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Abstract—Development of commercial all-metal 3D printing
technology provides a new fabrication method for wideband
millimeter-wave corrugated horns up to 50 GHz. All-metal 3D
printing has advantages of low cost, fast delivery, possibility
of mass production, flexibility in fabrication of complicated
geometries and good mechanical robustness compared with
traditional fabrication techniques, such as direct machining or
electroforming, or recently developed methods such as those
relying on the assembly of platelets. In this letter, we report the
development of a wideband millimeter-wave corrugated horn at
30-50 GHz (50% fractional bandwidth) based on commercial all-
metal 3D printing technology. Measurement results of return loss
and beam patterns show good performance and are also reported
in this letter.

Index Terms—3D printing, Horn antennas, Wideband antennas

I. INTRODUCTION

ORRUGATED horns have been widely used as feeds

for reflector antennas from microwave to submillimeter
wavelengths. The basic theory of corrugated horns was estab-
lished in the 70’s [1]-[3]. After a decade of development, the
early design methods of corrugated horns are well summarized
in [4]. Because corrugated horns have good beam symmetry,
low sidelobes and low Cross-polarization (XsP) level, they
have important applications in the field of radio astronomy,
satellite communication and earth observation.

For astronomical applications, wideband receivers are an
important development direction, because they have the capa-
bility to capture celestial signals from a wider range of elec-
tromagnetic (EM) spectrum and increase the overall efficiency
of these instruments. For this reason, wideband receivers
have been proposed in the next generation millimeter-wave
(mm-wave) interferometer projects, like the Atacama Large
Millimeter/submillimeter Array (ALMA) 2030 [5] and the
next generation Very Large Array (ngVLA) [6]. On the other
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hand, for large single-dish mm-wave telescopes, several Q-
Band wideband receivers have also been developed [7], [8].

Commonly, mm-wave corrugated horns are fabricated by di-
rect machining [9] or electroforming [10], but these fabrication
techniques require medium to high cost and long delivery time.
Recently developments propose the use of platelet technique to
fabricate wideband mm-wave corrugated horns which is able
to reduce the cost [11], [12], but the mechanical robustness
during thermal cycling is one of the main concerns of this
technique. Due to the active development of all-metal 3D
printing technology, especially Powder Bed Fusion (PBF) [13],
a metal 3D printed mm-wave corrugated horn at 35-50 GHz is
reported in [14]. The measurement results in [14] show that the
corrugated horns fabricated by commercial PBF machine can
operate up to 50 GHz, and the corrugated horns have very
similar performance to direct machining corrugated horns.
Because the metal 3D printed horns are one-piece components,
they have good mechanical robustness during thermal cycling.
The cost also can be further reduced compared with platelet
technique because 3D printing procedure is highly automatic
which requires fewer human resources.

In this letter, we report the development of a wideband mm-
wave corrugated horn at 30-50 GHz based on commercial PBF
technology. This corrugated horn has a fractional bandwidth of
50% which is larger than the state-of-the-art corrugated horn
based on PBF technology which has a fractional bandwidth of
35% [14]. Metal 3D printed corrugated horn has advantages
of low cost, fast delivery, possibility of mass production,
flexibility in fabrication of complicated geometries and good
mechanical robustness. These advantages can promote the
application of wideband mm-wave corrugated horn in large
array astronomical receivers. A similar corrugated horn design
can be further applied in Q-band satellite communication [15]
and remote sensing for meteorology [16]. In these fields,
the combination of reflector antennas and feed horns is the
dominant design solution.

II. WIDEBAND CORRUGATED HORN DESIGN

In general, corrugated horns consist of two sections, namely
throat section and flare section. The functions of throat section
are broadband impedance matching and circular waveguide
mode to the hybrid H F1; mode conversion, and the hybrid
HFEj; mode has a high coupling efficiency with fundamen-
tal Gaussian mode which is preferred in high performance
astronomical receivers. The flare section guides the hybrid
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Fig. 1. (a) The as built wideband millimeter-wave corrugated horns fabricated
by metal 3D printer (b) The cross section of one corrugated horn cut into two
halves.
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Fig. 2. The flange parts of both the WR-22 waveguide transition and the
fabricated corrugated horn, which were post processed by milling machine.

HE; mode to the aperture of the corrugated horn, and this
section is important for low XsP performance. For a compact
corrugated horn design, we use an input circular waveguide
with a radius of 3.65 mm and a 24 mm-diameter aperture. All
the corrugations have a constant pitch of 2.16 mm, and the
corrugated horn has 34 corrugations in total with a length of
79.3 mm.

The impedance of corrugated waveguide does not only
depend on the ridge radius () and slot depth (s), but also the
slot width (b). As discussed in [17], the corrugated waveguide
with high ratio between slot depth (s) and slot width (b)
has good broadband impedance matching, in other words, we
need relatively thin and deep slots at the throat section. In
[17], a linear taper of both the slot depth (s) and slot width
(b) at throat section is used to realize broadband impedance
matching. Thanks to development of modern EM simulation
software, we use a commercial software WASP-NET [18] to
fully optimize the depths and widths of the slots at the throat
section instead. This software is based on a hybrid algorithm of
Method of Moment (MoM) and Mode Matching (MM), and it
supports fast optimization of corrugated horn parameters based
on MM. In our design, we use the first 5 corrugations to realize
the impedance matching and mode conversion. The optimized
slot depths (s) are between 3.27 mm and 2.65 mm, which
correspond to 0.44\ and 0.35\ at 40 GHz. The optimized slot
widths (b) are between 0.67 mm and 1.34 mm with a largest

Fig. 3. The measurement setups for the designed corrugated horn (a) The
S-parameter measurement setup (b) The near-field beam pattern measurement
system at 30-50 GHz, the microwave absorber on the corrugated horn side
has been removed in this figure for better viewing.

depth/width ratio of 4.0, which is challenging with traditional
fabrication techniques.

To improve the XsP performance, we use a profiled cross-
section for the horn shape at the flare section. As discussed
in [4], the slot depth (s) for minimum XsP of hybrid H E1;
mode changes with the radius of corrugated waveguide. We
further find that the values of slot depth (s) for minimum XsP
can be fitted by a function with 3 parameters, the function is
stated in (1),
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where r is the radius of corrugated waveguide, A\ is the
wavelength. We firstly optimize the 3 parameters a1, as and as
in (1), and a maximum XsP lower than -30.7 dB has achieved
in the whole frequency band. We continue trying to fine tune
the slot profile for a better XsP performance, and we are able
to reduce the maximum XsP to -32.0 dB. The final optimized
slot depths (s) vary from 2.88 mm to 2.17 mm at the flare
section, which correspond to 0.38\ to 0.29\ at 40 GHz.

s=aq(

III. FABRICATION BASED ON POWDER BED FUSION

The designed corrugated horn has been fabricated by EOS
M290 metal 3D printer with EOS AlSi,19M g material. This
metal 3D printer is using laser-based PBF technology. The
laser focus diameter is about 100 pym which results in fabrica-
tion tolerances around 100 um. The average surface roughness
(Ry) [19] of as built component is around 20 pm which
is determined by the powder size (around 30 pm), laser
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Fig. 4. The S11 measurement results for V and H polarizations.

power and other printing parameters, and the current average
surface roughness (R,) is a optimal value after optimizations
of fabrication process. Build orientation is at 45° with the build
platform, and both internal and external support structures
are used in the printing process to improve the fabrication
accuracy of the corrugations.

The as built corrugated horns are shown in Fig. 1(a), and the
cross section of one horn cut into two halves is shown in Fig.
1(b). It clearly shows that the first several thin corrugations
are well fabricated by the metal 3D printer. The circular
waveguide to WR-22 rectangular waveguide transition also has
been fabricated to provide the necessary connection between
the designed corrugated horn and measurement equipment.

The flange parts of both the fabricated corrugated horn and
the WR-22 transition were post processed by milling machine
to ensure the tight connection and accurate alignment between
different waveguide components. They are important to avoid
extra reflection between these components. Both 3D printing
and post-processing procedure were conducted in Advanced
Technology Center of the National Astronomical Observatory
of Japan (NAOJ), and the delivery time of the designed
corrugated horn has been further reduced thanks to the in-
house fabrication.

IV. CORRUGATED HORN CHARACTERIZATION

The S-parameter of the fabricated corrugated horn has been
measured by Keysight N5225B Vector Network Analyzer
(VNA), and the measurement setup is shown in Fig. 3(a). The
horn is connected to the VNA through a metal 3D printed WR-
22 waveguide transition. All the components are assembled
with an optical bench to maintain the stability during the
measurement, and a microwave absorber is placed in front
of the measurement setup to reduce the reflection from the
environment. The measurement results of S1; for both Vertical
(V) and Horizontal (H) polarizations are presented in Fig .
4, and WASP-NET simulation results with WR-22 transition
are also included for comparison. The maximum S7; of both
polarizations is -23.9 dB, which means a return loss better
than 23.9 dB in the whole frequency band.

(a) 30 GHz (b) 40 GHz
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Fig. 5. The measured far-field beam patterns of the designed corrugated horn,
H-plane CoP is in blue, E-plane CoP is in red, 45° XsP is in green, and solid
lines are measurement results, dotted lines are simulation results (a) 30 GHz
(b) 40 GHz (c) 50 GHz
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Fig. 6. The measured maximum Cross-Polarization (XsP) of the designed
corrugated horn.

The beam patterns of the fabricated corrugated horn have
been measured by a planar near-field measurement system
[20], shown in Fig. 3(b). The corresponding far-field beam pat-
terns was carefully calculated from the near-field measurement
data based on the near-field-to-far-field transformation and
probe calibration method reported in [21]. The Co-polarization
(CoP) and Cross-polarization (XsP) far field beam patterns for
V-polarization at three different frequencies are presented in
Fig. 5. The measurement shows that the CoP beam patterns
have good symmetric gaussian shape, but the XsP beam pat-
terns have degradations due to the fabrication tolerances. The
maximum XsP level is further presented in Fig. 6., this result
shows that the maximum XsP in the whole frequency band
is -26.1 dB. Although there are slight degradations compared
with simulation, this value means an excellent polarization
performance for most applications.

Both S-parameter and beam pattern measurements show
that two orthogonal polarizations have slightly different per-
formance which is due to the small asymmetry inside the
corrugated horn. During the 3D printing process, the high-



power laser fuses the metal powder layer by layer in z-
axis, and the build surface is perpendicular to z-axis of the
machine coordinate system. It slightly introduces dimensional
difference between V and H directions of the fabricated
components which causes the un-symmetry inside the horn.
This systematic error can be reduced by optimizing the 3D
printing process, but it cannot be fully eliminated.

V. CONCLUSION

A wideband mm-wave corrugated horn at 30-50 GHz with
a fractional bandwidth of 50% is designed and fabricated. The
fabrication process is taking the advantage of commercial all-
metal 3D printing technology to fabricate geometries which
are challenging with traditional techniques, and also to reduce
the cost and the delivery time. A return loss larger than
23.9 dB and maximum XsP lower than -26.1 dB in the
whole frequency band have been verified by the measurements.
This development of Q-band wideband corrugated horn can
promote the application of wideband mm-wave corrugated
horn in large array astronomical receivers, and it also has
potential applications in Q-band satellite communication and
remote sensing for meteorology.
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