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A Fully Inkjet-Printed Wireless and Chipless Sensor
for CO, and Temperature Detection

Arnaud Vena, Member, IEEE, Lauri Syddnheimo, Member, IEEE,
Manos M. Tentzeris, Fellow, IEEE, and Leena Ukkonen, Member, IEEE

Abstract— A study on a low-cost wireless fully inkjet-printed
chipless sensor on a flexible laminate with three different inks
is presented. It is based on two split ring resonator 90° oriented
between each other to allow for independent responses on
two polarizations. A deposit of a polymer/single walled carbon
nanotube composite ink is used to allow for the detection of
CO, as well as temperature. In this paper, it is shown that
the inkjet printing of a polymer-based coating on top of the
sensing/reactive deposit can significantly reduce the sensitivity
to CO;,, whereas the temperature sensitivity stays at same.
Simulations and experimental results verify the repeatability of
this topology.

Index Terms— Chipless sensor, RFID, gas, temperature, inkjet-
printing, carbon nanotubes.

I. INTRODUCTION

HE real-world implementation of Internet-of-Things

(IoT) and Ambient Intelligence systems has necessitated
the development of novel reliable low-cost wireless solutions
in order to sense and communicate information for every-
thing and everywhere. Radio frequency Identification (RFID)
technology seems to be the ideal candidate for this key
role. An RFID tag or or an RFID-enabled sensor is cheap,
reliable and can be detected at several meters with no battery,
while it embeds a significant memory that can be read and
written remotely. The most popular RFID-enabled applications
include pallet tracking, identification of persons in urban
transportation networks, and antitheft systems. Adding sensing
functions to RFID tags has been investigated for several
years [1], [2] and it has been proven that various physical
parameters as well as chemical substances can be detected
with RFID tags with or without an additional analog to digital
converter (ADC). The former one can provide an accurate
value of the sensed parameter at the expense of higher-energy
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consumption, whereas the second category can be mainly
used as threshold sensors because usually the surrounding
environment interferes with the measurement. To track the
quality of the air, or the quality of pharmaceutics or food
products, the price of sensors has to be even lower than the
current unit cost of a chip-enabled RFID tag that is 0.1 $.
For this kind of application, the chipless RFID technology
[3]-[10] may reduce dramatically the sensor’s unit cost.
Because it requires no integrated circuit (IC), a chipless sensor
[11]-[18] can be realized from scratch, only using a printer.
The identifier (ID) as well as the sensed information relies
upon the analysis of its electromagnetic (EM) signature in
the frequency domain or in the time domain. Like an optical
barcode, its cost is mainly linked to the cost of the ink and
the printing process, as well as the substrate that can be even
plastic or paper. We can find numerous state-of-the-art designs
of chipless sensors for gas [11], [12], temperature [13], [14],
humidity [16] or strain [17], but few of them show a full
implementation of an entirely printed wireless sensor as well
as a study about their reproducibility.

The present paper aims to study the realization of a
printed CO; and temperature sensor using different commer-
cial inks. The sensitivity of the chipless sensor is due to
the deposition of a composite polymer/single-walled carbon
nanotube (SWCNT) ink. Indeed, it has been shown that
CNT and graphene sheets present a strong sensitivity to
various gases [19]-[22] and other physical parameters. In a
previous work [18], a simple setup verified the sensitivity
of the proposed design to the smoke which embeds various
physical parameters. This paper aims to study in more depth,
and to understand the behavior of the sensor when subject
separately to CO3, and to a temperature variation. Moreover,
a parametric study, concerning the number of layers of the
sensitive material, is carried out to optimize the performance
of the sensor. Several samples have been realized to study its
reproducibility. For selectivity purposes, we study the effect of
a top coating layer with a polymer based ink, on the sensitivity
of the sensor both in temperature and CO;.

In Section II, we present the design of the chipless sensor
(see Fig. 1) and its operation principle. In Section III, a study
on the selectivity of the sensor for both CO; and temperature is
provided and validated by wireless measurements. Then before
concluding, in Section IV, we investigate a possible way to
separate the effect of temperature and CO, variations on the
RCS value of the sensor through the use of a coating layer on
top of the sensitive material.

1530-437X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. View of the fully inkjet-printed dual polarized sensor with the help
of three different inks.

II. DESIGN AND PRINCIPLE
A. Radiation of a Dual Polarization SRR

The basic principle of a chipless RFID sensor is very
similar to the concept of a chip RFID enabled sensor having
no integrated ADC. The detection of a physical parameter
relies upon the variation of the conductivity or the permittivity
of a sensitive material. These changes induce modifications
on the radar cross section (RCS) of the tag as a function
of the frequency. As a result, we can detect both resonant
frequency and magnitude shifts of some peaks in the spectral
response of the tag. This sensor has been designed to provide
two separate responses using two orthogonal responses. The
EM response of one polarization can be used to extract the
sensed information, whereas the response of the other one
is used as a reference response (for calibration) as well as
for identification coding. This concept already introduced
in [18] for smoke detection is taken as it is for this new
study. Figures 2(a) and (b) show surface currents on both
scatterers when subjected to an incident plane wave verti-
cally and horizontally polarized, respectively. As we can see,
only one scatterer is excited at a given polarization, so this
provides a very good EM response isolation between each
scatterer. As a result, the variation of the magnitude of the
sensing scatterer does not affect the magnitude of the reference
scatterer.

The dimensions of the scatterers have been optimized to
operate in the band 2.4 GHz to 2.5 GHz. The split ring
resonators (SRR) are squared-shaped with a side length of
18.5 mm. The gap between the two arms of the SRR is 6 mm
long that is a tradeoff between the size, the bandwidth of the
resonant peak, and its EM response strength. The width of
the SRR is 2 mm to allow for a low strip resistance that is
beneficial for the RCS magnitude. Indeed, a narrower strip
width may lead to a performance deterioration regarding the
conductivity of a printed strip based silver ink that is lower
than etched bulk copper. As shown in Fig. 2(a) and (b),
a separation of 9 mm between the two scatterers allows for
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Fig. 2. Surface current distribution at 2.4 GHz for the dual polarized SRR

based sensor (a) in vertical polarization and (b) in horizontal polarization.

a sufficiently good decoupling of their EM responses (cross-
polarization isolation of —15 dB at minimum). A smaller
separation distance would have led to a larger bandwidth for
resonant peaks in both polarizations, as well as weaker cross-
polarization isolation.

B. Coding and Reference Scatterer

The scatterer denoted “V” in Fig. 1 is used for coding
and calibration purposes. This means that its RCS response
does not change as a function of the time when subject to
time-varying gas concentrations. This scatterer is not loaded
with a sensitive material. The RCS magnitude of the peak
can be used to calibrate the sensed information extracted
from the orthogonal polarization. Indeed, a normalization of
the RCS magnitude of the sensed parameter by that of the
reference scatterer (that will not likely change) allows getting
a result independent from the reading distance as proved by
equation (1) to (4) in the ideal case of free-space propagation.
The radar equations (1) and (2) for both polarizations depend
on the gain Gt, Gr of the transmitting and receiving antennas,
the distance R and the RCS oyy, oygpyg in vertical and
horizontal polarization, respectively. Assuming that oyy is
constant and o i g is linked to o vy by a coefficient K as in (3)
which depends on the CO, concentration and other parameters
such as the temperature, we can obtain (4). This last equation
says that the ratio of the received power levels Pryg/Pryy,
in both polarizations is equal to the coefficient K whatever the
distance, and for a constant transmitted power Pt. Practically,
the maximum distance of detection can be calculated with the
modified radar equation (5) for a given equivalent isotropic
radiated power (EIRP) of PP = 36 dBm (ISM band at
2.45 GHz) and a minimum RCS value o,,,, chosen to
—35 dBsm for this design. As an example with a 6 dBi
receiving antenna gain Gr and a minimum received power
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Fig. 3. Basic principle of the dual polarized sensor. Vertical polarization is
used for the identification whereas horizontal polarization is used for sensing.

of Prin — —74 dBm, the detection range is R™** = 5.55 m.
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For identification coding purposes, a frequency shift coding
technique can be used as shown in Fig. 3. Depending on the
location of the peak in the frequency span between 2.4 GHz
and 2.5 GHz, a different ID can be detected. For the proposed
design when the length of the coding scatterer L2 is 18.5 mm,
the resonant frequency is close to 2.4 GHz giving the ID 1.
Whereas, for L2 = 18 mm, the frequency is close to 2.5 GHz
giving the ID 2. Simulation results for a length L2 between
18mm and 18.5mm are plotted in Fig. 4. The observation of
the frequency span between 2.4 GHz and 2.5 GHz is enough
to distinguish the three configurations.

It is to be noted that two sensors close to each other cannot
perform in a satisfactory way as it is the common case for
numerous chipless systems. However, the bandwidth of each
sensor that is quite large does not permit the detection of two
sensors simultaneously in the ISM band at 2.4GHz, but one
can consider using the ISM band at 5.8GHz for simultaneous
interrogations. Possible techniques to separate the chipless
tag’s response are presented in [23]. For example spatial
separation with the help of a narrow beam reader antenna is
one of the best solution to separate tag’s responses.

C. CNT Loaded Scatterer for Sensing

The scatter denoted “H” in Fig. 1 is used for sensing.
To make it sensitive, a printed strip based on a SWCNT/
PEDOT-PSS composite ink [24] is inserted within the gap of
the SRR. According to some previous characterizations, we
found that the conductivity of the deposit is the main varying
parameter when subject to a gas or a temperature change,
thus it can be modeled by a variable resistor. In the gap area,
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Fig. 4. RCS simulation results for various values of length L2 between
18 mm and 18.5 mm.

the impedance is the highest possible, so that a strong deviation
can be observed even if the bridging resistance of the deposit
has a high value, which is the case for this CNT-based ink.
To maximize the sensitivity of the sensor, we can assume that
the reactive surface has to be the largest possible. On the
other hand, we cannot deposit a large resistive patch in
the gap to avoid cancelling the first resonant mode of the
scatterer. Indeed, in this configuration, the resistive strip can be
considered as a resistor in parallel of a resonant circuit, so if
the bridging resistance goes very low, the quality factor of the
resonant peak fall down, and we cannot observe it anymore.
We inserted the sensitive strip inside the SRR as shown in
Fig. 1 so that most of the surface is covered within this area.
We seek to get the longest path to cover the highest surface
within the SRR. For that reason, the sensitive strip features a
meander shape. The ratio between the length of the path and
its width is chosen so that the nominal bridging resistance is
achieved according to the sensitivity study that follows. This
gives a strip width of 0.75 mm and a path length of 54 mm.
Moreover, to ensure a good electrical contact between the
sensitive strip and the printed SRR, the SWCNT/PEDOT-PSS
based strip overlaps the silver strip on each side of the gap,
with a surface of 4.5 x 2 mm? (see Fig. 1).

To find the nominal bridging resistance maximizing the
linear and the logarithmic RCS deviation we carried out a
parametric study with the help of CST Microwave Studio
(CST MWS) varying the sheet resistance of the sensitive strip
between 10 Q/sq and 100000 €/sq. We modeled the sensitive
strip with a zero thickness sheet made of a material defined
as an ohmic surface under CST MWS.

Figure 5(a) and (b) show the simulated RCS responses
for various sheet resistances, for the vertical polarization
and the horizontal polarization, respectively. The Fig. 5(a)
confirms the good decoupling between the two polarizations,
because the modification of the sheet resistance of the sensitive
deposit has no effect on the vertically polarized response.
On the other hand, we can observe a significant magnitude
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Fig. 5. RCS simulations results obtained as a function of the sheet resistance
of the SWCNT deposit for (a) the vertical polarization and (b) the horizontal
polarization.

variation on the horizontally polarized response. Figure 6(a)
shows the linear and the logarithmic variation of the RCS
as a function of the sheet resistance in logarithmic scale.
To maximize the sensitivity due to the sheet resistance vari-
ation, we have to choose a nominal value of the curve when
the slope is at its maximum. Figure 6(b) shows the derivatives
of the curves of Fig. 6(a). According to these last figures, we
observe a maximum linear variation between 200 /sq and
10000 Q/sq and a maximum logarithmic variation between
200 Q/sq and 700 Q/sq. Thus, a nominal sheet resistance value
close to 450 €Q/sq is a good choice to maximize the magnitude
variation of the RCS.

D. Material and Realization Process

As a proof-of-concept prototype, the sensors shown Fig. 7,
are inkjet printed on a flexible polyimide laminate with 50 xm
thickness. The permittivity is 3.5 and the loss tangent tand =
0.0027. We use the inkjet printer Dimatix DMP-2831 for
material deposition. To create the high conductivity strip, we
used silver ink, Harima Nanopaste. We printed two layers at
a resolution of 635 dpi followed by a sintering at 150 °C for
one hour to get a thickness close to 2 gum. The achieved sheet
resistance is close to 0.5 Q/sq.

For the sensitive conducting strip we use a SWCNT/
PEDOT-PSS composite ink [24], [25]. This sensitive material
is printed with a resolution of 1693 dpi after having been son-
icated during 30 min at 30 °C. Sintering is not required after
printing, and the ink dries quickly at an ambient temperature.
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Fig. 6. (a) Linear and logarithmic relative magnitude of the resonant peak
as a function of the sheet resistance of the sensitive strip. (b) Linear and
logarithmic derivative of the relative magnitude of the resonant peak as a
function of the sheet resistance of the sensitive strip.
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« 2 layers Silver
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Fig. 7. View of the realized fully inkjet-printed sensors on polyimide
substrate. The sensor at the bottom of the figure has an additional coating
layer (quite transparent) on top of the sensitive deposit.

After drying, we measured a DC resistance Rpc of 72k, 32.4k
and 21.6k respectively for one, two and three layers. Using (6),
with w and L, the width (w =0.75 mm) and the length (L =
54 mm) of the strip we can obtain the corresponding sheet
resistance Rg close to 1000 €/sq, 450 €Q/sq and 300 Q/sq.

Rs = Rpe x = (6)
S = KXDC I



VENA et al.: FULLY INKJET-PRINTED WIRELESS AND CHIPLESS SENSOR

| fé;t chamber

antenna

(@) (b)
CO02,CO, RH, T°C
probe

Test
chamber
2.51

Exhaust

chamber
(2501)

Check valve

I 20cm-1m

—
N

CO, tank

VNA

©
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III. STUDY ON THE SENSITIVITY OF CNT-BASED SENSOR
FOR SEVERAL PHYSICAL PARAMETERS

A. Description of the Setup

We realized nine samples for the design shown in Fig. 1
and Fig. 7. The dimensions of the SRR and the sensitive
strips are kept to the same values for all samples. The varying
parameters are the number of layers of the CNT based strip,
between two and four layers. The measurement set-up of the
Fig. 8 is used to carry out the CO, measurement. A sealed
plastic box is used as a test chamber, big enough to contain the
sensor as shown in Fig. 8 (b). The chamber has an input inlet
and an output inlet with check valves to avoid the composite
gas flowing back. Either dry air (10% of relative humidity) or
a specific gas can be injected in the test chamber. According
to a sensitivity study of CNTs in [19], several gases can be
detected such as NO,, NH3, and CO». In this paper we focus
on studying the sensitivity of the SWCNT deposit to CO2
only. The injection of CO; is performed by manual quick
discharge. Each injection saturates the concentration inside
the chamber at a level close to 20000 ppm. A probe Delta
Ohm HD37AB17D measures the concentration of the COy
and records the temperature and the relative humidity (RH),
at the same time. A wideband dual polarized ridged horn
antenna ETS Lindgren 3164-04 having a gain between 9 dBi
and 12 dBi from 3 GHz to 6 GHz is placed at 20 cm away
from the test chamber. The ports of this antenna are connected
to those of a vector network analyzer (VNA) Agilent PNA
E8358A. The scattering parameters S11 and S22 allow for
the extraction of the vertically polarized and the horizontally
polarized EM response, respectively. It is noteworthy that
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measurements have been carried in an indoor environment,
which implies multi-path effects and interferences with sur-
rounding wireless communications. To address this problem,
we used an averaging filter as well as a time gating filter
on the raw measurement results. The extraction of the EM
response of the tag is not direct and requires two additional
measurements as explained below:

1) The measurement of the background with no tag,
to remove the echoes from surrounding objects.

2) The measurement of a reference object having a known
RCS to de-embed the gain non-uniformity of the reader
antenna over the frequency range. For this study, we use
a 5x5 cm? flat squared metallic plate.

Based on those measurements we can apply equa-
tion (7) and (8) to extract the RCS of the sensor in vertical
and horizontal polarization denoted oy and o , respectively.

S1ens — S1lempry 12
o, = |: sens empt)] OVref (7)
STer — S empry

o [5220em = $220mpiy TP ®
S22 er — S220mpry | 17
47 A?
Oref = 2 ©)

The terms S1lgens, S1lempry and S11,.r are the recorded
scattering parameters on the port 1 of the VNA for the
sensor measurement, the background measurement and the
reference object measurement, respectively. Similarly, the vari-
ables S22.n5, S22¢mpry and S22,.¢ are the recorded scattering
parameters on the port 2 of the VNA for the aforementioned
measurements. The terms o v,y and o g,.r are the theoretical
values of RCS for the reference scatterer. These parameters
can be either extracted through simulation or based on the
analytical formula (9) given for a flat plate [27], with A the
surface of the plate, provided that the detection distance is far
enough.

For all measurements, the transmitted power is 0 dBm
between 2.2 GHz and 2.6 GHz, and the intermediate filter (IF)
of the VNA is set to 100 Hz, giving a noise floor low enough
to be compatible with a measurement at 20 cm. A lower value
for the IF bandwidth will be preferred to enable higher reading
distances. For this work we use an experimental setup based
on a VNA to extract the RCS of the sensors that is not a
cheap solution. However, for a real application, this setup
could be replaced by a low-cost dedicated reader as it has
been demonstrated in [28] for a frequency-domain approach,
and in [29] for a time-domain approach.

B. Study on the Effect of the Number of CNT-Based
Ink Layers on the Sensitivity to CO>

We study first the effect of the number of layers on the
sensitivity of the sensor. We realized three samples having
two, three and four layers of CNT ink to create the sensitive
strip. Each sample is subjected to UV light during 10 min just
before measurement with CO, gas.

Figure 9(a) and (b) show the evolution of the RCS response
for the tag with two layers of CNT-based ink, for both polar-
izations, when subject to CO;. Additionally, Figs. 10 and 11
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Fig. 10. RCS measurement results of the 3 layers based sensor for several
recording times when COj is injected inside the test chamber: (a) for the
vertical polarization and (b) for the horizontal polarization correlated with the
resonator loaded with the sensitive deposit.

show the same results for three and four layers, respectively.
Meanwhile, the relative humidity (RH) varies very little
(between 15% and 20%), and the temperature stays at the same
value (around 21 °C). We can remark that the magnitude of
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resonator loaded with the sensitive deposit.

the EM response of the scatterer loaded by the sensitive strip
varies more significantly than the unloaded scatterer in each
case. In Fig. 9(b) and in Fig. 10(b) we can see the apparition
of a smaller peak at higher frequency. This unexpected shape
is most likely due to the residual echoes (even after the
calibration) from the wall of the sealed plastic box. Indeed,
those echoes are hard to cancel because the sealed box is in
the same phase plane that the sensor to detect. To sense the
variation of CO, we can monitor the magnitude variation at
the dominant resonant peak as a function of the acquisition
time as plotted in Fig. 12(b) for the three configurations. The
plotted magnitude is normalized by the initial value before
injection of gas.

The number of ink layers modifies the bridging resistance
that effectively determines the initial RCS level before the
exposure to gas. Thus to compare the sensitivity achieved
as a function of the number of ink layers, one can use the
normalized RCS variation relative to the no exposure case as
in Fig. 12(b).

It is noteworthy that the curves showing the recorded
concentration of CO; as a function of the time, are very close
to each other for the three samples (see Fig. 12(a)). The RCS
value changes very rapidly (after 150-200 sec) and converges
to its maximum value quickly afterwards, while it never returns
to the “no-gas” value because the CO, molecules are trapped
inside the SWCNT lattices. For a variation between 500 ppm
and 20000 ppm, 90 % of the maximum magnitude shift is
attained with a response time approximately of 30 s at 21 °C
(to compare, a same order value of 45 s is achieved in [20]
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horizontally polarized EM response as a function of the time for various
layers of SWCNT based ink. A short discharge of CO; is injected 180 s after
the beginning of the test.

at 43 °C). Thus, these sensors could be most likely used as
threshold sensors (“green/red” event-detection sensor) instead
of reversible linear sensors. A possible way to reset the sensor
to its initial state should be to expose it to UV light during a
long time as in [19] but this is an issue outside the scope of
this paper.

According to Fig. 12(b), the sensor having three layers
of CNT-based ink gives the best sensitivity with 0.5 dB to
compare with 0.3 dB and 0.2 dB for four and two layers,
respectively. This confirms the result of the sensitivity study
(see Fig. 6) in section II.D saying that for this configuration,
and with this CNT-based ink, three layers are a good choice
to maximize both the linear and the logarithmic variation.

C. Reproducibility Measurement for CO» Detection

Based on the previous study, we know that three layers
allow getting the highest sensitivity. Thus, we realized three
similar samples and carried out new CO, measurements for
a reading distance of 20 cm. We extracted the magnitude for
the resonant peak in horizontal polarization, normalized by
its initial value, as a function of the time for each sample as
shown in Fig. 13(a). The curve shape is the same for the tree
samples. We observe a quick rise of the RCS followed by
a smooth slope converging to the final value from 200 s to the
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Fig. 13. Normalized magnitude of the resonant peak (at 2.38 GHz) for
the horizontally polarized EM response as a function of the time for various
samples: (a) with no coating and (b) with dielectric coating. A short discharge
of CO; is injected 180 s after the beginning of the test.

end of the experience. We can see that the maximum variation
between the beginning and the end of test is contained between
0.52dB and 0.65dB for the three samples. The values obtained
are close enough to be used as threshold sensors, showing
that the realization of a large number of sensors with similar
performance is feasible utilizing inkjet printing techniques.
The small oscillations of the curves contained within +0.1 dB
are most likely due to the small background changes over the
measurement time. In terms of sensitivity, we can affirm that a
level of 20000 ppm can be detected and gives an RCS variation
of 0.5 dB.

D. Reproducibility Measurement for Temperature Detection

Another topic we are investigating in this paper is the sensi-
tivity of the inkjet-printed sensors to the ambient temperature.
For testing purposes, we used the same measurement setup
shown in Fig. 8 except that we don’t inject CO, but only
hot air with the help of a hot air blower. The maximum
temperature achieved is close to 60 °C with this technique.
Figure 14 shows the temperature recorded by the probe during
the test, for the three samples of Section III.C. We record the
RCS response, as a function of the time. For the time t = 0's,
the hot air blower is turned off, and the measurement runs until
the temperature get close to 27 °C. The time-evolution of the
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Fig. 14. Temperature recorded by the probe as a function of the time during
the test of samples 1, 2 and 3. The CO2 concentration is constant (close to
500 ppm).
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Fig. 15. RCS measurement results of the sensor 1 with no coating when
temperature varies between 60 °C and 30 °C in the test chamber: (a) for the
vertical polarization and (b) for the horizontal polarization correlated with the
resonator loaded with the temperature-sensitive CNT.

RCS values over the frequency range of 2.35-2.5 GHz for the
Sample 1 is shown in Fig. 15(a) and (b) for both polarizations,
and Fig. 16(a) shows the extracted time evolution of the peak
RCS magnitude value. The evolution of the RCS as a function
of the time is very close to the recorded temperature curve, so
that, there is an almost linear relationship between the RCS
and the temperature. It can be seen that the maximum deviation
is contained between 1.8dB and 2.2dB (for a variation of
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Fig. 16. Normalized magnitude of the resonant peak (at 2.4 GHz) for the
horizontally polarized EM response as a function of the time for various
samples: (a) with no coating and (b) with dielectric coating. The initial
temperature is close to 60 °C and the final temperature is around 30 °C.

33 °C) in horizontal polarization for the three samples. This
verifies the feasibility of the proposed sensor as a highly
sensitive and highly repeatable temperature sensor with RCS
values variations much larger than those for the CO2 detection.
We can use this design as a temperature sensor having a
reversible behavior, provided a calibration with a reference
temperature. According to Figs. 14 and 16(a) the sensor shows
a reproducible behavior between 60 °C and 35 °C (time O s
to 400 s) with sensitivity of 1 dB for 16.6 °C. However,
this simple design could be most likely used as a very cheap
temperature sensor in applications, which do not require a high
accuracy. For example, the sensor can be used to detect an
excess temperature provided that the RCS level is compared
in real time with a threshold value.

IV. STUDY OF THE EFFECT OF COATING ON THE
SENSITIVITY AND SELECTIVITY

The study that follows gives a potential solution to suppress
the ambient-gas sensitivity of the reported temperature sensors,
thus enhancing the temperature sensitivity. The idea is to print
a layer of dielectric based ink on top of the sensitive area
(Figs. 1 and 7) to filter the gas molecules, whereas keeping
a good sensitivity to temperature variation. The dielectric is
based on the PolyPrimer ink [25], [26] that can be polymerized
with UV light. This ink has been chosen for its good overlay
properties, as it allows making smoother the rough substrates,
and for its low capacity of absorption of water. Thus, the
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deposited dielectric layer is intended to be not porous. One
layer is deposited with a resolution of 635 dpi on three new
samples. Each sample is then exposed to UV light during two
minutes. The measured thickness is 3 um.

A. Reproducibility Measurement for CO2 Detection

We carried out the CO, measurement following an identical
procedure to section III.C, so that each sensor is exposed to
UV light during 10 min just before measurement. The samples
are then placed inside the test chamber, and pure CO; is
injected. For the three samples, we can clearly see that the
magnitude variation of the resonant peak has decreased from
0.5 dB previously to a value between 0.2 and 0.25 dB as
shown in Fig. 13(b). However, the curve shape doesn’t show
any change and we still see a sharp step within the first 200 s
followed by a nearly constant response. Thus, this confirms
that the composite material based on four different polymers
plays the role of a filter for CO, molecules. Increasing
the number of layers will probably lead to an even higher
attenuation of the peak magnitude variation.

B. Reproducibility Measurement for Temperature Detection

We now study the effect of the coating on the temperature
sensitivity. Measurements are performed under the conditions
listed in Section III.LD, so that the RCS of the sensor is
recorded during the temperature decrease from 60 °C to 30 °C.
Figure 16(b) shows the RCS measurement results. We can
observe a variation between 1.8 and 2.5 dB that is quite close
to the one obtained without any coating. One can see a larger
versatility on the response to compare with the case with no
coating. This implies that a separate calibration is required
for every different sensor. However, it seems that the coating
superstrate does not affect the temperature sensitivity whereas
the sensitivity to CO; is strongly attenuated as verified in
the previous section. As a conclusion, with a simple surface
treatment that it consists of adding a dielectric layer on
top of the sensitive area, it is confirmed that that accurate
temperature sensing with virtually no effect of ambient gas
varying concentrations can be achieved.

V. DISCUSSION ON PERFORMANCE AND
PRACTICAL IMPLEMENTATION

In this section we compare the proposed sensor amid similar
wireless chipless sensing technologies and discuss several
points in order to increase its performances.

A. Performance Comparison

In the Table I, we list a comparison of our proposed
sensor with other previously reported wireless and/or passive
sensors designed either for temperature or carbon dioxide
monitoring. The main criterions evaluated are the sensitivity
and the compatibility with printable electronics. According to
the measurement results we get a RCS variation of 12.2%
from 500 to 20000 ppm. Concerning the temperature, the
RCS features a variation of 36.9% from 30 °C to 60 °C.
Regarding the CO2 sensitivity, the performances reported

TABLE I
PERFORMANCE COMPARISON OF PASSIVE SENSORS
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Ref. Material | Printable | CO,Sensitivity | T°C Sensitivity
This SWCNT Yes 12.2% (RCS) 36.9% (RCS)
work for 20000 ppm for 30°C
[20] MWCNT Yes 1% -
(Permittivity)
for 100% CO,
[21] MWCNT Yes 0.33% -
(resistance) for
369ppm
22] Graphene No 25%
sheet (conductance)
for 100 ppm
[13] Au/Si No - 498MHz/°C
[14] pfluid No - 9dBsm (87%
RCS)for 20°C
[15] BST Yes - 3.1MHz/°C or
6.7%
(frequency) for
65°C

in [20] using MWCNT are significantly lower featuring a 1%
of permittivity change for a saturated atmosphere. The work
reported in [21] shows a similar sensitivity with 0.33% of
relative resistance variation for 369ppm (17.88% of resistance
shift for 20000 ppm by extrapolation). The best sensitivity is
obtained in [22] with 25% conductivity shift for 100ppm only.
In this case the material used is a graphene sheet but according
to the realization process the sensor cannot be printed as it is.

Concerning the temperature sensors, best sensitivity values
are achieved by the MEMS based [13], and microfluidic
based [14] chipless sensors. The design reported in [15] has a
lower sensitivity but it presents some advantages such as to be
compatible with printing techniques like the sensor proposed
in this article. To compare with the 36.9% of magnitude
variation obtained in this work for 30 °C of temperature
variation the sensitivity achieved in [15] is lower. However
it presents some advantages such as the detection reliability in
a practical environment (frequency shift, use of two antennas
operating in orthogonal polarizations). This last point should
be improved for our current design.

B. Toward the Practical Implementation of the Sensor

We give thereafter some possible solutions in order to
practically realize the whole chipless sensor system, from the
tag to the reader.

First, improving the sensitivity is a crucial point. Indeed
we observed a delta RCS of 0.5 dB, for CO2 detection.
This value of 0.5 dB is extracted from a difference between
—28dBsm and —27.5dBsm. This weak difference is a limiting
factor for the detection range. The other key parameter which
limits the detection range is the sensitivity of the receiver
and the noise floor of the first amplification stage. Using
the radar equation, for the maximum allowed transmitting
power (Pteirp = 36dBm), with a 6dBi receiving antenna, for
a variation from —28dBsm to —27.5dBsm, we can measure
a power variation of —18.4dBm at 20cm, —46.4dBm at Im.
This sensitivity can been achieved by commonly used power
detectors, provided that the noise floor is below these values.
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What is more problematic is the time—varying background
noise due to mobile objects in the detection environment.
Thus, with this current design, the detection area has to be
isolated from these unwanted effects, which is the case when
the sensors are used in a confined area.

To overcome this issue, the ideas listed below will be tested
in a future work:

1) One technique consists in increasing the sensitive sur-
face while keeping the same ratio Length/width to
achieve the same bridging resistance.

2) Another idea is to change the formulation of the ink.
Indeed, increasing the CNT concentration may enhance
the sensitivity due to the higher number of sensitive
elements for the same surface of composite ink.

3) The last idea is to align the CNTs using a magnetic or
an electric field before sintering the ink.

The second major issue to overcome is to make a tag
selective to only one parameter. Using several resonators
loaded with different material can provide a higher selectivity
if each resonator has a proper and unique behavior when
subject to physical parameter. Indeed, based on measurement
results, we can extract a multi-linear regression model between
the various measured reflected power and resonant frequencies
as input, and the temperature as well as the gas concentration
as outputs. A similar technique has been successfully imple-
mented in [20].

Last but not least, to improve the detection reliability in
order to allow for a practical implementation of this technol-
ogy in time-varying environments, one possible solution is to
improve the design of resonators with the help of depolarizing
scatterers as reported in [10]. In this case, the calibration
procedure is not needed so that the sensor can be detected in
a much larger area. Additionally, with depolarizing scatterers
it becomes possible to detect a sensor when placed in contact
with a metallic object or a container filled with liquids.

VI. CONCLUSION

In this paper, we introduced a flexible chipless sensor and
studied its sensitivity to CO; and temperature. A solution to
make this sensor sensitive only to temperature is proposed.
It relies upon the deposition of a top coating layer. We demon-
strated the realization of a fully inkjet-printed sensing platform
realized with three different inks, namely:

1) Silver based nanoparticles ink (Harima Nanopaste) to

realize the conductive strips.

2) Conductive organic SWCNT/PEDOT-PSS based ink

(Poly-ink) to realize the sensitive strip.

3) Dielectric polymer based ink (PolyPrimer) to allow the

temperature sensitivity only.

A parametric study done in simulation and confirmed by
measurements, varying the resistivity of the sensitive strip
allowed finding the optimal number of layers to maximize
the linear and the logarithmic variation. Wireless measure-
ment of the sensor subjected to a CO; concentration of
20000 ppm showed a variation of 0.5 dB and 0.2 dB without
and with dielectric coating, respectively. Besides, we recorded
magnitude shifts close to 2 dB for the different samples
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for a temperature variation from 60 °C to 30 °C. The top
coating layer in this case doesn’t attenuate the temperature
sensitivity of the sensors. The measurements performed on
several samples prove that sensors realized the same way
have a very close behavior with each other. The next step
is to implement these sensors as threshold detectors in a real
environment. Further, another approach will be to implement
these sensors on low cost substrates such as paper.
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