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Abstract—In this article, we show how different infill
patterns influence the overall performance of miniaturized
electrically steerable parasitic array radiator (ESPAR) antenna.
The use of 3D printed dielectric overlays is a simple and flexible
way to miniaturize ESPAR antennas, so they are more compact
and can be better integrated with wireless sensor network
(WSN) nodes or gateways in different application areas.
Additionally, such overlays modify antenna radiation patterns
in elevation, which can be used to provide better connectivity
with WSN nodes places beneath a WSN gateway. In this work,
we investigate 3 different infill patterns that can be used in
widely available 3D printers to create the overlay in a 3D
printing process, and we show how each of the infill patterns
used affects the antenna performance. Finally, based on our
measurements, we propose the infill pattern that provides the
best parameters of a miniaturized ESPAR antenna.
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[. INTRODUCTION

Wireless sensor network (WSN) nodes or gateways are
used for sensing and monitoring in many practical
applications, including agriculture, in which they provide up
to date information about livestock or crops that can affect
production capabilities [1]. Key features important for
successful WSN systems deployment involve wireless link
reliability, especially in environments like greenhouses, crop
fields or buildings with livestock penned indoors, in which
propagation conditions may change over time and, in effect,
deteriorate link parameters as well as the overall energy
efficiency of a deployed WSN solution [2]. To address such
requirements, energy efficient reconfigurable antennas that
provide electronically steerable directionalbeams can be used,
which can allow for adaptation to varying propagation
conditions [3]-[6].

Electrically steerable parasitic array radiator (ESPAR)
antennas [6]-[8] are one of the most promising concepts for
energy-efficient beam steering. In such antennas, radio
frequency (RF)signal source is connecterto a centrally placed
monopole, while the antenna radiation pattern is shaped by
changing values of load impedances connected to passive
monopoles surrounding the centrally placed element. To
provide energy efficient ESPAR antennas, that can be
successfully integrated within WSN systems, a simplified
beam steering concept has been proposed [7],[8]. In this
concept single-pole double-throw (SPDT) digitally controlled
switches were connected to passive elements’ ends to provide
switchable load impedances close to an open or short circuit,
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and, in consequence, to form a directional main beam and to
rotate it in the horizontal axis around the ESPAR antenna.

To successfully implement energy-efficient ESPAR
antenna withina WSN node havinga compact form, one can
reduce ESPAR antenna size by embedding the antennain a
homogeneous dielectric material By using mechanically
processed ceramic material having relative permittivity
around 4.5 it was possible to reduce the overall antenna
footprint by 50% [9]. Such miniaturization can be provided at
much lower cost by using 3D printing [10], which also enables
easy and fast prototyping. Moreover, using low-cost
commonly used polylactic acid (PLA) filaments and varying
PLA miniaturization overlays sizes [11] or different filament
materials available for 3D printing process [12],[13] one can
not only miniaturize the overall antenna size butalso modify
its vertical radiation patterns, which was overlooked in [9].

To produce an energy efficient miniaturized ESPAR
antenna fora WSNnode atlowcostone hasto use 3D printing
process to createits dielectric overlay. Inthe antenna design,
dielectric overlay medium wused in simulations is
homogeneous. However, in the actual production process of
such a dielectric element made by low-cost 3D printing it is
not possible to provide perfectly homogeneous dielectric
structure. In existing publications, it was shown that infill
density and shape can deteriorate different antenna designs
[14],[15]. Therefore it can also influence the overall
performance of energy efficient miniaturized ESPAR
antennas.

The aim of this study is to investigate how the use of
different infill patterns in productions process of ESPAR
antenna dielectric overlays using low-cost 3D printing will
influence the resulting miniaturized energy-efficient ESPAR
antenna performance.

II. ANTENNA DESIGN

ESPAR antenna is a type of switched-beam antenna with
steering circuit based on SPDT switches, in which switching
is performed by changing the state of passive elements
between the director and the reflector. The status of each
passive element is controlled individually using GPIO pins.
Passive elements, likewise the active element,are in the form
of monopoles. As part of this study, an antenna with 12
passive elements was designed, which allows for obtaining
12 different directional beams. Switching mechanism placed
on the bottom of the printed circuit board (PCB) is based on
very low insertion loss (0.23 dB @2.7 GHz) integrated FET
switches NJG1681. An additionaldielectric overlay has been
designed for the antenna, which reduces its size at a low
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Fig. 1. Two consecutive layers of 3D printed overlay (concentric patter is
marked in green, linear pattern in yellow): a) Infill pattern: linear; b) Infill
pattern: concentric; ¢) Infill pattern: mixed concentric-linear.

cost[11]. The overlay hasa cylindrical shape with a diameter
of 64.8 mm and a height of 24.4 mm. The antenna overlaywas
designed using Altair Feko. Within this study, 3 different
overlays were produced using 3D printing with 100% infill
density but different infill patterns. Each of the infill pattems
will be discussed in more detail in the next section. PLA
(Polylactic Acid) filament with dielectric constant equalto
2.62 and dielectric loss tangent 0.005 determined by
measuring samples printed with the same printer settings, was
used to produce all the presented overlays.

III. ANTENNA REALIZATION AND MEASUREMENTS

A. 3D Printed Overlay Infill Patterns

In the antenna design, the medium used as the dielectric
overlay is homogeneous. However, regarding the actual
implementation of such a dielectric element made by 3D
printing, we are not able to make it perfectly homogeneous.
The effective permittivity of a 3D printed dielectric varies for
different regions of infill pattern and fordifferent direction of
E-field vector. Therefore, it would be virtually impossible to
capture precisely the effects of this inhomogeneity and
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anisotropy on the antenna operation using effective dielectric
constant approach. The aim of this study was to produce and
compare various overlay infill patterns and verify its influence
on miniaturized ESPAR antenna performance. The overlays
were printed using a Flashforge Creator3 printer with a nozzlke
diameter of 0.4 mm, extrusion temperature of 215°C, bed
temperature of 50°C, layer height of 0.2 mm and 100% infill
density. Two consecutive layers of 3D printed overlay for
each considered infill pattern: linear, concentric and mixed
concentric-linear patterns are presented in Fig. 1a), Fig. 1b)
and Fig. 1¢) respectively.

The first considered infill pattern, presented in Fig. 1Fig.
1 a),is a linear infill, in which the direction of the infill line
changes alternately by 90 degrees every layer. Concentric
filling occurs only around the active and passive elements as
well ason the edge of the overlay. Anotherinfill method taken
into account, shown in Fig. 1 b), was the concentric infill
pattern,i.e. all lines were printed in circles from the centerto
the outside of the overlay excluding the area around passive
elements. The third option, presented in Fig. 1 c), combines
theabove solutions by changingthe proportions of each filling
method, i.e. between the active element and passive elements,
the linear filling was kept, but the numberof concentric infill
outlines around these elements was increased from 5 to 20.

B. Antenna Measurements

The performance of the antenna was verified by
measurements in our 11.9 x 5.6 x 6.0 m anechoic chamber.
The antennais produced in such a way that allthe overlays are
applied to the PCB from above asshown in Fig. 2 and can be
freely replaced using a common antenna PCB for all
measurements.

Normalized radiation pattern of miniaturized ESPAR
antenna printed with three different overlay infill pattem
methods in E-plane for two opposing directional beams is
shown in Fig. 3. The difference in antenna gain with a
concentric infill pattern and a concentric-linear infill pattern is
minorand amountsto 0.1 dB. A more significant difference is
noticeable considering the reflection coefficient, the antenna
version with a concentric infill pattern is better matched, as
presented in Fig. 4. The reflection coefficient of antenna with
a linear infill pattern is similar to that of an antenna with a
concentric infill pattern,howeverits gain is 0.3 dB lower and
concentric infill allows to provide the best matching.

Fig. 2. 3D printed miniaturized ESPAR antenna overlays with a PCB
prototype of the ESPAR antenna.
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Fig. 3. Normalizedradiation patterns of miniaturized ESPAR antenna using
3 different overlay infill pattern methods in E-plane for two opposing
directional beams.
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Fig. 4. Reflection coefficient of miniaturized ESPAR antenna printed with
3 different overlay infill pattern methods for two opposing directional beams.

IV. CONCLUSIONS

In this article, the influence of different 3D-printed overay
infill patterns on the performance of miniaturized ESPAR
antenna was presented. Our considerations were focused on
the basic infill variants available in the most common
3D printers as a starting point for further analyses to provide
a clearbaseline and investigate if such basic infills differences
canbe observed in measurements. Based on our measurement
results, the best infill pattern for 3D printed overlay for
miniaturized ESPAR antennas in terms of antenna gain and
matching is concentric infill. However, it has to be carefully
considered and tested in the antenna design to provide the
optimal performance and values of the resulting prototypes.
Certainly, there are many possible filling patterns for the
considered 3D printed overlays in modern 3D printers,
including the possibility of modifying the filling density,
which will be investigated in our future works. Systematic
repeatability tests are not presented in the this study. They
should involve statistical approach and would require a large
number of manufactured samples of the overlays, which
hasn’t been done yet. Instead, we plan to investigate the
repeatability measuringthe dielectric constant tensorof small
samples of printed dielectric havinguniform patters. Our next
considerations will also include determiningthe optimalangle
of rotation of the lines direction in particular layers for linear
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infill pattern overlay and modifications of the outline of
passive elements and impact of modification of the filling
density on the antenna performance for different availablke
materials, including bio-degradable and recyclable ones.
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