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Abstract
Microwave imaging of shallow buried objects has been demonstrated with holo-
graphic radar for landmine detection, civil engineering and cultural heritage. A key 
component of this system is the antenna based on a truncated cylindrical waveguide 
with two feeds. This paper investigates for the first time a manufacturing technology 
based on the 3D printing of a volumetric cylindrical plastic antenna. The investiga-
tion of this manufacturing technology was motivated by the reduction in the antenna 
size and customization of the electromagnetic characteristics to the radio frequency 
electronics mounted on the robotic scanning system. The antenna that was designed 
using a simulator and filled with polylactic acid plastic material (relative dielectric 
permittivity Ɛr = 2.5) is compared to the metal antenna, both operating at around 
2 GHz. The goal was to replicate the characteristics of the void core antenna to be 
able to provide the same quality/information of the microwave images of shallow 
buried objects. Finally, we compared the scan results of dielectric and metal targets 
both in the air and in natural soil. From the observation of some of the characteris-
tics of the images, such as dynamics, morphology of the target, signal-to-noise ratio, 
and operating distance, we demonstrate that 3D printing for volumetric cylindrical 
waveguide antenna could be used to obtain compact and easily adaptable antennas 
for different applications in remote sensing.
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1  Introduction

Microwave holographic radar imaging has been explored in the last decade for 
finding successful applications in remote sensing of shallow buried objects and a 
review of the most promising applications with portable instruments can be found 
in [1–3]. During this period several research developments have been reported 
regarding the microwave imaging algorithms, scanning methods and portable 
electronics that facilitate the use of this method in real-life applications. From 
the point of view of technological development in the microwave fields the 3D 
printing of plastic components has surged due to low-cost instruments and plastic 
filaments becoming common. The 3D printing technology offers multiple features 
that lend itself to the realization of antennas or parts of them in the microwave 
field [4]. In the conventional manufacturing of microwave devices, increased 
complexity and/or customization leads to increased costs. Furthermore, when 
production is limited to a few prototype units, production costs are high. Three 
dimensional printing technology can be a valid solution for prototyping, because 
the cost for piece is independent from the number of piece built.

In modern communication systems (e.g., 5G technology), the used frequen-
cies fall in the millimeter wave range. That has a limited range due to the propa-
gation losses. For this reason, efficient and high gain antennas are needed. One 
method to improve the gain is to apply dielectric lenses over the source antennas, 
which can be integrated (Integrated Lens Antennas, ILA) [5–7]. The dielectric 
lens increases the directivity of the source antenna by transforming the spheri-
cal wave front of the radiated wave into a planar one. Three-dimensional printing 
allows great versatility in the choice of dielectric lens profiles, and plastic materi-
als allow one to limit the weight and costs [8, 9].

Examples of high-gain passive antenna arrays have been produced, including 
the Ku-band folded Reflect array and Radial Line Slot Array (RLSA) with low-
cost materials and printers [10].

In the literature there are examples of prototyping horn antennas and direc-
tional couplers using 3D printing [11–14], fractal bow-tie antennas (FBTA), spi-
ral antennas, and Yagi–Uda antennas operating with a target resonant frequency 
of 2.45 GHz [15]. With the further development of printhead materials and tech-
nologies, new structures with intertwined metallic and dielectric regions (e.g., 
dielectric charged antennas) can be produced using 3D printing. In addition, cavi-
ties can be formed to incorporate integrated radio frequency electronic devices 
within the antenna structure to achieve compact and improved-performance RF 
front ends.

The plastic materials used for additive 3D printing are polymers, with low tox-
icity, with melting temperatures typically between 180 and 240  °C. The possi-
bility of making filaments of composite materials, in which other materials are 
mixed with the plastic polymer, allows the creation of innovative filaments with 
interesting properties. For example, in the field of the microwave applications, 
mixtures of ceramic material can obtain higher and certified dielectric permittiv-
ity than is obtainable with only plastic polymers [16].
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In the process of making a 3D printed antenna an important part is played by 
metallization. This can be achieved with the application of conductive paint, with 
metal adhesive sheets, but it can go as far as metal sputtering. The technique used 
affects the mechanical strength of the layer and the attenuation. The conductive paint 
offers a fairly easy application even on complex surfaces and forms a layer that has 
a typical thickness of 50 µm for each coat. There are nickel-based conductive paints, 
such as the one used in this work, copper and silver-based paints, and silver-only 
paints. Each offers different attenuation characteristics ranging from around 60 dB 
for 100 µm of nickel-based paint, up to 80 dB for silver-based paint at 2 GHz.

To our knowledge, the application of 3D printing to design a 2 GHz truncated 
cylindrical waveguide antenna for a microwave imaging with portable instruments is 
presented for the first time in this power.

Our design started from scanning system specifications and then the simulator 
analysis of the electromagnetic field propagation in a 3D-printed volume. We evalu-
ated the effects of surface roughness, execution times and geometrical deformations 
introduced by the non-ideality of the printer head positioning which are peculiar 
aspects of this choice to operate on the volume that must be studied.

The simulation made it possible to evaluate the behavior of the plastic materials 
and conductive paints, the dimensions and weight of the prototype, allowing us to 
make the choices in consideration of the cost-performance ratio of the raw materials 
[17].

The characterization of the built antenna allowed us to verify the differences with 
the simulated model and then proceed with the installation on a robotic scanning 
system and compare the performance with an equivalent cylindrical metal void core 
waveguide antenna.

We decided to use PLA because it is low cost, has relatively high dielectric 
permittivity (Ɛr = 2.5 @ 2 GHz) compared to air, and it is easily available on the 
market. The choice of a common plastic material implies the need to consider the 
variability in its physical characteristics, such as the dielectric permittivity and the 
tolerance of dimensions. Therefore, we considered this aspect during the production.

The antennas were compared in the laboratory to characterize their electromag-
netic behavior. Subsequently they were installed on board the mechanical scanning 
hardware, connected to the microwave RADAR system, and used to acquire images 
of some objects that we took as reference: first, in the laboratory, a 10 cm square 
metal reflector with some through holes of different sizes and an empty plastic box 
of 7.5 cm in diameter, then, in the outdoor field test, a previously buried anti-per-
sonnel mine simulant, in order to simulate the conditions of a real minefield. The 
process used for designing, simulating and building the plastic core prototype is 
described. Then, we outline the experiments in the laboratory and on a landmine 
simulant buried in outdoor soil. Following this is the discussion about the manu-
facturing process and the experiments results, showing how 3D printing technology 
represents a promising design process.
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2 � Materials and Methods

On the basis of the criteria defined in the literature [2], two new antennas were 
designed and then modelled and simulated with CST Microwave StudioⓇ software 
[18]. One is made of metal with void core and one with core in PLA plastic mate-
rial. We chose this material because we aimed to construct a 3D-printable antenna 
and PLA is a common material, low cost, and has a typical dielectric constant 
value around 2.5 in the frequency range of interest (around 2 GHz), which is quite 
high amongst those in the portfolio of filament printing plastics. The waveguide 
antenna has PLA inside that fills the entire volume (colorFabbⓇ PLA/PHA, PLA 
with added polyhydroxyalkanoate; colorFabb B.V., Belfeld, The Netherlands) and, 
as an external conductor, metallization was applied by spraying conductive paint 
(Copper-Nickel 841AR Super Shield™ Nickel Conductive Paint, MG Chemicals 
Ltd, Burlington, ON, Canada) [19]. The void core antenna was constructed by cut-
ting and drilling a steel pipe. The antenna reflector is aluminum, which was molded 
by milling and pressing it in. For both antennas, the feeds were constructed with a 
straight quarter wave conductor soldered to a Sub Miniature A Connector (SMA)/
coaxial cable connector by soldering the feed to the core end of the coaxial cable 
side (Fig. 1).

Once the dimensions of the two antennas were defined, the simulation software 
exported the drawing in a compatible CSD (Cocos Studio Interface File) file format. 
The 3D drawings were then acquired with Autodesk Fusion 360 software (Autodesk, 
Inc., San Rafael, CA, USA). For the void core antenna, the processing board for pro-
duction in the mechanical workshop was made; for the antenna in plastic, the 3D 
model was used as the basis for the slicing procedure using the same software and 
the final file was exported in standard triangulation language (STL) format for print-
ing. The prototype was physically printed with the Anet A8 3D printer [20], a cheap 
printer available as an assembly kit and can be easily assembled anywhere, even in 
areas with limited financial resources.

Fig. 1   Mounted feeds. The 
SMA/coaxial cable panel 
connector and the quarter 
wavelength soldered brass wire 
are visible
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Once the feeds were assembled, the two antennas were characterized: the S (Scat-
tering) parameters were measured using the radiation pattern in the anechoic cham-
ber [21]. The two prototypes, connected to the same driving and control electronics, 
were mounted on the scanning device and the images obtained of some reference 
targets were compared. We compared the images by comparing the dynamics and 
standard deviation of each, as reported in Sect. 3.

2.1 � Design of Antennas

Narrow band microwave radar antenna technology involves radiating a wave gener-
ated by a continuous single frequency signal over time [22–24]. The guide is excited 
by a linear quarter-wave feed positioned at a quarter of the wavelength in the guide 
from the rear reflector to obtain a phase overlap of the wave reflected inside the 
guide. The second feed, positioned on the same axis, diametrically opposite the first, 
receives the wave reflected from the outside by the possible target and, at the same 
time, receives the transmitted signal through direct coupling. In this way, interfer-
ence between these two signals is generated on the receiving feed, which constitutes 
the hologram. For each point of the grid defined on the scanning plane, the value of 
the interference field is acquired, thus forming the holographic image. The image 
thus obtained can be used directly or further processed with inversion techniques 
typical of digital holography to reconstruct the electric field reflected in planes par-
allel to the scanning plane which can be chosen by defining the desired antenna 
plane distance.

Without loss of generality of the application of 3D printing technology, the 
two antennas were designed to be compatible with the radiofrequency electronics 
mounted on the robotic system [25] with operating frequency range of (1.6, 2.1) 
GHz. As such, we designed the feeds impedances to match with output impedance 
of driving and receiving electronics.

Starting from the theory of truncated circular waveguide antennas [26], we 
obtained 2 GHz antennas, as shown in Fig. 2, with their sizes reported in Table 1. 

Then, the second feed was introduced (Fig. 3) and the geometry of the devices 
was modeled on a simulator to optimize the input and output impedance, bringing it 
closer to the nominal value of the connected electronic devices (the standard is 50 Ω 

Fig. 2   Drawing of circular 
waveguide antenna
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for the transmitter and 39.7 Ω for the receiver (according with the datasheet of the 
device AD8302 input impedance @ 2 GHz) and maximizing sensitivity by trying 
to bring the value of the direct coupling signal closer to the level of the signal from 
the subsoil, which can, for example, be much lower than 100 dB·m−1 in loamy moist 
soil (Table 2).

After the antenna design and optimization in CST, we built and characterized the 
prototype and then we have taken the simulated model and we have modified it in 
order to make the simulated parameters coincide with the real ones.

2.2 � 3D Printing Process

The major printing parameters are summarized in Table  3. The time required for 
the entire process was approximately 21  h. Before proceeding with printing, a 
mechanical calibration process was followed to minimize the positioning errors of 

Table 1   Sizes of truncated 
circular waveguide antenna 
matched for 2 GHz

Antenna Wd [mm] H [mm] Pd [mm] P. [mm]

Void core 227.4 117 56.8 37.5
3D-printed 252.6 60 63.2 23.7

Fig. 3   Drawing of designed antennas

Table 2   Sizes of designed 
antennas for operating frequency 
of 2 GHz

Antenna Wd [mm] H [mm] Pd [mm] P. [mm]

Void core 166.7 117 41.3 34.2
3D-printed 170.8 62.2 56.3 21.5

Table 3   Principal slicing settings

Extruder size Layer height Infill % Extrusion temperature Extrusion speed

0.6 mm 0.3 mm 100 230 °C 75 mm/s
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the extrusion nozzle. Borosilicate glass was applied to the printing plate and sprayed 
with hairspray to maximize the adhesion of the extruded material. During the print-
ing process, the printer was kept in a controlled environment by isolating it with a 
cardboard box. Table 4 reports the main characteristics provided by the producer of 
the filament.

Figure 4 shows the images captured during the printing process.
The production process of the antenna terminates with painting. The first layer 

is a primer for plastic materials, the second includes three coats of nickel based 

Table 4   PLA filament specifications provided by the producer

Filament diameter Diameter tolerance Density Glass transition temperature

1.75 mm ± 0.05 mm 1.21–1.43 g cm−3 55 °C

Fig. 4   Photographs from during the 3D printing process: a–c before finishing the process, we can see the 
shape of the feed holes; d–f at the end of the process, the external supports for the feed-mounting plat-
form are shown
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conductive paint for a thickness of about 150  µm. According with manufacturer 
datasheet, in the range 1–10 GHz, the attenuation with two coats of paint is variable 
from − 56 to − 74 dB. Manufacturer also report that a layer of aluminum of equal 
thickness attenuates, at the same frequency about − 90 dB. The reduced shielding 
has effects on the antenna gain. The research project considered also a low-cost pro-
duction and the choice of this type of conductive paint was made on the basis of this 
parameter as well. There are conductive silver-based paints on the market with atten-
uation levels comparable to those of solid metal, but at a higher cost. However, our 
imaging application of the prototype is mainly in the near field and we notice that 
the reduced gain does not significantly deteriorate the images information content. 
The last layer is an acrylic paint for protects the substrate. The painting procedure 
steps are presented in the pictures in Fig. 5

2.3 � Matching Geometry of the Simulated Model to the Printed Plastic Prototype

The printing of the plastic prototype, as expected, led to considerably different sizes 
and shapes compared to those of the model designed with the simulator (the error 
introduced initially by the printer is always in excess and is 2,27% for Wd, 2,25% 
for H, 1,6% for Pd). Geometric defects occurred mainly due to the cheapness of the 
printer, which requires accurate calibration and does not guarantee the repeatability 
of long-term behavior. Moreover, there were also uncertainties due to the dielectric 
behavior of the material which, by choosing a common and non-certified filament, 
cannot be guaranteed. However, more expensive filaments with certified relative 
dielectric permittivity are available. The shape of the waveguide was slightly ellip-
tical and the distance of the feeds from the reflector was reduced. For this reason, 
the model was adapted to the real dimensions and shapes and further modified, by 
acting on the length of the feeds, to bring the characteristics closer to those initially 
envisaged. The real sizes of the built plastic core antenna are shown in Table 5.

Fig. 5   Sequence of coating process: a after deposition of 150  µm thickness (corresponding to three 
coats) of conductive paint (841-AR Nickel based paint); b, c after two coats of acrylic cyan paint
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2.4 � Measurements

The built antennas (Fig. 6) were then characterized at the Nello Carrara Institute of 
Applied Physics (IFAC, Sesto Fiorentino—Florence, Italy).

For each prototype, the S parameters were measured using the Network Ana-
lyzer Keysight N9914A (Keysight Technologies, Santa Rosa, CA, USA). We pro-
ceeded by installing the antenna inside the anechoic chamber on a turntable using a 
low-reflectivity support. At a distance of 1 m, a reference ridged-type antenna was 
placed at the same height from the ground as the antenna under investigation, with 
polarization first parallel, then orthogonal (Fig. 7).

The block diagram in Fig. 8 describes the interconnections between the devices.
The table was rotated in defined steps and the values of the S parameters were 

acquired at each step. The same procedure was performed for each of the two feeds 
installed on the antenna. Referring to the gates indicated in Fig. 8, the radiation pat-
tern is represented in terms of the S21 parameter. Subsequently, since it is a RADAR 
antenna that measures an interference pattern, it is important to estimate the value 
of the direct coupling between the feeds, which constitutes the reference signal for 
the generation of the aforementioned interference pattern. The antenna, with the two 
feeds mounted (Fig. 9), was connected to the Network Analyzer (Model: Keysight 
N9914A).

Table 5   Sizes of 3D printed 
antenna after being built. D are 
the diameters of elliptic shape

Wd [mm] H [mm] Pd [mm] P. [mm]

174.67 62.4 × 64.8
(elliptical Dmin × Dmax)

57.2 21.5

11.7 cm

12.5 cm

6.22 cm

12.8 cm

Fig. 6   Two built antennas. (left) The void core full metal antenna, (right) the plastic core antenna. With 
the antennas side by side, the differences in size are indicated on the image
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By orienting the RADAR antenna toward open space, the parameter S21 was meas-
ured which in this case is representative of only the part of the transmitted signal that 
is coupled to the receiving feed, without adding the contribution of the received signal 
from an external reflection to the antenna (see Fig. 10).

Fig. 7   Anechoic chamber setup for measuring the radiation pattern of the antennas. (left) The ridged 
antenna used as reference and (right) the plastic core antenna positioned on the rotating plate (on the 
floor)

Fig. 8   Diagram of connections between the devices for measuring the radiation pattern of the antennas. 
The dashed rectangle represents the anechoic chamber. DUT is the Device Under Test
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3 � Results

3.1 � Simulation Results

After optimization, the simulation results are shown in Fig. 11 for the S11 and S12 
parameters and the radiation pattern for both antennas.

The diagrams show that the antennas matched for the 2 GHz frequency and their 
levels of return loss were comparable (−  33.4  dB vs. −  36.5  dB). The void core 
antenna shows a −  10  dB matching bandwidth, which is slightly higher than the 
plastic one.

Figure 12 shows the radiation patterns of the two antennas in the two polariza-
tions. Table 6 reports the main parameters of the radiation. The radiation magnitude 
was about 3 dB lower in the case of the plastic core antenna. The aperture of the 
main lobe was higher in the plastic core antenna, which is better for holographic 
applications for acquisitions based on the synthetic aperture radar concept. The 

Fig. 9   Measurement setup for feeds direct coupling measurement

Fig. 10   Connections block dia-
gram for measure of direct cou-
pling between the antenna feeds. 
The dashed rectangle represents 
the anechoic chamber
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Fig. 11   Simulated values of the S11 and S12 parameters of the designed antennas: a plastic core antenna 
and b void core antenna

Fig. 12   Simulated values of the radiation pattern of the designed antennas: a, c void core antenna and b, 
d plastic core antenna coordinate reference system and radiation patterns
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radiation shape of both antennas was coherent with the diagrams of the standard, 
single feed, truncated circular waveguide antennas.

3.2 � Measured Results

The comparison between measured and simulated S parameters are reported in 
Fig. 13.

Figure 14 depicts the radiation diagrams of the antennas. All the diagrams were 
measured for the angular intervals of 0°–180° and reflected for the intervals of 
181°–359°.

The measured values of the main parameters of radiation for both antennas are 
reported in Table  7. The magnitudes of the main lobe values were significantly 
higher in all cases. For both antennas, the lobe opening angle slightly extended to 
− 3 dB, except for the plastic core antenna with orthogonal polarization. The attenu-
ation values of the secondary lobes in the plastic core antenna were significantly 
reduced but were higher for the void core antenna.

3.3 � Antennae Field Test

To use the antennas on the remote sensing scanning device, a special mounting sup-
port on the three-axis mechanical handling system was designed using CAD/CAM 
(Computer-Aided Design, Computer-Aided Modelling) and 3D printing (Fig. 15a). 

Table 6   Main parameters referred to simulated radiation beam of the two antennas

Antenna/polarization Main lobe magni-
tude (dB)

Main lobe direc-
tion

Angular width 
(3 dB)

Side lobe 
level (dB)

Plastic core/parallel 4.78 0° 94.4° − 4.9
Plastic core/orthogonal 4.78 0° 131.7° − 4
Void core/parallel 7.96 0° 71.3° − 13.7
Void core/orthogonal 7.96 0° 76.3° − 11.9

Fig. 13   S11 and S22 parameters of the prototype of holographic antenna: a simulated; b measured
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Fig. 14   Measured values of the radiation pattern of the designed antennas: a, c void core antenna and b, 
d plastic core antenna coordinate reference system and radiation patterns

Table 7   Main parameters of the radiation beam of the built antennas

Antenna/polarization Main lobe magni-
tude (dB)

Main lobe direc-
tion

Angular width 
(3 dB)

Side lobe 
level (dB)

Plastic core/parallel 6.2 0° 118° − 1.05
Plastic core/orthogonal 5.1 0° 48° − 1.8
Void core/parallel 10.3 0° 78° − 20.7
Void core/orthogonal 9.3 0° 76.3° − 11.6

Fig. 15   The complete scanning system mounted on a remotely controlled robotic platform (Jackal, Clear-
path): a 3D printed adaptor for installing the 3D printed radar antenna; b Ugo 1st robotic system with 
holographic radar mounted in the test field set up in the garden of the School of Engineering of the Uni-
versity of Florence, Italy
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A holographic radar, consisting of antenna, control and interface electronics, and 
mechanical handling system, was installed on the Ugo 1st robotic system (see 
Fig. 15b).

The acquisition process requires about three minutes for obtaining a 1984-pixel 
raw data image. The collected data were elaborated in real-time and displayed on the 
remote-control monitor developed in Python language as a web interface.

Laboratory experiments were carried out with an object on the floor served as the 
first experimental verification of the behavior of the two antennas. The acquisitions 
show comparable dynamics, represented in terms of gray levels. The shape and size 
of the targets are detectable even when the target has a complex profile, such as the 
perforated metal square. The acquisitions conducted on the external test field are 
made to simulate an operational context as similar as possible to a real minefield. 
Buried in the ground, about 3 cm deep, is an anti-personnel mine simulant with elec-
tromagnetic characteristics equivalent to real mines. In this environment, the reading 
of the images acquired with the imaging system is more complex, as there are many 
degrading effects for the signal that significantly decrease the Signal–Noise ratio: 
the reflection of the ground surface and its surface irregularity which is of compara-
ble size with the wavelength of the radar signal, they generate diffraction phenom-
ena. The soil, which is a highly dispersive propagation medium, determines a strong 
attenuation of the signal [27–29].

Each acquisition is reported in terms of in phase (I) and in quadrature (Q) com-
ponents [30], and the images represent a gray level color scale. The knowledge of 
the I and Q components allows the application of the holographic technique, which 
allows the reconstruction of the reflecting objects (i.e., the distribution of the dielec-
tric discontinuities) at a desired distance and therefore the reconstruction, where the 
information is available, of the three-dimensional scene. The non-idealities of the 
antennas could be modeled through a mathematical algorithm, such as the different 
sensitivities of the radiating element from the center toward the outside of the aper-
ture or the geometric divergence of the radiated beam [3].

3.3.1 � Image Acquisitions in Laboratory

The first part of the acquisitions was performed in the laboratory that ensure a con-
trol of the environmental factor being indoor. The robotic system was positioned on 
a terracotta floor and a target was positioned on the floor surface. Two targets were 
chosen: a plastic target, which was a 78 × 20 mm2 (D × h) circular candy box, shown 
in Fig. 16a, which we defined as target “A”, and a square metal target, with dimen-
sions of 130 × 130 × 10 mm3 and holes of different diameters, shown in Fig.  16b, 
which we defined as target “B”.

Figures 17 and 18, respectively, represent the acquisitions of targets A and B with 
the plastic core antenna and the void core antenna. For all acquisitions, the antenna 
aperture that corresponded with the scanning plane was placed 30  mm from the 
ground, which is immediately after the reactive near-field distance of the antenna 
radiation (about 24 mm). We performed acquisitions for four frequencies (1.63, 1.66, 
1.85, 1.90 GHz for the plastic core antenna and 1.80, 1.85, 1.90, 2.00 GHz for the 
void core antenna) chosen closer the minimum peaks of S11 parameter. The images 
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report the acquisition frequency at the top and the analysis parameters (dynamic, 
mean, and variance) at the bottom.

3.3.2 � Images Acquisitions on a Test Field

To highlight the behavior of the scanning system for microwave imaging under real 
conditions, the acquisitions of an object buried for over 12  months in the garden 
of the School of Engineering in Florence are reported. This object was a circular 
tin box with a diameter of 100 mm and a height of 50 mm. The object was initially 
buried 30 mm deep to simulate the location of a metal-type mine. The images were 
captured in dry ground conditions, with an outdoor temperature of 27 °C.

Figure 19 shows the acquisitions from the two antennas with the scanning plane 
positioned 30 mm from the ground plane. The effects of the attenuation introduced 
by the soil are clearly visible in terms of reduced dynamics of the images (in this 
case, it is mainly clayey soil). The purpose of this study was not to highlight the 
attenuative phenomena that occur due to the interaction between soil and micro-
waves; however, we highlight how the inhomogeneity of the medium, the air–soil 
interfaces reflectivity, and the moisture of the soil bottom the surface, which are 
all variable and not predeterminable parameters, affects the quality of the scanned 
images.

4 � Discussion

4.1 � Plastic Core Antenna Simulation to Identify and Quantify the Geometric 
Parameters That Best Approximate the Measured Behavior

The simulation results provide (Fig.  11) two antennas with a − 10 dB bandwidth 
greater than 150 MHz for the plastic core one and more than 350 MHz for the metal 
void core antenna at a centered bandwidth of 2 GHz. The simulated main lobe aper-
ture of the plastic core antenna greater than 40° compared to the metal void core 
antenna.

Fig. 16   Targets used for generation of dielectric discontinuities images: a target A: a plastic box; b target 
B: a steel piece with some holes
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Fig. 17   Images of target A at a height of 30 mm from the ground. Acquisitions at frequencies: 1.63, 1.66, 
1.85, 1.90 GHz, for the plastic core antenna (a) and 1.80, 1.85, 1.90, 2.00 GHz for the void core antenna 
(b). The images report the acquisition frequency at the top and the signal amplitude dynamic in the gray-
scale
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Fig. 18   Images of target A at a height of 30 mm from the ground. Acquisitions at frequencies: 1.63, 1.66, 
1.85, 1.90 GHz, for the plastic core antenna (a) and 1.80, 1.85, 1.90, 2.00 GHz for the void core antenna 
(b). The images report the acquisition frequency at the top and the signal amplitude dynamic in the gray-
scale
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The measurement results (Fig.  11) that the plastic core antenna has a different 
frequency behavior than the simulated one and for this reason we have investigated 
and modified the simulation parameters for match the S11 and S22 parameters of the 
antenna with the measured ones. We first focused on the construction of the plastic 
core antenna. We assumed a dielectric constant of 2.5 for the plastic material [31]. 
To evaluate which parameters caused the different S11, the feed lengths were varied 
in the simulator. For both antennae, we found that the measured feed length was 
2 mm shorter than the simulated feed length.

By simulating feeds longer than 2 mm for the void core antenna, return loss val-
ues equivalent to those measured were obtained, with the minimum value in the 
band (1.5, 2.5) GHz coinciding. In the simulated diagram, the minimum is located 
at 1.894 GHz, whereas the measured minimum was located at 1.899 GHz. For the 
plastic core antenna, however, this optimization was not sufficient to reach the meas-
ured values. We needed to change the dielectric constant. By simulating increas-
ing dielectric constant values for the material, we arrived at a value of Ɛr = 2.875, 
which accurately approximated the diagram constructed from the measurements in 
the anechoic chamber.

By applying this value as the dielectric constant, a simulated minimum value was 
obtained (1.666 GHz). The measured minimum value was located 1.664 GHz, and 
the simulated and measured value curve profiles were in agreement.

For both antennas, the measurements showed a slight increase, 1 dB in the main 
radiation direction, while the metal antenna showed a very attenuated level of the 
secondary radiation lobes in parallel polarization (about − 8 dB) compared to the 
simulated model. And the plastic core antenna instead showed secondary radiation 
lobes with a higher level than expected in the simulator. This could be linked to the 
use of a conductive paint that is not sufficiently shielding or in any case of insuffi-
cient thickness.

In the field tests (referring to Fig. 19), comparing the images of component I at 
the center band frequency of the two antennas (1.66 GHz for the plastic core antenna 
and 1.99 GHz for the void core) the dynamic is 0.4 V for the metal one, 0.36 V for 
the plastic one. With reference to the metal target (Fig. 18), always at the center band 
frequency for each antenna, the dynamic of the plastic antenna image has a value of 
0.97 V while the void core of 0.65 V. The same comparison with the scanning in the 
natural soil, on the anti-personnel mine simulant, shows a value of 0.29 V for the 
plastic core antenna dynamic and 0.20 V for the void core antenna.

5 � Conclusions

This paper investigates the performance of a metalized 3D-printed antenna in com-
parison to a reference metallic antenna for subsurface microwave imaging at operat-
ing frequencies of around 2  GHz. Thanks to the printable material with a higher 
dielectric permittivity, we built a plastic core antenna with a reduced diameter by 
more than 53% which makes it more suitable to exploit the scanning aperture of the 
robotic platform or allows it to be more agile when mounted at the boom tip of a 
handheld scanner, similarly to a metal detector.
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The measurement in the anechoic chamber showed that the void core antenna 
has a −  10  dB return loss band > 300  MHz and the plastic core antenna has a 
band > 150 MHz. The plastic core antenna has a reduced main lobe radiated power 
of about − 5 dB and a higher aperture angle of the main lobe of 40°. The reduced 
radiated power, in the near filed operating conditions does not have a significative 
impact in the images’ information.

Comparison of the acquired images of representative targets could be conducted 
based on quantitative and qualitative aspects. In the acquisitions both in a controlled 
environment and in the field test, the morphology of the recorded objects was clearly 
distinguishable, and the signal-to-noise ratio was comparable between the two 
antennas. In the outdoor field experiments no remarkable disturbing effects were 
observed due to the presence of natural material on the surface of the soil (leaves, 
grass, stones, etc.).

In conclusion, this work represents a first step toward evaluating the possibility 
of applying this technology. Observing the results, we found that the 3D printing 
process could be used to produce more compact antennas that are easily adaptable 
to different applications in remote sensing. Filament printing technology allows us 
to create complex geometries with relative simplicity of modification and optimiza-
tion in order to obtain easily customizable antennas for specific applications. This 
approach, when applied to an imaging method on robotic platforms or with portable 
instruments can simplify the integration of more system components (the housing 
for the radio frequency front end electronics but also other sensors, handling sup-
ports, etc.). Moreover, the absence of assembled parts in plastic metalized wave-
guide antennas guarantees better mechanical strength, making them very resistant to 
the mechanical stresses that are inevitable in field use.

The encouraging results allow us to think about the next steps in further exploit-
ing the properties of printable plastic materials: The availability of filaments of 
composite materials for 3D printing, specially made for use in radiofrequency appli-
cations with high (up to 10) certified dielectric permittivity, allows, for example, 
the development of smaller and lighter (varying the material density) prototypes. 
Three-dimensional construction technology can allow us to create models adapted to 
different remote sensing devices that can be continuously improved and spread even 
in geographical areas with limited technological and economic resources.

Fig. 19   Images of landmine simulant (PMN-4 type) at a height of 30  mm from the ground. Acquisi-
tions at frequencies: 1.63, 1.66, 1.85, 1.90 GHz, for the plastic core antenna (a) and 1.80, 1.85, 1.90, 
2.00 GHz for the void core antenna (b). The images report the acquisition frequency at the top and the 
signal amplitude dynamic in the grayscale
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