
 
Figure 1. Basic principle of passive chipless wireless detection. 
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Abstract— This paper studies the implementation of an RFID 

chipless sensor based on split ring resonators. It operates in the 

ISM band at 2.45GHz to detect a change of carbon dioxide, and a 

variation of temperature. The realization of this passive wireless 

sensor involves inkjet printing using several ink types so that a 

device that works can be realized from scratch in a few stages. 

The substrates used are flexible materials to allow for seamless 

integration on any object shapes. Several samples have been 

printed on polyimide substrate 50 µm thick to validate the design 

with the help of wireless measurements. Finally, another set of 

samples printed on an ordinary cardboard of 550 µm thickness is 

realized and measured, and the performance achieved are 

compared with those of the polyimide based sensors. 

Keywords—chipless sensor, RFID, gas, temperature, paper, 

inkjet-printing, carbon nanotubes 

I.  INTRODUCTION 

Radio Frequency Identification is a technology of 
identification spread worldwide, which uses the propagation of 
the electromagnetic (EM) waves for the sake of remote 
detection [1]. The key advantages that make it famous to 
compare with other technologies of identification, such as the 
optical barcode is its ease of detection and a comfortable read 
range up to several meters. Moreover, compared to classical 
RF transponders involved in standard wireless communication 
links, passive RFID tags do not require any battery cell. Indeed, 
in this case, the chip is empowered by the EM field radiated by 
the reader. This reduces the maintenance cost of this family of 
RFID tags to zero, therefore increase considerably their life 
duration. Besides, novel applications are appearing to perform 
an ever increasing number of daily tasks. For several years, 
adding a sensing functionality to a RFID tag has been studied 
[2-3]. The potential applications are, in the field of air quality 
detection, health, and food traceability from the supplier until 
the customer. The use of RFID enabled sensors can be very 
judicious, except that the unit cost of a RFID tag is still too 
high in some applications for a large deployment. 

The missing link between the RFID technology and the 
optical barcode is called chipless RFID or RF barcode [4-9] 
and the basic principle is depicted in Fig. 1. It relies upon the 
detection of the static backscattered EM response of resonant 
scatterers. Both the magnitude of the peak and its resonant 
frequency can be used for coding and sensing purposes. 
Researches in this field are getting more intense for over the 
last years, mainly in the field of chipless RFID sensors. The 
advantages of a chipless device is its lower cost (< 1 $ cent in 
[9]) compared to that of a chipped RFID tag for a coding 
capacity which can reach more than 40 bits with low k 
substrate. They can be realized in a single step using printing 
techniques as they eliminate the need to attach a chip to the 
antenna, that commonly complicates the fabrication of 
conventional tags. Though numerous challenges still exist for 
the realization of reliable and cheap interrogation systems, 
chipless sensors [10-15] could potentially be one of the best 
solutions for a large-scale deployment for pervasive sensing. 

In this paper we study the realization of fully inkjet printed 
chipless sensors on paper that can be used to track changes of 
CO2 or temperature (see Fig. 2 (a) and (b)). For this purpose we 
use a commercial conductive ink and a commercial resistive 
ink based on single walled carbon nanotubes (SWCNTs), that 
is sensitive to several physical parameters, and we realized the 
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Figure 2. View of the design (a) printed on polyimide, (b) printed on 

commonly used cardboard with a thickness of 550 µm. 
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Figure 3. Coding principle. (a) Magnitude variation correlated with the 

concentration of a gas or the temperature, in vertical polarization. (b) 
Frequency shift to encode an identifier, in horizontal polarization. 

sensors on flexible laminates. A first set of samples was made 
on polyimide substrate, whereas the second set of samples was 
realized on a commonly used cardboard of 550 µm thickness. 
In [15], a similar design printed on polyimide substrate has 
been successfully employed for smoke detection. In this work 
we improved the setup in order to find out which of the 
temperature, the CO2, the CO, or the humidity is mainly 
detected with the proposed chipless sensor. In Section I, we 
present the basic principles and the design process of the 
chipless sensor. Then, in Section II we present the wireless 
measurements obtained for both polyimide-based substrate and 
paper-based substrate sensors. Before concluding, we discuss 
about the concept of a reading system that could be potentially 
utilized for the practical implementation of this sensing 
technology. 

II. PRINCIPLE OF THE APPLICATION 

A. Electromagnetic properties 

The operating principle of a chipless sensor is very close to 
a radar detection application. The idea is to detect and record 
its EM signature that is dependent on the chosen physical 
parameters. Unlike chipped RFID there is no variable load to 
modulate the incident field in order to generate two distinct 
levels of backscattered power. Thus, for a given incident 
power, a constant value of a sensed physical parameter, the 
backscattered response is static. This means that, to extract the 
EM signature of the tag, the measurement of the ambient 
backscattering in the absence of the tag has to be measured and 
subtracted from the overall backscattered signal when the 
RFID is interrogated. 

The sensor used in this paper is shown in Fig. 2 (a) and (b). 
It is based on a well known shape that is based on dual 
polarization squared single split ring (SRR) resonators. This 
shape has already been used in [15] for smoke detection. The 
dimensions of the design are given in Fig. 3 (a). The width of 

the conductive strip is 2 mm, and the width of the meandered 
resistive strip bridging the two edges of the capacitor is 
0.75 mm, for a total length of 54 mm. The present work shows 
new results compared to [15] concerning the temperature 
detection as well as measurement results for a cardboard based 
sensor. When an incident EM wave impinges on the scatterer, 
part of the energy is directly reflected backward to the source 
and the rest remains localized in the RFID resonator exciting 
several resonant modes. In this case the energy is released 
slowly with a duration that depends on the quality factor of the 
resonator. Designing an efficient chipless sensor consists in 
generating a resonant mode that is strongly dependant on a 
physical parameter. Typically either the magnitude of this 
mode or its frequency, or both, is the variable correlated with 
the parameter to sense as shown in Fig. 1 (c). The design 
shown in Fig. 2 is designed to operate at 2.45 GHz. A resonant 
peak can be detected when the device is subjected to a 
vertically, or a horizontally polarized incident wave. 

B. Coding principle 

Based on the spectrum analysis of the EM response of the 
sensor we can extract an identifier (ID) and information 
correlated with the concentration of a gas or the temperature 
variation. For the current design we decided to use the EM 
response in vertical polarization for sensing purposes. The 
horizontal polarization EM response is used to encode an ID 
and as a reference scatterer. Each scatterer can be roughly 
modeled by a parallel resonant circuit for which either the 
resistance part or the capacitor/inductor value is varying as a 
function of the sensed parameter. 

As shown in Fig. 3 (a), the coding of the sensed parameter 
relies upon the variation of the magnitude of the resonant peak 
due to the variation of the sheet resistance of the CNT based 
ink deposit. The initial value is 1000 Ω/sq at 25°C, for an 
ambient CO2 concentration of 500 ppm. When the sensor is 
subjected to CO2 gas or when the temperature rises, this value 
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Figure 4. (a) View of the realized silver-based printed scatterers in the 

Dimatix DMP-2831 printer (b)View of the measurement setup for gas 
and temperature detection. 

tends to rise. As a result, the peak magnitude of the reflected 
EM signature increases. To obtain a value independent from 
the reading range, this magnitude is normalized by the peak 
magnitude of the orthogonally polarized response shown in 
Fig. 3 (b). 

Besides, to encode the ID with the horizontally polarized 
EM response, we modify the length L of the scatterer. In terms 
of electrical equivalent circuit, this means that both the 
capacitor and inductor are modified so that the resonant 
frequency is shifted. The example of the Fig. 3 (b) shows three 
different resonant frequencies that can be detected within the 
ISM band from 2.4 GHz to 2.5 GHz. Thus three different IDs 
can be encoded for a single resonator.  

C. Realization and material 

We realized several samples with the help of an inkjet 
printer Dimatix DMP-2831 shown in Fig. 4 (a). The first stage 
consists in printing the conductive parts of the sensor using 
commercial silver ink Harima Nanopaste, followed by a 
sintering at 150°C during one hour. Then we print the sensitive 
meander between the two arms of one SRR using a composite 
ink Poly-ink [16] based on PEDOT-PSS loaded by SWCNTs. 
It is noteworthy that no sintering is required for this ink. This 
material has been chosen for its great properties to detect 
various gases [17]. Indeed, gas molecules which get into 
contact with CNTs are subject to physical adsorption so that 
they get trapped into the lattice. Adsorption can happen on the 
surface of the nanotube or inside. As a result, the conductivity 
of each CNT which has trapped gas molecules is modified. At 
the macroscopic scale, we observe a significant sheet resistance 
variation as a function of the gas concentration. From the 
electromagnetic side, a resonator loaded with a varying sheet 
resistance is reflecting a varying power well correlated with the 
gas concentration. 

The first realizations are made on polyimide substrate with 
50 µm of thickness (see Fig. 2 (a)), with permittivity εr=3.5, 
tanδ=0.0027. Then to study the behavior of the proposed sensor 
topologies on low-cost versatile materials, prototypes have 
been fabricated on cardboard with a thickness of 550 um as 
shown in Fig. 2 (b). The measured permittivity for this 
substrate is εr=3, tanδ=0.03. With silver ink, the sheet 
resistance achieved on polyimide substrate is 0.5 Ω/sq for two 
layers printed at 635 dpi, whereas on cardboard with 550 µm of 
thickness, with four layers we get 1 Ω/sq. The achieved sheet 
resistance measured with CNT-based ink is approximately 
equal to 450 Ω/sq for three layers printed at 1693 dpi. 

III. WIRELESS MEASUREMENT RESULTS 

To validate the sensors we measured their EM signature 
when subjected to a high concentration of carbon dioxide 
(20000 ppm), and then when the temperature varies from 53°C 
to 27°C. The sensors are set inside an air tight box as shown in 
Fig. 4 (b), placed at 20 cm in the front of a dual-polarization 
antenna. Inside the box, a probe Delta Ohm HD37AB17D 
records the CO2 and CO concentration, the temperature, and 
the relative humidity. The box can be filled with either pure 
CO2 or dry air. To measure the EM response of the sensor, we 
use a dual-polarization antenna ETS Lindgren 3164-04 having 

a gain close to 9 dBi at 2.45 GHz, connected to a vector 
network analyzer (VNA). From the raw measurements of the 
VNA in terms of S parameters S11 and S22, we can extract the 
radar cross section (RCS) of the sensor provided a calibration 
is done [9]. 

A. Results of sensors realized on polyimide substrate 

We measure first, the sensitivity of the printed polyimide-
based sensor when subject to a large concentration of CO2, that 
is, 20000 ppm. The box is filled with only one short discharge 
(the gas supply is opened during approximatelly 1 s). The 
curve shown in Fig. 5 shows the recorded concentration of CO2 
as a function of the time all along the test. Figures 6 (a) and (b), 
show the difference between the initial response, and the final 
response of the sensor in horizontal, and vertical polarization, 
respectively. We note a 0.5 dB magnitude change for the 
vertically polarized response, whereas no significant variation 
is shown in horizontal polarization. This proves the good 
sensitivity of the CNT-based deposit for which the resistivity is 
varying as a function of the CO2 concentration. The Fig. 7 
shows the extracted relative magnitude variation, for the 
resonant peak, in vertical polarization for two different samples 
realized the same way. The behavior is similar in both cases. 
We see a sharp variation just after CO2 injection followed by a 
constant value that lasts even if the CO2 concentration returns 
to a lower value. This behavior is typically due to the 
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Figure 6. Measured RCS of the printed sensor on polyimide before and 

after injection of CO2 inside the test chamber (a) in horizontal 

polarization, (b) in vertical polarization. 
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Figure 7. Measured RCS variation in vertical polarization of the 

resonant peak for two sensors subject to CO2. The samples have been 

printed on polyimide substrate the same way. 
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Figure 8. Measured RCS variation in vertical polarization of the 

resonant peak for two sensors when the temperature is varying from 53°C 

to 27°C. The samples have been printed on polyimide substrate the same 
way. The temperature inside the box has been recorded all along the 

measurement cycle by a probe Delta Ohm. 
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Figure 5. CO2 concentration inside the box recorded all along a 

measurement cycle by a probe Delta Ohm. 

adsorption of gas molecules by CNTs which get trapped. One 
way to release these molecules is to use UV light or to clean 
the sensor with nitrogen (N2). It is noteworthy that the 
magnitude variation is close to 0.5 dB for the two different 

samples. 

In a second stage we seek extracting a relationship between 
the temperature and the magnitude variation of the reflected 
responses of the sensor. For this purpose we heat the air within 
the box using a hot air blower to reach a temperature close to 
60°C. Then, we record the magnitude variation from this 
temperature to the ambient temperature. The Fig. 8 shows the 
normalized RCS variation in vertical polarization for the two 
aforementioned samples. The two curves are very close, and 
the magnitude variation is 2 dB for a 26°C difference. Contrary 
to the CO2 detection behavior, the magnitude variation of the 
reflected response is linearly correlated with the temperature 
variation. This point is verified by the temperature profile 
recorded by the probe and shown in Fig. 8. The profile is very 
close to the shapes of the measured RCS curves. 

B. Results of sensors realized on carboard 

The last set of results reported in this study concerns the 
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Figure 9. Measured RCS of the printed sensor on cardboard with 

550 µm of thickness subject to a temperature variation inside the test 

chamber (a) in horizontal polarization, (b) in vertical polarization. 
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Figure 10. .(a) Measured RCS variation of the resonant peak in both 

polarizations when the temperature is varying from 53°C to 27°C. The 

sensor under test has been printed on cardboard of 550 µm of thickness. 

(b) Extracted relationship in both polarization between the normalized 
magnitude at the resonant peak and the temperature. 

 
Figure 11. Architecture of a detection system using a FSCW radar 

technique to read chipless sensors within the ISM band at 2.45GHz. 

measurement of the reflected response of a sensor printed on a 
commonly used cardboad substrate. Measurements of the 
sensor subject to a large CO2 concentration has not shown 
significant magnitude changes on the reflected response. This 
result is most likely due to the deeper diffusion of the ink 
within the paper so that gas molecules more hardly get into 
contact with the sensitive surface. A surface treatment as well 
as an increased number of layer may solve this issue. However, 
temperature measurements showed a quasi similar behavior to 
that of the polyimide based sensor. Figures 9 (a) and (b) show 
the EM response in horizontal and vertical polarization, 
respectively. We can observe a deviation for the two 
polarizations, however, the vertically polarized response shows 
a much larger magnitude difference, that is 2.5 dB, as plotted in 
Fig. 10 (a). Based on these curve we can extract the 
relationship between the normalized RCS variation and the 
temperature as in Fig. 10 (b) for the two polarizations. The 
obtained result shows a linear behavior at least within the range 
53°C to 27°C. This verifies the capability to implement a fully 
printed sensor on a low cost substrate that is paper, at least for 
temperature variation detection. 

IV. DISCUSSION ON THE READING SYSTEM 

Before concluding this study we discuss about the concept 
of a reading system that could be implemented in order to 

practically interrogate the proposed sensor. The operating 
frequency is centered on the ISM band at 2.45 GHz so that the 
usable frequency bandwidth is between 2.4 GHz and 2.5 GHz. 
In order to sense the EM signature of the sensor for these 
frequencies we can implement a frequency-stepped continuous 
wave (FSCW) radar similar to that in [18] for which the basic 
principle is depicted in Fig. 11. This technique relies upon the 
use of a voltage controlled oscillator (VCO) to generate a 
frequency sweep at the source. An amplifier could be present 
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after the VCO in order to reach the maximum allowable 
radiated power that is 36 dBm for the considered frequencies. 
In the receiver stage, a mixer can be used to downconvert the 
received signal frequency before detecting its power and its 
phase. It should be noted that a small part of the transmitted 
signal is used to detect the phase of the received EM response. 
An alternative relies upon the implementation of frequency-
modulated continuous wave radar (FMCW), that has been 
successfully tested in [12]. Still, the calibration stage based on 
the measurement of the background and of a reference object is 
of upmost importance in order to extract the correct sensor 
response. 

V. CONCLUSION 

We presented the design of a fully inkjet printed sensor and 
showed its realization on two different flexible laminates that 
are polyimide and cardboard. For this purpose, we utilized two 
different commercial inks in order to realize first, highly 
conductive stripes for scattering/radiation, and second, resistive 
strips based on CNT as sensing material. Radar measurements 
have validated the feasibility of the sensor realized on 
polyimide substrate as a CO2 threshold sensor or a temperature 
sensor. Moreover, the first tests carried out on a printed sensor 
on cardboard verified the proof of concept of a very low cost 
sensor that can be used for temperature detection featuring a 
linear relationship of the normalized RCS with temperature. 
The next step is to develop the concept of paper based sensor to 
extend this concept to paper-based gas sensors. 
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