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Abstract—In this work, a study of the performance of several
antennas and components, manufactured using an accurate
stereolithography 3D printer and resin for maximum accuracy
and detail, is carried out. Electroless plating of the components to
cover the pieces with a thick copper layer to improve their
mechanical resistance is undertaken. Several SatCom horn
antennas and components are designed, manufactured, and
tested. A detailed study of a spline horn antenna and a filter is
covered. These results are compared to the metallic lathe
manufactured versions. Conclusions are derived from these tests,
which are useful to improve additive manufactured components
in future versions.

Index Terms—Additive manufacturing, electroless plating, horn
antenna, surface roughness.

I. INTRODUCTION

Additive manufacturing technologies, often known as 3D printing,
are being used nowadays in an increasing number of applications.
However, the technology needs further research and development to
find better solutions that fit our needs.

Additive manufacturing is not a new technology, but it has become
popular in recent years since 3D printers are now more affordable,
accurate and reliable. In fact, 3D printing for high frequency antennas
and components, as scientific literature exhibits [1-3], is becoming an
interesting tool for antennas and RF/Microwave waveguide hardware.
In this specific sector, additive manufacturing is making it possible to
produce complex, single-piece, lightweight parts that would be
challenging or even impossible to achieve using the classical milling
process, but the metallization of such complex structures is still
difficult.

It would be interesting to 3D print the needed pieces in metal as is
described in [4-6]. The main benefit of this technique is that it
produces robust parts; however, the accuracy, surface roughness and
conductivity of metallic additive manufacturing needs to be further
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developed, and could possibly demand post-processing steps such as
polishing or milling.

Usually the best results come from the 3D printing of precise
plastic parts by means of stereolithography [7], thus needing an
additional metallization step. The simplest way to achieve this is to
manufacture the device in a split-block configuration and apply a
metal layer afterwards by physical vapor deposition (PVD) or
electroplating [8-11]. Nevertheless, both blocks need to be attached,
screwed together, and properly aligned; this technique sacrifices the
flexibility of monolithic devices.

Nevertheless, some authors have found ways to metallize intricate
inner parts [1-3], [12, 13] and have developed a metallization
technique (based on electroless plating) that can produce a uniform
layer of metal on top of the inner surfaces of a monolithically printed
plastic part, thus obtaining highly accurate, lightweight, and low
insertion loss devices. In this paper, we are trying to replicate such
performances with a different approach, based on high performance
stereolithography 3D printed antennas and components for SatCom,
and applying a thick electroless plating copper metallization to
reduce roughness and increase mechanical robustness.

II. SELECTION OF SPACE AND TELECOMMUNICATIONS COMPONENTS

A wide variety of components were designed, manufactured, and
tested to have a comprehensive knowledge of the technology. These
components include waveguides, filters, diplexers, orthomode
transducers and horn antennas. Some horn antennas that operate at
higher frequencies, far from SatCom frequencies, were tested to
evaluate their performance. Most of the components were
manufactured in one piece since splitting is to be avoided. This
means that the metallization of the inner parts must be good enough
to not affect the electric performance of the components.
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Fig. 1. Manufactured components after being 3D printed and processed.
Spline horn antenna and filter are indicated in the picture.

In Figs.1 and 2 some of these manufactured components can be
seen before and after copper metallization.

A local company, Wehl & Partner Iberica Rapid Prototyping S.L.,
manufactured these components with an accurate stereolithography
3D printer using Somos® PerFORM resin for maximum accuracy and
details. Somos® PerFORM produces strong, stiff, high temperature
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resistant composite parts. The company does not disclose details
about the 3D printer used and the process followed; according to
them, the accuracy of the results depends more on the quality of the
resin and the recipe used for manufacture than on the SLA 3D
printer’s resolution.

SPLINE HORN

Fig. 2. Manufactured components after copper metallization. Spline horn
antenna and filter are indicated in the picture.

The 3D printed components (see Fig. 1) are metallized by the
same company employing an electroless plating procedure, achieving
high quality copper plating with a final thickness between 100 and
150 pum, (see Fig. 2). The metallized components see their weight and
mechanical resistance increase significantly because of the copper
layer, making their behavior comparable to that of classically milled
components.

In this research paper, two such manufactured components (a
spline horn antenna and a circular waveguide iris coupled filter) are
evaluated, since they are the ones which have presented better results.
These results, although not perfect, have answered some of the
questions regarding 3D printing issues for antennas and related
components, and will serve to improve future designs.

III. 3D PRINTED SATCOM SPLINE HORN ANTENNA PERFORMANCE

A compact spline horn antenna that is part of a Direct Radiating
Array for SatCom was 3D printed, metallized with a thick copper
layer and tested. Its profile, composed of 15 splines, can be seen in
Fig. 3. The same horn antenna manufactured in aluminium with a
lathe has also been tested to serve as a reference.
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Fig. 3. Spline horn antenna profile.

This horn antenna presents a gain above 17 dB and a crosspolar
level from -9 to 9 degrees below -30 dB maintaining a return loss
above 25 dB between 12.95 and 14.85 GHz.

In Figs. 4, 5 and 6 the simulated and measured results of both
versions of the spline horn antenna are shown. Measurements were
done at UPNA anechoic chamber in a far field configuration with
exactly the same set-up for both versions of the antenna, to allow for
a perfect comparison.
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Fig. 4. Measured (solid lines) and simulated (dashed lines) far field radiation
patterns for the main planes of the 3D printed spline horn antenna.

a) 12.95 GHz b) 13.71 GHz c) 14.85 GHz

From the measured results (see Figs. 4 and 5) it is remarkable that
in both the 3D printed version and the metallic version there is a
close agreement between the copolar patterns; it is difficult to find
any differences between the 3D printed and metallic versions
regarding this parameter.

With respect to the crosspolar radiation patterns, both horn
antennas accomplish the crosspolar requirement from -9 to 9 degrees,
but the metallic horn antenna exhibits better crosspolar level results.
In any case, the main difference comes from the crosspolar level at
boresight in the 0 and 90 degrees plane cuts.

In Fig. 4, it can be seen that the crosspolar level in the 0 and 90
degrees plane cuts reaches around -35 dB, whereas in Fig. 5, the
crosspolar radiation in both planes is well below -40 dB. The
crosspolar level of a symmetrical spline horn should be null at
boresight, so this aspect means that the 3D printed horn antenna is
not as symmetrical as the lathe manufactured one. In this case, it does
not affect the required performance since this horn antenna is for a
linear polarization application, but it should be considered for future
improvements in 3D printed horn antennas.
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Fig. 5. Measured (solid lines) and simulated (dashed lines) far field radiation

patterns for the main planes of the metallic spline horn antenna.

a) 1295GHz  b)13.71GHz  c) 14.85 GHz

The authors consider that this discrepancy in the crosspolar level
in the 0 and 90 degrees planes for the 3D printed version of the spline
horn antenna is due to slight differences in the layer-to-layer centre of
manufacturing. The 3D printed spline horn antenna printing has been
done following the propagation direction to take advantage of the
structure’s symmetry. This precision error is much lower in the lathe
manufactured version, since in a lathe, the rotation of the metallic
piece to be milled reduces this kind of asymmetry considerably.

In Fig. 6, simulated and measured directivity and gain for the
spline horn antenna are plotted. Directivity has been calculated by
means of integration of the radiation patterns given in Figs. 4 and 5.
Only a slight difference (below 0.2 dB) can be seen between
simulated and measured directivity results. The measured
directivity is in fact slightly higher than simulated one since
measured radiation pattern employed for this calculation ranged
from -60 to 60 degrees assuming no radiation apart from that
radiation cone.
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Fig. 6. Measured (solid lines) and simulated (dashed lines) directivity and

measured gain of the 3D printed and metallic versions of the spline horn

antenna.

Regarding gain, this parameter has been measured by the
three-horn antenna substitution method employing a calibrated
Flann Microwave standard gain horn. From Fig. 6 it can be
concluded that both measured gain curves are below the directivity,
indicating some losses, but the 3D printed spline horn has clearly
lower gain results than those of the metallic spline horn.

After several years of calibration procedures at UPNA anechoic
chamber, we can assume around +0.4 dB of uncertainty (95%
confidence) in the three-horn antenna substitution method for gain
measurement  (including  boresight —maximum positioning
inaccuracies, proximity effects, multipath interference, size
differences between horn apertures and the calibration inaccuracy
of the Flann Microwave standard gain horn employed) [12].
However, even assuming such gain measurement error, it is clear
that the 3D printed spline horn exhibits higher losses than the lathe
manufactured metallic spline horn.

These losses found in the measured gain can arise from
conductivity of the metallic surface for both horns or from the surface
roughness. Since the lathe manufactured horn is made in aluminium
and the 3D printed horn is plated with a thick pure copper layer we
can conclude that the losses come from surface roughness since the
roughness of the 3D printed horn inside surface is clearly higher than
the smooth surface of the lathe manufactured metallic horn. In
section V, the measured roughness of the manufactured components
are evaluated to try to answer to these evaluated losses.

IV. 3D PRINTED SATCOM CIRCULAR WAVEGUIDE IRIS-COUPLED
FILTER PERFORMANCE

A circular waveguide high pass filter composed of 9 circular
waveguide irises designed for SatCom has been designed and 3D
printed. A lathe manufactured metallic version has also been
manufactured to serve as reference. The 3D printed version has been
plated with a thick copper plating, see Fig. 7.
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Fig. 7. 3D printed SatCom circular waveguide filter measurement.
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This filter design presents a passband from 12.95 to 14.85 GHz
coincident with the previously covered spline horn antenna
bandwidth, and a stopband from 10 to 12.5 GHz with a rejection
above 50 dB. Its measured results as well as its profile are depicted in
Fig. 8. The resultant insertion loss in the passband is 0.4 dB for the
3D printed version compared to 0.05 dB for the metallic version. It is
assumed that this high insertion loss is because of the surface
roughness, this aspect will be further evaluated in section V.

In Fig. 8 a 250 MHz frequency displacement in the passband for
the 3D printed version can be seen, but otherwise the metallic version
presents an S parameter result very similar to the simulated one. This
displacement is a consequence of the final 3D printed dimensions,
which were modified by 125 um to take the metallization thickness
into account; but the result is that, because during the electroless
plating method the fluids travelling inside its intricate parts were
deposited forming a much thinner layer, the overall dimensions of the
filter are smaller than expected.
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Fig. 8. Measured (solid lines) and simulated (dashed lines) results of the 3D
printed and metallic SatCom circular waveguide iris-coupled filter versions. A
caption includes the filter profile.
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In Fig. 9, simulated results for nominal and 125 um subtraction in
inner dimensions are included to clarify this measured displacement
that is clearly coincident with that of Fig. 8.
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Fig. 9. Simulated results for the filter with nominal dimensions and with
-125 pm inner dimensions modification.

V. ROUGHNESS MEASUREMENT OF MANUFACTURED COMPONENTS

Surface roughness loss has a big effect when said roughness is
comparable to skin depth. In any case, this loss is difficult to
quantify, and there is not an exact calculation of its effect [13, 14].
The reason is that the geometry of the roughness is usually irregular
and therefore hard to predict. It was deemed interesting to quantify
the roughness of the 3D printed pieces before and after metallization,
since it is likely the main reason for the losses in the studied
components.

To measure the roughness, we have used a Mitutoyo SJ-410
roughness tester and to provide as accurate as possible value of the
measured results, 10 different points have been evaluated for each of
the pieces considered in this paper. Roughness has been measured for
Ra and R; parameters along 4 mm sampling lengths in the inner part

of the components along the growth direction of the 3D printer. Ra is
the arithmetical average value of all absolute distances of the
roughness profile. R; is the average maximum peak to valley of five
consecutive sampling lengths within the measuring length. This
means that the extreme values have a much greater influence on the
final value of R, than on Ra.

According to the scientific literature, surface roughness loss has a
big effect when roughness is of the order of skin depth [13, 14]. If we
calculate skin depth at 14 GHz, it is around 0.55 pm for pure copper
(1.673 uQ-cm  bulk resistivity) and 0.7 pm for aluminium
(2.65 uQ-cm  bulk resistivity). According to table I, surface
roughness for the 3D printed components is at least 3 times than that
of skin depth if we take Ra into account, and much worse if we take
R, into account. However, the surface roughness for the lathe
manufactured versions is much lower. This result clearly shows that
the surface roughness of the manufactured components is affecting
the losses and should be taken into account in the manufacturing of
3D printed components.

TABLEI
ROUGHNESS OF MANUFACTURED COMPONENTS
SatCom component R, (um) R, (um)
3D printed spline horn antenna before plating 1.80 um 12.1 ym
3D printed spline horn antenna after plating 1.79 um 10.7 ym
Lathe manufactured spline horn antenna 0.082 pm 0.5 pum
3D printed circular wglvegulde filter before 132 um 8.6 um
plating
3D printed circular Wavegulde filter after 124 um 7.9 um
plating
Lathe manufactured circular waveguide filter 0.096 pm 0.5 ym

From table I results, it can be appreciated that metallization
reduces the surface roughness slightly and that such a reduction is
more accentuated in R; than in Ra. In any case, as the surface
roughness of the stereolithography 3D printed components in the
growing direction is above 1 pm, this value translates to the
metallized versions, and although a thick metal layer is applied, such
a thick layer doesn’t improve the result. Several techniques are being
investigated to improve surface roughness in 3D printed components.
These investigations are based on a physical treatment (polishing of
the inner 3D printed parts by means of a liquid flow containing tiny
abrasive particles) and even chemical treatment using abrasive
chemicals.

VI. CONCLUSION

3D printed horn antennas and components for SatCom have been
evaluated in this paper. These components have been manufactured
with a high precision stereolithography 3D printer in Somos®
PerFORM resin for maximum accuracy and detail. The printed
components have been metallized afterwards with a 100-150 pm
thick copper layer.

A 3D printed spline horn antenna and a circular waveguide filter
have been studied. The losses of both components are high compared
to their equivalent lathe manufactured metallic versions. A study of
the roughness of the 3D printed manufactured components answers
such high loss result.

The 3D printed filter also presents a 250 MHz frequency
displacement in its S parameter measured results. This frequency
displacement is due to the manufacturing dimension change prior to
3D printing to take the thickness of the metallization layer into
account, but the result is that the inner metallization layer is much
thinner than anticipated.
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