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Abstract—Nowadays, the Internet of Things is continuously
expanding, with more and more objects connected. The seamless
integration of wireless communication systems into smart objects
is possible thanks to ink-printed antennas. A smart suitcase is
manufactured, where ink-printed antennas are overmolded into
the plastic shell of the suitcase, during its production process. The
result is a smart object where the antennas are fully integrated
inside the material, including printed transmission lines, which
interface to a small printed circuit board by means of a dedicated
interposer board. The radiation patterns of the suitcase are
measured into the anechoic chamber and its performance is
analyzed.

Index Terms—IoT, localisation, printed antennas, smart objects

I. INTRODUCTION

The Internet of Things interconnects an unprecedented num-
ber of devices, revolutionizing society [1]. Low-Power Wide-
Area Networks (LPWAN), provided by technologies such as
LoRa and Sigfox, allow connections at low power but at a large
range. LPWAN technologies play an important role in industry
automation, agriculture, smart grids and logistics tracking [2].
Airline operators can also exploit this technology for luggage
tracking. Luggage is currently being tracked by means of op-
tical systems, barcodes, radio frequency identification (RFID),
or manual checks [3].

A problem with RFID is the dependence on private infras-
tructure throughout the luggage handling trajectory, which is
a large investment for the operators [4]. Other possibilities are
Bluetooth or short message services (SMS). Suitcase tracking
could be improved in terms of cost, coverage, reliability, and
interoperability by relying on the new LPWAN networks,
such as LoRa and Sigfox. Therefore, we propose a scheme
employing a combination of the Sigfox Monarch localization
service [5] and WiFi [6].

Arriving at a foreign airport, a smart suitcase takes ad-
vantage of the available WiFi networks to triangulate its
position within tens of meters. The Sigfox Monarch feature
is able to identify the country or territory [5] where the
suitcase is located, serving as a fall-back solution for WiFi
sniffing. Once the location is determined, the suitcase reports
its whereabouts through the Sigfox network, which is rolled
out on a worldwide scale.

The antennas used for this communication are fully inte-
grated, owing to the proposed integration technique involving
the design of antennas printed on thin polymer sheets [7] and

overmolded into plastic objects during the injection molding
process of the suitcase shell.

In a novel design-for-integration cycle, antennas are de-
signed, simulated, implemented, measured, overmolded, and
remeasured. The shift in properties due to overmolding is
compensated for by means of a redesign, such that the second
similar design cycle results in a properly working overmolded
antenna. This paper focuses more on the manufacturing pro-
cess of the smart suitcase, whereas a more detailed analysis
of the antenna design procedure was published in [8].

The antenna is realized in a single ink-printed metal layer,
which is seamlessly integrated into the plastic surface of a suit-
case hardshell. The planar platform allows for large antennas
to be realized while occupying virtually no real estate, leading
to highly efficient, wideband designs. Previously, the authors
of [9], [10] overlaid an RFID tag and an IRUWB antenna on a
suitcase shell, resulting in increased robustness and reusability
compared to the currently used disposable RFID tags.

Major hurdles are the frequency detuning and communica-
tion link impairment caused either by the electromagnetically
unpredictable nature of the smart device materials or by
objects surrounding the smart device. In [11], an alternative is
proposed by building substrate-independent antennas that rely
on an air-filled cavity-backed antenna directly fabricated in
the smart device. Unfortunately, such structures are too thick
for integration into a suitcase shell. Finally, the work in [12]
copes with detuning by adopting a large design margin on the
impedance bandwidth.

Antennas have been integrated into objects before, but this
integration often did not unify the antennas with these objects
to the same degree as is possible with current large-scale
manufacturing technologies. Here, by taking the influence of
the suitcase material into account during the design stage, two
antenna topologies are proposed with a —10 dB impedance
bandwidth covering, with ample margins, the Sigfox [862—
928] MHz band and the WiFi ISM [2.4-2.5] GHz band, hav-
ing percentile bandwidths of 26% and 15%, respectively,
and achieving in-band simulated total efficiencies of at least
94% and 88%, respectively.

The paper is further organized as follows. The manufactur-
ing process of the smart suitcase is described in Section II, the
antenna design in section III, and the radiation performance
in Section IV. Finally, the conclusion follows in Section V.



Fig. 1. Overmolding printed antennas at the suitcase factory.

II. THE OVERMOLDING PROCESS

In literature, many applications are described where anten-
nas are integrated into clothing or objects by attaching extra
layers on top of the base material. For smart suitcases, such an
approach has the disadvantage of a higher fragility since they
are often handled roughly, not only on the outside, but also on
the inside, by inserting items in a hurry. Hence, antennas glued
on either side of the suitcase shell are expected to detach early
in the lifecycle of the suitcase, or at least be scratched, deteri-
orating their performance. We present an innovative approach
of antenna integration, where the antennas are first printed
in silver ink on thin thermoplastic sheets, made of either
polypropylene or polyethylene. In the Samsonite® suitcase
factory, the suitcase shell is produced by means of a high-
pressure injection molding process. The mold is made of very
solid metal, to withstand the enormous pressure, as visible in
Fig. 1. The plastic sheet with the printed antennas is inserted
into the mold and properly fixed by mechanical supports. After
that, the mold is closed, leaving only the fairly thin empty
space, which is filled with plastic to manufacture the suitcase
shell.

When the hot molten plastic is injected into the mold, the
pressure is known to range from 10000 to 20000 psi, which
corresponds to 689-1379 Bar. This enormous pressure makes
the substance flow immediately around the antenna sheet, on
both sides. Given both the high pressure and temperature, at
the interface, the plastic of the shell fuses with the plastic
of the antenna sheet, resulting in a seamlessly integrated
antenna system, as visible in Fig. 2. The texture of the suitcase
shell near the antennas is exactly the same as for a standard
shell without antennas, such that a thin paintwork is enough
to completely hide the antennas. Additionally, the suitcase

Fig. 2. Suitcase with overmolded antennas and solar panels.

shell responds well to bending, with the antennas showing no
sign of detachment from the suitcase material. In the picture,
also solar panels were integrated in a similar way. Therefore,
clear plastic was chosen. When only antennas are integrated,
the plastic can of course be opaque. In the experiments,
it appeared that despite the clear polymer, the solar panels
suffered an efficiency degradation because of the transparent
layer covering them. However, as shown in the next sections,
for the antennas, no degradation was observed. The plastic
causes only a shift in resonance frequency, but this can be
compensated for at the antenna design stage.

III. ANTENNA DESIGN

Both antennas are manufactured via the same process, using
silver-based ink with conductivity o = 6.8 - 10%S/m, printed
in a layer of 4 pm thickness, on polypropylene (PP) sheets
of 150 um thickness. The PP sheets are covered with a thin
polyurethane (PU) layer to improve the adhesion of the ink [8].
The ink was cured in an oven at 135°C after printing. Supply
of materials and printing were performed by Quad Industries
(see acknowledgement).

A. Monopole for 868 MHz

The suitcase is intended to establish a wireless link to
868 MHz LoRa or Sigfox networks and to 2.45 GHz WiFi
networks. For the lowest frequency, a monopole antenna
architecture was chosen, because of its fairly compact size,
compared to a patch antenna. A photograph of the overmolded
monopole is displayed in Fig. 3, with its dimensions annotated.



Fig. 3. Annotated picture of the overmolded monopole antenna.

The antenna operates as a top-loaded monopole, excited
by a coplanar waveguide, attached to a ground structure
that consists of two quarter disks with radius approaching
a quarter wavelength. The center conductor, which is the
radiating element, widens at the top, forming a capacitive
top load. This allows to shorten the length of the radiating
element, without sacrificing too much bandwidth or radiation
efficiency. The design was simulated and finetuned in CST
Microwave Studio. Dielectric losses in the thin polymer appear
insignificant compared to the losses caused by the limited
conductivity of the ink, also after overmolding and integration
into the suitcase shell.

The simulated and measured |S1;| curves of the monopole
are shown in Fig. 4. The top plot shows the response before
overmolding, whereas the bottom plot visualizes the antenna
behavior after overmolding. Note that measurement and simu-
lation agree fairly well. Although some differences are visible,
the main behavior is certainly predicted well by the simulation.
The polymer surrounding the antenna has a higher dielectric
permittivity than air, which causes the resonance frequency
to shift downwards. This effect was compensated for during
the design of the antenna, in order to achieve the desired
center frequency, after overmolding. The bottom plot clearly
illustrates how the antenna’s resonance is nicely centered
around the band of interest. Additionally, for the whole band
of interest, the |S11| is around —12 dB. The bandwidth for
which a |S11| of —10 dB or lower is achieved is large enough
to provide some margin for detuning caused by objects around
the antenna or by manufacturing tolerances, such as variations
in the suitcase material’s thickness and properties.

B. Patch antenna for 2.45 GHz

For the 2.45 GHz band, an inset-fed patch antenna is chosen,
because of its well-known performance in this frequency band.

Characterization of dielectric properties allows to pre-compensate for overmold
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Fig. 4. Impedance bandwidth of the monopole antenna.

Fig. 5. Annotated picture of the overmolded patch antenna.

The wavelength is now only 12 cm, which also enables a com-
pact design. The inset-fed patch antenna design is displayed in
Fig. 5. The radiating patch is excited with respect to the outside
conducting rectangle, which operates as a ground plane. This
design was also optimized in CST Microwave Studio and
adjusted by precompensating for the frequency shift caused
by overmolding.

The simulated and measured |Si1| curves of the patch
antenna are plotted in Fig 6. Again, some deviations between
the simulation and measurement exist, but the general behavior
is adequately captured by the simulation. Importantly, after
overmolding, the downward shift positions the resonance



Redesigned prototype pre-compensated for overmolded material
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Fig. 6. Impedance bandwidth of the patch antenna.

frequency within the desired band, this time with a |.Sy;| that
is below —15 dB for the whole band of interest. The large
—10 dB bandwidth provides ample margin for detuning due
to objects in the environment, or for manufacturing tolerances
and slight discrepancies not accounted for at the design stage,
such as the deformation of the antenna to conform to the
suitcase shell.

IV. RADIATION PATTERNS OF THE SMART SUITCASE

The performance of the antenna system after seamless
integration into the smart suitcase is tested in the anechoic
chamber. In this setup, the antenna designs described earlier
are both printed on a large polypropylene sheet and over-
molded together in the same suitcase shell. To determine the
radiation patterns displayed in Fig. 7, the complete suitcase
shell is mounted on the rotary system in the anechoic chamber,
as shown in Fig 8. Note that the printed design also includes
planar transmission lines, such that both antennas can be
excited at the center bottom area of the antenna section.
The antennas interface to a small printed-circuit board (PCB),
housed in the logo plate of the suitcase, where also the solar
panels from the bottom half of the suitcase are connected. In
this way, both antennas and solar panels can be conveniently
interfaced to the same small unit, containing all the electronics,
near the center of the suitcase. To measure the radiation
patterns, the antennas are connected to a network analyzer via
a dedicated interposer PCB, interfacing to the planar printed
transmission lines via goldfinger contacts.

The measurement results in Fig. 7 display both co-polar and
cross-polar radiation patterns. The radiation patterns can only

be scanned over the frontal hemisphere of the antenna. The
reason for this is that because the suitcase is so large, it can
only be attached to the heavy rotating arm, which is normally
used for a horn antenna. Using this arm, as seen in the picture,
we suffer from shadowing by the rotary system’s construction
if we rotate the arm too far. However, due to the nature of
the antennas, which are single-layer designs, the radiation
pattern is practically symmetrical. The metallic structures of
each antenna act as either a reflector or director for the other,
tilting the radiation patterns away from § = (0° as can be
observed for the monopole in the xz-plane and for the patch
antenna in the yz-plane. Additionally, radiation by the feedline
for the monopole causes asymmetry in its radiation pattern
in the yz-plane. The monopole’s frontal hemisphere 3 dB
beamwidth equals 87° in the xz-plane, with a maximum gain
of 2.8 dBi. For the patch antenna, the beamwidth is 114°, with
a maximum gain of 1.5 dBi in the xz-plane. Significant cross-
polarized components are also present, due to the bending of
the antennas along the curved surface of the suitcase shell.

V. CONCLUSION

A dual-band antenna system was seamlessly integrated into
a suitcase shell, by means of overmolding a printed monopole
and patch antenna in its injection molding manufacturing
process. The overmolding caused a downward shift in the res-
onance frequency of the antennas, due to the higher dielectric
permittivity of the polymer added by this process. This effect
was taken into account during the design of the monopole and
patch antenna in CST Microwave Studio, by precompensating
for the resonance frequency shift. Return loss measurements of
the overmolded antennas correspond well to the performance
predicted by the simulations. The 895 MHz monopole and
2.45 GHz patch antennas were printed together on a single
polypropylene sheet, interconnected by printed planar trans-
mission lines. The radiation patterns of the complete suitcase
shell with fully integrated antennas and transmission lines
were measured in an anechoic chamber. The maximum gains
of the monopole and patch antennas were 2.8 dBi and 1.5 dBi,
respectively. The frontal hemisphere beamwidths equal 87°
and 104° in the xz-plane, respectively. This antenna system
is part of a traceable suitcase relying on Sigfox and WiFi,
achieving a new level of antenna integration into smart objects.
Owing to the overmolding process, the antennas are not only
seamlessly integrated, but also mechanically protected by the
suitcase material which fully covers them on both sides.
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Fig. 7. Radiation patterns of the antennas integrated into the suitcase.
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