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Abstract
In this paper, 3D-printed permittivity contrast microwave
encoders based on embedded and buried dielectric
inclusions are presented. The inclusions, made of a high,
or low, dielectric constant material as compared to the one
of the host substrate, are square shaped, so that they can
be easily detected by means of a dedicated reader based
on a permittivity sensor. By embedding the inclusions in
the host substrate during encoder fabrication, rather than
printing them on top of it, we avoid protuberances that
may jeopardize encoder robustness against mechanical
wearing (i.e., friction). Moreover, it is demonstrated that
encoder functionality is preserved by burying the
inclusions in the host substrate. By this means, the
inclusions are not visible, and this provides system
security for identification applications. The proposed
encoders are also useful for the measurement of linear
displacements and velocities.

1 Introduction
Recently, all-dielectric microwave encoders based on
chains of apertures made in a dielectric substrate have
been reported [1]. Encoder reading is based on the
permittivity contrast between the apertures and the host
substrate. Thus, by means of a dedicated reader based on
a sensor able to locally detect changes in the permittivity
of the surrounding medium, the apertures can be detected.
In [1, 2], a microstrip line loaded with a complementary
spiral resonator (CSR) [3] was used as sensitive element
of the reader. The reason is that, through encoder motion
over the reader (as required in a reading operation), the
frequency response of the CSR-loaded line experiences
significant changes when the apertures are located on top
of the CSR. Consequently, by feeding the line with a
harmonic (interrogation) signal conveniently tuned, an
amplitude modulated (AM) signal is generated at the
output port of the CSR-loaded line. The envelope function
of such signal contains the relevant information related to
the encoder, i.e., the identification (ID) code (provided
only a subset of apertures is present in the predefined
positions of the chain). If all the apertures are present, the
relative displacement and instantaneous velocity between
the reader and the encoder is given by the cumulative
number of peaks, or dips, in the envelope function, and by
the distance between adjacent peaks, or dips, respectively.
These all-dielectric encoders constitute a good alternative
to optical encoders [4]-[6] in applications where low-cost,
rather than encoder resolution, is the primary goal. It

should be also mentioned that all-dielectric encoders may
offer major levels of robustness under operation in harsh
environments (i.e., extreme temperatures, polluted
ambient, radiation, etc.).
Electromagnetic encoders based on chains of metallic
elements printed or etched on a dielectric substrate
(including plastic and paper substrates) have been also
recently reported [7]-[11]. Such encoders are very
competitive in terms of resolution and data density and
capacity (e.g., in [11], the functionality of 80-bit inkjetprinted electromagnetic encoders, or tags, implemented
on ordinary paper was demonstrated). However, such
encoders are more sensitive to wearing and aging effects
as compared to all-dielectric encoders. Particularly,
unexpected metal cuts caused, e.g., by mechanical
friction, can be interpreted by the reader as a variation of
the ID code (indeed, it was demonstrated in [10] that tag
programming by cutting the required printed elements of
the chain is possible).
In this paper, we report all-dielectric permittivity contrast
electromagnetic encoders, conceptually similar to those
reported in [1]. However, the encoders of this paper are
manufactured by a full 3D-printing process. Such process
allows for the implementation of dielectric inclusions (not
only apertures) either embedded or buried in the host
substrate. In both cases, the encoders are extremely robust
against mechanical wearing or aging. Moreover, the
encoders based on buried inclusions obscure the
identification by direct sight, thereby proving further
levels of confidence against copy or plagiarism.

2 The 3D-Printing Process and Materials
The encoders have been manufactured by means of the
Ultimaker 3 Extended 3D printer. This 3D-printer is based
on fused filament fabrication (FFF) technology, i.e., a 3Dprinting process that uses a continuous filament of a
thermoplastic material. The maximum resolution of this
3D-printer in x-, y-, and z-directions is 12.5 μm, 12.5 μm,
and 2.5 μm, respectively, which is enough for our
purposes. The considered filaments for encoder
fabrication are PLA Polylactic acid and RS Pro MTCopper. The use of such materials is justified by the
significant contrast of their respective dielectric constants.
Indeed, before the selection of such specific materials,
determination of their dielectric constants and loss
tangents was carried out. For that purpose, square samples
of 60 mm side length with a thickness of 1 mm were 3Dprinted with both types of filaments. Such dimensions are

(a)

(b)

i.e., the one with embedded inclusions. In these full 3Dprinted encoders, the low and high dielectric constant
filaments are applied to the inclusions and to the host
substrate, respectively.
As mentioned before, encoders with buried high dielectric
constant inclusions are also considered (picture is not
shown since the inclusions are not visible). In this case,
the thickness of the inclusions is 1 mm, whereas the
(estimated) thickness of the host substrate at both sides of
the inclusions is 0.1 mm (the side length of the square
inclusions is the one indicated in the caption of Fig. 1 for
the embedded inclusions).

4 Experimental Validation

Figure 1. Photograph of the sensitive part of the reader
(a) and encoder with embedded low dielectric constant
inclusions (b). The thickness of the encoders is 1 mm. The
thickness of the reader substrate is 1.52 mm and the
dielectric constant is εr = 3.55. Dimensions of the
sensitive part of the reader (in mm) are: W = 3.43, L = 10,
l1 = l2 = 2.80, and c = d = 0.20. Dimensions of the
embedded square dielectric inclusions (in mm) are: 2.8
mm side length and 2.4 mm separation.
those recommended in the datasheet of the resonant cavity
Agilent 85072A, used for the measurement of the
dielectric constant and loss tangent. For PLA Polylactic
acid the measured results were found to be εr = 3 and
tanδ = 0.010, whereas εr = 7.6 and tanδ = 0.015 were
obtained for RS Pro MT-Copper. The dielectric
permittivity contrast between both materials (defined as
the dielectric constants ratio) is not as good as the one
between vacuum (apertures) and the considered encoder
substrate in [1] (the Rogers RO4003C with εr = 3.55 and
tanδ = 0.0021). Nevertheless, it will be show next that
such combination of materials is adequate for the
implementation of the intended encoders, which will be
read by means of a reader identical the one reported in [1].

3 Reader and Encoder Design
The sensitive part of the reader is a microstrip line loaded
with a complementary spiral resonator (CSR), identical to
the one reported in [1]. The dimensions of the apertures in
the encoders reported in that paper were optimized for
encoder reading. Thus, in this paper, the same dimensions
for the dielectric inclusions, either embedded or buried,
will be considered. By this means, we do expect that the
encoders can be correctly read, despite the fact that the
dielectric contrast of the 3D-printing materials is not as
good as in [1]. Figure 1 shows the photograph of the
fabricated reader (implemented on the Rogers RO4003C
substrate by means of a LPKF-H100 milling machine), as
well as the photograph of one of the 3D-printed encoders,

Encoder reading has been carried out by means of the
experimental setup available in our laboratory, consisting
of a function generator (model Agilent E44338C), used
for the generation of the harmonic (interrogation) signal,
and an envelope detector (that provides the envelope
function). An isolator (based on the ATM ATc4-8
circulator) is cascaded between the envelope detector and
the output port of the sensing line, in order to avoid
reflections from the diode, a high nonlinear device. The
envelope detector is implemented by means of the Avago
HSMS-2860 diode and the active probe N2795A,
connected to an oscilloscope (model Agilent MSO-X3104A), where the envelope function is visualized.
Finally, encoder motion over the reader has been carried
out by means of a linear displacement system (model STM
23Q-3AN), which allows for an accurate control of the
encoder position in three dimensions, as well as encoder
velocity.

4.1 Encoders
based
Dielectric Inclusions

on

Embedded

We have considered two different 10-bit encoders with
embedded inclusions; one of them with all the inclusions
3D-printed at the predefined positions in the chain
(corresponding to the bit sequence ‘111…’); the other one
with the presence and absence of dielectric inclusions
alternating (corresponding to the ID code ‘1010…’).
Figure 2 depicts the measured envelope functions for both
encoders (their photographs are included as insets). From
these results, it can be concluded that the reader is able to
correctly provide the corresponding codes. Moreover, the
relative velocity between the encoder and the reader can
be inferred from the distance between adjacent peaks, or
dips, in the envelope function, provided a periodic
sequence of inclusions in the chain is considered. From
the graphs of Fig. 2, with peaks separated a time lapse of
1.0345 s and 0.5283 s, as indicated, the resulting
instantaneous velocities are found to be 1.005 cm/s and
0.984 cm/s, respectively, i.e, very close to the nominal
value (1 cm/s). The nominal air gap (or vertical distance
between the encoder and the reader) has been set to 0.1
mm.

size. This represents an advantage over traditional
chipless-RFID systems based on time domain
reflectometry [12]-[16] or based on the spectral signature
[17]-[21].
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Figure 2. Measured envelope functions for the 10-bit
encoders based on embedded inclusions depicted in the
inset, with ID codes ‘1010101010’ (a) and ‘1111111111’
(b).
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In conclusion, full 3D-printed electromagnetic encoders
based on permittivity contrast have been presented. These
encoders are implemented by means of chains of 3Dprinted low dielectric constant inclusions embedded or
buried in a host substrate with high dielectric constant,
also 3D-printed. For encoder reading, a dedicated reader
based on a CSR loaded microstrip line, fed by a harmonic
signal, has been used. Such resonant element is very
sensitive to permittivity changes in its surrounding
medium. Therefore, the CSR has been found to be a
convenient element to detect the presence of inclusions at
their predefined position. The presence of such inclusions
is revealed by peaks, or dips, in the envelope function of
the amplitude modulated (AM) signal generated by
encoder motion over the reader. Encoder reading has been
experimentally validated for both types of encoders. By
embedding and burying the inclusions in the host
substrate, the encoders are very robust against mechanical
friction. Moreover, the encoders based on buried
inclusions offer high levels of confidence against copying
or spying, as far as the inclusions are not visible.
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Figure 3. Measured envelope functions for the 10-bit
encoders based on buried inclusions, with ID codes
‘1010101010’ (a) and ‘1111111111’ (b).

4.2 Encoders based on Buried Dielectric
Inclusions
For the encoders with buried 3D-printed inclusions, we
have considered the same bit sequences. The measured
envelope functions are depicted in Fig. 3, where it can be
seen that the ID codes of these buried encoders are also
correctly predicted. Therefore, the functionality of alldielectric 3D-printed encoders with invisible (buried)
inclusions is demonstrated. Encoder manufacturing with
obscured bit sequence is an interesting aspect for chiplessRFID applications, as far as the ID code can only be
determined by a dedicated reader. Therefore, the system
provides a major level of confidence against copying,
spying, or plagiarism, as compared to other
identification/authentication
systems
that
use
electromagnetic encoders based on visible patterns
[1],[9]-[11], either implemented as dielectric or metallic
inclusions. Similar to electromagnetic encoders based on
metallic inclusions, the achievable number of bits of these
all-dielectric 3D-printed encoders is only limited by tag
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