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Abstract— Free-space measurement techniques can be contact-
less and are able to accommodate large, flat sheets of dielectric
material, making them useful for characterization of high-
temperature, millimeter-wave, window and radome candidate
materials. As part of the present work, a high-temperature,
W-band (75–110 GHz), free-space measurement system was
developed and used to characterize complex dielectric properties
of bulk material samples at temperatures ranging from 25 ◦C to
600 ◦C. Two test cases, polyvinyl chloride (PVC) and CoorsTek
92% alumina, were measured at 25 ◦C and found to have
��

r values of 2.731 ± 0.005 and 8.061 ± 0.027 at 95 GHz,
respectively. The 25 ◦C PVC sample was measured to have a
���

r value of 0.032 ± 0.007. At 25 ◦C, the ���
r value of the 92%

alumina sample was below the uncertainty threshold achievable
with the present free-space measurement apparatus and could
only be bounded to <0.009. As the alumina sample was heated
to 600 ◦C, ��

r and ���
r values increased to 8.501 ± 0.028 and

0.035 ± 0.008, respectively. The high-temperature behavior of
the authors’ 92% alumina ceramic was found to be similar to
that previously documented for Sumitomo AKP-50 alumina over
the 25 ◦C–600 ◦C temperature range. In addition to the 92%
alumina sample, three commercially available ceramic substrates
(zirconium oxide, boron nitride, and silicon nitride) were also
characterized at temperatures ranging from 25 ◦C to 600 ◦C.

Index Terms— Ceramics, complex permittivity, dielectric
losses, dielectric measurement, dielectric substrates, high tem-
perature, polymers.

I. INTRODUCTION

TO SUPPORT the development of W -band (75–110 GHz)
source technology, radomes, absorbers, and other

W -band dielectric components, such as those described
in [1]–[3], millimeter (mm)-wave dielectric-property data are
required for dielectric insulators at both 25 ◦C and at elevated
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temperatures. A variety of techniques to characterize complex
dielectric properties at microwave and mm-wave frequencies
have been described in the literature [4]–[8]. These techniques
include the use of resonant cavity spectroscopy [9]–[25],
dielectric-filled waveguide transmission [26]–[30], inter-
ferometry [13], [14], [26], [31]–[52], open waveguide
(coaxial or other) probes [13], [26], [53], [54], and free-space
methods [7], [26], [55]–[77].

W -band dielectric property data at 25 ◦C for many
materials, including solid polymers [5], [6], [11]–[13], [16],
[18]–[21], [26], [28], [31], [35]–[37], [40], [50], [54], [55],
[58], [59], [61]–[63], [65], [66], [68], [72]–[76], [78], non-
magnetic ceramics [5], [6], [9], [11], [16], [26], [31], [33],
[35]–[38], [48]–[52], [55], [59], [60], [65], [71], [77],

[79], ferrite ceramics [41]–[45], semiconductors [34], [49],
[80], food grains [46], and liquids [6], [17], [20], [21],
[25], [47], [48], [60], [81], [82], are relatively abundant in
the literature; however, sources of mid-temperature (up to
200 ◦C) [9], [18] and high-temperature (>200 ◦C) [11], [12],
[19], [83] dielectric-property data at frequencies within or
approaching W -band are relatively scarce. Calame et al. [9],
Garven et al. [18], Ho [21], Westphal and Sils [11], and
Westphal [12] utilize resonant cavity techniques to obtain their
high-temperature dielectric-property data.

As noted by Venkatesh and Raghavan [4], the sample
preparation for resonant-cavity spectroscopy tends to be more
difficult compared to other measurement techniques and can
require destruction of larger test pieces since high-frequency
measurements require small sample sizes with a specific
geometry. In contrast, free-space techniques are contactless;
can accommodate large, flat sheets of sample material; and,
thus, allow for comparatively easy sample preparation. For
measurements of low-loss materials, however, the free-space
method will tend to incur larger uncertainties than techniques
like resonant cavity spectroscopy [4], [7].

Measurement of high-temperature, complex dielectric-
property data (both �r

� and ���
r ) using free-space techniques has

been reported previously for Ka-band (26.5–40 GHz) [70] and
Ku-band (12–18 GHz) frequencies [69]. Lemaire et al. [64]
describe the development of an X-band and W -band free-space
system capable of measuring permittivity at elevated tempera-
tures; however, values for imaginary permittivity (���

r ) could
not be extracted at W -band. Because of the comparative
benefits of utilizing free-space measurement techniques, the
Air Force Research Laboratory developed a W -band, high-

2156-3950 © 2019 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-6069-0395
https://orcid.org/0000-0002-3274-1116


1012 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 9, NO. 6, JUNE 2019

Fig. 1. Schematic depiction of the high-temperature experimental apparatus.

temperature, free-space measurement apparatus capable of
measuring complex permittivity. This apparatus is, effectively,
an evolution of Varadan’s configuration [69], which utilizes
modern components and is adapted for higher frequencies.

II. APPARATUS

A schematic representation of the experimental apparatus
used for the mm-wave measurements is depicted in Fig. 1.
The Agilent performance network analyzer (PNA) 5222A
network analyzer forms the core of the measurement system.
An Agilent N5261A millimeter head controller and a set of
OML V10VNA-T/R frequency extender heads (one for each
port) serve to boost the output of the PNA base unit to
W -band frequencies (75–110 GHz). The WR-10 waveguide
output from each of the frequency extender heads feeds a
matched set of custom-designed, lensed, spot-focusing horn
antennas.

When high-temperature measurements are to be performed,
the sample is located in the center of a Mellen tube furnace,
which has an overall length and diameter of 31.75 and
15.24 cm, respectively, and was designed with a 15.24-cm-
long, uniform heating region centered along the axial length
of the furnace. The furnace is capable of a maximum tem-
perature of 1200 ◦C; however, for the reported experiments,
a maximum temperature of 600 ◦C is utilized. Silicon carbide
composite sample holders with apertures large enough to
accommodate 5.08-, 7.62-, and 10.16-cm-diameter samples
were used for experimentation. A photograph of the exper-
imental setup is provided in Fig. 2.

Temperature measurements are made with a thermocouple
embedded in the sample holder immediately adjacent to the
outer radius of the sample. Temperature uncertainty comprises
the inherent uncertainty of the thermocouple measurements
(±2.5 ◦C) combined with the maximum temperature differ-
ential between the edge of the sample and the center of the
sample, observed at 600 ◦C for all samples measured in the
present study (� = 5 ◦C), as measured with a thermal imaging

Fig. 2. Photograph of the high-temperature experimental apparatus.

Fig. 3. Photograph of millimeter-wave, spot-focusing antennas, each with a
WR-10 connector and interface compatible with either a vacuum chamber or
open air.

camera. In the present configuration, the thermal imaging
camera cannot be used to view the sample when mm-wave
measurements are being performed.

A. Spot-Focusing Lens Design

The matched pair of Gaussian, spot-focusing antennas used
for the present experiments are shown in Fig. 3. The antennas
were designed by Millitech, Inc. with a center frequency
of 94 GHz, but allow for broadband operation in the W -band
frequency range (75–110 GHz). Each antenna is composed of
a WR-10 input terminal connected to a corrugated horn and
quartz lens. The lens face is vacuum sealed to an 11.43-cm
Conflat flange [81]. The beam waist diameter was specified to
be 3.40 cm at the focal point, which is located 33.0 cm from
the front of the lens. The sample is centered at the focal point,
where the wavefront approximates a plane wave. A plot of the
measured beam waist diameter as a function of distance from
the lens flange is provided in Fig. 4.

Separation of the lenses from the furnace assembly allows
for the use of forced-air cooling to maintain the lenses at
near-room temperature. This cooling method is effective up
to furnace temperatures of 600 ◦C. Beyond that temperature,
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Fig. 4. Beam waist (1/e2) diameter measurements of 94-GHz
millimeter-wave horn antennae.

infrared output from the furnace interior begins to overwhelm
the present forced-air cooling method used for the lenses.

III. PARAMETER EXTRACTION

The vector network analyzer was calibrated in a two-step
process using the through-reflect-line (TRL) [84] standard
at the waveguide ports and a gated-reflect-line (GRL) [85]
compensation routine to remove the error contributions of the
antennas from the propagation and reflection parameters. A flat
aluminum plate was used as a calibration standard for the
gating procedure.

Dielectric properties of the sample materials can be
described in terms of the real and imaginary components of the
complex dielectric constant, �∗

r , which is related to complex
permittivity �∗, given by

�∗ = �0�
∗
r = �0

(
�r

� − i�
��
r

)
(1)

where �0 is the free-space permittivity, �r
� is the real part

of the complex dielectric, and ���
r is the imaginary part of the

dielectric constant. The real and imaginary parts of the relative
permittivity are related to the loss tangent by

tan δ = �r ��

�r �
. (2)

The S-parameters for each test material were measured
in a GRL-calibrated free-space electromagnetic beam setup
and numerically converted to the real and imaginary parts of
permittivity. These S-parameters are related to the transmis-
sion and reflection coefficients. Assuming symmetry between
opposite ports (S11 and S22, S21 and S12), the relationships are
given by the following equations:

S11 = �(1 − T 2)

1 − �2T 2 (3)

S21 = T (1 − �2)

1 − �2T 2 (4)

where the transmission (T ) and reflection (�) coefficients
of a planar propagating wave through a sample material of
thickness d are

T = e−γ d (5)

� = z − 1

z + 1
. (6)

The transmission and reflection coefficients are related to
the complex relative permittivity �∗

r and complex relative per-
meability μ∗

r by the propagation constant (γ ) and characteristic
impedance (z) given by

γ = γ0
√

μ∗
r �

∗
r (7)

γ0 = 2π i

λ0
(8)

z =
√

μ∗
r

�∗
r

(9)

where γ0 is the free-space propagation constant and λ0 is the
wavelength in free space.

The power transmission and reflection coefficients are given
by the squares of the transmission and reflection coefficient,
respectively, and the absorbed power is given by

Pabs = 1 − |T |2 − |�|2. (10)

The S-parameters for each test material are measured in
a GRL-calibrated free-space electromagnetic beam setup and
numerically converted to the real and imaginary parts of
permittivity. Complex permittivity and permeability can be
calculated from S11 and S21 parameters using least-squares
fitting to the transmission-line equations, as in [86].

IV. EXPERIMENTAL RESULTS

Two experimental testing series were performed. First,
dielectric-property measurements of a 0.64-cm-thick CoorsTek
92% α-Alumina (α-Al2O3) sample and a polyvinyl chloride
(PVC) sample were performed at 25 ◦C using a sample
diameter of 5.08 cm. Second, high-temperature (up to 600 ◦C)
dielectric-property measurements were performed on a range
of 0.64-cm-thick, 5.08-cm-diameter, commercially supplied
ceramic materials, including the α-Al2O3 sample from the first
experimental campaign.

The experimental error was calculated using a differ-
ential uncertainty analysis similar to that described by
Baker-Jarvis et al. [84], given by the root-sum-square of the
uncertainty introduced by the measured magnitude and phase
of the scattering parameters, the uncertainty of the sample
thickness, and the uncertainty from the aforementioned least
squares fitting. This uncertainty calculation procedure is also
quite similar to that described by Ligthart [87] for use in
dielectric-filled waveguide transmission measurement meth-
ods. The error in the scattering parameters was based on
the system S-parameter uncertainty given by Agilent for the
N5222a network analyzer as a function of frequency and
measured power. Error calculations are as follows in (11)
and (12), shown at the bottom of the next page, where
α = 11 or 21, �|S| is the uncertainty in the magnitude
of the scattering parameter, �θ is the uncertainty in the
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Fig. 5. Measured and literature values of the real portion of the dielectric con-
stant (��

r ) of PVC at W -band (75–110 GHz). Measurements were performed
at approximately 25 ◦C.

phase of the scattering parameter, �d is the uncertainty
in the sample thickness, and the remaining term (���

fit or
����

fit) is the uncertainty associated with least-squares fitting
of the S-parameter data to the transmission line equations.
The minimum uncertainty for low-loss materials occurs at
multiples of one-half wavelength due to (3) and (5) where
|S11| approaches 0 and |S21| approaches 1, which reduces to
z2 − 1 = 0. For lossy materials, the error tends to increase
at higher frequencies due to decreasing transmitted power and
value of |S21|.

A. Complex Dielectric Property Measurements of Polyvinyl
Chloride at 25 ◦C

Complex dielectric properties of PVC were measured at
25 ◦C and compared to previously existing dielectric constant
measurement data in the literature [55], [62], [73], [74]. Plots
of the real (��

r ) and imaginary (���
r ) permittivity values for

the PVC sample, as a function of frequency, are presented
in Figs. 5 and 6, respectively. Measured values of the real
portion of the dielectric constant agree, within experimen-
tal error, with those by Friedsam and Biebl [55] and are
within 5% of published values from Elhawil et al. [73], [74]
and Kazemipour et al. [62]. Measured values of the imaginary
portion of the dielectric constant agree, within experimental
error, with those of [55], [62], and [73]. It is known that the
loss tangent of PVC is strongly dependent on small amounts
of commonly used low-molecular-weight plasticizers such as
trecresyl phosphate [78].

Fig. 6. Measured and literature values of the imaginary portion of the
dielectric constant (���

r ) of PVC at W -band (75–110 GHz). Measurements
were performed at approximately 25 ◦C.

Fig. 7. XRD diffraction pattern of the α-Al2O3 substrate. Blue arrows:
diffraction peaks of α-Al2O3. Unmarked peaks: due to secondary phases,
including mullite and silica.

B. Complex Dielectric Property Measurements of 92%
α-Al2O3 at 25 ◦C

Prior to performing complex permittivity measurements on
the commercial CoorsTek 92% α-Al2O3 substrate sample,
a compositional analysis was performed. The sample was
measured and found to have a density of 3.85 g/cm3. The
nonporous substrate is 90.2% of the theoretical density of

���
r

��
r

= 1

��
r

√(
∂��

r

∂|Sα|�|Sα|
)2

+
(

∂��
r

∂|θα|�θα

)2

+
(

∂��
r

∂|dα|�d

)2

+ (���
fit)2 (11)

����
r

���
r

= 1

���
r

√(
∂���

r

∂|Sα|�|Sα|
)2

+
(

∂���
r

∂|θα|�θα

)2

+
(

∂���
r

∂|d|�d

)2

+ (����
fit)2 (12)
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Fig. 8. (a) Literature values of the real portion of the dielectric constant
(��

r ) of Wesgo Al2O3 995 [51], Coors Al2O3 999 [51], and Sumitomo
AKP-50 Al2O3 [83] at W -band (75–110 GHz). (b) Measured values of
the real portion of the dielectric constant (��

r ) of the 92% α-Al2O3 at
W -band. Measured and literature values are for samples at a temperature
of approximately 25 ◦C.

Fig. 9. Measured values of the imaginary portion of the dielectric constant
(���

r ) of the 92% α-Al2O3 at W -band (75–110 GHz). Literature values of the
imaginary portion of the dielectric constant (���

r ) of Wesgo Al2O3 995 [51],
Coors Al2O3 999 [51], and Sumitomo AKP-50 Al2O3 [83] at W -band are
provided for comparison. Measured and literature values are for samples at a
temperature of approximately 25 ◦C. As ���

r cannot be negative in this material,
in regions where the lower error bound extends below zero, the upper error
bound represents the threshold below which the present free-space apparatus
cannot accurately determine ���

r .

α-Al2O3 (3.96 g/cm3). X-ray diffraction (XRD) was per-
formed on the substrate for phase identification. XRD mea-
surements were performed on a Bruker D-8 Advance (Bruker)
using Cu Kα radiation. The Bragg–Brentano configuration was
used with a scan rate of 3.5◦ per min over the 2θ range
of 10◦–80◦. Fig. 7 shows the diffraction pattern with arrows
marking the major phase of α-Al2O3. A crystalline secondary
phase was identified as Al4.56 Si1.44O9.72.

Plots of the real (��
r ) and imaginary (���

r ) portions of the
dielectric constant, as a function of frequency, are presented

Fig. 10. Measured values of the real portion of the dielectric constant (��
r ) of

the 92% α-Al2O3 at 95 GHz at temperatures ranging from 25 ◦C to 600 ◦C.
Literature values for Sumitomo AKP-50 Al2O3 at 95 GHz [83] are provided
for comparison. Temperature uncertainty is ±7.5 ◦C.

Fig. 11. Measured values of the imaginary portion of the dielectric constant
(���

r ) of the 92% α-Al2O3 at 95 GHz at temperatures ranging from 25 ◦C
to 600 ◦C. Literature values for Sumitomo AKP-50 Al2O3 at 95 GHz [83]
are provided for comparison. As noted previously in the caption of Fig. 9,
because ���

r cannot be negative in this material, in regions where the lower error
bound extends below zero, the upper error bound will represent the threshold
below which present free-space apparatus cannot accurately determine ���

r .
Temperature uncertainty is ±7.5 ◦C.

in Figs. 8(b) and 9, respectively. A slight monotonic decrease
in the real part of the dielectric constant, due to dispersion,
is evident [88]. Due to the low loss of the α-Al2O3 at 25 ◦C,
measurement uncertainties are large compared with the mea-
sured values of ���

r . The authors note that as ���
r cannot be nega-

tive in this material, the upper error bound in Fig. 9 represents
the threshold below which the present free-space apparatus
cannot accurately determine ���

r . Literature values of ��
r and

���
r [Figs. 8(a) and 9, respectively] for Wesgo Al2O3 995 [51],



1016 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 9, NO. 6, JUNE 2019

TABLE I

MEASURED REAL PERMITTIVITY VALUES (��
r ) FOR SELECTED COMMERCIAL CERAMIC SUBSTRATES

TABLE II

MEASURED IMAGINARY PERMITTIVITY VALUES (���
r ) FOR SELECTED COMMERCIAL CERAMIC SUBSTRATES

Coors Al2O3 999 [51], and Sumitomo AKP-50 Al2O3 [83] at
W -band are provided for comparison. Purity values for the
Wesgo 995, Coors 999, and Sumitomo AKP-50 are 99.5%,
99.9%, and 99.995%, respectively, [83], [89].

The W -band measured real permittivity values (��
r )

of the 92% α-Al2O3 sample were found to be lower
than the published literature values of Al2O3 plotted
in Fig. 8(a). The presence of lower-permittivity silica

(��
r ≈ 3.8@1 GHz) [11] and mullite (��

r ≈ 6.5 @ 1 GHz) [12]
secondary phases detected in the 92% α-Al2O3 sample
would be expected to reduce the bulk-averaged value of
the real permittivity, compared with higher-purity alumina.
At 25 ◦C, measured, W -band, imaginary permittivity val-
ues of the 92% α-Al2O3 sample were found to be below
the measurement threshold for the present experimental
configuration.
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C. Measurement of Samples at Temperatures Up to 600 ◦C

As part of the high-temperature dielectric measurement
series, four commercially available ceramic substrates, includ-
ing the CoorsTek 92% α-Al2O3 sample, were characterized at
temperatures ranging from 25 ◦C to 600 ◦C. The additional
three ceramic substrates were composed of 99.9% zirconium
oxide (American Elements, 5.60 g/cm3), 99.5% boron nitride
(Stanford Advanced Materials, 1.96 g/cm3), and 99.5% sil-
icon nitride (American Elements, 2.17 g/cm3), respectively.
Figs. 10 and 11 provide high-temperature complex permittiv-
ity data (��

r in Fig. 10 and ���
r in Fig. 11) for the 92% α-Al2O3

sample at 95 GHz. Literature values for Sumitomo AKP-50
Al2O3 at 25 ◦C and 500 ◦C [83] are provided for comparison.

In the 25 ◦C–600 ◦C temperature range, both the real and
imaginary portions of the permittivity of the 92% α-Al2O3
increased monotonically as a function of temperature as the
conductivity of the material increased. Real permittivity (��

r )
increased 5.5% from 8.061 ± 0.027 to 8.501 ± 0.028, and
imaginary permittivity increased from <0.009 to 0.035 ±
0.008. The temperature dependence of the real part of the
permittivity of aluminum oxide, shown by Harrop to have
a coefficient of capacitance of approximately 110 ppm/◦C,
is attributed to ionic polarization [90]. For aluminum oxide,
an increase in temperature from 25 ◦C to 600 ◦C is predicted
to yield an increase in ��

r of approximately 6.3% [90], which
is close to the observed increase in ��

r of the 92% α-Al2O3
(5.2%).

Measured real (��
r ) and imaginary (���

r ) permittivity data
for the four commercial ceramic substrates are provided in
Tables I and II, respectively. Measured values are provided
for 75, 95, and 110 GHz at temperatures ranging from 25 ◦C
to 600 ◦C. Manufacturer information on purity and measured
density data are also provided for each sample material.

V. CONCLUSION

Development of the next-generation, high-power, W -band
systems requires an understanding of the dielectric properties
of insulating materials, including ceramics and polymers,
at elevated temperatures. Free-space measurement techniques
can be contactless and can accommodate large, flat sheets
of dielectric sample material, making them useful for char-
acterization of high-temperature millimeter-wave window and
radome candidate materials. As part of the present work, a
high-temperature, free-space measurement system was devel-
oped and used to characterize complex dielectric properties of
bulk material samples at temperatures ranging from 25 ◦C to
600 ◦C.

Two test cases, PVC and 92% α-Al2O3, were measured at
25 ◦C and found to have ��

r values of 2.731 ± 0.005 and 8.061
± 0.027 at 95 GHz, respectively. The 25 ◦C PVC sample was
measured to have ���

r value of 0.032 ± 0.007. At 25 ◦C, ���
r

of the α-Al2O3 sample was below the uncertainty threshold
achievable with the present free-space measurement apparatus
and could only be bounded to <0.009. When the α-Al2O3
sample was heated to 600 ◦C, ��

r and ���
r values increased to

8.501 ± 0.028 and 0.035 ± 0.008, respectively. The observed
increase of the real part of the permittivity of the 92% α-Al2O3

ceramic (5.5%) over the 25 ◦C–600 ◦C range was found to be
consistent with predictions based on [90] (6.3%).

Using the same measurement procedure developed for
the α-Al2O3 sample, three additional commercially avail-
able ceramic substrates (zirconium oxide, boron nitride, and
silicon nitride) were characterized at temperatures ranging
from 25 ◦C to 600 ◦C. At 95 GHz, the zirconium oxide
sample showed an increase in permittivity of 7.8% over the
25 ◦C–600 ◦C temperature range, while the boron nitride
and silicon nitride samples showed more modest increases in
real permittivity of 0.7% and 1.9%, respectively. At 95 GHz,
the imaginary permittivity of the zirconium oxide increased
by 0.771. The measured imaginary permittivity of the silicon
nitride increased by 0.020 ± 0.008 over the 25 ◦C–600 ◦C
temperature range. The boron nitride sample showed negli-
gible change in imaginary permittivity, to within calculated
uncertainty, at 95 GHz, when heated from 25 ◦C to 600 ◦C.
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