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ABSTRACT: In this work, a radiofrequency identification (RFID) tag with an optical indicator for the measurement of gaseous
oxygen is described. It consists of an O, sensing membrane of PtOEP together with a full electronic system for RFID
communication, all printed on a flexible substrate. The membrane is excited by an LED at 385 nm wavelength and the intensity
of the luminescence generated is registered by means of a digital color detector. The output data corresponding to the red
coordinate of the RGB color space is directly related to the concentration of O,, and it is sent to a microcontroller. The RFID tag
is designed and implemented by screen printing on a flexible substrate for the wireless transmission of the measurement to a
remote reader. It can operate in both active and passive mode, obtaining the power supply from the electromagnetic waves of the
RFID reader or from a small battery, respectively. This system has been fully characterized and calibrated including temperature
drifts, showing a high-resolution performance that allows measurement of very low values of oxygen content. Therefore this
system is perfectly suitable for its use in modified atmosphere packaging where the oxygen concentration is reduced below 2%. As
the reading of the O, concentration inside the envelope is carried out with an external RFID reader using wireless
communication, there is no need for perforations for probes or wires, so the packaging remains completely closed. With the
presented device, a limit of detection of 40 ppm and a resolution as low as 0.1 ppm of O, can be reached with a low power

consumption of 3.55 mA.

he basis of the modern packaging technology surged in

the 19th century with the invention of canning by
Nicholas Appert and the later application of the food
microbiology principles established by Louis Pasteur to the
canning process.”> The main objective of packaging is the
protection and preservation of food and beverage from external
contamination. Food packaging can retard product deterio-
ration, retain the beneficial effects of processing, extend shelf
life, and maintain or increase the quality and safety of food. In
this way, packaging protects from three major external
influences: chemical, biological, and physical.> Beyond this
barrier function, there has been more research and develop-
ment in the recent years regarding the introduction of new
purposes to food packaging systems. Among these innovations,
significant new functional packaging systems include smart and
active packaging, modified atmosphere packaging (MAP), and
edible films/ coatings.4 Active packaging includes additives or
components that can participate in a host of packaging
applications and, by doing so, enhance the preservation
function of the primary packaging system. Intelligent or smart
packaging is packaging that somehow senses some properties of
the food it encloses or the environment in which it is kept and
is able to inform the manufacturer, retailer, and consumer of
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the state of these characteristics.” Intelligent packaging is an
extension of the communication function of traditional
packaging and communicates information to the consumer
based on its ability to sense, detect, or record external or
internal changes in the product’s environment. Basically, there
are two types of intelligent packaging: one based on measuring
the condition outside the package, the other directly measuring
the quality of the food product, i.e., inside the packaging. In the
latter case, there is direct contact with the food or with its
headspace and there is always the need for an indicative marker
of the quality and/or safety of the packed food. Examples
include time—temperature indicators (TTI), gas leakage
indicators, ripeness indicators, toxin indicators, biosensors,
and radio frequency identification.®

One of the most interesting parameter to be sensed in smart
packaging is the concentration of oxygen within the package,
since it is the main cause of food spoilage.” The presence of
oxygen facilitates processes such as promotion of microbial
growth, lipid oxidation, protein decomposition, and discolor-
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ation.® Therefore, it is common to seal the food in an ambient
atmosphere that is low in oxygen, usually in the 0.5—2% range’
or even less.'” Different types of oxygen sensors and indicators
for MAP have been reported in the literature, being the most
popular visual indicators."' ™" In this kind of indicators, a color
change is observed, in most cases, due to either an oxygen-
binding reaction, a redox reaction, or a light-activated redox
reaction.'>'* Apart from these colorimetric indicators,
luminescence-based sensors offer an alternative to a purely
visual response.>~"” This optical technique can be used for the
quantitative measurement of the O, concentration in a
nondestructive manner and has the advantage of addressing
misreading due to the sensitivity limitations of human eyesight.
Nevertheless, additional electronics is required, thus, increasing
the cost of the system.

Intelligent packaging is often combined to radio frequency
identification (RFID) tags. This technology uses tags affixed to
assets (cattle, containers, pallets, etc.) to transmit accurate, real-
time information to a user’s information system. RFID
technology has been available for approximately 40 years
although its broad application to packaging is a relatively recent
development.® In the literature, applications of RFID to the
control of perishable foods'® and multigas detection have been
reported.'”*

In previous work, the authors presented portable instru-
mentation for the determination of gaseous oxygen based on
the quenching of the well-known O, luminophore platinum
octaethylporphyrin (PtOEP).*"** The use of photodiodes
coated with a stabilized polystyrene membrane containing
PtOEP makes it possible to sense O, using an analytical
parameter similar to lifetime**** and also the intensity of the
luminescence in a stationary excitation state which is quantified
by a color measurement.>®

Here, this luminophore is used to create a tag for smart
packaging oriented to the monitoring of oxygen in a modified
atmosphere. An O, sensitive membrane of PtOEP is printed in
the inner surface of a flexible polymeric substrate, polyethylene
naphthalate (PEN), which acts as the package envelope. The
measurement system is printed on the outer surface. It consists
of the excitation and reading electronics compounded with a
light-emitting diode (LED), a color detector, and a radio
frequency identification (RFID) tag which allows a wireless
transmission of the measurement. This is a high-resolution,
long-life system for the determination of the oxygen
concentration which allows users (producer, distributor, seller,
or consumer) to monitor the content of O, inside the package
with a simple RFID reader using a standard communication
protocol.

B EXPERIMENTAL SECTION

Reagents and Materials. The chemicals used were as
follows: platinum octaethylporphyrin complex (PtOEP, Por-
phyrin Products Inc, Logan, UT), 14-diazabicyclo[2.2.2]
octane (DABCO, 98%), tetrahydrofuran (THF) and poly-
styrene (PS, average MW 280 000; Tg, 100 °C; GPC grade).
All three supplied by Sigma—Aldrich Quimica S.A. (Madrid,
Spain). The gases O, and N, (>99%) were supplied in gas
cylinders by Air Liquide S.A. (Madrid, Spain).

A 120 Nylon threads per centimeter (T/cm) mesh were used
to manufacture the screen printed patterns. The tags were
printed with SunTronic CRSN 2442 silver ink (Sun Chemical,
Parsippany, NJ) and consisted of one printed layer with a Serfix

III screen printing machine (Seglevint SL, Barcelona, Spain).
Finally the curing process took place at 120 °C for 5 min.

The chosen substrate was 125 um thick polyethylene
naphthalate (PEN, Kaladex PEN Film, Dupont Teijin Films,
Japan). The film must present a high transparency to visible
light due to application requirements. Polyethylene tereph-
thalate (PET) is widely used in packaging applications, so it was
considered in the first place. PEN polyester is chemically quite
similar to PET but is more temperature resistant and certified
for long-term electrical use. Although both materials have a
high optical transmission (>85%) in the visible spectrum, PEN
was finally selected because of its better adherence. It is,
however, more expensive and has worse bending properties.

A two-step process was developed to do the transfer of chips.
First a conductive-adhesive resin, H20E (Epoxy Technology
Inc,, Billerica, MA), was used to make the interconnections
between integrated circuits and printed silver pad. A double
layer SO um-thick dry adhesive, AR Clear 8932 (Adhesives
Research, Inc. Glen Rock, PA), was placed on the bottom part
of the chips to fix them to the substrate. The last step was
heating up in an oven at 120 °C for 20 min to cure the
conductive resin. Furthermore, the dry film adhesion improved
with temperature, so the heat treatment served also to better fix
the chips to the substrate.

Instruments and Software. For the electrical character-
ization of the system, the following instrumentation was used: a
mixed signal oscilloscope (MSO4101, Tektronix, Beaverton,
OR), an 81/2-bit Digital Multimeter 3158A (Agilent
Technologies, Santa Clara, CA), a 15 MHz waveform generator
33120A (Agilent Technologies, Santa Clara, CA), an ES071C
network analyzer, a N4431A kit (Agilent Technologies, Santa
Clara, CA), a Precision Impedance Analyzer 4294A and an
impedance probe kit (4294A1) (Agilent Technologies, Santa
Clara, CA), a dc power supply E3630A (Agilent Technologies,
Santa Clara, CA) and a RFID reader TRF7960 (Texas
Instruments, Dallas, TX), and a balance DV215CD (Ohaus
Co., Pine Brook, NJ). A user interface made in Visual Basic was
used in a computer for calibration purposes. The standard
mixtures for instrument calibration and characterization were
prepared using N, as the inert gas by controlling the flow rates
of the different high purity gases O, and N,, entering a mixing
chamber using a computer-controlled mass flow controller (Air
Liquid Espafia S.A., Madrid, Spain) operating at a total pressure
of 760 Torr and a flow rate of 500 cm® min™.

A thermostatic chamber, with a lateral hole for the
connection to a computer and gas tubing entrance, made it
possible to maintain a controlled temperature between —50 °C
and +50 °C with an accuracy of +0.1 °C for thermal
characterization of the tag.

Advanced Design Simulator (ADS, Agilent Technologies,
Santa Clara, CA), a software based on the momentum method,
was for simulating the electrical behavior of the printed
antennas, including the surface roughness and the substrate
influence on the rf performance.

Membrane Preparation. The cocktail for the preparation
of the oxygen-sensitive membrane were made by dissolving 0.5
mg of PtOEP and 12 mg of DABCO in 1 mL of a solution of
5% (w/v) of PS in freshly distilled THF. The sensitive
membrane was cast by placing a volume of 10 L of the cocktail
on a flexible substrate using the spin-coating technique under
ambient atmospheric conditions. After the deposition of the
sensing membranes, the substrate containing them was left to
dry in darkness in a THF atmosphere for 1 h. The obtained
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membranes were homogeneous, transparent, and pink colored.
The sensing membranes containing PtOEP in PS are
recommended to be cured in darkness for 9 days before their
use.”® When they are not in use, they must be kept in darkness
to extend their lifetime.

Description of the System. The monitoring system for
intelligent packaging presented here determines the concen-
tration of gaseous O, by means of the measurement of the
intensity of the luminescent emission generated in the
membrane which is quenched by O,. Classically, the scheme
for the intensity measurement consists of a photodetector such
a photodiode that generates a current proportional to the
incident light. Nevertheless, it is possible to substitute this kind
of photodetectors by color detectors, whose output is a signal
proportional to the color of the incident light and the intensity
of this color.”” This strategy for the quantification of light
intensity has proven to be highly sensitive and allows discarding
external interferences.”>*®*?° Therefore, here it is used instead
of the classical light measurement through photodiodes.

The emission spectrum of the oxygen sensitive membrane
presents a peak at a wavelength of 645 nm. That means that
this luminophore generates a red luminescence when it is
optically excited. Thus, a measurement of the intensity of a
luminescence can be carried out by the color detector, since the
reading of the red (R) coordinate includes this intensity
measurement. For this reason, the color data obtained from the
digital detector are processed here in the RGB color space
rather than other spaces. In addition, the color detector used in
this work provides the color reading directly in this space as R,
G, and B components, avoiding further processing and
transformation between color spaces.

The system can be considered to be formed by two blocks:
the sensing module, which excites the oxygen sensitive
membrane and detects the luminescence, and the transmitting
module formed by a RFID tag for the remote reading of the
measurement.

Sensing Module. The sensing module is schematized in
Figure 1. This block is formed by the excitation and detection
electronics together with the oxygen sensing membrane.

UV LED Color detector
Flexible substrate —— ,—[-]1

~——— YV LI ——

Luminophore f \

Excitation radiation Luminescence
(385 nm) (645nm)

Figure 1. Side view of the sensing module.

The optical excitation of the membrane is carried out using a
surface-mount LED (OCU-400UE390, OSA Opto Light,
Berlin, Germany) with peak emission at 385 nm. The
luminescence generated by the luminophore when it is optically
excited is dynamically quenched by oxygen, thus causing
changes both in phosphorescence intensity and lifetime.**~>* In
this case, luminescence intensity is selected to be related to the
concentration of the surrounding gaseous oxygen. This
emission is registered by means of a color detector model
$9706 (Hamamatsu Photonics, Japan). This device is a digital
color sensor sensitive to red (/lp = 615 nm, the wavelength of
maximal sensitivity), green (/1}, = 540 nm), and blue (/1}, = 465

nm) spectral regions, which makes possible the simultaneous
measurement of RGB color coordinates. The detected light is
coded by the digital detector into 36-bit words, which make it
possible to connect directly the sensors to the microcontroller.
To enable measurement over a wide range of illuminants, the
§9706 detector has two configuration parameters to select its
active area and integration time. Internally, the active area of
each detector (with dimensions of 1.2 mm X 1.2 mm) consists
of 9 X 9 silicon photodiode elements in a mosaic, alternating
red, blue, and green sensitivity, and it can be configured in a
high sensitivity mode, where the full area collects the incident
light, or in a low sensitivity mode, where a 3 X 3 center area is
chosen to be active. In this work, a high sensitivity mode was
always chosen to cover a wide membrane surface. The
integration time can be modified by software, and it determines
the temporal window in which the detector is collecting the
incident light. The response time and resolution of the system
are depending on this parameter, as it will be explained below.

Although simultaneous reading of the RGB components in
the incident light is provided, only the red and blue coordinates
are considered in this case, with the green value irrelevant.
When the system is optically isolated to avoid external light
interference, the R value corresponds exclusively to the
luminescence generated by the PtOEP complex and its value
depends on the intensity of this emission and, therefore, on the
0, concentration.”>*” The B value of the reading is related to
the visible emission of the LED, and it is used as a reference
signal to correct fluctuations in the source illumination.*

As it can be seen in Figure 1, the layout of these components
is as follows: the luminophore is deposited on the inner surface
of flexible substrate (PEN). In this way, this is the only element
of the system that is placed inside the package, whereas the full
electronics is printed on the outer side of the substrate. The
LED for the optical excitation as well as the color detector are
placed very close to one another and directly facing the
membrane from the external side of the substrate. Although in
the literature similar dispositions of the sensing elements are
reported, it is common to manipulate the substrate in an effort
to make a waveguide to transport the excitation and response
emissions.>* ™ It inevitably implies optical losses in the
propagation of the light.** In order to avoid these losses, in
this work the package surface is treated merely as a substrate for
the system, and both the exciting emission as the response
luminescence travel directly from the LED to the membrane
and from the membrane to the color detector, as depicted in
Figure 1.

Both the LED and the S9706 detector are connected directly
to a microcontroller model PIC18F46J5S0 (Microchip Tech-
nology Inc., Chandler, AZ) which has been selected because of
its low power consumption (nanoWatt XLP Technology). In
order to avoid thermal drifts, the LED is biased in a pulsed
mode by the microcontroller, which introduces a pulse train of
a high frequency (500 kHz) and 3.3 V between its terminals.
This biasing configuration eliminates the use of a current source
in the design, thus simplifying the system, as it will be explained
below.

RFID Module. The block diagram of the proposed RFID tag
is presented in Figure 2. It is a microcontroller-based system
designed for a wireless transmission of the oxygen concen-
tration within the package.

This scheme is aimed to transmit the measured data using
the protocol ISO15693 which operates in the high frequency
(HF) band (13.56 MHz) and has a maximum reading distance
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Figure 2. Block diagram of the developed RFID tag. Black connections represent data lines, red connections are principal power lines, and blue

connections are secondary power lines.
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Figure 3. Photograph of the system: the sensing module has been uncovered to show its structure.

about 1—1.5 m for active RFID tags.”” The objective is to print
the designed antenna and all the electronics on a flexible
substrate which makes the package.

The SL13A (IDS Microchip AG, Wollerau, Switzerland) has
been selected as the RFID chip. This device includes, apart
from the rf interface, an on-chip 8k bit EEPROM and an on-
chip temperature sensor. In rf mode, using the ISO15693
protocol, the RFID chip is accessed via a 13.56 MHz
electromagnetic carrier wave on which incoming data are
demodulated from the received amplitude modulated signal.
Apart from the rf interface, this chip works with the SPI
interface, which allows access to its EEPROM memory and
temperature data through the microcontroller. In this regard, it
is possible to store data on the RFID chip memory that could
be read out easily by a commercial RFID reader. In addition,
the IDS-SL13A is supplied from either the battery or through
the 1f field from a reader, making it possible to operate in
passive or active mode. The chip has an internal regulator
capable of providing a voltage output of 3.4 V and a maximum
current of 4 mA for the rest of the circuitry when it is supplied
from the reader. Therefore, it is possible to configure the
system as a passive tag that only measures the oxygen when the
user requires a reading, with no need of additional power
supplying (blue powering lines in Figure 2). Nevertheless, in
this work a battery is included to give the option of a periodic
oxygen measurement and data storing when the external RFID
reader is not present (red lines in Figure 2). In this second
operation mode, the measured values of oxygen and temper-
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ature including a timestamp in UTC format are stored on the
system memory. Furthermore, the system can be configured to
store the information only when the acquired data is out of
threshold values by setting the highest and lowest values of
oxygen detection.

The antenna is a custom-designed screen printed inductor.
This kind of coils has been reported in the recent literature,>>*’
and it has been selected here due to its flexibility which makes it
proper to be implemented on an intelligent package. The RFID
chip has a capacitance of about 25 pF at the frequency of
interest. Resonance occurs when w, = 1/ \/ (LC), thus a value
of 5.5 uH for the coil antenna must be achieved to resonate at
the desired frequency without including external capacitances.
The start point to design and optimize the HF coil antennas
has been extracted from the Wheeler model which presents
simple expressions for planar inductance calculation.*® Next,
ADS software has been used to simulate the inductors in order
to find the appropriate dimensions for the specific inductance at
13.56 MHz, using the simulator capabilities to optimize the
final design through the maximization of the quality factor
keeping the desired value of inductance on reasonable interval
values. Using the 120 (T/cm) screen printing mesh on the
PEN substrate, the obtained resistivity for SunTronic CRSN
2442 paste ink is around 40 p€Q cm, whereas the obtained
thickness is 13.37 ym.*' All these parameters have been taken
into account in simulation. The printed coil inductor is finally
designed with seven turns and dimensions of 75 mm X 45 mm.
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The width of the conductor and the interspacing between the
lines are each 600 pm.

A polymer lithium-ion battery PGEBO1 (General Electronics
Co, Shenzhen, P.R. China) has been used to power on the tag
when it is used in active mode. This is a rechargeable battery of
3.7 V and a charge of 40 mAh. A HF band commercial reader,
TRF7690EVM (Texas Instrument Inc.) fully compatible with
ISO15693 protocol, has been used to test the developed RFID
tag. A Visual Basic application (Microsotf Corp., Redmond,
WA) has been developed to configure and read out the
manufactured RFID tag.

B RESULTS AND DISCUSSION

Figure 3 presents a photography of the full system, where all
the components described in the previous section are marked.
It is to be noted that the sensing block must be darkened in
order to avoid external light interference. This can be done by
covering the sensing module with adhesive black insulating tape
or attaching a black coating layer on the inner surface of the
substrate, leaving a small aperture where the LED and the color
detector are placed.

As explained above, the luminophore is excited with a
radiation of 385 nm generated using an UV LED. This
corresponds to one of the absorption peaks of the PtOEP
complex, with the other at 537 nm wavelength which has been
used in other works.*”** Nevertheless, in those previous cases
the measurement of the gaseous oxygen was based on the
lifetime of the luminescence generated in the sensing
membrane. In this work, a relationship between the oxygen
concentration and luminescence intensity is searched, and this
intensity is quantified by means of a digital color detector. For
that reason, an excitation in the UV range is selected in order to
avoid environmental light interferences in the light detection.”®

System Calibration. The detection of the light intensity is
carried out after the membrane is excited by the UV radiation
emitted by the LED. In previous work, this LED was biased
using a custom-designed current source that lead the LED to a
steady state in which it drove a fixed current. In this state, the
precise moment to take the measurement became critical, since
the excitation with the UV radiation produces an increase in the
temperature over time that affects the intensity of the emitted
luminescence.*® To overcome this situation, in this work the
LED is directly biased through the microcontroller, which
introduces a voltage pulse train between the terminals of the
LED of 3.3 V high and 500 kHz. In consequence, the current
source is not necessary and the number of components in the
electronics and, thus, the consumption of the systems are
reduced. The high frequency in the biasing of the LED implies
a period of alternating between on and off states for the LED of
2 ps, much lower than the response time of the luminophore
which is in the range of hundreds of microseconds.*” Therefore,
the sensing membrane is not affected by this LED
commutation, and thermal drifts are minimized. In addition,
the integration time of the color detector S9706 varies in the
range of hundreds of milliseconds, as will be explained below;
in this period of time the detector is collecting incident light,
and variations of the luminescence due to the LED
commutation are minimized by the integration of the total
incident light in this period. In this situation, the light
measurement can be carried out at any moment after the
LED is polarized. However, a small delay of 0.5 s is elapsed
before the measurement in order to get a stabilized state of the
LED. Moreover, fluctuations of the emitted radiation of the

LED can appear if the power line of the microcontroller is not
completely stable. These fluctuations can introduce variations
in the membrane response with deeper effects than those due
to the LED commutation. In order to correct this effect, the R
coordinate given by the color detector is normalized by the B
coordinate, whose value corresponds to the LED radiation
captured by the color detector. Consequently, the oxygen
concentration is related to the ratio R/B, being R and B the
values of the red and blue coordinates given by the color
detector $9706.%

The relationship between oxygen concentration and the
value of the R/B coeflicient is shown in Figure 4a, where the
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Figure 4. (a) Response curve and (b) calibration curve of the oxygen
RFID tag (21 °C). Average error is 6 X 107*(a) and 3 X 1073(b).

response curve of the system in the full range 0—100% O, is
presented. These data include six replicas at room temperature
(21 °C) and the integration time of the color detector was set
to 200 ms. Although error bars are included in this figure (and
following ones), they are too small to be appreciated.

As it can be seen, the intensity of the luminescence decreases
with the oxygen concentration. The response curve in Figure 4a
can be fitted to a Freundlich isotherm for luminescence which
models a nonlinear Stern—Volmer behavior and can be
represented in the simplest form as*

(ﬁ) —1=al0,)

I (1)

where I is the intensity of the emitted luminescence, I, the
intensity in the absence of oxygen, and a and f are fitting
parameters. The fitting curve for the response of the sensor is
presented in Figure 4b, for which a = 0.30 and f = 0.7635
(correlation factor r* = 0.995).
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The parameters Ry and Ry, denote the ratios R/B and R,/B,,
respectively, which correspond to the measurement of the
intensity of the luminescence in the presence and absence of
oxygen, as explained above.

The technical specifications of the system, such as resolution
and response time, depend directly on the integration time
selected for the measurement. This parameter establishes the
period of time in which the color detector is collecting the
incident light. It is evident that the output data of the detector
is higher if this time is longer, resulting in better characteristics
of the system. In Figure 5, several response curves of the
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Figure S. Response curves for different integration times.

sensitive membrane, corresponding to different integration
times, are depicted. As it can be seen, the higher the integration
time, the broader the range of the R coordinate, which implies a
better resolution, as it will be exposed in the following figure.

The theoretical resolution of this system can be derived from
the fitting curve of eq 1 by taking derivatives in both sides,
approximating these derivatives to increments and reorganizing
the terms, so that the theoretical resolution is obtained as

1,-1\/#
L)
— Al
I-B(I - 1) 2
where Al is the error in the determination of the coefficient R/
B, which is given by

1 R
Al = —AR + —AB
R B

AO, =

©)

being AR = AB the maximum resolution in the measurement
of the light. This parameter is related to the resolution of the
color detector. Although it is not specified in the datasheet of
the S9706, it is common to take a reading error of +4 LSB
(least significant bit) for the internal analog to digital converter
in these devices. Therefore, taking into account that the
resolution of the color detector is 12 bits, the value for AR and
AB is 0.19%. From eqs 2 and 3, the results of resolution for the
different integration times in Figure S are calculated at several
oxygen concentrations and presented in Table 1. These data
confirm that better values of the resolution are achieved when
higher integration times are used, being the maximum
reachable without producing a saturation of the detector of

Table 1. Theoretical Resolution of the System in ppm at
Different O, Concentrations at Room Temperature (21 °C)

integration time (ms) 2% O, 10% O, 21% O,
100 0.6 3.0 7.7
200 0.3 1.5 3.8
300 0.2 1.0 2.6
400 0.2 0.8 1.9
500 0.1 0.6 1.5
600 0.1 0.5 1.3

0.1 ppm of O,. This value signiﬁcantly improves the resolution
obtained in previous works,”** where the resolution was 5000
and 500 ppm, respectively. These results demonstrate that
quantifying the intensity of the luminescence by a high-
resolution color detector is a good alternative to classical
measuring approaches where the intensity of the signal is
registered by simple photodetectors. The accuracy achieved
with the RFID tag depends on the oxygen concentration, being
0.01% and 0.08%, as the standard deviation (n = 5) at 2% and
21% of O,, respectively.

Another important technical parameter is the limit of
detection (LOD). This parameter was obtained using the
standard criteria: LOD = y, + 3s,, where y,, is the average blank
signal and s, is the standard deviation of the blank, which is
determined using at least 10 replicates. In this case, the LOD is
independent of the integration time and takes a value of 40
ppm of O,, which confirms that the system here presented is
suitable for smart packaging where the food are preserved at
very low oxygen concentrations.

Temperature Dependence. As discussed in previous
work, the temperature has a notable influence on the quenching
produced by the oxygen in the light emission of a
luminophore.**** Therefore, this effect has to be characterized
and corrected. With this aim, a study of the instrument
response for different temperatures was carried out. Figure 6
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Figure 6. Thermal dependence of the oxygen RFID tag.

represents the instrument response at different temperatures.
The curves were obtained using six replicates for each oxygen
concentration at a given temperature. As it can be seen, the
increase in the temperature reduces the intensity of the
luminescence generated by the membrane causing a lower red
signal. This effect was modeled introducing the thermal
dependence in the fitting parameters @ and f which can be
expressed as a polynomial function of the temperature in the
form @ = —=1.09 X 107°T° + 5.14 X 107*T* — 435 X 107°T +
0.198 (* = 0.981), f = 8.22 X 107°T3 — 3.85 X 107*T% + 3.39
X 107°T + 0.797 (* = 0.987) with T in degrees Celsius.
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As it has been exposed above, the RFID chip used in this
work has an on-chip temperature sensor which is able to obtain
temperature readings in the range —40 to 60 °C with an
accuracy of 0.5 °C. The 10 bits temperature value is obtained
from the RFID chip through an on-chip A/D converter which
uses a calibrated bandgap reference as a reference voltage.
Through this feature, it is possible to correct the measurement
of the oxygen including the previous modeling of the fitting
parameters a and f in the microcontroller.

Antenna Tag Characterization. The antenna character-
ization has been carried out by means of both simulation and
experimental analysis. The rf electrical characterization for the
fabricated coil inductors has been performed by measuring their
inductance quality factor and equivalent circuits. The measure-
ments have been done using the four-point measurement
technique. Results confirm that the inductance value of the coil
is hardly affected by the substrate.*' The values obtained by
simulation for the induction and quality factor are 5.62 uH and
2.676, respectively, whereas the experimental values are 5.8 yH
and 3.5 at the resonance frequency of 13.56 MHz. Although
these values are in agreement, the mismatch could be explained
by the reduction of the self-resonant frequency of the inductors,
32 MHz, was slightly lower than the simulated one, 35 MHz, as
shown in Figure 7a.
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Figure 7. (a) Simulated (lines) and measured (symbols) frequency
response of the antenna; (b) impedance of the tag as a function of the
frequency.

The operation of the antenna tag has been tested with the
commercial RFID reader TRF7960 with a read range of around
12 cm in vertical direction and 11.2 cm in horizontal one in
passive operation mode. The resonance frequency of the full
system antenna-RFID chip has been evaluated through an
impedance analyzer. In Figure 7b, the impedance of the tag is
presented, where it has been decomposed in phase and module.
As it can be observed, the impedance reaches a value of 1.6 k2
at the resonance frequency, that is the one at which the phase is
null, in this case 13.6 MHz. Although this value is not exactly
the working frequency searched of 13.56 MHz, it is perfectly
valid for a wireless operation following the ISO15693 protocol
specification related to the anticollision mechanism that
establishes a tolerance range of +7 kHz around this center
frequency.

The proper operation of the label has been tested
satisfactorily through the developed Visual Basic application.
Battery power is not necessary to access the stored data on the
RFID chip making the label a semipassive smart tag for sensing
applications. The power consumption of the RFID tag is only
34.4 pA in idle mode and 3.55 mA in sensing mode. This value
is low enough (below 4 mA) to be provided by the internal
regulator of the SL13A RFID chip, which makes it possible to
operate as a passive tag with no need for an extra battery.

B CONCLUSIONS

In this work, a novel design for the monitoring of gaseous
oxygen that could be used in the interior of modified
atmosphere packaging is presented. It consists of a smart
packaging on whose inner surface an oxygen sensitive
membrane is disposed, whereas the needed electronics is
printed on the outer side of the package surface. For testing
purpose, the system has been implemented on a piece of PEN
flexible substrate by means of a screen printing technique where
silver ink is used to trace the tracks between components. In
this design, a RFID tag for the data transmission is also
included. This tag can operate either in active or passive mode,
obtaining the power supply from a battery or the electro-
magnetic field of an external RFID reader, respectively. The
reading of the oxygen concentration inside the envelope can be
carried out with an external RFID reader using a wireless
communication. This means that the packaging remains
completely closed, with no need of perforations for probes or
wires. A full characterization of the antenna has been carried
out by means of simulations and experimental analysis, showing
a good agreement in the results and proving that flexible RFID
tags are recommended for this application.

The measuring electronics are based on a 12-bit digital color
detector which measures the intensity of the emitted
luminescence, quenched by the surrounding gaseous oxygen.
Thanks to its high-resolution, readings of O, can be realized at
concentrations as low as 40 ppm with very low error levels in
the order of 0.1 ppm of O,. Temperature drift is corrected
through the on-chip temperature sensor. Therefore, this system
is highly suitable for its application in the measurement of
oxygen concentration in modified atmosphere packaging with a
reduced oxygen concentration.
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