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ABSTRACT The swift and automated design of antennas remains a challenging aspect in research due
to the specific design needs for individual applications. Alterations in resonance frequency or boundary
conditions necessitate time-consuming re-designs. Though the application of evolutionary optimization and
generative methods in general to antenna design has seen success, it has been mostly restricted to two-
dimensional structures. In this work, we present an approach for designing three-dimensional antennas using
a genetic algorithm coupled with a region-growing algorithm - to ensure manufacturability - implemented
in Matlab manufactured via laser powder bed fusion (LPBF). As a simulation tool for optimization CST
is used. The antenna has been optimized in a completely automated manner and was produced using the
metal 3D printing technology LPBF and aluminium based A1Si10Mg powder. The presented concept, which
builds upon previous two-dimensional techniques, allows for significant flexibility in design, adapting to
changing boundary conditions, and avoiding the geometric restrictions seen in prior methods. The optimized
antenna has a size of 3.01 cm x 3.43 cm x 1.67 cm and was measured in an anechoic chamber. According to
measurements a minimum reflection coefficient of —19.95 dB at 2.462 GHz and a bandwidth of 308.8 MHz
are observed. CST simulation results predict an efficiency of 98.91 % and the maximum antenna gain is
measured at 2.45 GHz to be 3.27 dBi. Simulations made with CST and Ansys HFSS and measurements are
in excellent agreement with a deviation of the resonance frequency of only 0.13 %, thus further establishing
genetic algorithms as a highly viable option for the design of novel antenna structures.

INDEX TERMS Antennas, genetic algorithms, laser powder bed fusion (LPBF), additive manufactur-
ing (AM).

I. INTRODUCTION

The wish for a fast and automated design of antennas is
an ongoing research topic due to the fact that each antenna
has to be specifically designed for its respective application.
A change in resonance frequency or the boundary condition
always entails a re-design, which can be time-consuming
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at best and rendering an application unfeasible in the worst
case. In order to automate the optimization process of
antennas, evolutionary or genetic algorithms have been used
successfully in the past [1], [2]. By pixelating a pre-defined
area novel structures can be created, that have been shown to
outperform conventionally designed topologies [3], [4].

So far these techniques have been mostly limited to planar
or two-dimensional pixelated antennas. However, recent
advances in additive manufacturing allow for the printing
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of conductive structures for RF applications [5]. Another
possibility is the usage of polymer-based filaments, and the
subsequent coating of the printed structures with conductive
spray [6], to use adhesive tape [7] or coating techniques like
physical vapour deposition [8] or others.

Adapting automated design and optimization techniques
for antennas from 2D to 3D allows for a greater flexibility
in the design and adaption to changing boundary conditions.
Previous studies showed the possibility of using evolutionary
algorithms for electromagnetic problems in 3D, such as
shielding enclosures [9], [10] and also antennas.

Smith and Baginski used thin wires as basic build-
ing blocks, whose arrangement were optimized using an
evolutionary algorithm [11]. By definition, the usage of
such thin wires leads to a severe restriction in possible
topologies. Cook et al. presented a 3D-printed fragmented
aperture antenna, where the structure consists of individual
voxels [12]. The arrangement of the voxels was optimized
using an evolutionary algorithm, leading to a fragmented
antenna, which was printed from a polymer and plated
afterward. However, no detailed measurements or discus-
sions about the algorithm were presented. Trinh-Van et al.
presented a circular polarized wideband antenna using a
pixelated dielectric resonator (DR) [13]. The DR consists
of discretized bars, whose heights were optimized using
an evolutionary algorithm and were manufactured from
subdivided milled sets of alumina ceramic that were then
glued together.

These previous reports inhibit several innate problems,
as the flexibility of the employed method is limited by the
need for post-processing, or the topology itself is restricted
by design. Therefore, the possibility of manufacturing a con-
ducting structure without geometric restrictions directly from
the optimized model would be highly advantageous. Recent
advances in Additive Manufacturing (AM), particularly in
Laser Powder Bed Fusion (LPBF) [14], render this novel
technique a viable option for manufacturing electronics in
general [15] and antennas in particular [16].

In this work, we present a method to design and optimize
a Wi-Fi antenna in the 2.4 GHz band (IEEE 802.11b/g/n/ac).
While our prior efforts focused on algorithms strictly con-
strained to two dimensions [3], the current study extends this
foundation by introducing novel algorithmic improvements
tailored for three-dimensional applications for antennas.
These advancements not only offer a broader solution space
but also better adapt to the complexities and challenges of
3D antenna design. For manufacturability, a region-growing
algorithm featuring 14-connected neighborhood specifically
designed for 3D voxelated antennas is presented. The
optimized structures were then produced using LPBF using
an AconityMIDI by Aconity3D. The manufactured antennas
were measured in an anechoic chamber and the achieved
results are in excellent agreement with the simulations.

This is the first report of a 3D-antenna consisting of
individual voxels optimized using evolutionary algorithms
and manufactured by LPBF. This technique allows for a
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high degree of flexibility, as a wide range of metals can be
used and therefore, antennas can be specifically optimized
for a variety of different applications scenarios. Furthermore,
by extending the algorithm from two to three dimensions,
the solution space for the generated antennas is enhanced
significantly, allowing antennas to be created for severely
restricted geometries.

Il. METHODS

A. OPTIMIZATION METHOD

The basic implementation of the optimization scheme for the
2D-case has been described previously [3]. The distinction
in this present study is that the three-dimensional antennas
consist of three-dimensional building blocks, i.e. voxels,
instead of pixels as described previously. This has direct
consequences for the way the antenna can be manufactured,
as mechanical stability has to be accounted for and floating
voxels (i.e. voxels that are not connected to other voxels)
have to be avoided. Therefore, a region-growing algorithm
has been implemented.

The optimization scheme is implemented in Matlab using
the ga-function. At the start of the optimization, 50 randomly
filled boolean strings (or individuals) are created, which
represents an initial population. 50 corresponds to the
population size. With the help of a CST Matlab Interface [17]
this population is then converted into a CST Studio Suite
project. For CST the frequency domain solver with adaptive
tetrahedral mesh was employed. CST simulates properties
like antenna gain or reflection coefficient of each individual.
These parameters are then handed back to our algorithm,
which calculates a fitness function and afterward employs
evolutionary methods (i.e. genetic operators) to create a
second population, which again is simulated. The whole
process is repeated in iterative manner until the desired target
goal has been reached.

In the following paragraphs, a general description of the
genetic algorithm and the employed methods is given, which
is followed by a detailed account on the voxelation process
and the region-growing algorithm.

1) GENETIC ALGORITHM

One of the most famous examples from the family of
evolutionary algorithms is the Genetic Algorithm (GA),
developed in the 1960s by John Holland [18]. One of the
distinct features of a classical GA, is the representation of
the phenotype of an individual in the form of a chromosome
- a binary string - which corresponds to the genotype. The
bits of this string are often called genes. A whole population
is therefore represented as a set of chromosomes. A GA uses
three genetic operators that work in conjunction to allow for
a successful optimization scheme: selection, crossover, and
mutation.

a: SELECTION

The selection process determines which individuals are used
for recombination and mutation. Therefore, the individuals
to be selected are called parents. This selection process is
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based on their fitness function value. Typically, this is done
using one of the following three methods: roulette rule, rank
selection, and tournament selection. Each technique affects
the speed of convergence and the quality of the final solution.
Individuals with a better fitness function are more likely to be
selected for reproduction and passing their genes to the next
generation. However, in Matlab the genetic algorithm ga has
to be provided with an objective function for minimization.
The employed objective function O is the mean value over
N = 3 frequencies 2.4, 2.45 and 2.5 GHz of the inverse
reflection coefficient Sy1|gg which is scaled by the target
S11.Max|aB =—10dB as seen in equation 1. This scaling is
applied, because matlab stops optimization if the objective
function reaches a value of 1.

Once the reflection coefficient for any single frequency
reaches —10dB , the objective function is capped at 1 for the
purpose of the average calculation. This ensures a balanced
optimization across all frequencies.

Matlab calculates the fitness of the results provided
by the objective function by applying the rank based
fitness scaling @fitscalingrank. The fitscalingrank function
performs rank-based fitness scaling for a single objective
in a genetic algorithm. It takes the values obtained from
an objective function (scores) and the number of parents
(nParents) as inputs. The function calculates the fitness of
the scaled values based on ranks. It sorts the objective
function values in ascending order and assigns scaled values
to individuals based on their rank in the sorted list. Lower
ranks (better objective function values) receive higher scaled
values. Rank-based fitness scaling enhances the controlled
adjustment of objective function values used for selecting
parents in a genetic algorithm. Applying this scaling increases
the selection pressure on the best individuals according to
the objective function, making them more likely to be chosen
as parents. This can accelerate the convergence speed of the
genetic algorithm and make the search in the solution space
more effective.

) ey

0(S) = z max (

Matlab GA includes Stochastic Universal Sampling [19]
as a default selection method. This selection method lays
out a line of length F in which each parent corresponds to
a section of the line of length proportional to its scaled value
as shown in Fig.1 for an example population of 6 antennas.
The length is based on the calculated fitness of CST Studio
Suite simulation results. The algorithm moves along the line
in equal steps, and each step allocates a parent it lands on.

S11,MaxdB

SllzldB

b: CROSSOVER

Crossover creates offsprings (i.e. children) from a combi-
nation of two different solutions (parents). Several types
of crossover implementations exist, in this study Crossover
Scattered [20] was used. Crossover Scattered creates a
random binary vector R, where ““1” indicates that genes are
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Al 111011010000000.. 0.95
A2 011000100100000... 0.5
A3 111000100011101.. 0.025
A4 010100110110000... 0.15
A5 111110110111110.. 0.3
A6 000100000010011.. 0.35
F
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r

FIGURE 1. Graphical representation of stochastic universal sampling for
an example population of 6 antennas.

Al 111011010000000..
A2 011000100100000..
R 101001101010101..

AC1 111001100100000..

FIGURE 2. Schematic representation of recombination. Vector R selects
genes from the parents A1 and A2 and a combination or “child” AC1 is
formed.

selected from the first parent and “0” indicates that genes
are selected from the second parent. The resulting offspring
or child is therefore made up of genes from both parents.
Fig.2 exemplifies this process for two parents, Al and A2,
and “their child” AC1. As arecombination rate 0.8 is chosen.

c: MUTATION

The last step in a genetic algorithm is mutation. During
this process, chromosomes of individuals from the initial
population are altered randomly, by inverting the binary value
associated with some of the genes, i.e. switching them from
“1” to “0” or vice versa as exemplarily shown in Fig.3.
The mutation’s primary goal is to maintain diversity within
the population and prevent premature convergence. These
mutated individuals are then added to the new population
for the next generation. In this study the Matlab function
mutationuniform was used, which selects a fraction of the
vector entries of an individual for mutation. Each entry has
a certain probability of being mutated. In the course of this
study, a mutation rate of 0.01 was used. Each selected entry
has then a 50% probability of being replaced by either “1”
or “0” respectively.

The steps covered in this brief description represent only
one variant of a GA. Its pseudo-code is shown in Algorithm 1.
Over the years, a vast number of different versions of GA’s
emerged, many of them are specifically designed to solve
distinct problems [21], [22], [23].

Limitations Regarding Chosen Parameters and Strategies:
It should be emphasized that neither the selected genetic
strategies nor the parameters - mutation rate, recombination
rate, and population size - used in this study were subjected
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A2 011000100100000..

A2 011000100110000..

FIGURE 3. Schematic representation of mutation.

Algorithm 1 Genetic Algorithm
1: GA initialization

2: while Stopping criterion not met do

3 for i = 1toNPwithi+ = 2 do

4 Selection step

5: Crossover step

6

7

8

9:

Mutation step
end for
record the best solution
end while

to a tuning analysis and, thus, may not be optimal. However,
they are detailed here expressly for the sake of reproducibility.
Further research is needed to assess the optimal parameters
for different target function as well as antenna and voxel sizes.

2) VOXELATION

As explained above, the fragmented antenna in this study
is made up of three-dimensional basic building blocks,
called voxels. Initially, boundary conditions like employed
materials and the maximum dimensions of an antenna D
have to be set.

N Linax
D= Wmax (2)
Hiax

This volume with dimensions D is then voxelated with
small cubic elements of size d:

R Leub
d = Wcub (3)
Heyp

As a first step, [ cubes are positioned in a line in the
y-direction as depicted in Fig.4 with
_ Wmax

Weub

This process is continued for more lines until a single layer
with

l

“

m— Linax (5)
Leub

lines is formed.

In order to avoid singularities in the optimization process
like edge-to-edge contacts between neighboring voxels in
a layer, every second line is shifted in the y-direction
by _Wcub/ 2.
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—— First Layer

- - - Second Layer

FIGURE 4. Voxelation scheme showing first and second voxelated layer.

This process is continued in the z-direction layer by layer
until the cube is filled with

. Hinax
Heyp

layers. Again, in order to avoid singularities between
elements in different layers, also every second layer has to be
shifted. For shifting in x-direction a value of —L,/4 and in
y-direction a value of —W /4 is chosen. It should be noted
here, that the shifting value of a layer needs to be different
from the shifting value for line shifts, due to the fact, that
singularities could occur in the later optimization process if
the shifts would be the same.

These voxels can now be turned on or off by changing
their material properties to conductive or non-conductive,
respectively, by the employed simulation software package
CST Studio Suite. The structure of an antenna is represented
as a three-dimensional boolean array R with size [ x m x n
in which “1” corresponds to a conductive and a “0”
corresponds to a non-conductive element. This renders
an evolutionary optimization possible in the first place,
as described above.

The feeding of the antenna is generated by a structure as
depicted in Fig.5. It is placed in the middle of the first and
second layer and guarantees, that under no circumstances a
shorted port occurs. The black voxels, marked as P1 and P2,
indicate the physical representation of the two port voxels,
that have to be conductive. The red arrow depicts this port,
as implemented in CST Studio Suite, as it originates from the
right face’s center of P1 to the left face’s center of P2.

n

(6)

3) REGION-GROWING ALGORITHM
In order to be able to produce a 3D voxelated antenna with
methods like LPBF some restrictions on the solution space
have to be made. First, floating voxels without any connection
to the port are not allowed. Second, for structural stability,
the two arms extending from the port have to be connected
at some point. Both constraints can be achieved by using a
region-growing algorithm.

In the following text, a voxel element i, in the line j and
layer k for the region-growing algorithm is defined by:

EG,j, k)

In order to successfully implement a region-growing
algorithm, the neighborhood of each individual voxel has
to be defined. In general, this means that the neighbors of
a voxel in the same layer k, the layer above (k + 1), and
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First Layer

Second Layer

FIGURE 5. Placement of antenna feed on the bottom layer and the
subsequent placement of the second layer. The red arrow indicates the
feeding as designed in CST.

the layer below (k — 1) have to be observed. However,
unlike standard structures, 3D voxelated antennas feature
shifted lines and shifted layers. Thus, in this publication,
we introduce a new type of connected neighborhood, termed
the 14-connected neighborhood, specifically designed for this
application. Therefore, the neighborhood of a voxel E(i, j, k)
is dependent on the exact location of this voxel. To be specific,
there are six different cases of a voxel’s neighborhood,
as depicted in Fig.6.

In order to let the algorithm run efficiently, the indices
i,j and k of voxels E(i, j, k) that have to be observed in an
iteration, are stored in a table 7" and already observed voxels
in a table O. A three-dimensional array R contains all voxels
connected to P1 and therefore the antenna structure.

In the first iteration, the only voxel stored within 7 is the
port voxel P1 and R is empty. Lookup-tables are present in
the code which tell the algorithm which neighbors have to
be observed, based on the illustration shown in Fig.6. If a
voxel V in the neighborhood is conductive, this voxel is stored
into the table 7" and O. Voxel P1, wich has been observed in
the first iteration, is deleted from 7 and the corresponding
voxel is set to 1 in R.

Again, the voxels in the table T are reviewed, and the
neighborhoods are observed, according to Fig.6. Table T is
filled with the new voxels found to be conductive. However,
they are only stored in T if they are not yet present in O.
Voxels observed in the iteration are deleted from 7" and stored
in R. This process is executed iteratively, until the table T is
empty.

IfP1 and P2 are stored in 7" during the initial iteration, each
arm extending from a port voxel is a connected arm and no
floating voxels occur in R. The region-growing algorithm is
started from P1 only and it is checked if the port voxel P2
is stored in matrix R. This assures, that the ports are con-
nected by conducting material and therefore more structural
stability is achieved. If P2 is not within R, the antenna is
assigned a penalty value during the calculation of the fitness
function.

Using the discussed approach, antennas for the frequencies
of 2.4, 2.45 and 2.5 GHz and sizes of 3.01 cm x 3.43 cm X
1.67 cm were optimized. In order to check the validity of
our optimization, all results are cross-checked with Ansys
HFSS. In the next paragraphs, a detailed description on the
manufacturing process will be given.
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4) ADDITIVE MANUFACTURING

The antennas were manufactured from the material
AlSi10Mg using the additive manufacturing process LPBF.
Powder from the company SLM Solution with a particle size
of 20 pm to 63 pm was used. The chemical composition of the
AlSi10Mg powder complies with DIN EN 1706:2013 and the
powder contains between 9-11 wt.% Si, 0.20-0.45 wt.% Mg,
<0.55 wt.% Fe, <0.55 wt.% Mn, <0.15 wt.% Ti, <0.10 wt.%
Zn and <0.05 wt.% Cu, Ni, Pb and Sn.

A customized LPBF system AconityMIDI (Aconity3D
Gmbh, Germany) equipped with a 1000 W IPG Yb: YAG laser
(IPG Laser GmbH, Germany) was used for the production of
specimens. Argon was used as a process gas, and the oxygen
level in the building chamber was kept below 50 ppmv.
A nominal layer thickness of 50 pm and a substrate plate
preheating temperature of 220 °C was used. For each layer,
the hatch pattern was rotated by 67°. A stripe scan strategy
was used, with scan vectors in meander sequence (zigzag),
and vector lengths of 5 mm. The laser power was set to 400 W,
scan speed to 1350/2000 mm s~! for hatches/contour, hatch
distance to 150pm and laser spot size to 90 um. This
parameter set is the standard set of processing instructions
developed by Aconity3D GmbH for working with AlSi10Mg
alloy on AconityMidi machines. They have been optimized
by Aconity3D to enhance both the density and mechanical
properties of the final product.

The antenna was built rotated by 45° around the x-axis
compared to the orientation in Fig. 7. This allowed that
support structures were only required on the down-facing
edges of each voxel, using 0.4 mm thick wall supports. As a
result, the removal of supports is minimally difficult and all
side surfaces have a similar surface quality.

The resistivity of a component crafted from AlSilOMg
powder hinges on multiple factors, including the specific
manufacturing process. Silbernagel et al. conducted an
investigation into the electrical resistivity of LPBF produced
structures [24]. This study involved the fabrication of
multiple test bars, each measured five times using a micro-
ohmmeter. The results determined the worst resistivity to
be in mean 9.87 nQ2cm, corresponding to a conductivity
of 10.1 MS m~!. This conductivity value has been employed
for all simulations within this publication.

Fig.7 shows a picture of one of the manufactured antennas
and the corresponding simulation model.

B. ANTENNA MEASUREMENTS

Due to the differential feeding, the antenna’s impedance is
measured by using the differential impedance measurement
technique published by Qing et al. [25]. This concept
employs a VNA with at least two ports. A TOSM calibration
scheme is applied to the cables connected to the VNA.
The test fixture, attached to these cables, is composed of
two semi-rigid coaxial cables that are soldered together at
their outer shields. The ends of the semi-rigid cables not
connected to the VNA are to be connected to an antenna
under test. To eliminate the test fixture’s unwanted phase shift
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FIGURE 6. Different cases of the neighborhood of a voxel E(i, j, k) marked in red. If the neighborhood in the same layer as the voxel is
observed, the two cases shown in A) exist. Either the voxel is A0) positioned in a line that is shifted or it is A1) in a line that is not shifted.

If the neighborhood in a layer above or below a voxel is observed the four cases in B) emerge. Either the voxel is B0) positioned in a layer and
a line which are shifted, B1) positioned in a layer which is shifted but the line is not, B2) positioned in a layer which is not shifted but the line
is shifted or B3) positioned in a layer and a line which are both not shifted.

and losses, a port extension technique is used. This involves
measuring the shorted test fixture to shift the calibration
plane. The antenna’s port voxels are then attached to the inner
conductors of the semi-rigid coaxial cables, and two-port
scattering parameter measurements are performed. Due to
the asymmetrical structure of the voxelated antenna, the
following formula can be applied to calculate the antenna’s
input impedance Zy from the measured scattering parameters:

7, = 27y (1 — 811822 + S$12821 — S12 — S21)
(1 = S11)(1 = 822) — 12521

In this equation, Zy is the characteristic impedance of
the connected transmission lines. The antenna’s differential
impedance Zg can then be calculated into the differential
scattering parameter Sddi1-

During the gain measurement, coat waves can occur due to
unbalanced currents resulting from the unbalanced (coaxial)
to balanced (antenna) connection. These coat waves can
result in pattern squints due to radiation from the cable.
They can be reduced by introducing a sleeve Balun in the

N

0 15 30 (mm)

FIGURE 7. Picture of the simulated antenna (left) and the corresponding
manufactured structure (right).
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FIGURE 8. The simulated reflection coefficient S;,;; for Ansys HFSS
(dashed red line) and CST (dotted black line) compared to measurement
results (solid blue line).

measurement setup. In this study, the Balun was designed
for a frequency of 2.45GHz. The outer diameter of the
employed coaxial cable is 3.58 mm and the inner diameter
of the employed copper pipe is 10 mm. Due to fringing fields
at the end of the Balun, the produced sleeve was chosen to
have a length of 0.237A =29.03 mm [26].

The measurement procedure has already been used
and tested for a variety of different application scenarios [3],
(41, [27].

IIl. RESULTS AND DISCUSSION

The algorithm described in II-A generated the antenna,
as depicted in Fig. 7. Roughness was not taken into
consideration. This assumption is justified as shown by the
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FIGURE 9. Antenna gain patterns for azimuth (AZI, # = 90°, ¢ = 0° to 180°), elevation 0 (ELEO,p = 0°, # = —180° to 180°) and elevation 90
(ELE90,¢ = 90°, # = —180° to 180°) angles. Measurements are indicated by a solid blue line, simulations performed with Ansys HFSS are
drawn by a solid red line, and simulations performed with CST are indicated by a dash-dotted black line.

following results. However, as detailed in Sec. 1I-A4, the
material features a conductivity of ¢ = 10.1 MS m™~! which
is why all simulations in this section are performed with
this value. Although the antenna was optimized using CST
and Matlab, simulations were also conducted with Ansys
HFSS to validate the optimization results. Fig. 8 illustrates
the measured and simulated reflection coefficient S4q11.

CST predicts a resonance frequency of 2.452 GHz with
a matching of —15.92dB, and Ansys HFSS anticipates
a resonance frequency of 2.465GHz with a matching
of —19.97 dB. Measurements reveal a resonance frequency
of 2.462GHz with a matching of —19.95dB. Ansys
and CST respectively predict bandwidths of 249.3 MHz
and 170.8 MHz, compared to a measured bandwidth
of 308.8 MHz. A summary of these results can be found
in Table 1.

TABLE 1. Observed resonance frequency f;, minimum reflection
coefficient min(S44;;) and bandwidth BW for simulation in Ansys HFSS
and CST, and measurement.

fr (GHz)  min(Sqq11) (dB) BW (MHz)
Ansys HFSS 2.465 -19.97 249.3
CST 2.452 -15.92 170.8
Measurement  2.462 -19.95 308.8

It can be observed that the deviation between the
simulated and measured resonance frequencies is quite low,
with relative deviations of 0.13% for Ansys and 0.4 %
for CST. However, CST exhibits a greater discrepancy
in the magnitude of the reflection coefficient, resulting
in a minimum reflection coefficient 4.03dB higher than
the measurement, whereas Ansys more closely aligns with
the observed values. Deviations between simulation and
measurement can be attributed to factors such as non-ideal
test fixtures and inaccuracies in the manufacturing of the
three-dimensional antenna as well as simulation errors.

121920

In order to account for naturally occurring deviations in
simulation results using different simulation tools, we opted
for a comparison between measurements and simulations
obtained via Ansys HFSS and CST.

Nevertheless, both Ansys and CST predict that the antenna
will be matched across the full WiFi 2.4 GHz band.

While the reflection coefficient provides valuable insights
into the impedance matching of the antenna, it is not
solely sufficient for a comprehensive antenna design; the
observation and optimization of the antenna gain are equally
crucial to ensure robust performance and efficiency.

Simulations were conducted to assess both the antenna’s
efficiency and the gain patterns, the latter of which were
also measured. The efficiency was computed using both
Ansys and CST, yielding results of 99.35% and 98.91 %,
respectively. The antenna’s gain patterns for the coordinate
system despicted in Fig. 7, are illustrated in Fig. 9.
These patterns include the azimuth (in spherical coordinates
¥ = 90° ¢ = 0° to 180°), elevation at O degrees (with
coordinates ¢ = 0°,9% = —180° to 180°), and elevation at
90 degrees (with coordinates ¢ = 90°, ¥ = —180° to 180°).

The pronounced similarity between the simulations and
measurements results in a low mean absolute error (MAE).
Specifically, the MAE between Ansys and the measure-
ments is 0.93 dB for azimuth, 1.27 dB for elevation at 0°,
and 1.13 dB for elevation at 90°. Similarly, the MAE between
CST and the measurements is 1.02 dB for azimuth, 1.44 dB
for elevation at 0°, and 1.16dB for elevation at 90°. It is
noteworthy that both CST and Ansys predict gain patterns
that are closely aligned. The maximum gains determined
by Ansys and CST are 2.18 dBi and 2.48 dBi respectively,
compared to a measured value of 3.27dBi. A summary of
these results, including the MAE and maximum gains, can be
found in Table 2. The discrepancies between the simulation
and measurement results can be attributed to factors such as
a non-ideal sleeve Balun, leading to imperfect filtering of
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common mode waves manifesting as wobbles in the pattern,
and imperfections in the manufacturing of the antenna.
TABLE 2. Summary of gain pattern data for azimuth (AZI,

# = 90°, ¢ = 0° to 180°), elevation 0 (ELEO,¢ = 0°, # = —180° to 180°) and
elevation 90 (ELE90,¢ = 90°, # = —180° to 180°) angles.

AZI1 ELEO ELE90
Ansys HFSS
Efficiency 99.35 %
MAE 0.93dB 1.27dB 1.13dB
Max Gain 2.19dBi 1.39dBi  1.50dBi
CST
Efficiency 98.91 %
MAE 1.02dB 1.44dB 1.16dB
Max Gain 2.48 dBi 1.46dBi 1.61dBi
Measurement
Max Gain 3.24dB 3.27dB 2.15dB

IV. CONCLUSION

This work is the first detailed study of using evolutionary
algorithms for the optimization of three-dimensional anten-
nas manufacturable by LPBF. A region-growing algorithm
was implemented, to avoid floating voxels and mechanical
stability to ensure manufacturability. The optimized structure
with a size of 3.01 cm x 3.43 cm x 1.67 cm was manufactured
from powder of the aluminium alloy AISi10Mg by LPBF and
measured in an anechoic chamber.

According to measurements the minimum reflection
coefficient is —19.95 dB at a frequency of 2.462 GHz and the
gain is measured to be 3.27 dBi at 2.45 GHz with a simulated
efficiency of 99.35 % according to Ansys HFSS and 98.91 %
according to CST. While this publication should serve as a
first study on the possibility of using additive manufacturing
for the production of complex, three-dimensional radio-
frequency devices, the excellent agreement between simu-
lated data and experiment, paves the way for further studies.
It is also noteworthy, that this study shows high efficiencies
for three-dimensional antennas produced with AlSilOMg.
According to Silbernagel et al. [24] heat treatment of this
material reduces its electrical resistivity. Due to the already
high achieved efficiencies, it is assumed, that further heat
treatment does only result in a minor performance gain for
in this study observed frequencies in the range of 2.45 GHz.
However, this should be examined in the future for different
antenna- and voxel- sizes for different frequencies.

Future work will concentrate on characterizing the elec-
trical material properties of novel materials, such as permit-
tivity, permeability, and resistivity, which have a significant
influence on an antenna’s performance. Comparative studies
using different powders will be conducted to assess their
potential for RF applications.

Identifying the optimal values for evolutionary optimiza-
tion parameters like mutation and recombination rates as
well as identifying optimal strategies requires a thorough
investigation in the future. In this work the antenna was opti-
mized only regarind a low reflection coefficient. However,
it should be possible to optimize for gain or to generate
specific radiation pattern shapes. This will be observed in
further studies. Additionally, the constraints of the technique
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presented here will be explored through the optimization
and fabrication of electrically small antennas embedded in
substrates, suitable for applications in confined spaces and
for antennas in the SHF range and beyond.

However, high-frequency applications present unique
challenges, as higher frequencies inevitably lead to smaller
structures. Consequently, the surface roughness resulting
from additive manufacturing, due to the staircase effect,
powder adhesion, and the melting process, can introduce
additional losses that potentially degrade the antenna’s
operational efficiency [28]. In our current work, which
focuses on the 2.4 GHz band, surface roughness is not
observed as a limiting factor for the antenna’s performance.
However, applying the presented method to 5G applications
and beyond requires a more in-depth exploration of the
manufacturing process. This involves optimizing printing
parameters to achieve smoother surfaces and utilizing
post-processing techniques [29], [30]. Furthermore, the
manufacture of increasingly small voxels might become
impractical. Therefore, employing algorithms to smooth the
antenna’s surface during the optimization process, resulting
in organic surfaces rather than voxelated ones, could enhance
manufacturability. Additionally, the choice of material also
affects the surface finish and losses due to surface resistance.
Materials such as CoCr and Ti6Al4V have been shown to
exhibit lower losses at microwave frequencies compared to
aluminum [30].

An intriguing avenue for exploration involves evaluating
antennas that are produced only in the outer layer of the
three-dimensional structure. As current primarily flows up
to the skin depth, this approach could reduce the power
uptake, powder, and time required for production as well
as the weight of the antennas. Furthermore, mechanical
stability is going to be included in the optimization process.
Such considerations may prove valuable in contexts such as
aerospace applications.
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