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Abstract—We present the first development of a lightweight,
monolithic, circularly polarized (CP) K-band horn antenna devel-
oped using a novel charge-programmed deposition (CPD) manu-
facturing process. The horn has a polymer body with metalized
interior surface. The CPD process creates complex geometries
with programmed charged surfaces via three-dimensional (3D)
printing and allows the deposition of metallics anywhere within
the 3D layout. Intricate internal structures of the horn, such as
the meandered waveguide transition and the septum polarizer,
were successfully constructed. Measured patterns of the horn
demonstrated great agreement with simulations, with an axial
ratio below 2.5 dB in the range of 17.5 - 20.5 GHz. The total
weight of the horn is only 11 g, marking a significant weight
reduction of around 80% compared to traditionally fabricated
horns of similar size and operating frequency. The low-cost
and lightweight horn antennas enabled by this process can
significantly benefit mass- and cost-sensitive applications such
as small satellite and CubeSat missions.

Index Terms—Horn Antenna, Septum Polarizer, Circular
Polarization, Lightweight Antenna, Additive Manufacturing,
Charge-Programmed Deposition, 3D printing, Small Satellites,
CubeSats, Space Antennas.

I. INTRODUCTION

HORN antennas are reliable, extensively studied, and
widely applied in communications systems. Horn an-

tennas can be designed to achieve competitive performance
(polarization, bandwidth, cross-polarization suppression, etc.)
through the incorporation of sophisticated features, such as
spline profiles, corrugations, ridges, septums, etc. These com-
plex geometrical features, while leveraging antenna perfor-
mance, are very challenging to manufacture with traditional
techniques such as computer numerical control (CNC) machin-
ing. The cost and accuracy of these traditional manufacturing
methods get further challenged in higher frequencies such as
millimeter-wave and beyond, where the geometrical features
can be in the order of hundreds of microns or less. The
advancement in additive manufacturing (AM) techniques have
offered new low-cost approaches for the manufacturing of
advanced horn antennas with exotic geometrical features [1].

The AM techniques demonstrated for antenna manufactur-
ing can be divided into two major categories, depending on
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Fig. 1. Overview of the representative horn manufacturing techniques and a
comparison of their key characteristics.

whether metal is the only material involved. Selective Laser
Melting (SLM) and Direct Metal Laser Sintering (DMLS) are
the metal-printing AM methods that have been used for fabri-
cating horn antennas [2]–[5]. The advantage of this category is
that the horn with complex geometries can be monolithically
printed in metal and does not require additional processing.
These methods yield good printing accuracy (tens of microns)
and have been used for horn antennas from microwave up to
terahertz ranges [2]–[5].

The other category of techniques fabricate the horn by first
3D-printing the body using polymer and then performing sur-
face metallization [6]–[12]. This leads to significantly lighter
antennas compared to their traditional all-metal versions.
Therefore, these techniques show promise for emerging small
satellite and CubeSat applications where the weight of the
antenna becomes critical [9], [13]. Typically, these processes
utilize Fused Deposition Modeling (FDM) or Stereolithogra-
phy (SLA) to first construct a lightweight polymer body of the
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horn, and then perform plating to establish the conductive sur-
face of the horn. Several plating methods have been reported
in the literature. One of the methods is to apply conductive
spray to the surface of the SLA-printed components [9], but it
requires a “split-block” design so that the internal structures
of the horn/waveguide can be exposed for thorough coating.
This method raises the concern for tolerances because of the
assembling process involved. Electroless plating is another
technique that has become popular for the metallization of
complex devices as it makes it possible to perform plating in
monolithic structures with complex internal features (Fig. 1).
Electroless plating requires chemical treatment to first activate
the surface of the SLA-printed component before it can be
submerged in the coating solution for metal deposition. The
conductive coating should have a thickness of at least three
skin depths [10], [11] to avoid RF leakage. Electroplating
can be used to improve the plating thickness once a surface
metallization is formed. Waveguides and horns fabricated by
such “polymer + metallization” processes have also been
demonstrated from tens to hundreds of GHz [9]–[12].

Charge-programmed deposition (CPD) process recently
emerged as an intriguing AM technique for manufacturing
complex electronic devices [14]. Compared with other existing
AM techniques, the key advantage of the CPD process is
being able to build interpenetrated dielectric and metallic
material in a unified process. the CPD process contains two
major steps: 1) micro-SLA that develops the polymer structure
with a programmable charged surface area; 2) selective metal
deposition that forms metallization on the charged surface area
(Fig. 1). The micro-SLA process yield a resolution of 50 µm
in xy direction and 25 − 100 µm in z direction [15]. The
metallization thickness is typically in the order of hundreds of
nanometers to several micrometers. This method demonstrates
appealing advantages in terms of advanced horn antenna fab-
rications because the charged surface is already monolithically
built into the polymer body of the horn and surface activation
is no longer required. The time and procedures involved in
the antenna fabrication are thus considerably reduced. Such
a one-step process with customizable free-form factors and
individually addressable 3D interfaces is not achievable in
other approaches.

In this work, we for the first time introduce the CPD process
to the monolithic fabrication of advanced horn antennas. In
particular, we demonstrate the development of a lightweight,
circularly polarized (CP) K-band horn antenna. The horn has
intricate internal features including a stepped septum polarizer,
a meandered waveguide transition, and a square-to-circular
waveguide adapter.

II. DESIGN OF THE CIRCULARLY-POLARIZED HORN WITH
SEPTUM POLARIZER

The horn in this work is designed for K-band at the center
frequency of 19 GHz. Although the horn will be built in one
piece with a monolithic body, the three segments of the horn
considering their functionality are presented as separated parts
in Fig. 2 for illustrative purposes. The three segments are:
(1) the circular horn with a rectangular-to-circular waveguide

Fig. 2. The CP septum horn designed to be manufactured using the CPD
process. (a) Overview of the designed horn that has a monolithic polymer
body and copper coating on the interior surface. (b) The cross-section of
the horn in the y − z plane. The three segments are separated for a better
illustration of the design. (c) The septum polarizer section shown in the x−z
plane and the parameters of the stepped septum.

adapter; (2) the polarizer consisting of a square waveguide
and a stepped septum; (3) the meandered waveguide transition
from a WR-42 interface to one port of the polarizer. The horn
is designed to be compatible with a commercially available
coax-to-WR-42 adapter that will be used for excitation. The
detailed designed parameters are shown in Fig. 2.

The septum polarizer (segment 2) is the key section for
the wideband CP performance of the horn. Septum polarizer
is a widely applied structure in waveguide devices and horn
antennas to generate high-purity circular polarization in a wide
bandwidth [16]. The stepped septum is the most common
configuration, while smooth septums with optimized profiles
have also been proposed to improve the power handling
capability [17]. In this work, a 5-stage stepped septum is
employed and the dimensions of the stages are optimized
(with particle swarm optimization [18]) based on the initial
geometry suggested in [16] [Fig. 2(c)]. The width of the square
waveguide is chosen to match the longer dimension of the
WR-42 waveguide to minimize mismatch.

The typical working condition of a septum polarizer is to
excite one port of the septum polarizer with the other port
terminated with a matched load [3], [19]. While this allows the
horn to radiate dual CP, it also increases the profile and weight
of the horn, which may not be favorable in certain scenarios.
When a septum polarizer is optimized, the two ports usually
have good isolation such that terminating one port of the
polarizer with a closed cavity does not impact the performance
of the polarizer [2], [20]. Adopting such a design allows the
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Fig. 3. (a) The polymer body of the horn being printed in the printer. (b)
The schematic illustration of the Cu-deposition procedure.

horn to have a single excitation port and makes the horn more
compact. However, this also makes the feeding port to be offset
from the center axis of the horn (as in [2], [20]). To make the
horn easier to align, we introduce the meandered waveguide
transition (segment 3) to align the center of the waveguide
port onto the center axis of the horn. Segment 3 also provides
a smooth transition that matches the polarizer port with the
WR-42 interface that has slightly different dimensions.

It is also worth noting that the three segments can potentially
be manufactured as modularized parts to enable a polarization
reconfigurable design: by simply changing the orientation of
segment 3, one can switch the polarizer port being excited
and realize either right-hand CP (RHCP) or left-hand CP
(LHCP) radiation. For the monolithic horn demonstrated in
this paper, the excited port is chosen such that RHCP radiation
is generated.

III. FABRICATION OF THE HORN WITH
CHARGE-PROGRAMMED DEPOSITION 3D PRINTING

The body of the horn was 3D printed by a commercial
printer, Anycubic Photon Mono X (Anycubic Inc.) [15]. The
printer was equipped with a high-resolution LCD screen to se-
lectively cure the resin with predefined areas and build the 3D
structures layer by layer [Fig. 3(a)]. The resin was composed
of a commercial rigid resin (Formlabs tough 2k, Formlabs Inc.)
and bis(2-(methacrylooyloxy)ethyl))phosphate (PDD, Sigma-
Aldrich Inc.) in a 90:10 mass ratio. The commercial rigid
resin served as the matrix for the structure. PDD provided the
negatively charged site to immobilize the Pd ion for catalyzing
the following metal deposition.

After the body of the horn was printed, an aqueous solution
of tetraamminepalladium(II) chloride monohydrate (Sigma-
Aldrich Inc.) of 1.4 mg/mL was added fully into the inner
chamber of the horn. In 2-5 minutes, the Pd ions were
anchored by PDD to the interior surface of the horn’s chamber.
After rinsing the horn with deionized water and drying with
compressed air, an aqueous solution of borane dimethylamine
complex (DMAB, Sigma-Aldrich Inc.) of 0.7 mg/mL was
filled into the chamber and kept for 5 min to reduce the
immobilized Pd ions into Pd nanoparticles with catalytic
activity. Finally, a Cu electroless plating solution (1:1 mixture
of parts A and B of the electroless Cu kit from Caswell Inc.)
filled up the horn and plated Cu under the catalysis by Pd.

Fig. 4. Photos of the fabricated horn and antenna measurement setup. (a)
The completed horn after copper deposition. (b) The rectangular waveguide
interface of the horn and the scanning electron microscope (SEM) image
showing the plating thickness. (c) The horn being measured for its radiation
pattern in the spherical near-field range at UCLA.

Fig. 5. (a) Simulated and measured reflection coefficient |S11| of the horn
when excited using a coax-to-WR-42 waveguide adapter. (b) Simulated versus
measured gain and axial ratio (AR) of the horn.

This process lasted 3 hours to meet the metallization thickness
requirement (greater than three skin depths, skin depth at
19 GHz is 0.473 µm). This procedure of copper deposition
is illustrated in Fig. 3(b).

After rinsing, drying, and polishing the bottom, the horn
was obtained as shown in Fig. 4. The entire manufacturing
process, including printing, plating, and post-processing, can
be completed in a day at a low material cost. The weight of
the horn is only 11 g, which marks around 80% of weight
reduction compared to a traditionally manufactured all-metal
horn of similar size at this frequency (referring to standard gain
horn Narda 638). The copper coating has a thickness around
1.8 µm (more than three times skin depth for this frequency
range) according to the scanning electron microscope (SEM)
image of a representative sample of the horn [Fig. 4 (b)].

IV. MEASUREMENT RESULTS OF THE HORN ANTENNA

The fabricated horn was assembled with a coax-to-WR-
42 waveguide adapter from Narda. To be consistent with
the measurement setup, in simulations, the CAD model of a
representative adapter was assembled with the horn. The horn
was then excited from the 50-ohm coax port of the adapter.
While the WR-42 waveguide is rated for 18.0 - 26.5 GHz, its
cut-off frequency is about 14.1 GHz and thus we performed
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Fig. 6. (a)-(e) Measured versus simulated RCHP and LHCP radiation patterns of the horn in two orthogonal cuts, at representative frequencies from 17.5 to
20.5 GHz. The measured RHCP directivity for the presented frequencies are 15.05 dBi, 15.26 dBi, 15.29 dBi, 15.37 dBi, and 15.97 dBi, respectively.

the simulation in the frequency range of 17.0 to 21.0 GHz.
The simulated and measured reflection coefficients (S11) are
shown in Fig. 5(a). Limited by the frequency range of the
vector network analyzer, the S11 was only measured up to
20.0 GHz. Nonetheless, the measured S11 is below −10 dB
in the frequency range considered and agrees well with the
simulated result. The minor differences can be attributed to
fabrication tolerances, measurement uncertainties, and slight
variations between the simulated adapter and the actual part
used. In simulations there appeared to be a resonance near
19.36 GHz, causing a hump in the S11 and a slight degradation
in axial ratio (AR) and directivity [Fig. 5(b)]. This is related
to a resonance in the septum polarizer section and it is caused
by the reflection at the circular-to-square adapter (segment
1). While using a longer circular-to-square transition section
can help reduce the reflection, it will also increase the total
length of the horn. The current horn design still well satisfies
our objective to demonstrate the CPD process’s capability in
manufacturing complex horn antennas.

The radiation pattern of the horn was then measured in
the spherical near-field range at UCLA [Fig. 4(c)]. The mea-
sured CP patterns in the two orthogonal cuts of the horn
are presented in Fig. 6 for representative frequencies from
17.5 to 20.5 GHz. Excellent agreement with the simulated
patterns can be observed for most of the frequency samples,
justifying that all the features of the horn were manufactured
with good accuracy. The measured RHCP directivity for 17.5,
19.0, and 20.5 GHz are 15.05 dBi, 15.29 dBi, and 15.97 dBi,
respectively. The measured broadside AR across the frequency
band is well below 2.5 dB [Fig. 5(b)]. The slight differences
compared to the simulations can be due to the fabrication
tolerances and measurement uncertainties that can not be fully
represented in simulations.

The gain of the fabricated horn is measured via the substi-
tution method by referencing a Narda 638 standard gain horn.
Overall, the measured gain appeared to be slightly lower than
the simulated gain [Fig. 5(b)]. This can be attributed to the
fact that the simulation model assumed an ideal copper coating
with a smooth surface, whereas in reality, the layering effect

of SLA can increase the surface roughness of the coated metal,
leading to increased ohmic loss [12]. At the center frequency
19 GHz, the measured gain is 14.31 dB, corresponding to a
measured gain loss of 0.98 dB. The measured return loss based
on the measured S11 (−16 dB) is around 0.11 dB, and the
residual of the loss (0.87 dB) is attributed mainly to the ohmic
loss in the copper coating. This value is also comparable to the
loss that has been reported in the literature for horn antennas
built using other “SLA + metallization” processes [10]–[12].
However, it is anticipated that improvement in the ohmic loss
can be achieved by improved metal deposition, e.g., through
additional electroplating processes.

V. CONCLUSIONS

The charge-programmed deposition (CPD) 3D printing
method is a novel additive manufacturing technology that
can unlock new possibilities for designing and manufacturing
advanced horn antennas. The ability to program charged sur-
faces in complex monolithic geometry significantly simplifies
the metallization process compared to other horn antenna
manufacturing techniques. In this work, a K-band CP sep-
tum horn was designed and manufactured using the CPD
process. The horn is a monolithic design consisting of a
meandered waveguide transition, a stepped-septum polarizer,
and a circular horn adapted to a square waveguide. The
horn has a polymer body and copper-plated interior surface.
The measured results of reflection coefficient and radiation
patterns in 17.5-20.5 GHz indicate the promising quality of
the manufactured horn. The printed horn weighs only 11 g
thanks to the lightweight polymer body used. The lightweight
and low-cost horn antenna with a monolithic body can largely
benefit applications with critical requirements on mass, e.g.,
for small satellites and CubeSats. While demonstrated at
19 GHz, it is anticipated that this technology can be applicable
for horn antennas in the millimeter-wave range as well. This
demonstration marks the first successful development of an
advanced horn antenna using the novel CPD process and
opens up appealing design and fabrication possibilities for
horn antennas and other advanced waveguide devices.
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[5] A. Reinhardt, M. Möbius-Labinski, C. Asmus, A. Bauereiss, and M. Höft,
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