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Abstract

This paper describes the process followed to implement a
system to characterize the complex permittivity of materi-
als in the 10-330 GHz frequency band. Firstly, the method
used and the system’s calibration process are shown, con-
sisting of a double calibration TRL (Thru-Reflect-Line)
and GRL (Gated-Reflect-Line). Subsequently, a smoothing
technique is used to improve the accuracy of the results. Fi-
nally, a test is performed on quartz and glass fiber samples,
showing that the results are quite reliable over the entire
measured bandwidth.

1 Introduction

In the communications industry, various materials are em-
ployed to design and manufacture devices. These materi-
als exhibit diversity and can be tailored for specific pur-
poses such as developing radiating, absorbing [1], or re-
flecting devices [2], among others. However, properly uti-
lizing these materials requires a foundational understand-
ing of their electromagnetic properties [3]. Notably, electri-
cal permittivity and magnetic permeability play significant
roles for non-conductive materials. Both are intricate pa-
rameters that distinctly elucidate the behavior of these ma-
terials in the presence of an electromagnetic field.

Traditionally, two main characterization methods can be
found in the literature. On the one hand, resonant meth-
ods [4, 5] use cavity resonances to extract material prop-
erties at specific frequencies. These methods are highly
accurate, although they have the disadvantage of provid-
ing a set of solutions in a discrete domain of frequencies
corresponding to those at which resonances occur within
a cavity. On the other hand, non-resonant or broadband
methods [6] have traditionally been based on measurements
of reflection and transmission of the material in free space.
A notable approach in this category is the Nicolson-Ross-

Weir (NRW) method [7], ideally functioning across an in-
finite bandwidth but practically limited by the transmission
system of the waveguide and antenna. The challenge with
such methods lies in demanding a high degree of alignment
accuracy and the application of calibration techniques to
isolate sample effects concerning propagation in free space.
In this context, Baker-Jarvis et al. introduced a method
in 1990 enabling the extraction of material characteristics
from sample measurements [8]. This method requires pre-
cise knowledge of the distance between calibration planes
and the sample thickness for accurate results. In recent
years, with the new 5G and 6G frequency bands, the char-
acterization of materials in bands beyond 100 GHz has be-
come an interesting topic for researchers [9].

Generally, techniques for extracting material properties are
further divided into three categories. The first one cal-
culates permittivity, ε∗r , and permeability, µ∗

r , from equa-
tions in which the unknowns are variables to be cleared,
using transmission media, cavities, or free-space transmis-
sion and reflection [10]. The second group comprises ge-
netic, evolutionary, or optimization algorithms and analyti-
cal equations [11], which cannot be solved directly. The last
group of methods proposes using optimization algorithms
using electromagnetic simulators, which try to find simi-
larities between measurements and simulations to study the
characteristics of materials [12].

In this contribution, we will use a broadband method based
on the measurement in free space and reference-plane in-
variant, which starts from the solution of analytical equa-
tions for estimating the material parameters. Section 2 de-
scribes the measurement method, calibration process, and a
technique to post-process the achieved results. In Section
3, an experimental validation is carried out with quartz and
glass fiber samples in the 10-330 GHz band. Finally, Sec-
tion 4 details the most important conclusions drawn from
the work.



2 Method Description

2.1 Measurement Scheme

The starting point of the measurement method used was
proposed in [10], corresponding to a variation of the one
proposed in [8]. Specifically, the authors of [10] proposed
the use of an air-dielectric coaxial guide, through which a
TEM mode is propagated, knowing the distance between
antennas perfectly, Lair, and the thickness of the material
to be characterized, L. From this premise, they proposed a
system invariant to the relative position of the material with
the reference planes, i.e., in which the material could not be
at the center of the transmission line. The main limitation
of this method is the need to have an air-filled coaxial guide
in which the material samples to be characterized could be
inserted. To facilitate the measurement method, this work
proposed using a free space measurement scheme, a sys-
tem composed of horn antennas and lenses that generate a
flat wavefront, as shown in the scheme in Fig. 1. In this
case, the main difficulty is accurately knowing the air gap
Lair. For this, it is necessary to address the calibration of
the system.

2.2 Calibration

Two methods are proposed to be used together to perform
the system calibration. First, a TRL calibration is per-
formed at the end of the waveguide feeding the antenna.
For this purpose, an aluminum kit has been designed for the
WR-75, WR-51, WR-34, WR-22, and WR-15 standards,
consisting of a short circuit, which will act as a reflect, and
a 2 mm long line. The rest of the bands are calibrated us-
ing the millimeter-wave converter calibration kits, made by
Rohde & Schwarz. This method places the reference planes
just at the horns’ entrance, specifically at the waveguide-
horn transition. After the measurement, a free space GRL
calibration is performed. Initially proposed in [13], this cal-
ibration consists of taking two measures: (i) of the empty
sample holder and (ii) of the sample holder holding a metal
plate, in which total reflection of the plane wavefront is as-
sumed. A process similar to that followed in the TRL cal-
ibration is performed from both measurements. The main
difference is that a time-gating process, a convenient tech-
nique used in both antenna and communications communi-
ties [14], is carried out to isolate the effects of propagation
to the sample holder. This gating includes the effects of the
antennas and lenses used to form the plane wavefront. Af-
ter calibration, the reference planes are assumed to be in the
material on which the normal incidence of a plane wave is
occurring.

2.3 Post-processing

The measurement results are highly affected by spurious
signals that can affect the estimation of the material param-
eters. In this sense, several techniques for smoothing the

results to make them more reliable can be found in the lit-
erature. One of the most outstanding techniques is the one
proposed in [15], using Savitzky-Golay filters. In this case,
it has been demonstrated that using these filters is equiva-
lent to, or even more efficient than, using other techniques,
such as time-gating, when it comes to reducing possible sig-
nal interferences, such as reflections in the measurement
system. That is why we have used this type of filter for this
contribution, with polynomials of order two and 51-point
windows for processing the results.

3 Validation

An experiment was carried out in the 10 to 330 GHz band
to validate the proposed methodology. For this purpose,
a setup consisting of the Keysight N5247B network ana-
lyzer, a set of transitions or frequency extenders, and horn
antennas was mounted. In addition, two Greenlight lenses
were positioned, with which a flat wavefront was created
for frequencies below 50 GHz. Finally, a 0.94 mm thick
quartz sample and a 1.22 mm thick glass fiber sample were
placed in the center of the optical table without consider-
ing that they had to be located at the midpoint between the
antennas. Fig. 2 shows a picture of the complete measure-
ment scheme. The measurement process starts by setting
the frequency limits of the analyzer and establishing 2001
measurement points with +5 dBm power at the ports and an
intermediate frequency bandwidth of 1 kHz. Subsequently,
a TRL calibration is performed on the analyzer with the kit
mentioned in section 2.2. Once this is done, the antennas
are connected and correctly aligned. Finally, placing the
sample holder and taking measurements of the same vac-
uum, with a metal plate and the material to be characterized,
is necessary. Once this process is finished, the GRL cal-
ibration is performed in MATLAB, allowing isolating the
effects of the sample and the empty sample holder. The
measured S-parameters of the two samples are shown in
Fig. 3. As can be seen, the measurements are quite clean
after performing the calibration. In addition, there is good
continuity between adjacent bands, which shows that the
measurement and calibration process has been completed
correctly.

After performing both calibrations, it is time to apply the
characterization method. At this point, it is important to
note that the thickness of the metal plate used for calibration
is slightly greater than that of the material to be measured
(Lair = 2 mm), so we proceed to include this data in the
characterization method. The results of the complex rela-
tive permittivity are shown in Figs. 4 and 5. As can be seen,
they are similar to those expected from these materials. The
real part of the permittivity obtained is quite flat and is only
affected at points where the sample length coincides with a
multiple of the wavelength and resonances that occur. This
effect is common in this type of broadband method. The
imaginary part, on the other hand, suffers more significant
variations due to the position of the sample. When small
misalignments occur, or normal incidence is not guaran-
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Figure 1. Measurement scheme used for characterization of materials in free space.

Figure 2. Photograph of the setup used for material char-
acterization.
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Figure 3. Measured S-parameters of the quartz (blue) and
glass fiber (orange) samples, after the calibration process.

teed, the imaginary part, directly related to the losses, is
seriously affected, so the estimation deteriorates consider-
ably.

Figure 4. Estimated real part of the effective relative per-
mittivity (ε

′
r) of the quartz (blue) and glass fiber (orange)

samples.

Figure 5. Estimated imaginary part of the effective rel-
ative permittivity (ε

′′
r ) of the quartz (blue) and glass fiber

(orange) samples.

4 Conclusions

In this work, we have proposed a setup for characteriz-
ing materials’ complex permittivity from 10 to 330 GHz.



To achieve this, we employed the classical NRW method
and the Baker-Jarvis variant to implement a broadband ap-
proach invariant to the material’s position during the mea-
surement process. Following this, we explored the system’s
calibration to obtain the estimation. Furthermore, we ap-
plied a processing technique to enhance the response at fre-
quency points affected by external factors, such as reflec-
tions on the optical table. Lastly, an experimental valida-
tion was performed using quartz and glass fiber samples.
The results were verified to be accurate across the entire
bandwidth.
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