of 1000 ◦C according to the de-
sign criteria. Commercially available waveguide �xtures for material parameter mea-
surements are not speci�ed for these temperatures which means that a waveguide
�xture has to be manufactured from a material that can withstand these tempera-
tures without permanent deformation and oxidization. Furthermore it should have
good thermal conductivity allowing for e�cient cooling [9]. A material which meets
these speci�cations is Inconel alloy 600 R© (Inconel). This is an oxidization resistant
nickel-chromium-iron alloy which has low resistivity (≈ 1µΩm) for the entire tem-
perature range. This alloy is designed for high temperature applications, e.g., in
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Figure 3: The �gure shows the clam shell tube oven and the X-band waveguide con-
tained in the hood. Note the cylindrical water jackets for cooling that are attached
to the parts of the waveguide that are extending outside the oven.

the nuclear, aeronautic and chemical industries [13]. The thermal expansion of the
material is also well known [21].

Inconel is therefore chosen for the high temperature part of the waveguide. The
manufacturing of the waveguide parts is only described brie�y here and more details
can be found in [9]. The three parts of the waveguide �xture, the left/right parts and
the sample holder are machined from cylindrical solid pieces of Inconel. The sample
holder section of a standard room temperature �xture for waveguide measurements
can usually be dismantled in two separate pieces simplifying the use of a tightly
�tting sample slab. However, for a high temperature �xture such a design would
cause deformation of the sample holder after some heating cycles. Accordingly,
the sample holder in the high temperature �xture described here is made in one
piece. The rectangular waveguide hole through the cylindrical piece is cut using
electrical discharge machining. In addition a re�ection standard is manufactured.
The manufacturing process gives a waveguide with the inner dimensions 22.82 ×
10.18 mm2, i.e., size deviations from the standard WR-90 X-band wave guide of
−0.04 mm in width and +0.02 mm in height, respectively.

A type K thermocouple is used to measure the temperature. The thermocouple
sensor is placed close to the sample in a hole drilled in the sample holder for the
purpose.

The high temperature Inconel section of the assembled waveguide �xture ex-
tends outside the heating oven. Water cooling jackets are a�xed to these parts of
the Inconel waveguide in order to thermally separate the high temperature part of
the waveguide from the room temperature waveguide parts connecting to the semi
rigid microwave cables using conventional microwave connectors. The assembled
waveguide �xture, including the sample holder and the cooling jackets, is seen in
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Figure 4: The �gure shows the calculated displacement of the S21 reference plane
at 10 GHz as a function of temperature. The displacement ∆d is calculated from
measurement data via the relation e−jβ0∆d = SL

21(T )/SL
21(T0).

Figure 3. The clam shell oven is placed in a fume hood with good ventilation to
take care of gases or fumes emitted from the sample or the oven. The air�ow also
provides additional cooling to the parts of the waveguide that are not heated.

The maximum temperature that can be reached is at present equal to the design
maximum temperature of 1000 ◦C. The maximum temperature is limited by the
heating power of the used oven. One measurement run, from 22 ◦C to 1000 ◦C, takes
1 h to complete. This setup could presumably be used for higher temperatures also
with a more powerful oven since Inconel alloy 600 R© will maintain its properties at
least up to 1093 ◦C [13].

3.2 Compensation measurements

Heating the waveguide causes it to expand and increase its length. This will cause
the reference planes to move, see Section 2.2. Compensation measurements are
therefore performed to record the S-parameters for the re�ection and line standards
at a number of temperatures as a function of frequency. The setup is �rst calibrated
at 22 ◦C using a conventional waveguide TRL calibration [10] for the vector net-
work analyzer. The S-parameters are then measured at 22 ◦C and at temperature
increments up to the maximum temperature, 1000 ◦C. The acquired S-parameters
are then used to compensate for the reference plane movements according to the
procedure described in Section 2.2. The S21 reference plane displacement calculated
from the compensation measurements is shown in Figure 4.
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3.3 Sample measurements

The setup is �rst calibrated at 22 ◦C in the same way as for the compensation mea-
surements. The sample slab is inserted in the sample holder taking care to align one
of the sample faces with the left sample holder edge, see Figure 1. The S-parameters
are measured at 22 ◦C and at temperature increments up to the maximum temper-
ature, 1000 ◦C, or a lower temperature if desired.

When the S-parameters have been aquired the corrections are performed in the
following steps:

1. Reference plane compensation. The measured S-parameters reference planes
are corrected using the high temperature compensation measurement data
according to the procedure described in Section 2.2. The thermal expansion
in waveguide width a and sample thickness d is included in the correction.

2. Sample displacement compensation. One set of r and t parameters are then
determined using the sample displacement correction procedure described in
Section 2.3.

3. NRW inversion procedure. The corrected r and t parameters are used to
determine ε and µ using the NRW method described in Section 2.1.

4. Air gap correction. Correction for the air gap between sample and waveguide
caused by thermal expansion as described in Section 2.4.

Ideally, this procedure has removed all systematic errors and the remaining uncer-
tainty in the material parameters due to noise can be given a lower bound using the
Cramér-Rao bounds developed in [23].

4 Results and discussion

Measurements on Macor and NiZn Ferrite samples are performed in order to eval-
uate the performance of the setup and the procedure that is used to determine the
permittivity and permeability from the measured S-parameters for the high temper-
ature measurements. Macor is chosen because it is a commercially available ceramic
material that is machinable to desired size and can be used for temperatures up to
1000 ◦C. The material has a dielectric constant of 5.67 and a dielectric loss tangent
of 7.1 · 10−3 at 8.5 GHz [14]. Since Macor has no magnetic properties, additional
measurements are performed with a ferrite material in order to obtain results having
both complex permittivity and complex permeability.

Figure 5 shows the complex permittivity and permeability determined from mea-
surements at 300 ◦C for Macor. Results with and without the correction for the
reference planes described in Section 2.2 are shown. This shows the necessity of the
reference plane correction. Figure 4 shows that the S21 reference plane displacement
at 10 GHz is more than 1 mm for this temperature which signi�cantly changes the
phase of the measured S-parameters and consequently the measured values of ε and
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µ. This is also the most important of the corrections described in this paper. With-
out this correction the NRW procedure even predicts a small positive imaginary part
in µ as seen in Fig. 5, which is clearly unphysical.

The next question is how the thermal expansion of the waveguide width a, and
the sample thickness d, in�uence the determined values of permittivity and perme-
ability. This is shown in Figure 6 where it can be seen that both the expansion
of a and d a�ect the determined parameters, although the e�ect is only seen after
zooming in on the graphs. This means that thermal expansion in a and d should be
accounted for in the correction procedure if the thermal expansion coe�cients are
known. In the case they are not known approximate values can be used in order to
get an estimate of how much this in�uences the �nal results, and thus provides an
estimate of the systematic error.

Next, we will consider the e�ect of a small sample displacement and how this can
be corrected for. See Section 2.3 for the correction procedure. To isolate the sample
displacement e�ect from the thermal e�ect this is studied at room temperature, see
Figure 7. Results are shown of using only the �left� S-parameters, S11 and S21,
only the �right�, S22 and S12, or using all four S-parameters to form the re�ection
and transmission coe�cients, r and t, used in the NRW inversion procedure. The
sample displacement correction procedure has the e�ect to average out the frequency
dependence, caused by a small sample position o�set, as well as to average out some
of the noise in the results.

Having performed the correction for the reference planes, the waveguide expan-
sion in width and the displacement of the sample one can analyze the permittivity
and permeability dependence on temperature. Figure 8 shows these parameters as a
function of temperature at 10 GHz. The result without gap correction is shown with
black symbols. The e�ect of an air gap due to that the thermal expansion coe�cient
is smaller for Macor than for Inconel is also determined using (2.21)�(2.28). The two
quasi-static expressions for the air gap correction in (2.23)�(2.24) and (2.21) give
very similar results for this case. This is shown with gray symbols in Figure 8. The
white symbols show the temperature dependence after a gap correction using the
frequency dependent method in (2.28). The air gap corrections have some e�ect on
the permittivity values, especially at the higher temperatures and larger values of
the permittivity, while the permeability is left relatively una�ected with an almost
complete overlap between the permeability curves before and after gap correction in
Figure 8. There is also some di�erence between the quasi-static and the frequency
dependent gap corrections.

The results presented here can be compared with a previous study where the
complex permittivity for Macor as a function of temperature is measured at 2.45 GHz
for the temperature range up to 800 ◦C using a coaxial surface probe [1]. The
qualitative agreement between the results in [1] and the results presented in the
present study is good with the typical �two-stage� shape in the curve showing the
permittivity as a function of temperature, i.e., the slope of the curve changes at
a temperature of 500 ◦C. Quantitatively, there are some di�erences which may be
expected when comparing measurements from di�erent frequency ranges. The real
part of the permittivity increases from 6.0 to 8.0 and the imaginary part increases
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from 0.21 to 1.85 as the temperature is raised from room temperature to 800 ◦C
in [1]. The corresponding increases for the measured values in the present study are
from 5.6 to 6.9 for the real part and from 0.028 to 1.5 for the imaginary part of the
permittivity.

Figure 9 shows the complex permittivity and permeability as a function of fre-
quency determined at 22 ◦C and 300 ◦C for the ferrite sample. The data has here
been corrected for the sample displacement, displacement of the reference planes,
waveguide and sample expansion and for the air gap that forms as the temperature
increases. The real part of the permittivity is smaller for the higher temperature
while the imaginary part is larger. The real part of the permeability is similar for
the two temperatures while the imaginary part is larger for 300 ◦C than for 22 ◦C.

Figure 10 shows the complex permittivity and permeability for a ferrite sample
determined at 10 GHz as a function of temperature. The black symbols show the
results without a temperature air gap correction. The gray and white symbols show
the results after a gap correction using the quasi-static expressions in (2.23)�(2.24)
and (2.21), respectively. The temperature dependence for this sample is completely
di�erent compared with the Macor sample. The ferrite electromagnetic parameters
as a function of temperature are smooth at relatively low temperature, but an irre-
versible change takes place at temperatures above 400 ◦C. The DC resistance of the
sample is also reduced when measured with a simple ohmmeter after the experiment
compared to before the heating, indicating that the material has become electrically
conducting after being heated. The behavior of the electromagnetic parameters at
temperatures above 400 ◦C is consistent with a material that has very good con-
ductivity and very low transmission through the sample. One can compare with a
perfect electrical conductor (PEC) material which is reached in the limit ε → ∞
and µ→ 0.

Future development plans for the high temperature setup that is described in this
paper include the construction of rectangular waveguides suitable for measurements
in other frequency bands. A coaxial line �xture for wideband measurements is
another useful addition that is more technically challenging due to the necessity to
construct a connection to the sample holder center connector that can withstand
high temperatures.

5 Conclusions

A single waveguide setup is developed for the measurement of permittivity and per-
meability at temperatures up to 1000 ◦C. The thermal expansion of the waveguide
and the sample are corrected for by a reference plane compensation, compensation
for the expansion of the waveguide width a and sample thickness d, and displacement
of sample. The corrected re�ection and transmission parameters are then used in an
NRW inversion procedure, and a �nal correction for temperature dependent air gap
is made. With no air gap compensation, the measured permittivity is usually under-
estimated. The setup and the compensation procedures are tested on measurements
on samples of Macor and NiZn ferrite.

It is concluded that a rectangular X-band single waveguide setup can be used for
measurements of the permittivity and permeability from room temperature up to
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Figure 8: The complex permittivity and permeability at 10 GHz as a function of
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air gap correction, the gray symbols show the results using the quasi-static air gap
correction, and the white symbols show the results using the frequency dependent
air gap correction.



18

8 9 10 11 12

-Imf²gRef²g

f/GHz

²

8 9 10 11 12

f/GHz

 Ref¹g-Imf¹g

¹

22  C 

300  C 
º
º20

19

18

1

0

1.0

1.6

1.2

1.4

1.8

2.0

2.2

Figure 9: The complex permittivity and permeability as a function of frequency
determined at 22 ◦C and 300 ◦C for a ferrite sample. The data has been corrected for
the sample displacement, displacement of the reference planes, waveguide thermal
expansion, sample thermal expansion and the temperature dependent air gap.



19

¹
Ref¹g

{Imf¹g

²

t/ Cº

t/ Cº

500200100 300 400 6000

0.0

0.5

1.0

1.5

2.0

500200100 300 400 6000

0

1

17

18

19

20

200100 300 4000

²

t/ Cº

Ref²g
{Imf²g

100

150

200

250

300

-150

-100

-50

0

50

350

Figure 10: The complex permittivity and permeability for a ferrite sample deter-
mined at 10 GHz as a function of temperature. The black symbols show the results
without a temperature air gap correction, the gray symbols show the results after
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1000 ◦C. Future development includes rectangular waveguides for other bands and
a coaxial line �xture for wideband measurements.
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