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Abstract— Additive manufacturing methods, also known as 3D
printing, have proven to offer many advantages in manufacturing
a wide range of products. These methods have advantages of
rapid prototyping, rapid production, and the ability to produce
mechanical parts that cannot be realized with traditional
machining or casting methods.

Various methods have been developed which use a wide variety
of raw materials and methods. For example, the Selective Laser
Sintering (SLS) method has been used in 3D printing of antennas
[1], where metal conductivity is required along with accurate
mechanical tolerancing. Other methods using plastic such as
stereolithography (SLA) where a liquid photopolymer resin is
cured using an ultraviolet laser and Fused Deposit Modeling
(FDM) material extrusion where a plastic wire is melted and
deposited layer by layer to construct the part are being used to
produce RF components and antennas. In the case of plastics, a
conductive layer must be deposited onto the plastic to ensure
conductivity.

Recent work toward the development of horn antennas produced
using SLS, SLA and extrusion methods has been accomplished.
The methods have been shown to produce horn antennas capable
of meeting a variety of applications in the test and measurement
industry where accuracy and repeatability are key metrics. A
comparison of methods is presented along with advantages and
disadvantages. Performance data will be presented for some
horns showing the capabilities of the various methods.

I. INTRODUCTION

Additive manufacturing, also referred to as 3D printing, has
been shown to offer many advantages for prototyping and rapid
manufacturing a wide range of products across many
industries. The techniques offer the ability to accurately
produce structures which are difficult or expensive to produce
by traditional subtractive manufacturing methods. As these
techniques have matured, they have been applied to RF and
microwave devices including many different antenna
structures. The ability to accurately print internal structures for
guiding waves has offered many advantages for reducing the
size and weight of antennas.

Reference [2] contains a published summary of research
into antennas produced using additive manufacturing covering
a wide range of frequencies and applications. In this paper the
authors discussed the manufacturing techniques most used
were Selective Laser Sintering (SLS), Fused Deposit Modeling
(FDM) and Stereolithography (SLA). A more recent paper [3],

provides an update into more recent work in this rapidly
advancing area.

In this paper, we introduce several antennas with
applications in RF test and measurement. These antennas are
used for compact range feed applications, as range sources, and
as calibration devices. The methods to produce these antennas
are discussed, several antennas are presented and measured
data is reported.

II.  SLS INVESTIGATIONS:

SLS methods are useful for manufacturing antennas as the
material used is conductive alloys. The process often uses a
mostly aluminum power that is welded (sintered) together layer
by layer to build the antenna resulting in a conductive structure.
Previous work on manufacturing a wideband dual-polarized
antenna for use as a compact range feed has been reported [1],
[4]. Reference [5] contains a summary of research into methods
used for printing antennas for spaced based application and
discusses building array elements and quadrifilar helixes. Feed
horns for applications between 12 and 50 GHz using a similar
process to SLS, Selective Laser Melting (SLM)), is discussed in
[6]. Reference [7], discussed using SLM to print an integrated
septum polarizer and pyramidal horn, and discussed their
finding that surface tolerance impacts had minimal impact on
performance at Ku-band.

SLS additive manufacturing works by successively
distributing a fine layer of metal powder evenly on a build tray
while a high-power laser welds the powder into the specific
geometry for that layer. Over thousands of layers, the desired
part is built. The compact range feed in [1] was produced in
aluminum by building a structure one layer at a time, where
each successive layer was on the order of 10 — 60 um thick.
After printing, the antenna feed proceeded through several
post-processing steps that removed support structure and
provided a mechanical interface for connectors and mounting
locations. Post-process CNC machining on coaxial interfaces is
critical to maintain flatness on the mating surface of the coaxial
connector, allowing for the proper ground at this critical feed
point. As a final processing step, an Alodine process is applied
to the aluminum for corrosion protection and has no impact on
performance.

The integrated nature of the antenna feed significantly
reduces the total part count and assembly process of the
antenna, which was critical for ensuring tight tolerance control
between the fins of the feed. Figure 1 shows a photo of a 6-18



GHz quad-ridged horn antenna designed for use as a range
source (feed) for a compact antenna test range. Figure 2 shows
the antenna mounted during spherical near-field testing.
Performance data for this antenna can be found in [1] and [4].

Figure 1. Photo showing 6-18 GHz quad-ridged horn
antenna with 2.9mm RF connectors designed for use as
a range source (feed) for a compact antenna test range.

Photo of the 6-18 GHz horn antenna mounted
during spherical near-field testing.

Figure 2.

III.  FDM INVESTIGATIONS:

The most widely used process in additive manufacturing is
Fused Deposition Modeling, or FDM. The availability of low-
cost machines and a wide variety of materials make it the most
popular starting point for rapid prototyping. Recent advances
have improved the accuracy and capability of these machines
significantly. In this process, one or more material filaments
are melted and extruded layer by layer to build structures.
These machines can build complex geometries with features
that would not be achievable by traditional machining methods
and can build the models as a single solid part rather than
multiple parts which must be assembled later, introducing the
possibility of gaps and alignment issues.

A key advantage to FDM printing is the ability to print with
more than one material at the same time. This allows the
addition of stiffening materials such as carbon fiber to be
added, as well as the ability to print support structures from
materials which can be dissolved away later without damaging
the part. Features with different dielectric or conductive
properties can also be incorporated into a single build. A
graphene-based PLA filament from Black Magic, a carbon
black-based PLA filament from Proto-Pasta, and a filament
with a metallic filler from Electrifi is discussed in [8].

There are some limitations to FDM printing techniques
when applied to horn antennas. As the parts are built from the
bottom up, building thin horizontal layer upon layer, support
structures must also be printed to allow the creation of features
which overhang the underlying geometry of the part, such as
mating and mounting flanges. In the case of horn antennas,
these features must meet stringent flatness and alignment
requirements. These support structures add to the time required
to build the models and leave behind surface defects on the part
upon removal. Care must be taken to place the supports well
away from any surfaces where these defects can influence the
electrical performance of the antenna.

Another limitation to FDM printing of antennas is the
selection of materials. ~While there are many materials
available with a wide variety of mechanical properties, all are
still plastics, and lack the surface conductivity required for
antennas. Electroplating is used to add a metal layer, but this
comes with some limitations. Small blind holes and closed
cavities as well as sharp inside corners, common in antenna
feeds, pose a particular challenge. Many of the common FDM
materials are also hygroscopic and must therefore be sealed
prior to plating. This sealing process is less precise than the
printing process and can impact the dimensional accuracy of
the finished parts as well.

There are multiple methods for plating plastic parts. Early
prototypes used copper tape with mixed results. More
improved methods such as silver painting reported in [9].
Evaporative deposition involves condensing a thin film of a
vaporized coating material onto a substrate. This method
allows for precise control of the coating thickness. Sputter
coating uses a plasma or ion beam to remove material from a
source metal which then condenses on the plastic substrate.
Electroplating uses an electric current to bind metal coating
particles to a substrate material. Results reported in [10] uses a
5-step electroplating process. Electroless plating utilizes
chemical reactions to accomplish the same thing. For the
coating of 3D printed plastic parts, particularly FDM parts with
a relatively rough surface, an electroless copper plating layer
can heal many surface irregularities and provide a conductive
base to then electroplate with nickel for added strength and
resistance to oxidation.

Figure 3 shows a WR-22 standard gain horn designed to
operate from 33.0 to 50.0 GHz that was produced using FDM.
The material was Onyx, a micro carbon fiber filled nylon. The
horn was treated to improve the surface finish and then
electroless plated with 50.8 um thick copper, followed by a
50.8 um thick topcoat of nickel. This metal thickness is



sufficient at 50.0 GHz as the skin depth at this frequency is on
the order of 0.4 pm in nickel.

Figure 6 shows the E-plane and H-plane far-field patterns
of the WR-22 horn at 3 frequencies and Figure 7 shows the E-
theta and E-phi polarization components in the forward
hemisphere of the horn at its center frequency of operation.
These patterns exhibit excellent symmetry over the angular
range and at low sidelobe levels; indicating a high degree of
accuracy and symmetry of the printing process and plating was
achieved.

Figure 4 shows two WR-28 standard gain horns for
operation 26.5 to 40.0 GHz produced using similar methods.
Figure 8 shows the directivity, gain and cross polarization
levels achieved. Losses between the directivity and gain curves
can be accounted for by return loss (-0.3 dB), ohmic losses in
the coax-to-waveguide adapter (-0.15 dB), residual losses due
to the surface tolerance and resistive losses in the plating
(estimated -0.10 dB) and measurement uncertainty. The low
cross-polarization levels seen in the plot are also indicative of
the symmetry and accuracy obtained during the production
processes.

Figure 3. Standard Gain Horn printed using FDM.

Frequency range 33-50 GHz.

Figure 4. Standard Gain Horn printed using FDM.

Frequency range 26.5-40 GHz.

IV. SLA INVESTIGATIONS:

Another 3D printing method that is being used in the
fabrication of horn antennas is Stereolithography, or SLA.
This process uses an ultraviolet laser to cure liquid resin. This
allows for a much higher print resolution, virtually eliminating
the voids and layer lines that are prevalent in FDM printing and
eliminating the need to seal the printed parts prior to
electroplating. Reference [11] reported on a small horn printed
using SLA in the 140-220 GHz band. In [11], results were
shown for 4 prototypes that had transmission performance very
similar to a commercially available copper horn. SLA printing
also employs a top-down build approach which can
dramatically reduce the size and density of support structures
needed within the print. These smaller supports are also tensile
in nature meaning that the resulting “nibs” can be sanded flat
and eliminated whereas the compressive support members used
in FDM builds may leave divots in the printed surfaces.

SLA printing does present some challenges, however.
Blind holes and cavities where liquid resin remains trapped
during the build must be thoroughly cleaned before any final
curing or other finishing processes are completed. Flat,
horizontal surfaces may also droop if not adequately supported
which can be problematic for mating surfaces. Many SLA
resins also require a heat cure cycle, which can add to the time
and equipment needed for building prototypes.

After printing, the SLA printed horn was plated using a
process like the previously described plating process used on
the FDM printed WR-28 and WR-22 horns. The primary
difference in the process is that the surface did not need to be
treated between printing and plating.

Figure 5 shows an X-band conical horn operating from 8.2
to 12.4 GHz. The antenna is shown mounted in a fixture for
pattern testing and with a typical coax-to-waveguide adapter
connected. Figure 9 shows the E-plane and H-plane patterns of
the horn at three frequencies and Figure 10 shows the E-theta
and E-phi patterns of the forward hemisphere of the antenna.
Note the pattern symmetry and excellent cross-polarization
performance shown in these figures. The performance is
indicative of the accuracy of the printing and plating processes.
Figure 11 shows the measured directivity, gain, and cross-
polarization performance of the horn. The losses between the
directivity and gain curves can be accounted for by return loss
(-0.3 dB), ohmic losses in the coax-to-waveguide adapter (-0.1
dB), residual losses due to the surface tolerance and resistive
losses in the plating (estimated -0.1 dB) and measurement
uncertainty.

Figure 5.

Conical Horn printed using SLA and metallized.
Frequency range 8.2 - 12.4 GHz.



V. CONCLUSIONS:

Additive manufacturing for antenna and RF devices has
matured immensely in recent years. There are multiple
techniques for printing devices, and more are under
development such as Charge Programmed Deposition reported
in [12], each of these techniques have advantages and
disadvantages for selected applications. The data presented
herein shows the applicability of additive manufacturing to test
and measurement antennas where pattern accuracy, gain and
low-cross polarization is of importance. The performance of
various horns and feeds has been shown to compare favorably
to those produced using traditional brazing, welding, or
subtractive manufacturing techniques currently used to
manufacture these types of antennas.
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Figure 6. FDM Printed WR-22 Standard Gain Horn E-Plane and H-Plane @33.0, 36.5 and 50.0 GHz.
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Figure 7. E-theta and E-Phi polarization components of FDM Printed WR-22 Pyramidal Horn E-Plane @ 36.5 GHz. Color
scale is 0 to -70 dB. (Note: both patterns are normalized to zero)
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Figure 10.

E-theta and E-Phi polarization components of SLA Printed X-Band Conical Horn E-Plane @ 10.2 GHz. Color scale
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Figure 11. SLA Printed X-Band Conical Horn Gain, Directivity and Cross-Polarization Performance.




