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Comparison of Additively Manufactured and
Machined Antenna Array Performance at Ka-Band

Henri Kidhkonen ', Sebastian Proper

Abstract—Additive manufacturing (AM) is a rapidly developing
field, which potentially decreases the manufacturing costs and en-
ables increasingly complex antenna shapes. Metal-based AM might
be particularly useful for manufacturing antennas at millimeter-
wave (mm-wave) range, because these antennas are physically small
enough making AM cost efficient, and manufacturing accuracy
could still suffice for good electrical performance. In this letter,
two additively manufactured and identical machined fully metallic
Ka-band Vivaldi antenna arrays are compared. The manufac-
tured antenna arrays are compared using RF measurements to
conclude the feasibility of AM for manufacturing antenna arrays
at mm-wave frequencies. Comparison of the measured radiation
patterns and realized gains of each of the antenna arrays between
26 and 40 GHz shows close to identical radiation patterns for all
the arrays. A loss in realized gain of 0.5-1.5 dB is observed in the
AM arrays when compared to the machined array due to the used
materials and the surface roughness.

Index Terms—Additive manufacturing (AM), antenna array,
flared-notch antenna, millimeter wave (mm-wave), phased array,
tapered slot, Vivaldi antenna, fifth-generation (5G).

1. INTRODUCTION

IVALDI antenna elements are very attractive for antenna
V arrays due to their performance. Vivaldi arrays can be
made dual polarized without increasing the element footprint,
they can be made wideband while maintaining small interele-
ment distance, and they can provide relatively high efficiency
and large beam steering range as compared to arrays realized
solely on a printed circuit board (PCB) [1], [2]. These antenna
arrays can be manufactured with a few different manufacturing
methods, for example, manufacturing the antenna array from a
single piece of metal using wire electric discharge machining
(WEDM) and manufacturing the array from multiple separate
parts using conventional machining methods or on a PCB ar-
ranged in a grid pattern. These manufacturing methods have been
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widely used for frequencies below 20 GHz [1]-[4]. While arrays
even up to 40 GHz have been manufactured using WEDM [5],
the manufacturing of such antenna arrays becomes increasingly
more demanding and expensive for higher frequencies and re-
quires advanced skills in wire cutting and machining.

The emergence of additive manufacturing (AM) has increased
the available methods for fabrication of complex shapes. Promis-
ing methods for producing metallic antenna arrays are metal-
lizing additively manufactured plastic parts and direct metal
printing, such as selective laser melting (SLM) or binder jet-
ting [6]—[11]. Direct metal printing methods are based on fusing
small-metal powder particles together, either by melting or by
sintering, directly forming the final structure.

Even though AM at first glance looks like the perfect solu-
tion for manufacturing complex antenna shapes, there are still
a number of open questions. One of the problems in metal
printing is the surface roughness of the printed parts for ap-
plications operating at or above millimeter-wave (mm-wave)
frequencies [8]. As printing is based on melting or sintering
small metal particles, these will create a microscale pattern on
the surface of the part, and the pattern depends on the particle
size and other parameters related to the printing technology.
Additionally, partially or completely melting materials can cause
random variation in the final dimensions of the structure. On
the other hand, small metal-plated plastic part can suffer from
lower structural rigidity, and they cannot be used as heat sinks
for cooling active electronics.

In this letter, we extend the research on the Vivaldi antenna ar-
ray design presented in [5] and [12] by demonstrating the use of
AM processes, namely, SLM and binder jetting to manufacture
the fully metallic antenna array. While AM has been demon-
strated in horn antenna elements even above 200 GHz [11],
it has yet to be demonstrated on more complex antenna array
geometries at mm-wave frequencies. This letter shows AM
applied on a mechanically complex antenna array structure with
small gaps and features, such as the coaxial feed pin and the
narrow gap that is fed by the coaxial line, which are challenging
and expensive to manufacture using conventional machining.
This letter concentrates on comparing the achieved performance
between conventionally and AM fully metallic antenna arrays
at mm-wave frequencies.

II. ANTENNA ARRAY

This comparison uses rectangular 8§ x 8 Ka-band antenna
arrays with 64 dual-polarized antenna elements. A single
dual-polarized antenna element occupies a volume of
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Fig. 1. Cross-sectional illustration of the differences between the geometry in
the antenna feed and the cavity in case of the machined and the AM antennas.
The solid line illustrates the profile of the machined antenna element and the
dashed lines illustrate the modifications required for AM.

10 mm

(©)

Fig. 2. Machined copper array. (a) Whole structure. (b) Part of the coaxial
antenna feeds on the bottom of the array including a square illustrating one
antenna unit. (c) Side profile of the antenna elements.

3.8 x 3.8x10 mm? (zxyxz). According to unit-cell
simulations, the antenna element design has a beam steering
range of +60° between 26 and 40 GHz [5]. In the initial
design of the antenna element, some of the requirements for
manufacturing the antenna with AM have already been taken
into account, such as the minimization of downward-facing
planes and consideration for the smallest possible printable
geometries. However, additional modifications were necessary
to facilitate the requirements in the SLM process. The most
significant modifications are the tapered roof of the cavity
and a constant taper from the coaxial feeding pin to the point
where the pin attaches to the antenna structure, as shown in the
cross-sectional illustration of the antenna elements in Fig. 1.
The modifications have been designed such that they have a
negligible effect on the performance of the antenna.

The reference array in Fig. 2 is used as a comparison to
the AM antenna arrays. It is machined from a solid block of
copper using WEDM and conventional milling. The active area
of the array is 30.4 x 30.4 mm?, and the ground plane around
the antenna elements extends 14.8 mm in each direction. The
total size of the structure including the extended ground plane
is 60x60x 13 mm?>.

(b)

Fig.3. (a) Antenna feeding pads on the PCB for one polarization. (b) Feeding
network on the other side of the PCB.

Two AM antenna arrays were manufactured using two differ-
ent manufacturing methods, one with SLM and the other with
binder jetting. The material used in the SLM is aluminum alloy
(AlISi10Mg) with a bulk electrical conductivity of approximately
2 x 107 S/m, while stainless steel (316 L) with a bulk electrical
conductivity of approximately 1.3 x 10° S/m is used in binder
jetting.

Due to the very small size of the antenna elements and
consequently the high density of the antenna feeds, it is ex-
tremely difficult to use separate RF connectors and cables for
each antenna element. Instead of feeding each antenna element
directly with a cable, the antenna array is surface mountable, and
the elements are fed with air-filled coaxial transmission lines,
which are integrated in the structure and pass through the antenna
ground plane [12]. The coaxial transmission lines in the antenna
structure couple capacitively to circular pads on the PCB shown
in Fig. 3(a). The pads are connected to a feed network consisting
of a tree of 1-to-2 power dividers such that they form a 1-to-64
power division for one polarization, which is shown in Fig. 3(b).
In this demonstration, where the manufacturing methods are
compared, a fixed feed network for one polarization is used for
smaller amount of uncertainties. A more thorough analysis of
the feed network with beam steering is presented in [12].

A. Selective Laser Melting

SLM is a powder bed process, in which the metal powder
is melted together with a laser and, layer by layer, the part is
formed. Each layer is melted with an optimum energy density
that melts some of the previously melted layers, resulting in
manufactured parts that are recognized by their high strength
and low porosity [13], [14]. On the other hand, high surface
roughness and limited dimensional control of small features
are drawbacks with the technique [15]. In the SLM process,
the aluminum alloy AlISil0OMg is used due to its commercial
availability, relatively fast production, and good surface finish
compared to other materials available for the SLM process.

The manufactured antenna array in Fig. 4 shows the limi-
tations with the process. The shape is less consistent in this
model as compared to the arrays manufactured with machining
and binder jetting. On the surfaces, the melting of the powder
particles has caused some balling, which can be seen especially
on the upper part of the array. Additionally, noticeable “edge
effect” can be seen around the elements, which is caused by the
laser movement, e.g., start and stop, resulting in more melted
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Fig. 4. Antenna array that is manufactured with the SLM process using
aluminum alloy powder. (a) Whole structure. (b) Part of the coaxial antenna
feeds on the bottom of the array including a square illustrating one antenna unit.
(c) Side profile of the antenna elements.

material in corners. On the other hand, the layers are not as
prominent as in the binder jetting antenna array due to the
remelting of previous layer reducing the distinct line between
the layers.

B. Binder Jetting

Binder jetting with metal powder is a multistep process, which
is also based on the powder bed process but uses a different
method for fusing the material than SLM [16], [17]. In the
first step, the metal powder is bound together using a liquid
binding agent layer by layer. After the structure is printed, it
is placed in a high-temperature oven, where the binding agent
is decomposed and the metal particles are sintered together to
form the final part. Depending on the density of the material
before sintering, the final part usually shrinks by 15%-20%.
This method of manufacturing usually results in slightly better
dimensional accuracy than SLM due to the powder not melting
completely during the sintering, assuming that the shrinkage
during the process is well known.

The array manufactured with binder jetting uses the same 3-D
model as the SLM print. Stainless steel powder was selected as
the material as aluminum was not available with the process
at the time of manufacturing. Fig. 5 shows the manufactured
antenna array. The shape of the resulting antenna array is very
close to the model, and all the details are well defined. The
structure has been formed precisely, although its surface seems
arough due to the powder particles. Compared to the SLM array,
the overall shape of this antenna array is closer to the model with
less surface imperfection.

III. MEASUREMENT RESULTS

Far-field measurements are used to evaluate the performance
of the AM antennas in comparison to the machined array. All the
arrays are measured in an anechoic chamber with an excitation
resulting in a broadside beam.

Fig. 6 shows the measured normalized far-field patterns at
26 and 40 GHz. The shape of the patterns is very similar at

(©

Fig. 5. Antenna array that is manufactured with the binder jetting process
using steel powder. (a) Whole structure. (b) Part of the coaxial antenna feeds on
the bottom of the array including a square illustrating one antenna unit. (c) Side
profile of the antenna elements.

26 GHz 40GHz

Normalized gain (dB)

Fig. 6. Comparison of the measured normalized far-field pattern of each
antenna array at 26 and 40 GHz. (a) Machined array. (b) SLM array. (c) Binder
jetting array.

26 GHz in all the measured antennas. At 40 GHz, the radiation
patterns of the AM arrays are still close to the reference pattern,
but there are some discrepancies in the sidelobe levels in the
E-plane (¢ = 0°).

Further comparison of the radiation patterns is shown in Fig. 7,
where normalized radiation patterns in E- and H-planes are
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Fig. 7. Measured radiation patterns of the three antenna arrays at (a) 26, (b)

29, (¢) 33, (d) 37, and (e) 40 GHz in E- and H-planes.

presented at 26, 29, 33, 37, and 40 GHz. The E-plane pattern
is shown in the first column and the H-plane pattern in the
second one. The match between the arrays is good throughout
the specified frequency band. Only the smaller sidelobes are
slightly affected in the E-plane; however, the overall sidelobe
levels are similar for all the manufactured antennas.

The realized gain of the antennas is used to compare the losses
in the AM antenna structures due to the surface roughness and
limited material conductivity to the losses in the machined array.
Fig. 8 shows the measured realized gains and the gain differ-
ence between the AM arrays and the machined array. There is
0.5-1.5 dB additional loss in the AM arrays when compared
to the machined array. However, the gain-difference variation
for the SLM array shows three distinct spikes at 30, 36.5, and
39 GHz. This difference might be caused by the higher inconsis-
tency in the surface of the SLM array or some other imperfection
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Fig. 8. Measured realized gains of the antenna arrays and the gain difference
of the two AM arrays when compared to the machined array.

in the printed structure causing unwanted reflections in the
antenna.

Finally, simulations are used to find realistic values for the
surface roughness that correspond to the loss in efficiency in
the measurement results. The simulations show that surface
roughness values of 15 and 12 pm are found to correspond
well with the measurements of the SLM and binder jetting
antennas, respectively. In both cases, the loss in realized gain and
effectively the total efficiency, when compared to a simulation
where the copper array is used, is on average 1 dB.

IV. CONCLUSION

This letter presented a comparison between a machined cop-
per antenna array and two AM arrays, one printed in aluminum
alloy using SLM and the other printed in stainless steel using
binder jetting. The antenna arrays are surface-mounted dual-
polarized 8 x 8 Vivaldi antenna arrays. Measurements are per-
formed by feeding one polarization of the array. The measured
radiation patterns of the AM antenna arrays match well with the
machined antenna array despite the higher surface roughness
and a number of surface imperfections, in particular, in the case
of the SLM.

The gain measurement is used to compare the losses of the
antenna arrays due to the surface roughness and other manu-
facturing imperfections. The measurements show a decrease of
0.5-1.5 dB in the realized gain of the AM arrays. Additionally,
results in the case of SLM suggest imperfections in the printed
part causing reflections in the structure.

The presented results prove that it is possible to use AM,
such as SLM or binder jetting, to build antenna arrays even up
to 40 GHz without major impact on the antenna performance.
Even though some of the geometries in the presented array are
at the edge of the current AM capabilities, the results show
good agreement between the AM and conventionally machined
antenna array measurements. Additionally, the use of AM sim-
plifies the manufacturing process of parts that can be challenging
to manufacture with conventional methods.
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