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Abstract — In this paper, two important dielectric properties,
the relative permittivity and the loss tangent of a new
commercially available UV-curable SLA resin sample are
determined. The characterization of the dielectric material is
performed in the millimetre-wave range using an open-cavity
Fabry-Pérot resonator. According to the manufacturer’s data
sheet, this ultra low-loss photoresist material, optimised for
advanced electronic applications, has a relative permittivity of 2.6
and a loss tangent of 0.003, both at 10 GHz. First, the accuracy
of the Fabry-Pérot open-cavity resonator was determined using
a reference material called Rexolite. Then, the new dielectric
material was measured in a frequency band from 60 GHz to 90
GHz. The results show that the new commercial resin sample
has a relative permittivity of 2.59 and a loss tangent of 0.0031 at
71.8 GHz.

Keywords — Loss tangent, material characterization,
millimeter wave (mmWave), Fabry-Pérot open-cavity resonator,
relative permittivity, SLA resin.

I. INTRODUCTION

In recent years, the popularity of additive manufacturing
(AM) in electronics manufacturing has grown. Thanks to
the performance improvement, AM is becoming increasingly
interesting for RF applications as a potential alternative to
conventional mold compound-based manufacturing processes.
The combination of AM and electronic device integration is
called 3D printed structural electronics (3DPSE) [1]. 3DPSE
has important advantages like free form factors, reduced size,
rapid prototyping, light weight, varied material combination
and costs saving [2]. These advantages allow the production
of fully integrated and embedded electronic systems. Several
3D printing technologies, such as Fused Filament Fabrication
(FFF), Digital Light Process (DLP), Stereolithography (SLA)
and others, have been tested for 3DPSE. Multiple articles, for
example [3], [4] and [5], have studied the dielectric properties
of polymers used exclusively in FFF up to 12 GHz [4]. Fewer
studies have characterized negative photoresist resins like in
[6], [7] and [8]. These studies use commercial measurement
tools to obtain values for the relative permittivity and loss
tangent at millimeter wave (mmWave) and THz frequencies.
Both [6] and [7] use time domain spectroscopy. In [7], the
characterization of a Formlabs SLA resin, Tough FLTOTL04,

resulted in a relative permittivity of 2.8 at 100 GHz down to
2.35 at 2 THz and a loss tangent of 0.021 at 100 GHz up to
0.103 at 2 THz. The mechanical and thermal performance is
characterized and shown in the supplier data sheet [9].

SLA 3D printing technologies have clear advantages
compared to FFF: the high printing velocity, printing
resolution, smooth surfaces and small form factors make
it an appealing printing technology for 3DPSE. Several
works utilize SLA 3D printers and commercial UV-cured
resins. In [10], a metal-coated 3D printed horn antenna and
a metal-coated 3D printed corrugated mirror are tested at
92.5 GHz and 140 GHz, respectively. In [11], a 3D printed
straight waveguide and a diagonal horn antenna are coated
using copper and tested in the WR-3.4 band (from 220 GHz
to 330 GHz). The comparison between this antenna and its
metallic counterpart show similar co-polarization, directivity
and side-lobes performance.

Another example of 3DPSE is presented in [12], where a
24 GHz antenna for miniaturized FMCW radar was 3D printed
using SLA technology. The half-wavelength dipole antenna is
compared to simulations showing a difference in gain of 2 dB
at 22 GHz. In [12], measurements of the relative permittivity of
the commercial resin are obtained by using a cavity resonator
at the X and Ka frequency bands. The results show a relative
permittivity of 2.74 at 24 GHz. Most of the cited works show
high shape versatility and printing resolutions up to 50 µm
[12], making this technology one of the first options for 3DPSE
for mmWave and THz applications. None of these works used
low-loss UV-curable resins now available on the market. For
example, the UV-curable photopolymer in [13], shows a data
sheet dissipation factor as low as 0.0046 at 10 GHz, which
can be very advantageous in reducing the loss of 3DPSE
components.

For RF components and antennas, accurate characterization
of the substrate material is of paramount importance as input
for the design process and correct performance prediction. This
is even more important as the operating frequency increases.
In this work a sample of a low-loss commercial resin suitable
for SLA-based 3D printing is characterized for 60-90 GHz,
which means a wavelength of 3.3-5 mm. A rexolite sample is



used as benchmark material to verify, calibrate and determine
the accuracy of the Fabry-Pérot open-cavity resonator.

This paper is organized as follows. The measurement setup
is detailed in Section II, the sample preparation is explained
in Section III and the results and discussions are presented in
Section IV.

II. MEASUREMENT SET-UP

A. Fabry-Pérot Open-Cavity Resonator

A Fabry-Pérot resonator with an open cavity was designed
and assembled at the Eindhoven University of Technology,
see Fig. 1. The Fabry-Pérot open-cavity resonator consists
of two spherical concave mirrors positioned on two motor
stages (M-413.32S) [14]. With the help of these motor stages,
the mirrors can be adjusted to different focal lengths, e.g.
near-focal, near-confocal or near-concentric.

Fig. 1. Perspective view of the Fabry-Pérot open-cavity resonator.

A Vector Network Analyzer (VNA) with frequency
extenders is used to excite the electromagnetic field in the
open cavity as shown in Fig. 2.

Fig. 2. Illustration of the Fabry-Pérot open-cavity resonator, VNA and
frequency extenders.

In the centre of the cavity, a sample holder for the
dielectric material is placed. This dielectric material holder
can hold dielectric samples with a minimum length × width
of 75 mm × 75 mm and a thickness varying from 10 µm up
to 3000 µm, which depends on the frequency range.

In this Fabry-Pérot open resonator, a near-concentric
configuration is used to insure stability, avoid the propagation
of additional modes and increase the Q-factor of the resonator.

As explained in [15], the fundamental (TEM0,0,q) mode
can be symmetrical (q = 2) or antisymmetrical (q = 1). From
both modes the relative permittivity and the loss tangent can
be determined, whereby, depending on the relative permittivity,
either the symmetric or the antisymmetric mode gives the most
accurate result [16].

Inside the open resonator, the fundamental (TEM0,0,q)
mode propagates with a Gaussian profile. This Gaussian beam
presents a beam waist that illuminates the dielectric sample in
the center of the cavity and defines the size of the analyzed
spot. The beam waist size is determined by the radius of
curvature of the mirrors and the distance between the mirrors.
In the Fabry-Pérot open-cavity resonator used for this research,
the beam waist’s diameter is about 22 mm over the entire
frequency band, from 60 GHz to 90 GHz. This specified
beam waist size corresponds to 95% of the total energy of
the Gaussian beam.

The relative permittivity and the loss tangent are
determined by first performing a measurement without a
sample, i.e. with an unloaded cavity, and then a measurement
with a sample, i.e. with a loaded cavity. The data obtained is
processed using an algorithm based on the equations discussed
in [17].

B. Measurement Protocol

Using the Fabry-Pérot open-cavity resonator described in
II-A, a dielectric material is characterized over a frequency
band from 60 GHz to 90 GHz, which is subdivided into
10 sub-frequency bands for a more detailed analysis. The
measurement protocol is:

1) Set the distance between the mirrors according to
the sample thickness, the sub-frequency band to be
analyzed and the number of half-wavelengths between
the mirrors (q).

2) Extract and save two S-parameter traces of the
unloaded resonator from the VNA, the S12 and S21.

3) Place the dielectric material holder with the sample as
accurately as possible in the centre of the resonator.
The area under analysis is an uncovered circle of 4 cm
diameter, see Fig. 1

4) Measure a second set of S12 and S21 of the loaded
resonator with the same VNA settings.

5) Determine the relative permittivity and loss tangent
of the dielectric material by processing the resonant
frequency shift of the S-parameters and the difference
of the Q-factors of the resonator with the equations
discussed in [17].

6) Compare the results for the relative permittivity and
loss tangent obtained using S12 and S21 to discard
measurements affected by variations in dielectric
material placement.

7) Repeat the procedure for all sub-frequency bands.



According to the assumptions in [17], some constraints on
the dielectric sample conditions have to be considered: constant
thickness along the analyzed site, no deformation (warpage),
5 cm or more in diameter, 100 µm - 1 mm in thickness.
Another condition for the setup is that the dielectric material
must be placed exactly in the centre of the resonator.

III. SAMPLE PREPARATION

A. UV-curable Resin Samples

The material under test is the ultra low dissipation factor
dielectric resin PRO14371 supplied by Arkema as part of its
N3XTDIMENSION® product line [18]. To produce a resin
sample, the liquid resin is pressed using two quartz plates and
then cured for 30 minutes in a UV chamber. The UV chamber,
”Next Dent LC -3DPrint Box”, has 12 UV lamps to ensure that
the sample is illuminated from all sides. This process is chosen
to limit surface roughness and warpage, but can also introduce
some air bubbles into the samples.

After curing, measurements of the thickness are taken at
several points on the samples, as shown in Fig. 3.

Fig. 3. Thickness measurements of a 30-minutes UV-cured resin sample.

The area to be measured is a selected circle with a diameter
of 4 cm, which has minimal warpage, thickness variations and
air bubbles.

B. Rexolite Sample

The rexolite sample used as reference material is a sheet
of 8 cm × 10 cm and a thickness of 490 µm. The thickness
is also measured at several points on the sample and along the
analyzed points with a thickness gauge of 1 µm resolution.

According to [19], the Rexolite’s relative permittivity
measured at 76.5 GHz is 2.529 and the loss tangent is 0.00063.

IV. RESULTS AND DISCUSSION

Using the measurement protocol explained in II-B, several
measurements are made for the resin and the rexolite sample.
The measurements are carried out under the assumption that
both samples have a negligible content of air bubbles, surface
roughness and warpage.

Fig. 4. Measurement results of the relative permittivity of Rexolite.

Fig. 5. Measurement results of the loss tangent of Rexolite.

The final results are shown in Fig. 4 and in Fig. 5, where
the measurements of the rexolite using the open resonator setup
show comparable results to those published by [19].

In Figs. 4 and 5, the bars at each measured point indicate
the measurement uncertainty, calculated according to [20],
where the combined uncertainty is the root sum of squares
of the independent uncertainties due to: system’s repeatability
and thickness variations. The latter comprises, in this case,
more than 90% of the final uncertainty.

The UV-cured resin is also characterized and the results are
shown in Fig. 6, a dielectric constant of 2.59 and a loss tangent
of 0.00309 at 71.8 GHz are found. The resin’s permittivity and
loss tangent show a stable behavior along the studied frequency
band.

Fig. 6. Least-square fitting of the relative permittivity and loss tangent of the
resin sample.



In Fig. 6, a least-square linear fitting is done over the
measurements of the relative permittivity and loss tangent of
the resin sample. This approximation shows that the relative
permittivity and loss tangent meet the values specified by the
manufacturer at 10 GHz, a relative permittivity of 2.6 and a
loss tangent of 0.003.

The resin sample measured in this work, is an improved
and optimized photopolymer for electronics applications,
compared to the commercial resin used in [7], the losses are
an order of magnitude lower at high frequency bands, which
makes it very suitable for mmWave applications.

V. CONCLUSION

A sample of the ultra low-loss UV-curable PRO14731
resin, is characterized from 60 GHz to 90 GHz using a
Fabry-Pérot open-cavity resonator. Using the measurement
protocol proposed in this work, a relative permittivity of 2.59
and a loss tangent of 0.0031 were obtained at 71.8 GHz. The
combined final uncertainty includes the uncertainties due to the
irregularities of the sample. By a linear least-squares fit over
the measurements, an estimate of the relative permittivity and
loss tangent over the analyzed frequency band can be found,
showing agreement with the manufacturer’s specifications. The
measured relative permittivity and loss tangent show a stable
behaviour in the investigated frequency band, these values can
be used as an input in the design of 3D SLA printed electronics
for mmWave applications.
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[5] D. Kalaš, K. Šı́ma, P. Kadlec, R. Polanský, R. Soukup, J. Řeboun, and
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