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Manufacturing Considerations in the 3-D Printing
of Fractal Antennas

Sung Yun Jun, Benito Sanz-Izquierdo, Edward A. Parker, David Bird, and Alan McClelland

Abstract— The use of additive manufacturing (AM) techniques
for the fabrication of 3-D fractal monopole antennas is presented.
The 3-D printing (3-D P) of 3-D designs based on the Sierpinski
fractal concept is studied, and the performance discussed. The
AM allows the fabrication of the complex features of these
antennas. The specific structures, on the other hand, provide a
reduction of the material used in AM compared with the equiv-
alent nonfractal designs, in which two cases can be described
by over 75%. This is the first time that 3-D fractals have been
studied in terms of volume reduction and their potential benefits
to AM of antennas. The first investigated antenna derives from
the Sierspinki tetrahedron fractal shape. From this initial design,
two new structures have been developed: the dual Sierpinksi
fractal and the dual inverse Sierpinski fractal. The new designs
offer improved matching and radiation pattern. All the antennas
operate at 2.4 GHz used in Bluetooth and wireless LAN band.
Furthermore, the final inverse fractal shape is able to cover
both the 2.4- and 5.5-GHz WLAN frequencies with a reflection
coefficient (S11) better than −10 dB, together with coverage
at bands around 8 GHz. This ratio of resonant frequencies is
achieved after a series of described design stages. The radiation
patterns of the antennas are monopole-like at both bands. The
AM technique employed is metal powder embinder printing
where a binding material is jetted on a powder bed containing
metal particles. Metal 3-D P is ideal for maintaining the mechan-
ical strength of the structures. The envisaged applications are in
the defense and aerospace sectors where high-value, lightweight,
and mechanically robust antennas can be integrated with other
3-D printed parts. Transient simulations based on the finite
integration technique compare well with measurements.

Index Terms— 3-D printing (3-D P) fractal antenna, additive
manufacturing (AM), multiband antenna.

I. INTRODUCTION

ADDITIVE manufacturing (AM) or 3-D printing (3-D P)
is a technology that is attracting significant attention

from the research community and manufacture industry. The
3-D P is able to fabricate complex designs from a digital
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model. Objects are created layer after layer as opposed to
traditional subtractive techniques. The 3-D P is developing
very quickly and promises significant advances in the future.
Many researchers and industrialists are concentrating their
efforts on the development of new techniques and applications
in the area of electronics [1], automobiles [2], and medical
devices [3]. One area of special interest is in the flexible and
rapid prototyping of antenna and microwave components.

A variety of 3-D AM methods have been proposed for the
development of microwave devices. This includes fused depo-
sition modeling (FDM) [4], selective laser sintering (SLS) [5]
and selective laser melting (SLM) of metallic powders [6],
and electron beam melting [7]. In some cases, two different
technologies have been combined such as FDM and direct
write [8]. In terms of devices, a terahertz dielectric reflec-
tarray was fabricated using SLS and polymer-jetting 3-D P
technology in [9], and a microwave lens was fabricated using
FDM in [10]. In [11] and [12], fully and partially metalized
3-D frequency selective structures were developed using 3-D P
technologies, and in [13], a nonuniform electromagnetic
bandgap (EBG) structure was fabricated using FDM.

AM has also been applied to antenna technology [14]–[16].
An electrical meander-line antenna was fabricated on the
surface of a conformal hemisphere glass substrate in [14],
an electrical small folded spherical helix antenna was 3-D
printed and then metalized in [15], and an ultra wideband
volcano smoke antenna was fabricated using SLM and then
electroplated in [16]. In general, 3-D AM can be a viable
solution if the structures contain complex geometrical features
and their properties are sufficiently novel or unusual to justify
the extra cost involved.

Fractal antennas were introduced more than two decades
ago [17], [18]. Since then, they have widely been researched
and reported. They offer multiband and multifunctional oper-
ations [19], [20] and, in some cases, small physical size.
The basic concept of the fractal antenna starts from the
iteration of self-similar elements with diverse direction and
scale but not changing the main shape. Most of the fractal
antennas available in the literature are 2-D, normally based
on the monopole [21]–[23] and the patch type [24]. These
geometries have been employed in frequency selective sur-
face [25], [26] and EBG structures [27], [28]. More recently,
3-D fractal antennas have been investigated [29], [30]. They
provide improved omnidirectional radiation pattern and wider
impedance bandwidth.

This paper discusses the fabrication of 3-D fractal antennas
using metal AM techniques. The 3-D P allows the fabrication
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Fig. 1. Perspective view of the Sierpinski fractal antenna. (a) Without overlap.
(b) With overlap.

of the complex features of fractal models. The 3-D fractal
shapes based on the Sierpinski concept are proposed. These
structures have the important property of being able to reduce
the amount of material used in an AM process, which can
lead to lighter weight devices. This is the first time that 3-D
fractals have been discussed in terms of potential material
reduction and their benefit to the AM of microwave compo-
nents. Material volume reduction is achieved in relation to the
equivalent tetrahedron-based shapes. Although other types of
antenna design, such as planar form structures, may provide
better overall volume efficiency, the challenge here has been to
use this manufacturing technique to fabricate such complicated
3-D structures, and the challenge has been met. All the fractal
designs are able to operate at the 2.4-GHz Bluetooth band,
and the final design (dual inverse fractal) covers both the
2.4- and 5-GHz WLAN bands. Previously proposed fractal
designs required modification of the dimensions of the later
iterations in order to achieve operation at the bands of existing
wireless communication technologies [31]–[33]. In our case,
the scale ratio between the repetitive patterns has been main-
tained and is the design that has evolved to improve input
impedance at the higher band. The 3-D P technique employed
is a binder jetting metal process. The technique is ideal for
the highly detailed components of the fractals. Direct printing
with metals rather than plating printed dielectrics is necessary
to achieve adequate mechanical strength of these perforated
structures (Fig. 1).

This paper is organized as follows. Section II describes the
features that make this type of antenna suitable for 3-D P,
introduces a novel dual fractal design, and discusses the

fabrication and output features. Section III presents a novel
design based on the inverse fractal antenna and analyzes its
main characteristics. This paper finishes with a discussion
and conclusion in Section IV. All antenna designs have been
simulated using CST Microwave Studio and verified with
experimental results.

II. 3-D DUAL FRACTAL ANTENNA

A. Antenna Design and Analysis

The Sierpinski tetrahedral antenna [34], [35] is formed by
removing scaled-down versions of an original solid tetrahedron
in a repetitive process. This removal of material weakens the
structure, so a procedure for providing adequate strength is
outlined in this section. However, before this can be done,
a brief outline of the design procedure follows. If the scale
factor used is 0.5, each repetition results in four identical
copies with their corners touching each other (Fig. 1). The
number of tetrahedron created at the i th iteration is

Ni = 4i . (1)

All the sides of the tetrahedrons are equal in length, given by

Li =
(

1

2

)i

L0 = 2−i L0 (2)

where L0 is the length of the side of the initial tetrahedron.
The height of each new tetrahedron, hi , in relation to the

total initial height H0 and to the initial side L0 is

hi =
(

1

2

)i

H0 =
(

1

2

)i
√

2

3
L0. (3)

In this fractal, the combined surface area of all faces of all
tetrahedrons (both interior and exterior faces) is equal the total
area of the original tetrahedron. If the total surface area of the
original tetrahedron is A0, the surface area of each tetrahedron
created in iteration i is given by

Ai =
(

1

4

)i

A0. (4)

The quantity Ai might be significant if not all faces were to
be covered by depositing conducting material.

The total surface area at the i th iteration is then

AT i = 4i
(

1

4

)i

A0 = A0. (5)

In general, the external faces are more important than the inter-
nal characteristics in antenna engineering. The total external
surface area AETi is

AETi =
(

3

4

)i

A0. (6)

The reduction of the volume from the original nonfractal tetra-
hedron design (V0) is an important factor when considering the
cost of the material used for AM processes. The volume of
each tetrahedron can be calculated as

Vi =
(

1

8

)i

V0. (7)
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Fig. 2. Reflection coefficients of the Sierpinski fractal antenna with overlap
and without overlap.

Thus, the total volume is given by

VT i = 4i
(

1

8

)i

V0 = 2−i V0. (8)

A 3-D Siepinski fractal antenna can be created by arranging
the structure so that the feeding is connected to one of the
vertices [35]. Three iterations have been applied in this illus-
tration, giving a total number of 64 tetrahedrons. A Sierpinski
antenna of total height H0 of 22 mm was simulated, and its
reflection coefficient (S11) is presented in Fig. 2 as “without
overlap.” From (6) and (8), the designs use 42% of the external
area and 12.5% of the volume and of the corresponding non-
fractal tetrahedron. A circular metal ground plane with radius r
of 70 mm was employed. In order to be able to fabricate
the antenna using AM techniques and moreover to provide
sufficient mechanical strength, every minor tetrahedron was
overlapped with its neighbor. The overlap was 0.56 mm
throughout. Fig. 1 illustrates the principle. This decreased the
total height of the antenna from 22 to 18.1 mm. The modified
design is presented as “with overlap” in Fig. 1(b); that is,
successive tetrahedrons are merged into each other. The new
design used 58% of the external area and 22% of the volume
of an equivalent nonfractal tetrahedron of height 18.1 mm.
The overlap increased the frequencies of most resonant modes
and improved the S11 matching (Fig. 2). This design is able
to operate at a 2.4-GHz band with further resonant modes at
higher bands.

In order to improve the matching and better assess the
manufacturing process, a new structure was created by adding
a copy of the design and rotating by 60° around the z-axis. The
resulting structure is shown in Fig. 3(b), and in Fig. 4, the feed
arrangements are illustrated. This design uses 58% of the
external area and just 22.4% of the volume of the equivalent
nonfractal design. In order to provide mechanical strength, the
inner cylinder of diameter of 2 mm from the coaxial input
port was extended to the fractal antenna. The total height
of 18 mm and the extent of the overlap were retained in
the new design. The various distances of the repetitions to
the metallic ground (Fig. 4) dn (mm) can be calculated by the
equation

dn = 2dn−1 − 0.56 (9)

where d0 is 2.75 mm.

Fig. 3. Perspective view of (a) classical and (b) proposed fractal antennas.

Fig. 4. Dual fractal design connected to the coaxial feedline and ground
plane. The distances between repetitions n and the ground plane dn are
included.

Fig. 5. Reflection coefficients of the initial Sierpinski [Fig. 2(b)] and new
dual fractal (Fig. 4) antenna, both with overlap.

Fig. 5 shows the simulated S11 for the new antenna and its
comparison with the initial Sierpinski design for a frequency
range from 0 to 30 GHz. The new structure has further
improved the impedance match, particularly at the higher
bands. The −10-dB input match now covers from 6.9 to over
30 GHz. The first and second resonances are very similar in
that both the initial fractal designs provide four bands, at 2.7,
10.8, 19.6, and 25.2 GHz. In contrast, the proposed dual fractal
antenna has five different resonances, at 2.7, 11.2, 17.6, 20.2,
and 25.2 GHz, in the same range.
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Fig. 6. Photographs of the fabricated dual fractal antenna. (a) Oblique.
(b) Top view.

B. Fabrication and Measurement

The complexity of the internal and external features of the
new design makes it very difficult to fabricate using traditional
subtractive techniques. In order to investigate the potential
applicability of AM for 3-D fractal antenna development,
a metal powder bed fusion process, and more specifically
metal powder embinder printing, was employed [36], [37].
This metal technique was selected because of the mechanical
robustness of the output and the possibility of printing highly
detailed features. The technology prints the models by binding
together layers of ultrafine grains of stainless steel powder in
a precision inkjet printer. Once the printing is done, the part
is sintered in an oven at 1300 °C. The design specifications
required a minimum thickness wall of 0.3 mm and a minimum
detail of 0.1 mm.

The digital model was exported from CST Microwave
Studio to an STL format and then uploaded to the 3-D printer.
AM using copper was unavailable. The base metal used was
316L stainless steel, a material with inferior conductivity.
Consequently, a copper layer of approximately 50 μm was
deposited on the antenna using an electroplating process
readily available in the authors’ laboratory at the University
of Kent. This increased the surface conductivity of the copper
layer. An aperture diameter of 2 mm was created during the
design process, which was later used to feed the antenna with
a 50-� SMA connector. Fig. 6 shows a photograph of a 3-D
dual fractal antenna, consisting of a circular copper ground
plane with a diameter of 140 mm and a thickness of 2 mm.
The 3-D surface profiles of the fractal structure are shown
in Fig. 7. The measured surface roughness was 1.92 μm (Sa),
and the rms deviation of 2.46 μm (Sq).

The measured reflection coefficients of the dual fractal
antenna are compared with simulations in Fig. 8. A Rohde
& Schwarz ZVL vector network analyzer was used for the
experiments. Good agreement was found between simulations
and measurements. There was a slight increase in the resonant
frequency and decrease in the input match at the first mode.
However, the measured S11 was lower than those simulated
at the higher bands. The differences between simulations and
measurements are likely due to additive fabrication tolerances.

Radiation patterns were measured at various frequencies
in an anechoic chamber. Fig. 9 shows the patterns in the
xy and xz planes at 2.6, 5.5, and 11.5 GHz. The patterns were
similar to those for a wideband monopole antenna on a large
ground plane. They were omnidirectional in the xy plane with

Fig. 7. Measured surface profile. (a) 3-D profile. (b) Zoomed-in view profile.
(c) Profile 2-D cut.

a null in the z-axis. Low cross-polar levels were observed at
the studied frequency bands, typically −20 dB or below. The
computed gains were 3.91, 4.54, and 4.46 dB at 2.6, 5.5, and
11.5 GHz.

III. FABRICATION OF A 3-D INVERSE FRACTAL ANTENNA

The 3-D fabrication of antennas based on the inverse fractal
configuration [Fig. 10(c)] has also been studied. The geometry
of the inverse Sierpinski fractal antenna has most of the
complex features in the external faces, and therefore, its
input matching is more likely to be sensitive to fabrication
errors. This can provide a further assessment of the fabrication
process. The antenna is developed as illustrated in Fig. 10.
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Fig. 8. Reflection coefficient of the dual fractal antenna.

Fig. 9. Measured radiation pattern characteristic of the dual fractal antenna
at various frequencies. (a) 2.6 GHz (xy plane). (b) 5.5 GHz (xy plane).
(c) 11.5 GHz (xy plane). (d) 2.6 GHz (xz plane). (e) 5.5 GHz (xz plane).
(f) 11.5 GHz (xz plane). Solid curves: co-polar and dotted curves: cross-polar.

Fig. 10. Design process for inverse fractal antenna. (a) Tetrahedron.
(b) Sierpinski fractal. (c) Inverse Sierpinski fractal.

Basically, the fractal design [Fig. 10(b)] is subtracted from a
nonfractal tetrahedron [Fig. 10(a)], resulting in the structure in
Fig. 10(c). As a complement of the original designs, the new
structure occupies about 77% of the volume of the equivalent
tetrahedron.

Simulations of this new configuration [Fig. 10(c)] resulted
in the first resonant frequency of about 3 GHz. As the main
aim of this paper was to construct antennas suitable for
existing wireless systems, the dimensions were scaled by a
factor of 1.27 in all directions. The height of the new design
was 23 mm. The same technique used to develop the dual
fractal antenna in Section II was then applied, resulting in

Fig. 11. Inverse dual fractal antenna. (a) Perspective view. (b) Side view.

Fig. 12. Photographs of the fabricated of dual fractal antenna. (a) Oblique.
(b) Top view.

Fig. 13. Reflection coefficients of the inverse dual fractal antenna (Fig. 11)
and the inverse fractal [Fig. 10(c)].

the configuration in Fig. 11. Again, a copy of the structure
was rotated by 60° about the z-axis and then merged with the
original design.

This antenna was fabricated by AM using the same proce-
dure described earlier. The feeding of the antenna was again
via a 50-� SMA connector through the center of the ground
plane, as shown in Fig. 12.

The simulated and measured S11 of the dual inverse antenna,
together with the simulated results for the initial inverse
antenna [Fig. 10(c)], are shown in Fig. 13. The dual inverse
fractal has improved impedance match. Both simulated and
measured results are in good agreement. In the measurement,
the resonant modes have shifted up by about 8% from the
simulations. At the 2.4- and 5.5-GHz WLAN bands, and up to
about 10 GHz, the S11 levels are −10 dB or below. The surface
current distributions of the dual inverse fractal antenna for
three resonant frequencies are shown in Fig. 14. As expected,
the surface currents are spread over a larger area at lower
frequencies. Little current is found at the top of the structure,



1896 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 7, NO. 11, NOVEMBER 2017

Fig. 14. Surface current density of the dual inverse fractal antenna at the
frequencies. (a) 2.4 GHz. (b) 5.5 GHz. (c) 8 GHz.

Fig. 15. Measured radiation pattern characteristic of the dual inverse
Sierpinski fractal antenna (Fig. 11). (a) 2.4 GHz (xy plane).
(b) 5.5 GHz (xy plane). (c) 8 GHz (xy plane). (d) 2.4 GHz (xz plane).
(e) 5.5 GHz (xz plane). (f) 8 GHz (xz plane).

particularly at its center. This could be an indication that some
of the materials could be removed, reducing the content below
the 77% of the equivalent dual tetrahedron, without affecting
the performance significantly.

The main sections of the measured radiation patterns of
the dual inverse fractal design (Fig. 11) at three resonant
frequencies of 2.4, 5.5, and 8 GHz are presented in Fig. 15.
The patterns are mainly omnidirectional in the xy plane.
For comparison, the patterns for the initial inverse fractal
design [Fig. 10(c)] are presented in Fig. 16, and the patterns
for the dual inverse fractal design are more omnidirectional
and with lower cross-polar levels than those for the initial
inverse fractal design.

Fig. 16. Measured radiation pattern characteristic of the inverse fractal
antenna [Fig. 10(c)] at the frequencies. (a) 2.4 GHz (xy plane).
(b) 8.9 GHz (xy plane). (c) 13.8 GHz (xy plane). (d) 2.4 GHz (xz plane).
(b) 8.9 GHz (xz plane). (c) 13.8 GHz (xz plane).

IV. DISCUSSION AND CONCLUSION

AM has been proven to be suitable for the development and
fabrication of 3-D fractal antennas. The 3-D P with metals
gives mechanical strength, particularly in the joints between
the various repetitions of the fractal elements. The antennas
can be fabricated using metal powder embinder printing and
an additional electroplating process. The alternative option of
plating printed dielectrics would have mechanical weakness at
the joints. The structures presented here offer attractive elec-
tromagnetic features, and are also able to reduce the amount of
material use in AM processes. A new dual fractal Siperpinski
design improves antenna matching at higher bands compared
with the original Sierpinski tetrahedron. More importantly, it
decreases a volume usage by over 75% compared with the
equivalent nonfractal design. The study included here indicates
that significant material reduction can be achieved using
Sierpinski fractals or similar structures, potentially reducing
costs of manufacturing.

The inverse Sierpinski tetrahedron fractal has less smooth
external features and therefore is more sensitive to fabrication
processes. The imprecisions in the fabrication process produce
a shift in the resonant frequencies of about 8% at all bands.
However, the final dual inverse fractal design is still able
to resonate at the 2.4- and 5.5-GHz WLAN bands, while
also providing operational capability at higher frequencies,
both in simulation and measurements. It also offers good
omnidirectional pattern and low cross-polarization levels. The
dual inverse fractal design uses 23% less material than the
equivalent nonfractal design. Moreover, current flow simula-
tions indicate that there is potential to reduce the amount of
material further without affecting electrical performance.

There are very slight differences between simulations and
measurements that probably arose from fabrication inaccura-
cies. Nevertheless, this paper demonstrates that this 3-D P
technique is a relatively accurate and reliable method for
fabricating complex radiating structures required to operate
at frequencies below 15 GHz.

Fractal and complex antennas fabricated using 3-D P with
metals have applications in the defense and aerospace sectors
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where robustness as well as lightweight are key. The antennas
could be integrated with other additive manufactured parts. For
example, the present structure is less than 2 cm in height, but
for operational at longer wavelengths or structures with higher
iterations, a nonconducting dielectric support could be formed
integrally with the antenna.
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