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Abstract.

This paper presents the design, fabrication and performance of fusion deposition modeled 3D printed X-band horn
antennas. The WR90 waveguide feed and pyramidal horn flare are printed as one piece from Acrylonitrile Butadiene
Styrene (ABS). Different metallisation techniques are assessed to provide a uniform 40 micron coat on the ABS surfaces.
Uniquely, the coaxial waveguide launcher is integrated with the waveguide section in a single interference fit operation. The
measured and simulated radiation patterns showed good correlation and the antenna return loss was <-10dB over the 8.2-
12.4GHz operating range. The measured and simulated antenna gain was in good agreement and increased monotonically

from 10 — 17 £ 1.0dBi across the operating frequency.

(b)

Figure 1. Geometry and finite element model for the 3D printed Pyramidal
horn antenna (a) end view (b) side view.

1. Introduction

In recent years several ultra-wideband radar systems have been
developed for many applications, such as ground penetrating
radar (GPR) [1], remote sensing [2], medical diagnostics [3]
and disaster relief [4]. In additional to conventional scanning
techniques these systems may be operated from unmanned
ground [5] or low level airborne vehicles [6] in remote regions.
Light weight, low cost and ease of manufacture are attractive
features for many of the antennas and microwave components
used in these applications.

The cost-per-part for fusion deposition modeling (FDM) 3D
printing makes it a cost effective method for prototyping and
small scale custom fabricating that would otherwise require
significant investment in molds or machining. Advances in the
quality and resolution of additive manufacturing such as FDM
and stereolithography (SLA) or resin printing is influencing
many antenna engineers to consider new manufacturing and
design techniques [7], [8], [9].

This paper presents the design, 3D fabrication process and
RF performance of a horn antenna. A novel feature of the
antenna is the antenna part is fabricated as a single ABS plas-
tic part. This comprises the waveguide section incorporating
the coaxial launcher housing and the horn antenna flare. Sec-
tion 2. describes the electromagnetic design of the Pyramidal
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Table 1. Dimensions of the Pyramidal antenna shown in Fig. 1 (units in mm).
aperture (aj,by) (54.5,73.0)
flare length [, 133.0
waveguide (a,b) (10.16, 22.28)
waveguide section length /,, | 30.0
wall thickness ¢ 3.0
feed diameter d 7.0

horn antenna. Section 3. discuss the results of application of
different metallic coatings and processes and assesses their
quality. A pretuned SMA waveguide launcher is then interfer-
ence fitted to the prematched waveguide section.This approach
reduces prototype assembly and labour costs associated with
post impedance tuning. In Section 4., the advantages of the
3D design approach are demonstrated through results for elec-
tromagnetic analysis of the horn antenna and its accuracy is
verified through correlations with measurement data. Finally
some conclusions are given in Section 5. and potential guide-
lines for repeatability and quality assessment are discussed.

2. Antenna Design

2.1 Pyramidal Horn Antenna Design

The GPR antennas were required to operate at X-Band (8.2-
12.4 GHz) with a minimum gain of 15dBi. Fig. 1 illustrates the
geometry of the Pyramidal horn with a short waveguide section
used to feed the flare. The well known procedure described
in [10] was followed to determine the initial flare dimensions
and aperture that met the gain criteria. An electromagnetic
finite element model, shown in Fig. 1, was constructed and
included many of the practical design features of the anten-
nas such as; A sheet impedance boundary condition with no
surface roughness was used to model the 40 micron thick cop-
per coating applied to the ABS (dielectric constant & = 2.7)
plastic 3D print. A 7mm circular aperture was located on the
broad wall of the waveguide and 8mm from the back wall.
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A coaxial waveguide port of outer radius 3.5 mm was inte-
grated with the circular aperture, with the inner coaxial pin
(1.27mm diameter) initially projecting 8.2mm into the waveg-
uide. To complete the model of the SMA launcher a cylindrical
Teflon (g, = 2.1,tan & = 0.0001) jacket was extended from the
waveguide port to the boundary of the inner waveguide wall.
Numerical experiments were performed to optimise the
(Pe, Pr), which are defined as the lengths from the horn aper-
ture to the imaginary apex of the horn in E- and H-planes
respectively, see [10] for further details. The aim was to pro-
vide similar 3dB beamwidths in both E- and H-planes and
reduce cross-polarised levels below 30dB. The optimised
design dimensions are given in Table 1 and resulted in a flare
length of 5.54 and calculated gain of 16.6dBi at 10GHz.

3. Antenna Printing and Fabrication

3.1 3D Printing

The horn antenna prototype was FDM printed using the
Stratasys u-print SE 3D printer as one part. The print mate-
rial was non-conductive white coloured Acrylonitrile Buta-
diene Styrene (ABS) with dielectric constant &=2.72 and
tan §=0.02. ABS possess good mechanically strength, chem-
ical inertness and can tolerate environments temperatures
changes between -20 and 80 °C. At a temperature of 210° the
ABS filament becomes molten and is extruded from the CNC
printer nozzle with a diameter of 0.4mm and layer thickness
0.1 mm using machine standard parameters for ABS materi-
als. The completed printed part was allowed to harden and the
support structure dissolved using a Stratasys SCA-1200 (sup-
port cleaning apparatus) and WaterWorks P400SC solution
that contains a weak solution of Sodium Hydroxide.

The 3D printed part was inspected by taking microme-
ter measurements on the accuracy and surface finish quality.
While straight edge sections of the ABS waveguide and wall
thickness were accurately printed £0.2mm; non-linear sur-
faces such as the horn flare, particularly in the narrow wall
exhibited resolution stair-casing (parts are built layer-by-layer)
effects and surface roughness. Repeatability (or tolerances)
between different 3D prints showed significant variability of
up to £0.5mm in fine feature detail.

3.2 Coating and Electroplating Experiments

Conductive coatings were applied to four 3D printed Pyrami-
dal horn antennas. The skin depth of copper at 12 GHz is 10um
thus a coating of 40um was considered adequate to support
electromagnetic fields inside the horn antenna and contain skin
depth penetration. Prior to application of conductive finishes
both interior and exterior printed part surfaces were polished
using P150 grade silicon carbide papers.

Solvent based spray paints containing Zinc (Nickel Screen
Compound - Electrolube) and Copper (Kontakt Chemie -
EMV) were applied to two printed horns. Both aerosols pro-
vided coat thickness of between 30 to 50um. Coated parts
were then cured in a temperature controlled environment for
12 hours. The cured coatings on the antenna had measured

surface resistivity of 0.7 €/sq for the Zinc finish and 20 Q/sq
for the copper finish. A third 3D printed horn had 50um thick
copper tape cut to shape and fixed to the inner surfaces of the
horn and waveguide. The seams of the copper tape were elec-
trically bonded together using a silver paint that was allowed
to set and the surface hand polished. Finally, a fourth test piece
was commercially electroplated with a 40um copper coating.
Fig. 2 shows the four horn antenna apertures with the different
conductive finishes applied.
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Figure 2. Horn antenna apertures showing different conductive surface fin-
ishes applied (a) Zinc, (b) Copper tape, (c) Copper spray and (d) Copper elec-
troplating.

(d)

While Zinc and Copper spray was relatively easy to apply
in spray form it did not spread evenly over the ABS part. In
particular, the Zinc spray coating brittled as it dried and even-
tually cured with significant surface resistance. In contrast the
Copper spray adhered well and provided a fairly even coat over
flat surfaces. The Copper tape adhered well to the ABS parts
but access was difficult to polish internal electrically bonded
seems and corners. Copper electroplating the 3D printed part
provided an even coverage and required little surface polishing.
Three new horn antennas were 3D printed and electroplated
and used in the subsequent work.

4. Results and Discussion

4.1 Impedance Match and Coating Performance

An SMA coaxial probe with interference fit tolerance was
inserted into the waveguide aperture to excite the 7 Ey; mode.
The probe was located A /4 from the back wall of the waveg-
uide and the probe length determined from simulation to
provide the optimum impedance match. Fig. 3 shows the sim-
ulated and measured reflection coefficient for the probe length
Lp =9.6+0.2mm. A return loss of < —10dB was achieved
experimentally across the X-band. The resonance matching
behaviour predicted from simulation was damped and this
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Figure 4. Measured reflection coefficient responses S1; for the Pyramidal
horn for different metal coating applied.

was traced to 3D print tolerance issues in the circular aper-
ture dimension of the coaxial housing were the SMA coaxial
launcher was integrated.

The performance of the different coatings on the 3D printed
antennas was qualitatively assessed by measuring the Sij
reflection coefficient for the horn antennas. It was thought this
would give a measure of the coating uniformity and surface
resistance of the coatings. The optimum matched probe length
was used for all antennas and Fig. 4 shows the results. It is
evident that the copper electroplated horn provided the best
match and most uniform coating.

4.2 Gain and Radiation Field Patterns

The boresight measured gain is calculated using Eqn. 1 [10]
which assumes the antennas are polarisation matched and the
symbols have there usual meaning. Frequency dependent cable
losses Leape and individual transmit (1 — |I;|?) and receive
(1—|T',|?) impedance mismatch losses are taken account off.

AN -
P=1 gz ) GLane1 = ILEY1= IR fivede] 1)

The measured and simulated gain versus frequency of the
horn antenna is shown in Fig. 5. The plot shows a gain response
of over 15.1dBi for frequencies above 8.2GHz with a peak gain
of 17dBi at 12.4GHz.
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Figure 5. Measured and simulated gain characteristics of the 3D printed

Pyramidal horn antenna.

The measured and simulated E-plane and H-plane radiation
patterns for the fabricated prototype antenna are presented in
Fig. 6 for different frequencies of operation. The radiation pat-
terns show good correlation between the measured and simu-
lated co-polarised fields in both planes. The measured cross-
polar field levels are below -25dB, while simulated levels were
below 30dB. The average half-power beamwidth for the E-
plane and H-plane co-polar patterns were 28° and 30°, respec-
tively with a peak measured gain of 15dBi and 16.6dBi calcu-
lated at 10 GHz. The radiation efficiency was calculated from
simulation to be > 96%.

5. Conclusions

This paper describes the 3D print fabrication process for a
bespoke Pyramidal X-band horn antenna for GPR applications.
The antenna is fabricated as one part and a pre-matched SMA
coaxial probe is push fitted to the waveguide launcher. Cop-
per electroplating provided the most uniform metal coating.
Simulations predicted a return loss of < —15dB impedance
match; however due to FDM 3D printing tolerances (at the
coaxial launcher aperture) a return loss of only < —10dB was
achieved. A better practice could be to solid print the coaxial
housing waveguide wall and post 3D printing precision drill
the coaxial aperture. Similarly the measured antenna gain of
> 15dBi was 1dB down on the calculated value. The mea-
sured and simulated antenna field patterns showed good cor-
relation and the measured cross-polar power levels were all
< —25dB. The resultant antenna is lightweight (60% lighter
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Figure 6. Measured and simulated principal E-plane and H-plane radiation patterns for the 3D printed horn antenna (E-plane (xoz) and H-plane (yoz), as
depicted in Fig. 1), and e — e indicates measured co-polar field pattern and — indicates simulated co-polar field pattern.

than an equivalent metal cast antenna), low cost, and feasible
to manufacture at remote locations. However, the antenna is
vulnerable to light impact and mechanical damage and should
be handled with care.
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