278

IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 7, 2023

Radar Cross-Section of Ceramic Corner Reflectors
in the W-Band Fabricated With the LCM-Method

Kai-Daniel Jenkel
Daniel Erni

Abstract—Corner reflectors (CR), especially when combined
with information coding, are potential candidates for radar bea-
con applications, which could be used for the self-localization
of autonomous vehicles. In order to further improve the radar
cross-section (RCS) of such devices, additively manufactured
filled corner reflectors (FCR) made of ceramics in comparison
to classical metal based CRs in the W-Band, were evaluated.
The ceramic CRs were implemented using Lithography-based
Ceramic Manufacturing (LCM), which is a novel high quality,
high-resolution technology gaining traction in the RF community.

Index Terms—TFilled corner reflector, radar cross-section, RCS
modification, 3D-printing, ceramic manufacturing, LCM-method.

I. INTRODUCTION

ORNER reflectors (CR) are typical passive component

candidates for localization or positioning scenarios in
RADAR applications [1]. Examples are autonomous vehicles
(e.g., rescue drones), possibly without line of sight or in a low
visibility environment [2]. The most common materials for this
application are metals with a known high radar cross-section
(RCS) over a defined aperture angle. With respect to the self-
localization of objects, however, the retroreflective properties
of typical metal corner reflectors are limited by the aperture
of the structure, so that the RCS drops sharply above 45°
with regard to the perpendicular axis of its opening [3]. A
potential way to bypass this limitation has been introduced by
Buchberger et al. [4] using filled dielectric CRs. Their design,
based on polymeric material, is a filled corner reflector (FCR),
where the reflection occurs at the interface between the dielec-
tric and air, using the transition from an optically denser to a
thinner medium. This allows the electromagnetic wave to be
coupled in through larger incidence angles. The group was able
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to demonstrate an improved RCS and Half Power Beam width
(HPBW) with this concept, when compared to a classical metal
CR. However, due to a high loss tangent and the relatively
low permittivity of the applied polymers, the performance was
limited [5].

To improve on this concept, low-loss materials with an
enhanced permittivity are an approach, to increase the mate-
rial permittivity anisotropy and thereby reduce losses at the
FCR -air interface [6], [7]. A category of materials that meet
these criteria are ceramics, which, as an added benefit also
have high chemical and thermal resistance [8]. In recent years,
ceramic materials have received increasing attention, espe-
cially for high-frequency technology, due to their dielectric
properties [5] and the possibility for additive manufactur-
ing, such as using the LCM (Lithography based Ceramic
Manufacturing) method [9]. LCM is a multi-step process in
which a green body is formed from a slurry by photopoly-
merization [10], followed by post-treatment which includes
cleaning, drying, and a temperature process consisting of
debinding and sintering to transform the printed green body
into a dense ceramic component. This technique enables the
rapid fabrication of complex ceramic geometries with excel-
lent dielectric properties (e.g., low loss tangent [11]) and high
resolution in the sub 200 pum range, making it particularly
attractive for the field of radio frequency technology [12].
Current research examples using the additive manufacturing
technology are ceramic resonator structures based on pho-
tonic crystals operating at 98 GHz with an unloaded Q of
2601 [13], [14], [15].

The aim of this research is to evaluate the performance
of the FCR concept using 3D-printed ceramics with a high
permittivity. Thus, 3D-printed alumina (AlO3) with a rela-
tive permittivity of ¢, = 9.5 and loss tangent § = 0.0004 is
used [14]. In extension to the previously published work in the
framework of the IEEE RFID-TA 2022 conference [16], this
work further evaluates the alumina FCR. A metallized open
alumina CR is fabricated and used as a reference. Furthermore,
the influence of the material is investigated and in addition
to Al,Oj3, zirconia (ZrO,) as an additional ceramic material
system is analyzed. 3D-printed ZrO; has an even higher per-
mittivity &, = 27.6 and a loss tangent of tan § = 0.0025
(according to manufacturer data obtained at 3GHz) [17].

The following contribution is divided into the design and
simulation part of the FCR concept with CST Studio Suite,
as well as the additive manufacturing part of the FCR and the
measurement of its monostatic radar cross-section.
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Fig. 1. Schematic design of an open corner reflector (a) and a filled corner
reflector (b).

II. MATERIALS AND METHODS
A. Design and Simulation

The design of the filled corner reflectors is based on the
literature [4]. Thus, a FCR with an edge length of 58 mm is
chosen to prove the validity of the concept and to evaluate
the effect of alumina on the RCS. Fig. 1 a) illustrates the
design of an open CR used as a reference in this work, and
Fig. 1 b) illustrates the design for an FCR. CST Studio Suite
was used to validate the FCR concept from a theoretical point
of view. The Integral Equation Solver, based on the Multilevel
Fast Multipole Method, was applied for this purpose.

B. Additive Ceramic Manufacturing

The fabrication of the FCR was done with the LCM-method,
using a CeraFab 7500 from Lithoz GmbH. Aluminum oxide
(AlL03) and zirconium dioxide (ZrO;) were processed using
the commercial LithalLox HP 500 and Lithacon 3Y 230 slurry.
The slurries contain ceramic particles with a volume fraction
of 49 % (Al,03) and 48% (ZrO») dispersed in a variety of pro-
prietary polymers. The green body is printed layer-by-layer,
with each layer being photopolymerized in accordance with
the desired shape. The layer-height is chosen as 25 um to
ensure a high stability of the green body. The trigger for the
polymerization is blue light (wavelength: 452 nm), which is
transferred to the building platform in a 25 x 25 pum pixel
pattern using a DLP (Digital Light Processing) projector. The
light energy used for each layer is 200 mJ/cm? at an intensity
of 60 mW, resulting in an illumination time of 3.3 s for alu-
mina for each layer. For ZrO,, an energy of 150 mJ/ cm? at an
intensity of 140 mW was used, resulting in an exposure time
of 1.1 s. After cleaning of the green bodies using an airbrush
and Lithasol20/30 cleaning agents, a temperature treatment to
burn out the polymer components and to densify the ceramic
particles is used. This process is divided into three different
steps. First a drying step up to 140 °C is applied, with low
heating rates, to remove residues of the cleaning agents and
volatile organic compounds. This step is essential for com-
ponents with a high volume to avoid defects such as crack
formation. Debinding happens in a second step, up to temper-
atures of 1100 °C to burn out the organic polymer network.
In the third and final step the ceramic particles are sintered
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Fig. 2. Full temperature processes for Al;O3 (a) and ZrO, (b) (red line:
Drying process, black line: Debinding and sintering).

at temperatures of up to 1600 and 1450 °C for Al,O3 and
7Zr0;,, respectively, which also results into a sample densifi-
cation and shrinkage. The complete temperature curves for
Al>O3 and ZrO; are illustrated in Fig. 2.

C. Metallization of 3D-Printed Ceramics

For reference purposes, an open alumina corner reflector
(as described in Section II-A) was fabricated and metallized
using an electroless plating process. This process was adapted
for the plating of ceramic components, as it was originally
designed for polymer parts [18]. In this process, metal ions
are locally reduced by catalytically activated reactions on the
surface, so that the dielectric component is covered with a thin
metal film. The metal used in this work is nickel. First, the
ceramic components are cleaned in ethanol, isopropanol and
deionized water for 5 min each in an ultrasonic bath. This
step is necessary for a high surface quality. Afterward, the
ceramic component is immersed in a palladium solution for
15 seconds. Subsequently, the component, now covered with
Pd nuclei, is placed in a nickel solution consisting of: 50 g/L
nickel acetate, 25 g/l sodium acetate and DEG monobutyl
ether diluted as a stabilizer 1:1 diluted with distilled water. The
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Fig. 3. Metallized CR consisting of Al,O3 produced by the LCM-method
and plated with nickel (edge length: 22 mm).

Fig. 4. Setup for the RCS measurement for the printed FCR.

temperature of 50 °C is maintained and 25 g/L of the reduc-
ing agent sodium hypophosphite is added. The reaction takes
30 min until a closed metal layer is deposited onto the compo-
nent. Fig. 3 shows an open CR with nickel coating and same
dimensions as the FCR, which is used as a metal reference
for the measurement of the monostatic RCS.

D. RCS-Measurement

The RCS was investigated using a Rohde & Schwarz vec-
tor network analyzer (ZVA 40) in the 75-110 GHz frequency
range as a function of the angle of incidence. The measurement
took place in an anechoic chamber. Reference measurements,
to ensure the proper functioning of the setup, were performed
using two fixed diameter metal spheres. Time gating was
applied to obtain a precise signal only from the reflector. A
stepper motor was used to move the corner reflector in 1°
steps. The setup is illustrated in Fig. 4.

III. RESULTS AND DISCUSSION

As described in Section II-A, CST Studio Suite is used to
simulate the RCS. The simulated monostatic RCS for a metal
CR reference, a polymer FCR and an alumina FCR is illus-
trated in Fig. 5. All devices have an edge length of 58 mm [4].
For the metal CR, the characteristic side lobes are at incidence
angles of ® = 39°, which represents the limit of the aperture.
The half-power beam width (HPBW) is at about 38°, which is
in good agreement with values reported in the literature [19].
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Fig. 5. Simulation results for the monostatic radar cross-section (RCS) as
a function of the angle of incidence at 80 GHz. Black line: Metal corner
reflector consisting of perfect conducting material as reference. Filled cor-
ner reflector (FCR) consisting of PA 6 (blue) and Al,O3 (red) (edge length:
58 mm).

This confirms the validity of the used simulation. Furthermore,
Fig. 5 illustrates a FCR based on polyamide PA 6 (¢, = 3.06
and tan 6 = 0.011), which is typical for additive manufacturing
purposes [20]. The simulation shows a change in the RCS for
the polymer FCR when compared to the reference CR. In par-
ticular, the limitation of the opening angle is reduced, so that a
broader aperture is observed. This results in an HPBW of 71°
and thus an increase of 86% when compared to the metal CR.
This confirms the findings from the literature that the FCR
concept is a possibility to enhance the RCS [4]. However, the
discussed disadvantage of the polymer is also evident, as the
general RCS level has dropped significantly by up to 8 dBm?
when compared to the metal CR. In contrast, the simulation
for the alumina FCR shows an improved HPBW of 76°, which
is an improvement of 100 % when compared to the metal CR,
while the RCS level is comparable, due to the low loss of the
material. Thus, alumina is a possible candidate material for
a significant improvement of the RCS. Noticeable is a peak
that can be observed at small angles of incidence. This is
ascribed to a reflection at the first interface between air and
alumina, which interferes constructively with the reflection at
the rear interface of the FCR. The peak depends on the size
of the FCR, as well as the frequency, and can be used to fine-
tune the RCS. The interference effect is not considered for the
parameter extraction of the HPBW.

For experimental validation of the simulation results, alu-
mina FCRs were realized as described in Sections II-A
and II-B. For this purpose, the size was limited to a FCR edge
length of 22 mm, as otherwise crack formation is possible
in the area marked as critical in Fig. 6 a) during tempera-
ture processing as outlined in the experimental section. The
FCR after temperature processing is illustrated in Fig. 6 b),
demonstrating the shrinkage taking place during this process.

The RCS measurement of these devices was performed as
described in Section II-D, with the result being illustrated in
Fig. 7. The comparison of the RCS at 80 GHz between the
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Fig. 6. Successfully printed (a) and sintered (b) FCR with a final edge length
of 22 mm consisting of Al,Os3.

90°

—— Al,0, FCR Meas|

180°

270°

Fig. 7. Comparison of RCS-measurement (black) and simulation (red) for an
alumina FCR (edge length: 22 mm) at a frequency of 80 GHz (RCS in dBm?).

real and the simulated device shows good agreement. At small
angles, there is a very good correlation between measurement
and simulation, and the discussed interference effect is present
in both cases. At larger angles, the RCS of the simulation
is slightly higher when compared to the measurement. This
can be seen, for example, in the HPBW, which is 64° for the
measured FCR and 75.4° for the simulation. One reason could
be the remaining of some porosity inside the material during
sintering which causes internal reflections.

To compare this result to a classical CR, a reflector was
realized as described in Section II-B using metallized alu-
mina. This assures that size and anisotropic shrinkage are the
same for all components. Fig. 8§ compares the simulated and
measured monostatic RCS of the metal CR. There is good
agreement between simulation and measurement. The only sig-
nificant deviations are in the side lobes at about + 39°, which
are less pronounced in the measurement. The HPBW of the
simulation is 37°, while a value of 34° is observed in the mea-
surement. Furthermore, Fig. 8 also compares the Al,03 FCR
measurement with the mentioned CR simulation and measure-
ment. For the alumina FCR similar RCS for 0° and slightly
lower RCS level for smaller angles can be observed, when
compared to the metal reference. For angles larger than £30°
the advantage of the FCR concept is evident and higher RCS
values are obtained. Furthermore, the limitation of the CR
regarding the opening angle is apparent as already discussed
above, which results in an 88 % increase in HPBW regarding
the measurement while maintaining a similar RCS level.

90° ——Al,0, FCR Meas.|
——Ni CR Meas.

— — CR metal Sim.
45°

180°

270°

Fig. 8.  Comparison of RCS-measurement of AlO3 FCR (black) and met-
allized CR (red) at 78.5 GHz as well as a simulation of a metal CR with
perfect conducting material (blue) (edge length: 22 mm) (RCS in dBmz).
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Fig. 9. Comparison of RCS-measurement at 78.5 GHz (green) for a FCR
consisting of ZrO; and simulation (blue dashed). Measurement results for
metallized CR (red) and alumina FCR (black) from Fig. 8 as reference (edge
length: 22 mm) (RCS in dBm?).

Thus, using the FCR concept in combination with low-loss
ceramics, such as alumina, is a good possibility for corner
reflector radar cross-section enhancement.

An additional benefit of using ceramics for this type of
device, is that a wide range of materials with a large vari-
ation in refractive indices and otherwise low-loss properties
are available [21]. In consequence, one approach to further
improve the RCS by enhanced internal reflections could be
an increase in the permittivity and thus the anisotropy in the
refractive index. For this purpose, 3D-printed zirconia was
used in this contribution, with a significantly higher permit-
tivity (¢, = 27.6) than alumina, yet on the down side with
an increased loss tangent (tan & = 0.0025) [17]. The zir-
conia FCR implementation is described in the experimental
Section II-B. Fig. 9 illustrates the measured and simulated
monostatic RCS spectrum of the realized zirconia FCR com-
pared to the previous results for the alumina FCR and the
metal reference. The alignment between measurement and
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simulation agrees well for small angles. For larger angles,
however, the simulation clearly overestimates the zirconia
FCR RCS value. The HPBW gives a value of 150° for the
simulation, which would be a great improvement. The mea-
surement, however, only gives an HPBW of 62°. Still, for
large angles over & 45° a higher RCS for the ZrO, FCR in
comparison to the metal reference is observed. Further, the
HPBW of 62° indicates an improvement of 82 %, when com-
pared to the metal reference. The observed large difference
between measurement and simulation is most likely due to
incorrect assumptions regarding the quality of the material and
its dielectric properties. Especially for zirconia, the dielectric
material properties are very dependent on the crystal struc-
ture of the solid. Meaning the permittivity can vary from 17
to almost 40, depending on which crystal phase (Monoclinic,
Tetragonal or Cubic) or which ratio of the different crystal
phases exist in the final sintered solid [22], [23]. The dielec-
tric properties used for the simulation were determined on
different samples by the material supplier for a frequency of
3 GHz and a sample density of 99.4% [17]. This is a limita-
tion for our zirconia simulation, not just due to the unknown
crystal phase composition of our part, but also because our
experimental frequency range is the W-band, and therefore, the
frequency dependence of the permittivity may further degrade
the assumed permittivity value. In addition, the density of our
samples was determined to be 97% using Archimedes prin-
ciple measurements, which is most likely the consequence of
a residual porosity, small cracks or defects, which may occur
during the sample temperature treatment. This may lead to
a further reduction of the effective permittivity. Therefore, in
order to improve the accuracy of our zirconia RCS simulation,
the permittivity of our specific material needs to be deter-
mined, for example using transmission measurements. Further,
in order to improve the material of our zirconia FCR investiga-
tions on the material quality, such as using X-Ray Diffraction
(XRD), and an optimized processing are required.

While the aim of the enhanced zirconia refractive index
is to improve the FCR RCS by improved internal reflections
at the ceramic-air interface, the concept also has a disadvan-
tage, which is the coupling of the radiation into the FCR.
Mlustrated in Fig. 10 is the measured zirconia and alumina
FCR RCS for an angle of incidence of 0° over a frequency
range of 77-81 GHz. The signal level for both FCRs are peri-
odically reduced from an approximate —20 dBm?” level by
destructive interference between incoming and reflected wave.
However, this is much more pronounced for the ZrO, case and
can reach up to a 25 dBm? in signal difference. Following
Fresnel’s equations for 0° incidence, the reflected power is
enhanced when the difference between the refractive indices
of the materials is higher, which might offer an explanation
for this observation [24]. As this effect can be specifically
adjusted, it may have the potential for coding applications.

IV. CONCLUSION AND OUTLOOK

Using the filled corner reflector (FCR) concept in con-
junction with additive ceramic manufacturing of the materials
alumina and zirconia, the HPBW of the RCS could be
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Fig. 10. Measured RCS for 0° incidence angle for Al;O3 FCR (black) and
ZrOy FCR (red).

improved by more than 80% when compared to a standard
metallized corner reflector reference. For alumina, the gen-
eral RCS level was comparable to the metal corner reflector,
making it an excellent alternative with a significantly wider
aperture angle and HPBW (64°). While, for zirconia, mate-
rial quality related issues have limited the significance of the
RCS measurements, a pronounced interference effect for the
0° angle of incidence is observed. As an outlook, this effect,
as well as the digital freedom that arises with using additive
manufacturing, may have the potential for coding purposes in
angular dependent localization problems. For this purpose, one
can think of the integration of photonic crystal structures, such
as using Bragg-reflectors.
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