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Abstract- The development of smart communications
technologies brings new capabilities to the packaging industry,
notably enhancing traceability within logistical operations. Radio
Frequency IDentification (RFID) technologies hold significant
promise in this regard but also pose challenges due to their
expense and issues concerning recycling. Chipless RFID
technology emerges as an alternative by eliminating the need for
encoded chips and improving sustainability. This work
introduces a chipless RFID system featuring an affordable
reader designed for integration into packaging applications
utilizing paper substrates. In this sense, 2-D geometrical patterns
printed with conductive ink on paper-based substrates are
analyzed, comparing them with printed circuit boards employing
FR-4 substrate. The reader is developed utilizing conventional
software-defined radio (SDR) platforms within the 0-6 GHz and
0-12 GHz frequency ranges, avoiding the use of a vector network
analyzer (VNA) equipment.

I.  INTRODUCTION

As a result of the expansion of 10T for the development of
connected and efficient systems, the field of RFID technology
is growing globally as a solution to increase stock traceability
as well as document security. However, the use of RFID
presents disadvantages regarding the cost associated with
using a chip per product, which is later discarded, causing an
impact on the ecological footprint [1]. In this sense, efforts are
being made to migrate to chipless RFID solutions, which will
allow printing tags on product packaging, significantly
reducing costs and the ecological footprint. However, this
requires addressing the efficient design of this technology on
materials such as paper. This could represent a market-level
strategy that could benefit various sectors, particularly the
packaging industry by applying traceability throughout the
product's lifecycle. Most of the literature focuses on RFID
technology applied to active and passive sensors, as well as
chipless sensor systems [2]. Chipless RFID applications aim
to monitor various domains such as cold chain management,
structural health using crack sensors, temperature ranges, and
conformability on non-flat surfaces for packaging [3]. One
alternative for integrating a new chipless RFID technology
into packaging involves functional printing using conductive
inks, potentially reducing tag costs by up to tenfold when
directly printed onto items. Reference [4] presents chipless
RFID tags utilizing ink on Roger's substrate with a bandwidth

of 3 GHz. Some works also explore printing on flexible paper
substrates, such as [5], demonstrating chipless and flexible
RFID tags based on the Arabic alphabet. In [6], programmable
chipless organic RFID tags consisting of 20 bits are developed
using inkjet printing on paper substrates. In this regard, this
work presents the implementation of 2D structures that offer
spectral signatures similar to transmissive or reflective
metasurfaces for a chipless RFID system. The novelty is given
by employing printing techniques to create these structures on
paper substrates using conductive inks rather than entirely
focusing on chipless RFID systems, a well-explored topic in
literature, as previously seen [7]. Additionally, a portable,
low-cost, and smaller-sized reader has been developed in
comparison with the typical VNA equipment, pursuing
optimization within the packaging sector. This reader is based
on the software-defined radio (SDR) platform, operating
within a frequency range of 0-12 GHz.

Il. DESIGN AND PRINTING OF CHIPLESS TAGS

The main goal of these work is to develop a chipless RFID
system, consisting of tags printed on paper substrates for
traceability applications in the packaging industry. Using a
portable reader, the S;,; parameter of the tag is read, enabling
the acquisition of encoded information within the designed
pattern. This assigns a '0" if no resonance is detected or a '1' if
resonance is present within a defined frequency range [8]. The
total number of bits depends on the tag's design and the
defined frequency range for each bit. It is determined by the
number of resonances provided by each designed pattern and
the frequency range needed to distinguish between '1' or '0". In
this sense, CST Suite Studio software has been employed to
design the chipless tags using the unit cell methodology,
where the unit cell is replicated to infinity for a frequency
range from 0 to 12 GHz. Through these full-wave EM
simulations, estimations of responses and, therefore, the
encoded bits of tag patterns are obtained. Multiple structures
have been designed, resulting in distinct frequency responses,
all printed using conductive ink for subsequent analysis. To
address the design of these structures, several patterns based
on canonic shapes, including rings, circles, crosses, patches,
squares, hexagons, heptagons, and combinations of them,
have been considered and simulated. Additionally,



modifications have been introduced to these shapes, such as
altering track width, the distance between tracks or creating
cuts and connections between the tracks. Simulations have
been conducted using conductive ink (OCAGO001 from
Mateprincs) on paper substrate and with copper on FR-4
substrate, which, is widely used in manufacturing due to its
lower cost compared to other substrates with better
performance. All these combinations aim to compare the
response between rigid and flexible substrates, as well as the
behavior of the conductive inks. Fig. 1 shows some of the
designed tags featuring patterns based on canonic shapes and
their modifications. Concerning designs using copper cell
configurations with circular ring and patch shapes exhibit
responses with numerous resonances. Specifically for circular
rings, deeper resonances are achieved, which is interesting, as
the application of conductive ink will reduce the resonance
depth, making the detection difficult. Square rings and crosses,
however, provide worse results. Fig. 2 illustrates the estimated
response of the S;; parameter for a pattern featuring ten
circular rings with very narrow track width. One of the
conclusions from simulations on the analyzed unit cells
(circular ring and patch, square ring, and crosses) is that
circular ring designs, besides presenting the mentioned
benefits, exhibit an increase in the number of resonances as
the number of rings increases. This potentially offers the
opportunity to encode more bits in the tag. In this sense,
hexagonal unit cells have been proposed, consisting of a
central patch and several concentric rings around it, as
depicted in Fig. 3. These structures combine the properties of
both patch and ring cells, which upon applying conductive ink,
will increase the overall conductivity, hence expecting an
enhancement in resonance detection.
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Fig. 2. S;, parameters for a unit cell tag.

Moreover, especially with the hexagonal cell, it allows for
more efficient utilization of the printed surface. It is important
to note that the simulation results presented are for the unit cell
to approximate the response, reducing the computational cost.
However, to compare estimations with the actual patterns of

printed tags, finite structures have also been considered in
simulation, as discussed later.

Regarding the printing of tags, the OCAGO001 conductive
ink from Mateprincs has been selected for the initial printed
patternsas it is an offset lithography ink for paper applications.
Relevantly, it has been achieved to make it conductive within
the resistivity range of 500—-600 pnQ-cm after curing it in an
oven at 130°C. Modifications have been applied to improve
viscosity to below 90 Pas (avoiding mechanical issues), with
a target density of 3.5 kg/dm?® and achieving resistivity values
within the range of 250-300 uQ-cm (half of what has been
observed in the initial tests). In this context, after multiple tests
involving different ink formulations, pretreatments, varnishes,
and the use of powders and rubbers, overcoming issues related
to insufficient conductivity or low substrate adhesion, printing
ink and process have been achieved that not only exhibit half
the resistivity but several times less resistive than initially
anticipated. These results are highly significant, as no
comparable findings have been found in scientific studies.
Achieving an equivalent performance to copper on FR-4
substrate (which is much thicker than paper) with tags based
on conductive inks on a paper substrate is novel. Moreover,
this milestone has been reached using a conventional offset
printing machine without the need for subsequent curing
processes. Additionally, a printing technique (Cold Foil) has
been integrated with the aforementioned process, enabling the
printing of a conductive surface over the ink. This
combination forms the entire ink printing development, a
novel functional printing technique that avoids the
requirement for additional curing processes.

Fig. 3. Examples of printed patterns.

I1l. SYSTEM DESIGN AND VALIDATION

A. Reader development

In order to characterize the printed tags, a measurement
setup has been designed to acquire the S;; parameter of the
frequency response. The setup emulates the operation of the
Scalar Network Analyzer (SNA), which focuses on the
magnitude measurements. Consequently, this setup, similar to
the SNA, operates as the VNA but without the need for high-
performance hardware due to the portability and low-cost
requisites of the developed reader, as previously mentioned.
The design and implementation of the reader is based on the
SDR platform, offering a real-time behavior for a specific
application, and enabling hardware and software architecture
configurations. This low-cost and flexible platform allows
different applications, including dielectric  property
measurements in materials and microwave transmission
measurements in medicine. The SDR uses the bladeRF 2.0 [9]
micro xA4, operating in the 0.047-6 GHz range with a
sampling frequency of 61.44 MHz. It provides MIMO 2x2



transmission and incorporates the high-performance fully
integrated RF transceiver Analog Devices AD9361. The
MIMO 2x2 configuration simplifies the design of the SNA by
processing both the reference signal and the response with the
same oscillator. Concerning the software aspect, device
control and response processing have been conducted using
the free GNU-Radio software. This software consists of a set
of open-source development tools offering signal processing
blocks for implementing software-defined radio, subsequently
converted into Python language code.

As mentioned before, the tags have been designed for an
operational range of 0—12 GHz (to assess performance beyond
6 GHz), hence the reader should cover the same bandwidth. In
this regard, two readers have been explored: one from 80 MHz
to 12 GHz and the other up to 6 GHz. These bandwidths aim
to detect the maximum resonances possible for encoding tag
bits. As the SDR operates only up to 6 GHz, the reader for 12
GHz needs a system design with an external local oscillator at
6 GHz for up-conversion during transmission and down-
conversion during reception. Fig. 4a presents the complete
measurement setup for the tag and reader. Instead of being
placed in an anechoic chamber, it has been positioned in a
laboratory environment to perform measurements in a more
realistic and electromagnetically complex condition similar to
warehouse scenarios for traceability applications. Fig. 4b
presents the detailed implementation of the reader with the up
and down converter stages. However, a reader design of up to
6 GHz has been chosen to implement a low-cost and reduced-
size portable reader, which is much simpler and employs a
single bladeRF SDR, eliminating the need for conversion
stages or mixers. Therefore, the 6 GHz reader selection is
based on the size and cost (1,400.0 € compared to 5,500.0 €
for the 12 GHz reader or the 10,000.0 € that a commercial
VNA may cost). As a result, a portable, compact-sized, low-
cost, and broadband reader (up to 6 GHz) has been achieved
for analysis and validation against a commercial VNA,
specifically the Keysight HP 8753D model. The implemented
reader's objective is to detect resonances in the chipless tag
pattern by measuring the S;, parameter, thus not requiring
high precision. Fig. 5 presents measurements conducted by
both the implemented reader and the VNA, defining encoded
bits within frequency ranges of 0.5 GHz (following the
previously explained bit definition). Both the reader and the
VNA can detect resonances, enabling potential bit encoding,
with a relatively good similarity between them. As the antenna
and directional coupler do not operate up to nearly 1 GHz,
resonances in this range have not been considered. These
results are highly relevant as they validate the design and
implementation of the low-cost reader.

B. Comparison with FR-4 samples

In order to continue the validation of the chipless system,
tags have been manufactured on FR-4 substrate (with a
permittivity of 4.3 and a thickness of 1.5 mm) to compare them
against simulations and tags on paper substrate. In Fig. 6,
measurements with the VNA, the SDR reader and simulations
are compared for the concentric circles (CC) tag on FR-4
substrate. As previously mentioned, the curves from the VNA
and the reader are highly similar, in contrast to the simulation
results. This discrepancy emerges because the measurements
have been carried out in a laboratory environment, whereas the
simulations have been designed in the simulation environment

containing only the antenna and the tag, without any
surrounding obstacles that ultimately influence the signal
response in the measurements. Despite this, the resonances
match for the three curves, which is important for detecting
whether it representsa '1' or '0".
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Fig. 4. Reader for 12 GHz: (a) Measurement setup; (b) Detailed view of
conversion stages.
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Fig. 5. S;, comparison between the VNA and developed reader: (a) No
sample; (b) CC array sample; (c) Hexagons array sample; (d) Single CC
sample; and (e) Single hexagons sample.
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C. Validation

Finally, measurements of tags on FR-4 substrate have been
compared against tags printed with conductive ink on paper
substrate. Additionally, four different patterns and two
printing processes have been evaluated for cured tags and tags
without cure. Fig. 7 shows the comparison for different tags,
where the orange curve represents the tags without cure on the
paper substrate while the blue curve represents the tags
without cure on the FR-4 substrate. In Fig. 8, the printed tags
have passed through a curing process. For both figures
obtained at a 0 mm distance between the tag and the antenna
and for all pattern configurations, the printed tags closely
match the curves of the FR-4 substrate.
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Fig. 7. S;; comparison between FR4 samples and printed samples with no

curation: (a) CC array sample; (b) Hexagons array sample; (c) Single CC
sample; (d) Single hexagons sample.
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Fig. 8. S;; comparison between FR4 samples and printed samples with
curation: (a) CC array sample; (b) Hexagons array sample; (c) Single CC
sample; (d) Single hexagon sample.

Regarding to the reading distance at which measurements
have been taken, in real testing scenarios, a greater distance is
expected, significantly affecting the response (high
propagation losses). This is why Fig. 9 shows a comparison at
different distances between the antenna and the tag (0 mm and
200 mm) for the hexagon pattern configuration and a single
hexagon configuration on FR-4 substrate. In this case, the blue
curve represents results obtained with the implemented SDR
reader, while the orange curve depicts those with the
commercial VNA. The results in Fig. 9b indicate that, at 200
mm distance, the SDR reader follows the trend of the VNA
curve but cannot accurately detect the resonances. However,

at the same distance, for the hexagon pattern configuration
(Fig. 9d), the SDR reader successfully detects resonances
similar to those by the VNA, owing to a larger reflection
surface.

. VB-SF poll rate=10 Muestras=5321 bo-S11-HU-Patron-0d8-0 15 V6-SF.pollrate=10.Muestras=5921.bo-S11-HU-Patron-048-200

V6-SF.poll rate=10.
15 boyl refe10M

Fig. 9. S, for FR-4 Hexagons tag pattern at different reading distances: (a)

Single hexagons at Omm; (b) Single hexagons at 200mm; (c) Hexagons array
at Omm; (d) Hexagons array at 200mm.

IV. CONCLUSIONS

In conclusion, this work introduces 2D geometric patterns
using conductive ink on flexible paper substrates for chipless
RFID. This technology shows potential for integration into the
packaging industry, leading to lower costs, optimizing
traceability, and enhancing sustainability. The latter comes
due to the additive printing only using the material needed in
comparison to common manufacturing methods. Achieving a
printing system with conductive ink on paper comparable to
copper samples on FR-4 has been a significant milestone. In
addition, the results of the developed reader match up with
those of a commercial VNA.
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