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Abstract

Wireless power transfer systems may include focusing
components to reduce spillover losses. In that case, the
implementation of the theory of quasioptics assists in their
optimization. This paper presents two 3D printed smooth-
walled conical horn antennas used in one such system, at
5.8 GHz. This method results in a high performance, low-
cost and lightweight antenna. This discussion includes the
design, simulation, manufacturing and experimentation of
the horns. Besides testing in an anechoic chamber for anal-
ysis of traditional antenna theory quantities, the electric
field obtained through electromagnetic simulations is used
to study the gaussian beam generated by the horns.

1 Introduction

With the goal of increasing the beam efficiency of radiative
wireless power transfer (WPT) systems, we implemented
the quasioptical framework [1], which enables us to sig-
nificantly reduce the spillover losses by focusing the elec-
tromagnetic (EM) energy. This theory consists in approx-
imating EM radiation which gaussian beams and has been
used mostly in material characterization and radio astron-
omy, and so one can find references regarding the gaussian
beams generated by horn antennas [1].

One of the WPT systems we designed with QO used a di-
electric lens for focusing energy [2], while another con-
sisted in a reciprocal double-reflector configuration [3].
Each of these used smooth-walled conical horns as trans-
mitters and receivers, at 24 GHz and 5.8 GHz, respectively,
due to how well they generate gaussian beams, while being
relatively easy to manufacture. The present paper discusses
the conical horn developed for the 5.8 GHz system, from
initial design, simulation, manufacturing through 3D print-
ing and copper taping, to experimentation.

Numerous antennas built through 3D printing can be found
[4], [5], even for horn antennas [6], [7]. The latter reference
includes two different methods for applying the metal layer,
through copper tape and copper paint spray, with the former
achieving a much higher conductivity, reason for which this
method is the one used in the present study.

Importantly, by 3D-printing, we are referring to printing of
plastic and later metalization of the structure. This term is

often associated with the direct printing of metal, but it is
more commonly referred to as additive manufacturing [8],
and we will follow this distinction.

The main objective of this paper is to show that 3D-
printing can be successfully implemented to create low-
cost, lightweight and high-performance antennas, while
discussing the overall parameters of such horns, from an-
tenna theory to quasioptics.

2 Quasioptics

The formalism of quasioptics (QO) approximates EM ra-
diation to gaussian beams. These mathematical quantities
provide information about the beam radius, @, and the way
it varies through space, accounting for its divergence. For a
beam propagating in the Z direction, the minimum value of
the beam radius is the beam waist, @y. This is located in zg,
and is where the power is most concentrated. The descrip-
tion of a gaussian beam’s electric field takes this point as
reference. A beam in the fundamental mode is axially sym-
metric, depending only on the distance to the axis of propa-
gation (radius), r, and the point along the axis, z, where the
analysis is taken:
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where R is the radius of curvature of the wave front, ¢g is
the phase shift and A is the wavelength. Most importantly
for WPT, the beam radius is defined as the radial distance
at which the power density falls to 1/e of the on-axis value,
with e being the Euler’s number and is given by
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Another important quantity is the confocal distance, z,
which details the distance from zo where the beam’s diver-
gence is minimal, 7, = ﬂwg /A.

2.1 Conical Horn Antennas in Quasioptics

As mentioned previously, horns are one of the best gen-
erators of gaussian beams, achieving one of the highest
coupling efficiencies with g = 91% [1]. This value is
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Figure 1. a) Conical horn antenna schematic where a is the aperture radius, Ly, is the length between the aperture and the center
of curvature and Rj, is the horn slant length. b) Horn far field simulation result. Both the antenna 3D printing filament and

copper layers are visible.

achieved when the relationship between the antenna’s aper-
ture, a, and the gaussian beam radius at this position, @, is
0,p = cga, with ¢, = 0.76. The beam waist and its location
are determined by assuming that the antenna’s slant length,
equals the beam’s radius of curvature, R = R;,. Then, we
can use the equations (3) from Ref. [1]:

0] R
05 and zg= T YAEEIvE
[1 +(n0? /AR)Z} 1+ (AR/n@?)
(3)

oy =

3 Design and Simulation

When designing the WPT system, the initial step was un-
derstanding how the beam generated by the horn would be
transformed by the reflectors. An in-depth discussion can
be found in Refs. [3], [9]. The required beam waist was de-
cided to be @y = 4.902 cm, which is located inside the horn
at zo = 8.719cm from the aperture. Then, a horn antenna
was designed following the steps detailed in [10], whose di-
mensions are described in Table 1 and visible in Fig. 1la. As
discussed previously, the horn’s aperture and slant length
are related to the beam radius. Regarding the waveguide,
choosing a radius of 2cm leads to a cutoff frequency of
4.395 GHz for the TE;; propagation mode, which was ex-
cited through a SMA connector.

After arriving at the intended dimensions, the horn was de-
signed and simulated in the CST Studio Suite software. An
optimization of the antennas’ dimensions was performed to
arrive at the best device possible. Both the 3D-printed fil-
ament of polylactic acid (PLA) layer and the conductive
copper layer were included in the simulation (Fig. 1b).

The antenna’s simulated return loss and gain at 5.8 GHz are
—30.6dB and 19.6dBi, respectively, while the antenna’s to-
tal efficiency is 98%. Additionally, the horn’s electric field
was extracted for obtaining the gaussian beam parameters.

(a) (b) (c)

Figure 2. The 3D printed horn antenna at different stages of
the copper taping. a) Placement of the connector’s nuts. b)
Fixation of the connector. ¢) Covering of the copper around
the connector.

These will be discussed in section 5. The antenna results
are summarized in Table 2.

4 Manufacturing and Experimentation

The optimized design of the antenna was used for the 3D-
printing. But since the antenna was larger than the avail-
able space of the printer, the design was divided into four
pieces. Hence, supports were included in the design for
later enabling their fixation into a single unit through bolts
and nuts. This final design is the one that was simulated and
is visible in Fig. 1b. Two antennas were printed, for trans-
mission and reception. The printed pieces were sanded and
the support holes widened. Then, the copper tape was ap-
plied to all the pieces individually and, after they had been
strapped together, to the intersections between the pieces.

Noteworthily, the connectors were fixed by bolts and nuts,
whose positioning was included in the 3D printed pieces.
Due to this fixation mechanism, the connectors were in-
stalled before finishing the copper tape, as can be seen in
Fig. 2a and 2b. After guaranteeing electrical contact from
the connector ground to the horn’s surface, the bolts were
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Table 1. Conical horn antenna design parameters.

Symbol Terminology Value [cm]
a Aperture Radius 10.893
Ry, Slant Length 30.587
Ly Horn Length 28.582
Ly Waveguide Length 5.224
Oy Beam Waist 4.902
20 Beam Waist Location 8.719

Table 2. Gain [dBi] and measured return loss [dB] of the
antennas.

Value [dBi] and [dB]

Symbol  Terminology Ant. 1 Ant. 2

Gesign  Intended Gain value 19.000
Gsim Gain from simulation 19.600
Gueas  Measured Gain 19.064 19.064

S11 Measured Return Loss  -30.934 -18.357

cut to fit in the spacing and the remaining copper was taped
(Fig. 2c). Afterwards, the connector length was cut into
the optimal size. Two different bolt and nut sets were used,
one made of metal and the other of plastic. While initially
expecting the plastic ones to be better due to a reduced elec-
tromagnetic interference, experimental testing showed very
identical results. Additionally, the plastic set ended break-
ing up while using a torque wrench for connecting the SMA
connector to a SMA cable, prompting the use of metal sets
in the future.

On the other hand, the fast cooling of the PLA filament
when printing into the support glass led to warping of some
of the pieces. This deformation did not significantly affect
the shape, and therefore performance, of the antennas. This
is because when the pieces were put together, the fixation
strength forced the deformed pieces into place, even leading
to some cracks in the plastic.

After their manufacturing, a copper antioxidant spray was
applied. Then, both the antennas were tested in an anechoic
chamber. With this purpose in mind, a disk as built into
the antenna’s design, enabling an easy connection to the
anechoic chamber’s support, as visible in Fig. 3a.

5 Quasioptical Analysis

The electric field obtained from the EM simulation was
used for analyzing the parameters of the gaussian beam
generated by the horns. This was achieved by analyzing the
field distribution in the XZ and YZ planes. At each point
in space, the value of the field on the axis of propagation,
Z, was obtained and used to determine the radius where the
field fell by 1/e. Naturally, for each z there are two values,
up and below the axis, which are visible in Fig. 4. The used
beam radius was an average of both of these values.

Table 3. Gaussian beam parameter obtained from the fitting
algorithm.

Value [cm]
XZ YZ

oy Fitted beam waist 4751 7.008
20 Fitted waist location  13.302 2.432

Symbol  Terminology

Then, points considered inadequate were excluded from the
fitting. These were either inside the horn or too close to it,
where the near field effects were deemed significant. On
the other hand, points at the edges of the simulated space
were also excluded. This resulted in using the points where
65 cm < z < 124 cm. For reference, the horn aperture is
located at 31 cm and the simulation space ends at 134 cm.

The curve fitting was performed via the method of nonlin-
ear least squares, allowing the determination of the beam
waist and its location, which best fit the data. This is done
by using (2) and adjusting z to be the z coordinate of each
point and including zp for the waist location. The equation
to fitis then @ = @y [1 + [(A (z—20))/(w@}))?] Y2 In this
fitting, @ corresponds to the dependent variable, while z is
the independent one, while zg and @y are the parameters
to be fitted. The constants were defined as a single fixed
parameter, m = A /.

The beam parameters that best fit the data are different for
each plane, as was expected for the smooth-walled conical
horns, due to the differences caused by the feeding of the
waveguide mode. The obtained parameters fit the data with
a high value of R?, although the results in the XZ plane are
much closer to the theoretical one (Table 3).

6 Conclusions

Two smooth-walled conical horn antenna at 5.8 GHz, which
were designed taking into account quasioptical require-
ments.

Simulations were performed for validation and optimiza-
tion, which enabled the extraction of gaussian beam pa-
rameters in two planes in an novel way. After simulation,
a method for manufacturing a smooth-walled conical horn
antenna was presented using 3D-printing. The built anten-
nas were tested in an anechoic chamber, revealing high-
performance for a relatively low cost and lightweight so-
lution. An important conclusion is that for fixing the SMA
connector, it is recommended to use metallic bolts and nuts
instead of plastic.

Future work includes simulating the antenna with a higher
resolution mesh, repeat the analysis while allowing for
asymmetrical beams. Additionally, the electric field dis-
tribution in the XY plane will be used for calculating the
gaussian coupling efficiency. Nevertheless, a method for
manufacturing a conical horn antenna and analyzing the
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Figure 3. a) Final 3D-printed horn antenna. b) Both horn antennas’ return losses. c) Both horn antennas’ gain.
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Figure 4. Electric field distribution, where the beam waist
points are marked by white dots, and the fitted gaussian
beam is shown in orange.

gaussian beam it produces has been presented here, with
high-performance radiation characteristics.
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