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Abstract
Additive manufacturing (AM) can be applied to new scenarios where traditional subtractive techniques limit geometry and 
assembling freedom. One of these scenarios is the development of high-frequency devices for communication systems, where 
AM offers the capability to develop high-complexity geometries, reducing the devices’ weight and cost. This is extraordi-
narily convenient for recent small satellites where size, weight, and integration are vital. This work presents an AM process 
specially optimized to develop communication devices. Industry needs have been studied, and materials and manufacturing 
techniques have been chosen accordingly. Two communication devices, a band-pass filter and a horn antenna, have been 
developed using two VAT photopolymerization (VPP) processes and different resins. Printed devices were metallized using 
a two-step process based on a first electroless metallisation and a final galvanic plating. The manufactured pieces were 
sandblasted prior to metallization to increase plating adhesion and reduce surface roughness. Finally, several dimensional 
analyses were performed to evaluate the effect of finishing and plating on the manufacturing process using scanning electron 
microscopy, profilometry, and contact metrology. The electromagnetic response of developed devices is excellent and com-
parable with commercial devices manufactured with subtractive techniques. A preliminary tolerance analysis was carried out 
to approximate the systematic deviation of the overall manufacturing process, considering the erosion of sandblasting and 
the thickness of copper plating. These deviations were compensated in the design step to improve the dimensional accuracy 
of the band-pass filter.

Keywords  Metallization · Additive manufacturing · VAT photopolymerization · High-frequency · Communication · 
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1  Introduction

Although there are numerous technologies for the manufac-
ture of communications devices, their commercial success 
requires great efficiency in terms of cost and mass produc-
tion, together with adequate performance in electromagnetic 
terms. In addition, manufacturing technologies should sig-
nificantly reduce the volume, weight, and consumption of 

the equipment, especially in the case of space communica-
tions [1]. Moreover, the systems are increasingly complex 
and require a greater integration of radiation equipment, 
guidance, filtering, distribution, power handling, etc.

Classic waveguide technology provides excellent perfor-
mance: total electromagnetic shielding (completely eliminat-
ing radiation losses), low insertion loss, ability to carry high 
power signals and high-quality factor. It is manufactured on 
blocks of metal (e.g., aluminum or copper) using costly com-
puter numerical control (CNC) milling machines, so the final 
devices are very heavy and expensive. Antennas made using 
classical technology, such as horns, reflectors, logoperiodic 
antennas, etc., also constitute elements of significant volume 
and weight. Furthermore, this manufacturing process only 
enables a limited range of topologies.

Additive manufacturing (AM) technologies provide a 
solution to make inexpensive and lightweight microwave 
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devices [2, 3]. With this technique, the three-dimensional 
object is built by depositing and solidifying a polymeric 
material layer by layer. This way of manufacturing allows a 
very wide spectrum of volumetric topologies, in addition to 
reducing manufacturing time, weight and cost compared to 
traditional metal milling processes [4].

High-frequency communication devices require low 
manufacturing tolerances and low surface roughness. Small 
deviations in the dimensions would negatively impact on the 
electrical response of the device, and roughness decreases 
the effective conductivity, which is translated into ohmic loss 
[5]. Metal AM does not provide the required precision for 
some applications, the alloys used are not as good conduc-
tors as copper, aluminum or silver and the surface presents 
a certain degree of roughness. The lower the conductiv-
ity, the higher the transmission loss in the device. A bet-
ter option is to manufacture the device in some polymeric, 
providing better dimensional precision, softer surfaces and 
lighter weight [6]. Nevertheless, when the AM feedstock 
is a polymer, it is necessary to make the device electrically 
conductive; therefore, it must be metallized with efficient 
techniques [7]. Unlike electric power signals, communica-
tions signals work at very high frequency, in the band of 
microwaves (between 1 and 100 GHz). At these frequencies, 
the electromagnetic field only penetrates a thin layer of the 
conductor; this is known as the “skin effect”. Skin effect is 
the reason why only a micrometric layer of high conducting 
material is required to develop a fully performance high-
frequency device.

This article discusses the application of AM to develop 
high-frequency communications devices using a metallized 
lightweight polymer. A rectangular waveguide cavities band-
pass filter and a horn antenna are manufactured in VPP tech-
nology using photopolymer resins, with and without glass 
filler. The two objects are plated with copper through a ver-
satile electroless coating [8], which reduces the hazardous-
ness of wastes produced by traditional methods [9]. Then, 
devices are metallized again through electroplating to obtain 
a smoother and thicker copper layer. This technique achieves 
a homogeneous copper layer on arbitrarily shaped objects 
and can metallize monolithic parts with half-buried cavities. 
Materials and techniques used in the suggested approach 
considerably reduce the weight and manufacturing cost of 
the final devices.

2 � High‑frequency devices

AM is particularly efficient for developing the bulky parts 
of a communication system. Since the idea was to assess 
the performance of AM for this application, the two devel-
oped devices were a band-pass waveguide filter and a 

horn antenna, both good examples of volumetric pieces of 
equipment.

2.1 � Antenna design

The proposed antenna is a horn in the X band (8.2 to 
12.4 GHz) with an exponential aperture for terrestrial com-
munications. Its radiation diagram is a single lobe with 
16 dB of gain. It is designed to be connected to a standard 
WR75 waveguide with a width of 19.05 mm and a height 
of 9.525 mm. The same design of a commercial antenna, 
made of steel, has been used to develop the prototype. The 
dimensions, specified in Fig. 1 and Table 1, were obtained 
and modeled using the SolidWorks software from Dassault 
Systèmes.

2.2 � Filter design

A classical resonant cavities band-pass filter on rectangular 
waveguide technology was designed. The filter is based on a 
standard WR75 waveguide with a width of 19.05 mm and a 
height of 9.525 mm. The classical cavities filter is intended 
to be used in demanding applications such as big geosta-
tionary (GEO) satellites, where high power, high isolation 
and low loss are needed. The proposed filter was designed 
to implement a four-poles Chebyshev band-pass filter cen-
tered at 11 GHz, with 300 MHz of bandwidth and 20 dB 
of maximum return loss (RL) level (0.05 dB of ripple) in 
the passband. It was designed by following the coupling 
matrix synthesis method described in Ref. [10], in which 

Fig. 1   The horn antenna layout

Table 1   Dimensions of the horn antenna

Dimension Design (mm) Manufactured 
(mm)

Difference (mm)

L 134.84 134.32 − 0.52
a1 22.64 22.32 − 0.32
b1 9.96 9.84 − 0.12
a2 75.78 75.05 − 0.73
b2 52.87 52.14 − 0.73
w 1.76 1.79 0.03
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coupling elements and resonators are synthesized into the 
filters’ physical dimensions using a numerical electromag-
netic simulator (CST Studio Suite v.2021, CST GmbH, now 
with Dassault Systèmes). The dimensions are specified in 
Fig. 2, and the design values are in Table 2.

3 � Manufacturing

Two VPP technologies were used, VPP-UVL for curing by 
ultraviolet laser beam exposure, and VPP-UVM for curing 
by exposure to ultraviolet light selectively shining through 
a mask.

The antenna was manufactured with technology VPP-
UVM and photosensitive resin, not glass-filled. The used 
resin was Gray from Applylabwork [11], and the printing 
resolution was 50 µm in the three axes.

The resin requirements for the antenna are not as demand-
ing as those of the filter since the antenna is a more robust 
structure to manufacturing tolerances and small deformities. 
Furthermore, as it is for terrestrial use, it does not need to 
meet high temperature and mechanical stress requirements.

Before printing the antenna, the model must be correctly 
oriented using the slicing software. Usually, it is recom-
mended to orient the model to be printed with a certain 
inclination to prevent deformations. Nevertheless, the inner 
surfaces of the antenna, i.e., the radiation surface, must stay 
free of remains of supports. This is why a completely verti-
cal orientation was chosen.

The filter was VPP-UVL printed with a commercial glass-
filled photosensitive resin, Rigid-10k from Formlabs [12], 
with a printing resolution of 50 μm. Filters are structures 
very sensitive to manufacturing tolerances and deformations. 
The use of glass-filled resin improves printing accuracy, and 
increases the heat deflection temperature (HDT) and tensile 
strength compared to traditional resins. This is especially 
appropriate for space applications where there are high-
temperature gradients and mechanical shocks.

A specific honeycomb structure was designed to give 
structural resistance to the part and to avoid warping, mini-
mizing the manufacturing material. Figure 3 illustrates this 

structure. An optimization of the design and of the additive 
manufacturing parameters was carried out since filters must 
not have supports inside the cavities. This is why it was 
divided into two parts and assembled with screws.

4 � Metallization

The polymer used to manufacture the device is a non-con-
ductive material, so it does not provide the electric proper-
ties that communication systems demand. At high frequen-
cies, the electromagnetic fields only penetrate in a thin layer 
of the material, so that, only a thin metal coating is needed 
for these devices to be fully functional.

There are several methods to plate a polymer. Sputter 
deposition is expensive and non-uniform if the device has 
hollow or hidden parts. Conductive paint is non-homogene-
ous and lossy. Alternatively, the electroless plating process 
(also known as autocatalytic plating) can be used to get a 

Fig. 2   The layout of the WR75 filter body. On the left, plan view and 
front view on the right

Table 2   Dimensions of the WR75 filter

Dimension Design (mm) Manufactured 
(mm)

Difference (mm)

aT 18.98 19.05 0.07
aB 18.98 18.85 − 0.13
w1T 10.03 10.17 0.14
w1B 10.03 10.06 0.03
w2T 6.69 6.81 0.12
w2B 6.69 6.65 − 0.04
w3T 6.2 6.33 0.13
w3B 6.2 6.15 − 0.05
sT 2.07 2.18 0.11
sB 2.07 2.28 0.21
L1 20 20.02 0.02
L2 15.91 15.76 − 0.15
L3 17.67 17.53 − 0.14
h 9.49 9.5 0.01

Fig. 3   Details of the supporting structure for the filter
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good-quality first metal layer. This is why it was chosen in 
this work. This process achieves a copper attachment by 
chemically producing negative charges on the surface of the 
device [8]. Previous to the autocatalytic process, the device 
must be preprocessed to prepare the surface for the chemical 
bath. The electroless copper plating is carried out in a multi-
stage process: in each stage, the device is sunk in different 
chemical solutions, which condition its surface for the cop-
per deposition. Since the device is fully sunk in the chemical 
solutions, any hollow or hidden part is evenly metallized.

Although the copper layer obtained in this way is homo-
geneous and stable, it is very thin (scanning electron micros-
copy, SEM gives values from 0.5 to 1.7 μm). To increase the 
thickness and robustness of the copper layer, an additional 
electroplating (also known as galvanic) process was applied. 
A MiniContact 2 metallizer machine from LPKF was used. 
After this second stage, the cooper coating was smoother 
and thicker (6.5–12 μm, measured with SEM).

A resonator method has been used to calculate the effec-
tive conductivity of the copper layer at microwave fre-
quencies [13]. The resulting average value is 17.7 MS/m 
at 11 GHz, considering the effect of oxidation and surface 
roughness. Annealed copper conductivity in ideal conditions 
is 58 MS/m. Conductivity will impact not only on the elec-
trical response of the filter but also on its power handling. 
When the power increases, ohmic loss provokes heating by 
the Joule effect. If the device reaches high temperatures, 
a breakdown may occur. The study of threshold power for 
temperature breakdown is a future work.

5 � Results

Figures 4 and 5 show the two developed devices. A first 
prototype of the filter (Fig. 4a) was manufactured to perform 
a dimensional analysis. Then, considering the results of this 
analysis, a final prototype (Fig. 4b) was developed. The final 
design also included the flanges to interconnect the filter 
with the rest of the system.

The manufactured (Fig. 5) antenna is similar to the com-
mercial one, furthermore, as it is pointed out in Sect. 5.2, 
its electrical response is even better. The main difference 
between the two antennas is the weight. The AM antenna 
weighs 71.69 g, while the weight of the commercial one 
made by machining, assembly and welding is 290.28 g, 
approximately four times more. Manufacturing costs are 
2.5 times cheaper using AM and metallization than milling 
on metal.

5.1 � Dimensional control

After finishing all the stages of the manufacturing pro-
cess, the dimensions of the obtained parts were measured. 

Fig. 4   WR75 filter, a body and cover of the prototype used for 
dimensional control, b final assembled filter

Fig. 5   Horn antenna
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Profilometry and contact metrology analyses were per-
formed to assess the effect of the manufacturing process. 
Tables 1 and 2 show the results (for the horn antenna and 
the WR75 filter, respectively) of the tolerance analysis that 
was carried out to approximate the systematic deviation of 
the overall manufacturing process. This analysis considers 
manufacturing tolerances, erosion due to sandblasting, and 
thickness of copper plating. As expected, the differences of 
the measurement and the design are bigger in the case of the 
horn antenna than in the filter since different AM technolo-
gies and resins were used.

This range of deviations in the antenna topology does 
not provide a noticeable change in its electrical behavior. 
Nevertheless, as already said, the filter’s electrical response 
can dramatically change if the design dimensions are not 
respected. The measurements of the filter dimensions were 
taken at the top and the bottom of each length and width. 
In Table 2, a T or a B is added in the name of each dimen-
sion, so that aT is the filter’s inner width measured at its 
top, while aB is the width measured at the bottom. The bias 
to the design values was compensated in a re-design step to 
improve the dimensional accuracy of the band-pass filter. A 
new filter was manufactured considering these systematic 
errors, and its electrical response is in Sect. 5.2.

5.2 � Electrical response

The scattering parameters (S-parameters) of the filter were 
measured using a Vector Network Analyzer (VNA). This 
measurement provides the transmission (S21) and reflection 
(S11) coefficients. Figure 6 shows the frequency response of 
the proposed filter versus the optimized design. The meas-
ured response shows a deviation of 26 MHz in center fre-
quency, − 3.2 MHz in − 3 dB bandwidth and − 0.104 dB 
in IL. Measurements agree very well with simulations, with 
just slight deviations due to assembling gaps and arbitrary 
manufacturing errors. This electromagnetic response is 
excellent and comparable with commercial devices manu-
factured with subtractive techniques [14].

The radiation diagram of the antenna was measured 
using a microwave radiating power source and a station-
ary wave range (SWR) meter. The normalized radiation 
diagram of the AM antenna versus the commercial one is 
depicted in Fig. 7. As can be seen, both diagrams are very 
similar, even one of the AM antennas presents a better 
symmetry. Furthermore, both gains are the same, nomi-
nally 16 dB. So that, the copper coating demonstrates its 
efficiency.

6 � Conclusions

Two different high-frequency communication devices, 
an antenna and a waveguide filter, have been designed, 
developed, and measured. The two devices have differ-
ent requirements in terms of manufacturing tolerances, 
temperature, and mechanical stress. This is why two VPP 
processes and resins, with and without glass filler, were 
used. Furthermore, a double copper metallization, electro-
less and galvanic, was applied to provide electrical con-
ductivity to the polymer surface. The resulting weight, 
copper coating, dimensions, and electrical responses of 
the devices were measured. AM has proved to provide a 
reliable and efficient technology for developing high-fre-
quency communication devices even if they have demand-
ing performance requirements.
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Fig. 6   Electrical response of the filter

Fig. 7   Radiation diagram of the antenna
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