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ABSTRACT: In this paper, the feasibility of using additivemanufacturing (AM) technologies for the fabrication of corrugated horn antennas
for the E-band (60 to 90GHz) is investigated. Stereolithography apparatus (SLA) and selective laser melting (SLM) are identified as the
most suitable technologies for manufacturing horn antennas in this frequency range. To ensure good manufacturing, slanted corrugations
are utilized. The antennas have a gain of 13 dBi at 72GHz and are designed in CST Microwave Studio. For the fabrication of the
plastic parts, SLA and the finer-scaled projection micro stereolithography (PµSL) technology are applied. The metal antennas are printed
with direct metal laser sintering (DMLS) from the aluminum alloy AlSi10Mg and the finer scaled micro metal laser sintering (µMLS)
from 316L stainless steel. Overall, four antennas are fabricated. The plastic antennas are plated with copper. Dimensional tolerances
and surface roughness of the antennas are evaluated. The antennas are investigated considering H- and E-plane beam shapes, input
reflection, and realized gain. The measurement is conducted in an anechoic chamber using the Single-Antenna method. The µMLS
antenna supplies the best results.

1. INTRODUCTION

Additive manufacturing (AM) technologies, also referred to
as 3D printing, gradually receive more attention as pos-

sible alternative manufacturing technologies for millimeter-
wave (mmW) devices (30–300GHz). The fabrication of mmW
waveguide components requires sophisticated manufacturing
processes, e.g., milling, micromachining, or injection molding.
Many of these conventional processes build parts in a subtract-
ing manner. Contrary to those, in AM, parts are fabricated
in an additive manner, layer by layer. Compared to conven-
tional manufacturing techniques, less waste is generated; most
of the unused material can be recycled; and less power is con-
sumed. Additionally, no mask, tooling, or molding-related cost
emerges, which results in a reduced overall cost and shorter
turn-around time. Both metallic and plastic AM technologies
are worth considering for manufacturing waveguide compo-
nents. Plastic components are advantageous in lightweight ap-
plications but cause more process complexity since metal plat-
ing is required. Metal AM parts profit from physical rigidness
and reduced process complexity compared to their plastic coun-
terparts. However, the surface quality of metal AM parts is
generally worse than that of plastic parts. There are many re-
searches in waveguide antennas currently, for example, in the
field of ultra-wideband antennas, as reported in [1] and [2].
More complex antenna shapes for coaxial connection [3] or in-
tegrated substrate waveguide antennas [4] are also of interest.
Various AM fabricated standard horn antennas have been re-
ported in [5–11], for example. Most of the reported antennas
for frequencies above 60GHz are printed from a polymer or

* Corresponding author: Markus Tafertshofer (markus.tafertshofer@tum.de).

rely on mechanical post-processing. However, emerging tech-
nologies allow designs to the sub-terahertz domain [12].
The focus of this paper lies in the evaluation of corrugated

horn antennas in the E-band (60–90GHz) printed in different
technologies. The antennas will be used in radar target gener-
ators to test automotive radars. This work shows that slanted
corrugations are suitable for the manufacturing of horn anten-
nas in a practical approach. Furthermore, two major challenges
in the procurement of horn antennas should be addressed in this
work. They have long delivery periods and high costs. To the
authors’ knowledge, there is no work evaluating and comparing
polymer andmetal 3D-printed slanted corrugated horn antennas
in this frequency range.
The paper is organized as follows. In Section 2, fundamen-

tal AM technologies are introduced, and the most suitable tech-
nologies are identified. In Section 3, the design process of the
antennas is presented. This is followed by a visual inspection of
the manufactured antennas in Section 4, together with an anal-
ysis of surface roughness and dimensional tolerance. In Sec-
tion 5, the Single-Antenna method for gain measurement is in-
troduced; the measurement setup is described; and the results
are presented and discussed. Section 6 provides a conclusion
and summarizes the work.

2. ADDITIVE MANUFACTURING TECHNOLOGIES
With AM, it is possible to create complicated products with fea-
tures that cannot be manufactured by common techniques [13].
The geometry of a part is generated in a layer-by-layer man-
ner by subsequently adding voxels [13]. The American So-
ciety for Testing and Material (ASTM), together with the In-
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ternational Organization for Standardization (ISO), classifies
seven categories of AM [14]. Nowadays, a wide range of tech-
nologies exist which are based on these fundamental technolo-
gies. For this work, vat photopolymerization and powder bed
fusion (PBF) are considered. This section provides some fac-
tors which are essential for the printing quality. Furthermore,
the utilized printing processes and their corresponding process
parameters are introduced.

2.1. AM Technologies for mmW Design

General remarks on 3D printing technologies for millimeter-
wave design are discussed in [15]. In the following, a short
summary of the most important points of [15] is given. The
most dominant factors in terms of fabrication accuracy in
3D printing technology are dimensional tolerance and surface
roughness. Dimensional tolerance is determined by the powder
particle size or the viscosity of the polymer resin, thermal struc-
ture changes, laser or electron beam size, and movement con-
trol of the printing head. Surface roughness is determined by
the same parameters and the melting temperature of the pow-
der. A higher melting point leads to less attachment of sur-
rounding particles, which leads to better surface quality. Post-
processing, such as mechanical and chemical polishing, micro-
machining, or electroplating, can improve the quality but is es-
pecially not possible for complex structures. For plastic print-
ing technologies, stereolithography apparatus (SLA), a subcat-
egory of vat photopolymerization, has low tolerance and high
surface quality and is, therefore, a good choice for mmW de-
sign. For metal AM, selective laser melting (SLM), a subcat-
egory of PBF, outperforms the remaining manufacturing tech-
nologies in terms of surface roughness and accuracy. An an-
tenna is printed in a normal SLA process in micro resolution,
and a second one is printed in an SLA process called Projec-
tion Micro Stereolithography (PµSL). The utilized metal AM
processes areDirect Metal Laser Sintering (DMLS) and a finer
version called Micro Metal Laser Sintering (µMLS). The pro-
cess parameters according to themanufacturers are summarized
in Table 1. The µMLS process shows the tightest tolerances,
followed by the PµSL process. Both of them provide very high
resolution. The SLA and DMLS antenna provide higher tol-
erances and coarser resolution. Further decisions have to be
made according to building volume. The two finer processes
provide much smaller building volumes than the coarser ones.
Another important point that must be considered is the geom-
etry of the print. Due to the layer-by-layer printing method,
horizontal overhangs are hard to print in high quality because
those structures tend to bend downwards. A solution to this
problem can be provided by removable stabilizing structures,

TABLE 1. Parameters of the utilized printing techniques.

Process Dim. tol./µm Res. z-dir./µm Res. xy/µm
SLA [16] 100 203 63.5

PµSL [17] 25 5 10

DMLS [18] 200 20 381

µMLS [19, 20] 20 5 30

but with small structures, it becomes hard to remove them af-
ter printing. This brings in slanted corrugations, which will be
further discussed in Section 3.2.

3. ANTENNA DESIGN PROCESS
The design process of corrugated horn antennas is presented in
detail in [21, 22]. Therefore, only the most important parame-
ters of the antennas are given. The antennas are designed using
Computer Simulation Technology (CST) Microwave Studio in
combination with MATLAB.

3.1. Design Parameters
Every antenna is designed with a nominal gain of G = 13 dBi
at f = 72GHz. The resulting design parameters for the 13 dBi
antennas are depicted in Table 2. For better assignment of the
values, the schematic of a conical horn is provided in Fig. 1, and
the schematic of the corrugations is depicted in Fig. 2. A rect-
angular WR12 waveguide is used as a feeding structure. The
parameter ai describes the circular waveguide radius and ao the
aperture radius. A mode converter between the WR12 waveg-
uide and circular waveguide is added to transform the TE10
mode to the TE11 mode.
For the corrugations, pc denotes the pitch width, and wc de-

scribes the groove width. The teeth thickness tc is chosen to be
0.208mm, as this is the smallest feature size the utilized PBF
machines can resolve. To the authors’ knowledge, no mono-

TABLE 2. Design parameters for proposed horn antennas.

Parameter Corr. Horn
G 13 dBi
ai 1.988mm
ao 3.422mm
pc 0.694mm
tc 0.208mm
wc 0.486mm
dc 1mm

Number of Slots 20
Mode Converter Slots 5

FIGURE 1. Schematic of the antenna without corrugations.

FIGURE 2. Schematic of the variable-depth-slot mode converter and
the corrugations [23].
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(a) (b)

FIGURE 3. Corrugations in antenna design with (a) showing conventional corrugations and (b) showing the adapted slanted corrugation design [23].

lithic corrugated horn antennas for the E-band with such a small
pitch width have been reported yet. The groove depth dc equals
λ/4. The number of corrugations is equal to N = 20. Another
mode converter is added to convert the field distribution from
the TE11 mode of a conical horn to the hybrid HE11 mode of a
corrugated horn. In this work, a variable-depth-slot mode con-
verter [22] with a number of slotsNMC = 5 is implemented. A
schematic of this converter is provided in Fig. 2, where dj de-
notes the slot depth computed with the formulas of [22]. This
converter is added between the rectangular to the conical con-
verter and the beginning of the corrugated horn antenna. The
slot depth decreases with every added slot. Further consider-
ations to the design of these corrugated horn antennas can be
found in [23].

3.2. Slanted Corrugations

In consultation with the 3D printing service providers, it turns
out that conventional corrugated horn antennas with 90◦ cor-
rugations, as depicted in Fig. 3(a), are not feasible to be man-
ufactured with guaranteed quality, because they tend to bend
downwards as already mentioned in Section 3.1. Support struc-
tures for stabilization, which can be removed afterward, are not
possible with a monolithic design for such delicate structures.
Therefore, the design is adapted as depicted in Fig. 3(b). The
corrugations are slanted by 45◦ to the vertical printing direction.
Thereby, 90◦ overhanging printing is avoided, and the structure
will stabilize itself [23]. Even if the slanted corrugations start
to sag a little, the influence on the results will be very low.

3.3. Simulation

All antennas are simulated using respective surface materials,
copper, aluminum, and 316L stainless steel, and the expected
surface quality of the corresponding printing process. A yield
analysis is conducted to include dimensional tolerances. The
results show that the material has little effect on reflection co-
efficient and antenna patterns, whereas the antenna efficiency
will degrade from copper to aluminum to stainless steel, as ex-
pected. Due to the corrugation, the field disconnects from the
antenna walls, as can be seen in Fig. 4, which shows that the
corrugations work as intended. The mode conversion with pro-
gressive wave propagation is also observable. Fig. 5 depicts the
maximum cross-polarization level. It can be seen that the level
increases from 82GHz to 90GHz, because the corrugations are
optimized for the lower frequencies of the E-band, which is a
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FIGURE 4. E-field inside the antenna side cut.

FIGURE 5. Simulation results of maximum cross-polarization gain over
frequency.

constraint coming from the manufacturing parameters. This is
not a problem for the intended application, as the frequency
range used is between 76GHz and 82GHz. The highest cross-
polarization distance can be found at 78GHz with about 35 dB
difference from the co-polarization gain curve. The E- andH-
plane patterns, as well as the cross-polarization patterns, are de-
picted in Fig. 6. As expected, the gain increases, and the beam
width decreases with increasing frequency. Analyzing the pat-
terns at 80 and 90GHz, it can be seen that sidelobes occur. In
comparison to the horn antenna without corrugations, where
these sidelobes already occur at 60GHz and have a maximum
distance to the main lobe of 18.8 dB for the E- and 38.7 dB for
theH-plane at 60GHz, a high reduction of the sidelobes can be
seen.

4. INSPECTION OF MANUFACTURED ANTENNAS
The antennas are manufactured in SLA and the more accurate
processes PµSL from polymer and in DMLS from AlSi10Mg
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE 6. Normalized (to max) gain patterns of (a) E-plane, (b) H-plane, (c) 45◦-cross-pol. DMLS, (c) E-plane, (d) H-plane, (e) 45◦-cross-pol.
PµSL, and (d) E-plane, (e)H-plane, (f) 45◦-cross-pol. µMLS corrugated horn antennas from 60–90GHz.

TABLE 3. Overview of the manufactured antennas.

Technology Material Cost/€
hline SLA Microfine Green 561
PµSL BMF HEK 759
DMLS AlSi10Mg 70
µMLS 316L 2500

and the finer µMLS process from 316L. Overall, four anten-
nas are fabricated. An overview of the antennas and the cost,
including the galvanization process, is given in Table 3.

4.1. Measured Dimensional Tolerance

For the measurement of dimensional tolerances, the waveguide
input dimensions a and b and the aperture diameters of the cor-
rugated horn antennas and ao,corr are considered. The measure-
ment is conducted using a microscope with corresponding mea-
surement software, as shown in Figs. 7(a)–(d) for the waveg-
uide port of the antennas. The specified dimensions of the
WR12 waveguide port are 3.0988mm width and 1.5494mm
height. The dimensional tolerances are provided in Table 4.
The PµSL antenna shows higher dimensional tolerance at the
waveguide than specified by the manufacturer. For the aper-
ture diameter of the PµSL antenna, the tolerances are orders of

TABLE 4. Measured dimensional tolerances (in µm) of antennas.

waveguide short waveguide long ao,corr

PµSL +4 −37 +392

µMLS −12 −4 +32

DMLS +56 +148 +191

SLA −1 −28 +143

magnitude higher than expected. This may be a result of the
plating process, where chemicals might have reacted with the
polymer, resulting in a larger diameter. The µMLS antenna has
the tightest dimensional tolerances overall, with the waveguide
being in tolerance and the aperture diameter being slightly over
the specified maximum deviation. The aluminum DMLS horn
shows overall the largest dimensional deviations. As expected,
the normal SLA part shows small deviations, but the manufac-
turer’s specifications are also partially exceeded.

4.2. Surface and Quality

For surface and quality examination, a visual inspection is pro-
vided. Afterwards, the surface roughness is measured using
a white-light interferometer. Comparing the resolution of the
corrugations in Fig. 8, it can be seen that the PµSL antenna
in Fig. 8(b) provides the most accurate results followed by the
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(a) (b)

(c) (d)

FIGURE 7. Measurement of the waveguide dimensions in µm of (a)
µMLS, (b) PµSL, (c) aluminum DMLS and (d) SLA antenna. The
WR12 waveguide flange is specified with 3.0988mm × 1.5494mm.
Additionally, the surface roughness in the waveguide port can be esti-
mated.

(a) (b)

(c) (d)

FIGURE 8. Resolution of slanted corrugations for (a) SLA, (b) PµSL,
(c) DMLS and (d) µMLS printed antennas.

SLA and µMLS antennas depicted in Fig. 8(a) and 8(d), respec-
tively. As the DMLS antenna, provided in Fig. 8(c), is course-
grained, the corrugation accuracy is also very low compared to
the other printing technologies. Furthermore, the waveguide
flange has to be sanded down, to ensure a good connection to
the measurement setup. The material of the SLA-printed corru-
gated horn antenna called “microfine green” is not successfully
plated with copper, as can be seen in Fig. 9. For this reason, the
antenna is not considered in the further course.
Measuring the surface of the different antennas with a white-

light interferometer provides the results presented in Fig. 10.
Themeasurement is conducted on the top front of the respective
antenna. For the µMLS antenna, the traverse paths of the man-
ufacturing laser are recognizable, as can be seen in Fig. 10(a).
The light color in the image of the PµSL antenna depicted in
Fig. 10(c) shows that the surface is comparatively smooth. The
intention maps in the right column show the corresponding
height values of the measured section.
Once more, it is recognizable that the PµSL antenna provides

the best result in terms of surface roughness, followed by the

(a) (b)

FIGURE 9. SLA printed antenna (a) before copper plating and (b) failed
galvanization inside the antenna.

(a) (b)

(c) (d)

(e) (f)

FIGURE 10. Intensity map and corresponding height profile of (a), (b)
µMLS [23], (c), (d) PµSL and (e), (f) DMLS antennas..

µMLS antenna. The values of the average surface roughness
Ra and RMS surface roughness Rq are provided in Table 5.
The values confirm the earlier visual observations for the SLA
and PµSL antennas. The values for the DMLS antenna are not
representative of the surface quality inside the antenna, where
the manufacturer provides values of Ra = 6.6 − 9.9µm for
slanted walls [18].

TABLE 5. Surface roughness measurement.

µMLS PµSL + Cu DMLS SLA + Cu
Ra in µm 2.838 1.110 2.749 1.066
Rq in µm 3.445 1.391 3.394 1.328
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FIGURE 11. Utilized measurement setup in an anechoic chamber. The
antenna is focused on the center of the mirror. The table with the ana-
lyzer can be rotated.

FIGURE 12. Reflection coefficients of manufactured corrugated horn
antennas compared to simulation results.

TABLE 6. Comparison to other additive manufactured horn antennas.

Ref. frequency gain at center frequency material aperture efficiency size (length × aperture diameter in mm)
[5] con. 60–90GHz 24.5 dBi Cu-15Sn polished 46.20% 86.20× 35.50 (measured)
[6] con. 50–75GHz 20 dBi 316L 48.17% 37.00× 22.00 (design parameter)
[8] corr. 300GHz 24.83 dBi CuSn10+Au 30.77% 28.36× 10.00 (design parameter)
[10] con. 40–50GHz 12 dBi polymer+Cu 64.65% 39.00× 10.50 (design parameter)
[11] con. 24GHz 17.319 dBi 18Ni300 43.86% 46.98× 44.10 (design parameter)
this work 60–90GHz 13.1 dBi 316L 69.27% 28.62× 6.92 (measured)
this work 60–90GHz 13 dBi BMF HEK+Cu 60.94% 28.28× 7.28 (measured)
this work 60–90GHz 12.5 dBi AlSi10Mg 57.43% 28.81× 7.08 (measured)

5. ANTENNA MEASUREMENT AND RESULTS
This section is about the antenna measurement and the discus-
sion of the results. The measurement is conducted in an ane-
choic chamber using the Single-Antenna method.

5.1. Single-Antenna Method for Realized Gain Measurement

The Single-Antenna method, proposed in [24], is a variation
of the Two-Antenna method from [21]. The advantage of the
Single-Antenna method is that there is only one antenna and a
rectangular reflector necessary for measuring the realized gain
of this antenna. The reflection coefficient S11 of the antenna
is measured with a vector network analyzer. After applying
the inverse Fourier transform, timegating is used to remove un-
wanted reflections. Transforming back to the frequency do-
main, the ratio of received and transmitted power corresponds
directly to the gated frequency response |S11,gated(f)|2. Insert-
ing into Friis Free-Space-Transmission formula, the antenna
gain can be calculated. At angles where the main beam is di-
rected to the mirror edges, a significant error can occur due to
scattering. A reference measurement with a standard gain horn
from Eravant is conducted for verification. The measurement
setup is depicted in Fig. 11. The absorbers are not perfectly suit-
able for this frequency range. Nevertheless, reference measure-
ments show very good attenuation. The mirror has edge lengths
of 42 × 45mm, and the distance between the antenna and re-

flector was chosen to 80 cm. As very goodmeasurement ranges
achieve a gain measurement uncertainty of at least±0.2 dB for
frequencies up to 40GHz [25], a higher error in this measure-
ment is expected.

5.2. Results
The obtained reflection coefficients of the corrugated horn an-
tennas are provided in Fig. 12. The DMLS antenna shows
higher reflections than the simulation results, which results
from poor surface and corrugation quality. Both the PµSL
and µMLS antennas are a good match to the simulation re-
sults, with the PµSL having a high deviation at lower fre-

FIGURE 13. Gain versus frequency of manufactured corrugated horn
antennas compared to simulation results. The frequency range is
narrowed down due to high deviations at the borders resulting from
timegating.

132 www.jpier.org



Progress In Electromagnetics Research M, Vol. 128, 127-134, 2024

(a) (b) (c)

FIGURE 14. Gain patterns of (a) DMLS, (b) PµSL, and (c) µMLS corrugated horn antennas, normalized to maximum gain at 72GHz.

FIGURE 15. Result diagram. Measurement of S11, gain, and pattern
compared to simulation results via normalized cross-correlation. Turn-
around time values: longer than 4 weeks, 3-4 weeks, 2-3 weeks, 1-2
weeks, less than 1 week (from the inside out). Cost values between
2500 and 0 euro (from the inside out).

quencies. Comparing the gain over frequency data depicted in
Fig. 13, the metal printed antennas are similar to the simula-
tion. Due to problems caused by timegating, which occur at the
frequency borders, the gain frequency range is narrowed down
to 65 to 85GHz. The PµSL antenna shows deviations at low
frequencies and approximates the simulation with increasing
frequency. The achieved gain of the stainless steel antenna is
higher than expected from the simulation. This observation can
have multiple explanations, such as measurement inaccuracies
or higher conductivity than assumed in simulation. E- and H-
planemeasurements, which can be seen in Fig. 14, are analyzed,
and they are a good fit to the simulation results. The highest
deviations arise at the E-plane pattern of the PµSL antenna,
which can result from the high aperture tolerance measured be-
fore, whereas the best fitting is achieved by the µMLS antenna.
The deviations at higher angles result from measurement inac-
curacies. Additionally, the simulated cross-polarization pattern
at a 45◦ cut-plane is included in the figures.
The performance is summarized in Fig. 15. The overall best

performance was achieved by the 316L stainless steel horn,
which was also the most expensive one. The high cost of
2500 € stands against an overall good match between simula-
tion and measurement. The most significant advantage is the

short turnaround time about a week. Furthermore, a metal plat-
ing of higher conductivity can be added to increase performance
when using high conductivity and low relative permeabilityma-
terials as discussed in [26], which also evens the slightly rough
surface. On the contrary, an additional work step will be re-
quired.
The plastic antenna yields good results at a lower cost. Addi-

tional plating is necessary, which increases its turn-around time,
in this case to four weeks. Furthermore, errors may occur when
more complex structures are galvanized, as has happened with
the SLA horn antenna. The low mechanical stability must also
be considered, as thin parts tend to break even when a small
force is applied. The PµSL antenna achieves good results re-
garding reflection coefficient and gain measurement. Again,
the reflection curve fits the simulation very well. Due to toler-
ances and inaccuracies with the galvanization process, the pat-
tern shows deviations between the simulation andmeasurement
results, as seen in Fig. 14(b). With a price of 759 € the antenna
yields a performance similar to the µMLS antenna for less cost,
but with an additional processing step.
The aluminum DMLS horn is the cheapest one and shows

the worst results. With the analysis of reflection coefficient in
Fig. 12, the antenna shows −15 dB in the worst case. Even
if this means higher reflections than that shown by the other
antennas, it is sufficient for most applications. The gain curve
and pattern show good results and match the simulation with
small deviations, as seen in Figs. 13 and 14(a). This shows
that the corrugations are of acceptable quality even with this
coarse printing process. With a price of 70 € and a turnaround
time about a week, these antennas are a good option for mass
production.

6. CONCLUSION
The feasibility of using AM technologies to produce corru-
gated horn antennas is investigated. Of the standard printing
technologies, SLA, PµSL, µMLS, and — with limitations —
DMLS are identified as suitable for the 3D printing of corru-
gated horn antennas for the E-band. With plastic antennas, it
must be ensured that electroplating is possible. The advan-
tage of printed metal antennas is that post-processing of the
surface is not necessary, but it can be used to further improve
performance. Comparing the results to other proposed anten-
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nas, similar performance is achieved without any further post-
processing than necessary. Taking into account the results of
the aluminumDMLS antenna, it can be seen that coarse-grained
and high-tolerance printing processes can be suitable for print-
ing antennas in the E-bandwith feature sizes about 200µm. The
slanted corrugations provide a self-stabilizing structure, which
prevents sagging sufficiently. Therefore, slanted corrugations
are a good choice for the vertical 3D printing of corrugated
horn antennas. A short comparison to other additive manufac-
tured antennas is given in Table 6. As can be seen, the antennas
produced in this work provide similar performance to the oth-
ers, in the case of the metal antennas without additional post-
processing.
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