Screen-Printed Chipless Wireless Temperature Sensor
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Abstract—A  chipless wireless sensor for temperature
monitoring is described in this work. The sensor is fabricated by
screen printing of an RLC circuit on a flexible substrate. The
sensing element is a resistive carbon paste with positive
temperature coefficient placed in a small area in the
interconnection between the inductor and the capacitor. This
sensing layer modifies the resonance frequency of the circuit
when the temperature varies. We also show the influence of the
sensor sensitivity with respect to the reading distance.
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L INTRODUCTION

Screen-printing is slowly being established as an alternative
production method for electronic circuits for which low-power
and low-energy consumption is required. The flexibility of the
substrates, easy recyclability, low manufacturing cost as well
as new design possibilities can change the way we use
electronics today [1]. One eminent direction in electronics is
the necessity to measure data in more and more locations of
tiny devices (Internet of Things, IoT) and use machine
learning algorithms to process the gathered data. Such node
devices are typically equipped with a small or even no
computing power. In contrast, the host systems can control
many different nodes and possesses the main computing
power of the system.

Most wireless sensing nodes are used in active mode and
employ a small chip and a battery [2-4]. This requires
additional components to be assembled on the device and
increases complexity and dimensions of the node device.
Typically, active devices deliver digital values about the
measured parameters [5, 6]. Simple and completely passive
wireless sensor nodes deliver analog values (voltage, time,
frequency modulation among others) to the host system and,
thus, move a substantial part of the computing power towards
the host system. The larger the relation of the number of
sensor nodes per host system the more favourable such a
concentration of complexity in the host system is [7]. The
major advantages lie in a much lower cost of passive devices
compared to active ones and a lower power of the overall
system [8]. Integrated Circuits (ICs), batteries, and energy
harvesting are not necessary for passive, chipless tags and
facilitate their production on flexible substrates. This
production on flexible surfaces allows being attached to any
object and, thus, facilitates the large-scale use of such sensor
nodes, especially interesting for the Internet of Things (IoT)

paradigm [9]. A major drawback can be the introduced noise
on the transmitted analog values.

Radio Frequency Identification (RFID) antennas have been
produced by means of printed electronics since many years for
near field communication (NFC) as well as for higher
frequencies and read ranges [10-12]. Printable, sensitive
materials for many physical parameters have been developed
and sensor solution developed. Among them, temperature
sensors have been researched extensively and a large variety is
available [13-15].

In this work we want to show a wireless temperature sensor
that combines both, a chipless RF strategy with a fully screen-
printed device. The sensor tag consists of a loop inductor and
a capacitor that are connected in parallel to form a resonant
circuit with a resonance frequency close to the NFC standard
of 13.56 MHz. Both parts were screen-printed with silver
paste. To achieve a temperature sensitivity, a short section of
the connecting silver trace was replaced by a thick layer of
positive temperature coefficient (PTC) paste that increases its
resistance with increasing temperature.

II.  MATERIALS AND METHODS

A. Pastes and fabrication process

The silver (Ag) screen printing paste employed in this
work to print the antenna was LOCTITE ECI 1010 0.2KG
E&C. The positive temperature coefficient (PTC) paste was
LOCTITE ECI 8001 E&C [16]. These two pastes were
provided by Henkel (Germany) and were used without
modifications. The dielectric paste used to isolate the bridge
connecting between the inner and outer inductor ends was TD-
642 of AppliedInkSolutions (US).

All pastes were printed onto thermally pre-heated (100°C,
30 min) polyethylene terephthalate (PET) Melinex 506 of
DuPont of a thickness of 100 pm. A manual screen printer
(Siebdruck Versand) was used with a screen mesh density of
120 Threads/cm. After printing, the pastes were dried at
100°C for 30 min in an oven before printing the next type of
paste.

B. Electrical characterization

The sheet resistances were measured with a constant DC
current of 100 pA using a four-point probe head from Jandel
connected to a Keysight B2901 A source measuring unit.

The impedance change of the tag was measured with a
Keysight E4990A Impedance Analyzer with an impedance



probe kit (42941A) for the sensor readout. The excitation
voltage applied in all measurements was Vpc = 0 and V¢ =
500 mV and the frequency ranged from 8 MHz to 17 MHz.
The measurements were automated with LabView 2016.

To conduct the temperature measurements, a VCL 4006
climate chamber of Votsch (Germany) was used. A constant
relative humidity of 60 % was fixed.

The distance between the reader and the sensors was
defined with two rectangular spacers made of acrylonitrile
butadiene styrene (ABS) with a perimeter of 85 mm x 53 mm
manufactured with the 3D-printer EntresD UP Plus2. The
height of the spaces was checked with a digital calliper (DIN
862) with a resolution of 0.01 mm.

III. RESULTS AND DISCUSSION

A. PTC paste characterization

An SEM image of the PTC paste was taken and is shown in
Figure 1. It shows small carbon particles that are embedded
into a filler material. We assume that at a higher temperature
this second component expands, which leads to a separation of
the carbon particles and, thus, an increase in resistance as
other works reported with other carbon-based sensitive pastes
[17,18].
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Figure 1. SEM image of the dried PTC paste with markers for the
two main components

We investigated the properties of the plain PTC paste by
printing a 5 x 5 cm? square with a mesh count of 120 T/cm, to
deposit 15 pum thick layer onto a PET foil and measure the
impedance across the square at different temperatures (15°C
to 70°C in steps of 5°C). First, as can be seen in Fig. 2, the
square can be modelled as a RC parallel circuit whose real
part varies from R= 3 kQ at 15 °C to R=4.57 kQ at 55 °C with
a parallel capacitor of only 4 pF insensitive to temperature.
However, at temperatures upper 55 °C the electrical behaviour
of the PTC paste changes abruptly. Resistance increase from
4.57 kQ at 55°C to 30 kQ at 70 °C whilst the modelled
capacitance becomes 80 pF, so the PTC square behaves as a
capacitor with a large ESR resistance. This is in accordance
with the datasheet. In the following, we will distinguish
between low temperatures that are below 55°C and high
temperatures that are above 55°C due to the different
behaviour of the PTC paste.

Figure 2 shows the impedance and phase values in the
region that is relevant for our application in the high frequency

range. It can be seen, that the impedance at 13.56 MHz
depends almost linearly on the temperature and is about 1.5
kQ. The phase component, however, shows a large difference
between low temperatures (lower than 55 °C) and high
temperatures (about 60°C and above) as explained.
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Figure 2.a) Absolute value and b) phase of the impedance of a
square of the PTC paste at different temperatures

B. Sensor tag characterization

Figure 3 shows a photograph of the printed sensor tag. The
inductor was printed with silver paste and the design was
taken from [19] with only 4 turns. On the indicated dark area,
the PTC paste was deposited. Figure 3 shows the complete
systems including the tag in proximity of the reader antenna
connected to the impedance analyzer. Coils of sensor and
reader were aligned during measurements in order to
maximize the coupling factor.

Impedance Analyzer

~Spacer
Figure 3. Photo of the tag (top) and system design (bottom)

Reader

The wireless temperature sensor tag consists of a silver-
printed high frequency coil antenna connected to a co-planar
printed capacitor that uses the PET film as a dielectric [20].
On a small section of only 1 mm of the interconnecting
printed trace the silver was substituted by the PTC paste. The
section is sufficiently small to avoid increasing the overall



resistance of the wire at low temperatures in order to not
degrade antenna quality factor. At higher temperatures, the
resistance of this section increases and dominates the resonant
circuit.

The resonance frequency of a parallel LC resonant circuit
with a resistor in series to the inductor can be modelled to
equation 1.

]

The inductance L is mainly influenced by the coil wire
forming the antenna for the electro-magnetic coupling and the
capacitance C depends on the capacitance of the printed
capacitor. The resistance R consists of two components, the
resistance of the loop antenna and the resistance of the PTC
paste. The later changes according to the temperature. An
increase of the resistance in series to the inductor will reduce
the resonance frequency. This frequency shift can be
measured by an impedance analyser and should provide
information about the current temperature.

Eq. 1

An SMA (SubMiniature version A) male connector was
glued at a suitable position on the connecting wires between
coil antenna and capacitor using silver paint. The tag was
characterized at varying temperatures and humidity in a
climatic chamber. Figure 4 shows absolute value (a) and
phase (b) over the frequency range from 8 MHz to 17 MHz for
a selection of temperatures between 15°C and 70°C. Looking
to the phase graph in Figure 4a and Figure 5 it is possible to
better appreciate this abrupt response in temperature. The zero
crossing of the phase is marked by filled circles in the phase
plot. Figure 5 shows directly the measured resonance
frequency versus temperature. At temperatures below 60°C
the impedance curve peak constantly decreases and shifts to
lower frequencies. For temperatures upper to 60 °C, the PTC
sensor behaves as a series capacitance reducing the total
capacitance shown in Equation 1 and causing an abrupt jump
upwards in the impedance curve as shown in Figure 5. The
resonance frequency decreases linearly by 11.4 = 0.04 kHz/°C
in the range from 15°C to 55°C (with a linear coefficient of
0.9964). A 95% confidence interval of sensitivity term was
considered in the linear fit calculations. Then the increased
resistance leads to an abrupt change in the resonance
frequency. These results are in concordance with the
temperature response of the PTC paste shown previously and
with the datasheet of the manufacturer that claims a large
resistance increase at 60°C.

It must be considered the effect against temperature of the
single printed LC structure, without the PTC printed square. In
a previous work [19], we studied the response at different
temperatures of such silver screen-printed RLC circuits and
we observed a variation of only 1.3 kHz in the range of 20 °C
to 55 °C. Therefore, the insertion of the PTC in the RLC
circuit provides 400 times higher change with temperature
than the same device without this element.
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Figure 4. a) Absolute value and b) phase of impedance of the tag at
60% relative humidity at different temperatures. The impedance
curve shifts towards lower frequencies with rising temperature from
15°C to 60°C. The phase shift reduces with increasing temperature.
At higher temperatures (65°C and 70°C), the absolute impedance gets
significantly lower and the phase flatter. The impedance and
frequency at phase shift 0 is indicated by markers of the same colour.
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Figure 5. Change of resonance frequency measured on the tag with
varying temperature with linear line fit. Errors were lower than 2%
calculated as the standard deviation of 3 different cycles.

For varying humidity, the impedance remains almost
constant over the entire range from 20% to 86% RH. In
particular, the resonance frequency varies less than 150 Hz
(0.001%) in the whole analysed RH range (Fig S1). This
applies to both the absolute value and the phase within the
measured range from 8 MHz to 17 MHz. Figure 6 shows the
original measurement curves. Again, the impedance and
frequency at the zero crossing of the phase are marked but
almost perfectly overlap.
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Figure 6. a) Absolute value and b) phase of impedance of the tag at
40°C at different humidity values. The impedance value is
independent of the humidity. The impedance and frequency at phase
shift 0 is indicated by markers of the same colour.

C. Wireless system characterization

In a second step, a copper coil antenna was used to couple
to the wireless temperature sensor tag. The inductor consists
of 7 turns enclosed in a rectangular area with height of 48 mm
and width of 78 mm with both the line width and the gap of
600 um. It was milled from a Flame-Retarded class 4 (FR-4)
copper clad laminate rigid substrate with a 35 pm copper
layer. A (SMD) capacitor was soldered to resonate at the
desired frequency. The reader inductance value (L) is 5.99
pH. The inter-turn capacitance is 6.6 pF. A surface mount
device (SMD) capacitor of 18 pF was soldered in parallel
leading to a resonance frequency of 14.52 MHz. At a distance
of 5 mm and 10 mm, the impedance spectrum was recorded.
The original measurements showing amplitude and phase are
provided in the supplementary information.

At a distance of 5 mm, a similar behaviour as the one
measured directly on the sensor tag was found (see Fig S2).
The resonance frequency decreases for temperatures below the
abrupt change in conductivity/resistivity. A linear decrease of
the frequency with the temperature of 3.3 + 0.07 kHz/°C was
found for the range below 55°C, with a linear coefficient of
0.9914. Above this value, the frequency increases again with a
similar slope.

At a reading distance of 10 mm, however, we found that
this increase does not occur anymore, and the resonance
frequency decreases linearly with increasing temperature for
the entire range. The slope is 1.8 = 0.04 kHz/°C (with a linear
coefficient of 0.9967) and considerably lower than for 5 mm
distance. Figure 7 shows all interpolated frequencies at the
zero-crossing of the phase for the temperature and humidity
range at the two different distances to the reader.

For a varying humidity, the resonance frequency of the
antenna at a distance of 5 mm remains mostly constant. This is

in accordance previous published works [21] and shows that
not even a higher water content of the substrate influences the
coupling behaviour. The lower slope of the decrease of the
resonance frequency at a distance of 10 mm in comparison to
5 mm can be explained by a lower coupling of the two
antennas at a larger distance. At a larger distance or without
the presence of the tag, no change in the resonance frequency
of the reader antenna is expected and could be confirmed by
measurements. Here, we do not observe the expected increase
in the resonance frequency at 60°C because the coupling
factor has decreased.
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Figure 7. Resonance frequency measured on the reader antenna at
different distance from the tag varying ambient temperature. Errors
were lower than 2% calculated as the standard deviation of 3
different cycles.

Other authors have analysed wireless sensors for
temperature monitoring, see Table 1. Although the linear
response of our wireless sensor is constrained compared to
other related works, the sensitivity achieved here is
comparable and even higher than others. Furthermore, we
have used a cost-effective technique both in terms of
equipment and materials with lower costs than the ones used
by other authors, being closer to a final sensor integrable, for
example, in food industry.

TABLE 1. COMPARISON AMONG LC TYPE SENSOR FOR HUMIDITY
MONITORING. *DISTANCE BETWEEN READER AND TAG ANTENNAS.

Ref Fabrication Materials Area | Sensitivity | Temperature | Distance*
" | technology (cm?) | (kHz/°C) |Range (°C) |(mm)

Tan et ﬁigergma

3161 S Srciﬁzg substrate | 84 | -5.17 19-900 -

Ag/Pd/Pt

[22] paste

Tan et 5223206-

al. Screen ferroelectric | 3.7 -5.75 25-430

2014 fprinting | : -16.67 430-700 -

[23] fe

Slen i Silicon-on- Copper

. graphene 0.04 -7.69 10-40 0.1-5

2015 | glass oxide

[24]

;anil Sereey | Aluminium

2017' printing nitride 30.5 | -104.77 25-700 15

[25] Ag/Pd paste




PET -11.4at0

This | Screen substrate mm

work | printing Ag, Carbon 40 -1.8 at 10 15-60 0-10
PTC paste mm

IV. CONCLUSION

In this work, we report on the design and characterization
of screen printed chipless sensor for temperature monitoring.
In particular, a silver RLC circuit is printed on a polymeric
substrate and a small resistive carbon-based paste is defined in
the connection between the other two circuit elements. This
resistive element is a PTC, which influences the resonance
characteristics of the RLC system. We found a sensitivity of
11.4 kHz/°C at 0 mm and 1.8 kHz/°C at 10 mm in the range of
15-60 °C. This kind of sensing device will be very useful for
the development of cost-effective and flexible devices to
monitor environmental parameters, especially interesting for
the Internet of Things paradigm.
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