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Executive Summary
The objective of the work on Deliverable 2.2 related to Task 2.2 ‘State of the art of materials sensitive to
environmental variables’ was make a comprehensive state of the art of the demonstrated devices, their main
properties and also their limitations. Such a state of the art analysis was based on the published results in
literature mainly connected with the development of RFID technology and its numerous applications.
Therefore, the deliverable focuses on two major topics: sensitive material and chipless RFID. Indeed, these
two topics are the relevant basis for the development of Chipless RFID sensors, which is the primarily
objective of the EMERGENT Project.
This sate of the art analysis will allow us to pursue the right direction in designing RFID chipless sensor. The
results and conclusions obtained by other groups working on that topic are a very fundamental source of
knowledge to be exploited by the EMERGENT consortium. Even if this topic is very competitive and some
important results are certainly unpublished or protected, there is a huge number of results available in public
domain and open source. Moreover, the members of EMRGENT project have intensive work and several
major publications or Phd dissertations in the topic of chipless RFID and sensors.
Major results reported in this deliverable can be grouped in four sub-topics:
•

A comprehensive review on materials sensitive to environment parameters.

•

A comprehensive review of early published chipless sensor exploiting the sensitivity of different
categories of materials in particular those based on nanostructure and nanotechnology.

•

A comprehensive review on chipless RFID technology, in particular design methods and performance
of chipless tags.

•

Guidelines for the selection of chipless RFID structure to be transformed into RFID chipless sensor. A
special attention is given to the compliant with RF emission regulations that must be respected in
order to turn prototypes to real application.

Finally, this deliverable covers all the technical topics that interest the designers of chipless devices. It also
provides valuable information for companies involved in the EMERGENT project. It helps these partners to
evaluate the economic potential of RFID chipless technology and provide data for the estimation of the ROI.
One of the important aspects non-discussed in this deliverable, because it is out the scope of the project, is
the impact of some nanomaterials on the health. Such a topic as well as some societal concerns of RFID
technology should be considered within the general frame of the project.

Page 4 of 30

D2.2 State of the art of materials sensitive to
environmental variables report

1

EMERGENT
547761

Introduction

It is amazing to notice that the first RFID tag ever developed was the device known as “the Thing” designed
by Leon Theremin in 1945. It was an eavesdropping device that served as spying microphone for many years.
Even if the structure of the “Thing” is very trivial; such a device can be seen as an RFID sensor exploiting the
sensitivity of the antenna to its immediate environment. Nowadays the technologies allow the design of
more complex and effective RFID devices that may represent a strategic enabling solution for ambient
sensing. Chipless sensors should allow the implementation of the last few meters of the Internet of Things.
The transformation of RFID tags into sensors is very effective in terms of Wireless Sensor Networks. Indeed,
the use of the standardized RFID communication protocol will allow the designers to exploit the normalized
RFID commands to define new commands more specific for sensing capability of the transformed tag.
Moreover, like any sensor, the calibration of the device is an important and critical issue. Such an objective
can be reach by the association of some reference devices that provide correction signals to the interrogation
system. All these tasks become possible if the cost of tags is maintained low and the interrogation system is
enriched and updated by additional commands to collect the sensed parameters.
There are several ways to transform any RFID tag, even chipless, into an RFID sensor. They can be grouped in
three categories:
- The first one will exploit the sensitivity of the tag antenna to the physical change that appears in its near
field region. For example, the use of substrate that is sensitive to environment will transform the tag in
wireless sensor.
- The second category is more related to the behaviour of some sensitive materials that can be integrated
to the structure of the tag. In that case, the response of the tag under an interrogation signal will embed
the effect of sensing.
- The third category is to add a physical sensor to the structure of the tag. This method can be effective
but requires some power source and is more relevant for conventional RFID tags. Even if this principle
can be considered for chipless RFID, the complexity and the cost of such solution could be out of the
scope of chipless characteristics.
This deliverable will focus on the state of the art of the major constituents of any chipless sensor. It provides
comprehensive state of the art of the demonstrated devices, their main properties and also their limitations.
In particular, we provide:
- Analysis of candidate materials (graphene, carbon nanotubes, etc.) and polymers suitable for designing
sensors of temperature, humidity, stress, gas and permittivity.
- Analysis of candidate methods for the design of chipless tag, which is the primarily function that the
sensor should achieve.
- A review of the state of the art of chipless sensors published in the literature. They focused also on new
sensitive materials and technologies to process these materials and exploit their properties in the design
of wireless devices in particular chipless RFID sensor.
- A review of the constraints that should be respected in order to allow the implementation of such
devices in real applications. The compliance to RF emission regulation should be mandatory.
- Then we select the material having the best sensitivity to the parameters we would like to sense by their
integration in chipless solutions.
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Candidate Interactive Materials
2.1

Nanomaterial

We will see how it is possible to envision the development of a new generation of chipless tag-sensors
containing an identifier. Based on chipless technology, the idea here is to add on a sensor function. Various
materials can be used to do this, for example nanomaterials. Silicon nanowires have geometries and
dimensions with a very high surface-to-volume ratio, thus encouraging surface interactions. Given the very
small dimensions of these structures (the diameter of a nanowire can be on the order of a few dozen
nanometers), exchanges or harnessing of molecules can take place on the surface, permitting a modification
of electrical properties depending on the environment in which they are placed.
Nanotechnologies are exciting a growing amount of interest in the field of sensors, since they allow the use
of extremely sensitive materials [1 ]. Recent work has demonstrated the effectiveness of carbon nanotubes
in detecting nitrogen oxides [2, 3], smoke, and oxygen in very low concentrations. Figure 1 shows a diagram
of the microwave carbon nanotube resonator sensor and its cross section. A single wall carbon nanotubes
purchased from Carbon Nanotechnologies Incorporate has been used. The amount of resonant frequency
shift was monitored and plotted in Figures 2 and 3. These two figures demonstrate the working range of the
sensor. The sensitivity of the sensor is high, up to 4000 Hz/ppm at 100ppm. This is in the order of 1000 times
higher than SAW sensor [3]. Figure 4 shows the response of the sensor as it is alternatively cycled between
10000 ppm and 0 ppm ammonia in an ambient environment. It is clear that the sensor shows a reversible
change in the resonant frequency. The value of resonant frequency at 10000ppm does not increase after
several cycles of dry air and ammonia.

Figure 1: Diagram of Microwave Carbon Nanotube Resonator Sensor and its cross section. [3]

Figure 2: Measured resonant frequency shift versus amount of ammonia at 5.5 GHz [3].
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Figure 3: Measured sensitivity (Hz/ppm) of µwave carbon nanotube resonator sensor at 5.5 GHz. [3 ]
At the same time, conductive and semiconductive nanowires have been used for their detection capacities,
which can vary depending on their stimulation or chemical composition. Semiconductive nanowires have
been widely studied in the last decade as they display remarkable physical properties, notably a high surfaceto-volume ratio, and the very high sensitivity of their intrinsic properties to physiochemical substances that
may be adsorbed by their surfaces [4 ]. For example, in [4] Boron-doped silicon nanowires (SiNWs) were used
to create highly sensitive, real-time electrically based sensors for biological and chemical species. Amine and
oxide-functionalized SiNWs exhibit pH-dependent conductance that was linear over a large dynamic range
and could be understood in terms of the change in surface charge during protonation and deprotonation. In
addition, antigen-functionalized SiNWs show reversible antibody binding and concentration-dependent
detection in real time. The small size and capability of these semiconductor nanowires for sensitive, labelfree, real-time detection of a wide range of chemical and biological species could be exploited in array-based
screening and in vivo diagnostics. The underlying concept of the experiments used in [4] is illustrated for the
case of a pH nanosensor (see Figure 5). Here a silicon NW (SiNW) solid state FET, whose conductance is
modulated by an applied gate, is transformed into a nanosensor by modifying the silicon oxide surface with
3-aminopropyltriethoxysilane (APTES) to provide a surface that can undergo protonation and deprotonation,
where changes in the surface charge can chemically gate the SiNW.

Figure 4: Measured resonant frequency shift when the sensor is cycled between pure ammonia and dry air
at 10000 ppm. The changes are reversible [3 ].
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Figure 5: NW nanosensor for pH detection.
(A) Schematic illustrating the conversion of a NW FET into NW nanosensors for pH sensing. The NW is
contacted with two electrodes, a source (S) and drain (D), for measuring conductance. (B) Real-time detection
of the conductance for pHs from 2 to 9; the pH values are indicated on the conductance plot. (C) Plot of the
conductance versus pH; the red points are experimental data. (D) The conductance of unmodified SiNW (red)
versus pH. The dashed green curve is a plot of the surface charge density for silica as a function of pH. [4 ]
Several techniques are used to produce them, including advanced lithography, plasma engraving, or growth
from a metallic catalyst. For example in [17 ], the Si nanowires have been elaborated by catalytic chemical
vapor deposition. Typical scanning electron microscopy pictures of the nanowires after the growth is
presented on Figure 6. The process of deposition is compatible with the printing techniques since nanowires
can be melted with a solvent that evaporates at ambient temperature.

Figure 6: Typical SEM picture of Si NWs grown on Si (111) substrate by Au catalyzed CVD process (left).
Microscopic image of silicon nanowires deposited upon classical RF substrate (right). The arrow represents
a dimension of 20 µm.
The physical properties of silicon nanowires show sensitivity to levels of humidity [5 ], temperature [6],
nitrogen oxides [7 ], and hydrogen [8]. In every case, a variation of the conductivity or effective permittivity
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of the nanowires has been observed. More generally, the principle of the sensor function using a change in
the conductivity of nanomaterials has been introduced and validated at low frequency [9, 6 , 5 , 7 , 8 ]. But,
the most promising technology is the one that consists of detecting changes in the conductivity and permittivity
of nanomaterials for radiofrequencies [10, 3, 11 ].
[11] presents the design and development of a passive wireless sensor for the detection of bio-hazard materials
and vapors using chemiresistive thin films. Composite polymer thin film with functionalized carbon nanotubes
(f-CNT) and polymethylmethacrylate (PMMA) is employed as a sensing material. It is investigated that resistance
change is determined with the concentration of dichloromethane vapors diffused into composite thin film, due
to electrical transition from direct contact to tunneling in carbon nanotube nanojunctions. The chemiresistive
film is integrated into a passive wireless system, which works based on the change in phase of the reflected
RF signal. Measurement results of sensors in a wireless sensing system show a large differential phase shift,
which can be utilized for remote monitoring of bio-hazard vapors in real time. As shown in Figure 7, when
the polymer matrix is exposed to sensing molecules, the reaction between the molecules and the matrix
material changes the physical properties and dimensions of the polymer matrix. Physical distance change
between nanowires due to swelling is considered as one of the most common responses.

Figure 7: Schematic diagram of junction resistance change between two nanowires due to polymer
matrix swelling. [11]
The reflected phase was measured to detect a small variation of dichloromethane concentration [11]. In this
measurement, dichloromethane vapors with three different concentrations (15, 27, and 53 Torr partial
pressures) were introduced into a vapor test chamber and the reflected wave phase was monitored by the
network analyzer. Figure 8(a) shows the S11 phase response of a sensor with CNT/PMMA composite from
50 to 600 MHz. It was clearly shown that the phase of the reflected wave in 53 Torr dichloromethane vapor
was shifted from the original value in air, due to resistance increase in the composite thin film. Since the
reflected phases rapidly change around 150 MHz and the resolution of sensing is high enough, concentration
changes from 15 to 53 Torr of dichloromethane vapor partial pressure were clearly detected.
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Figure 8: (a) measured reflection phase (S11) in air and 53 Torr dichloromethane vapor and (b)
differential phase shift when the sensor is exposed to dichloromethane vapor with different partial
pressures (15, 27 and 53 Torr). [11]
Proof has been given of the theoretical principle of wireless sensors based on the use of nanomaterials; [10]
presents a wireless, chipless sensor using the principle introduced in [11]. Silver electrodes were patterned
with the nano-partical ink from Cabot before depositing the SWCNT film, followed by a 140 C sintering. The
electrode finger is 2 mm 10 mm with a gap of 0.8 mm. Then, the 3 mm 2 mm SWCNT film was deposited. The
0.6-mm overlapping zone is to ensure the good contact between the SWCNT film and the electrodes. Four
devices with 10, 15, 20, and 25 SWCNT were fabricated to investigate the electrical properties. Figure 9 shows
the fabricated samples. The RFID prototype structure is shown in Figure 10 along with dimensions, with the
SWCNT film inkjet printed in the center. The nature of the bowtie shape offers a more broadband operation
for the dipole antenna. We may note that carbon nanowires are deposited in an area corresponding to the
input port of an antenna, which makes it possible to produce the wireless sensor (Figure 10).
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Figure 9: Photograph of the inkjet-printed SWCNT films with silver electrodes.
The SWCNT layers of the samples from top to bottom are 10, 15, 20, and 25, respectively. The dark region in
the magnified picture shows the overlapping zone between the SWCNT film and the silver electrodes. [10]

Figure 10: The RFID tag module design on flexible substrate: (a) configuration; (b) photograph of the tag
with inkjet-printed SWCNT film as a load. [10]; (c) the calculated power reflection coefficient of the RFID tag
antenna with a SWCNT film before and after the gas flow. [10 ].
The presence of a gas causes a variance in the impedance seen by the antenna and, from there, any wave
backscattered by the antenna contains the information in the presence of the gas. In air, the SWCNT film
exhibited an impedance of 51 –j6 Ώ, which results in a power reflection at -18 dB. When NH3 is present,
SWCNT film’s impedance was shifted to 97-j18 Ώ. The mismatch at the antenna port increased the power
reflection to -7 dB. There would be 10.8-dBi increase at the received backscattered power level, as shown in
Figure 10. By detecting this backscattered power difference on the reader’s side, the sensing function can be
fulfilled.
It should be noted, however, that no practical application (remote measurement of the variation in the
physical parameter) is presented. On the contrary, the difficulties involved in taking measurements remotely
(sensitivity of the RF channel in relation to the tag’s environment, etc.) are emphasized [3]. Note also that
none of these papers envisions the association of an identifier in order to produce a tag-sensor. This point is
of great importance from an applicative point of view, as it enables the creation of a network of sensors. It is
a matter, then, of the extent to which working with RF frequencies has the undeniable benefit of making it
possible to implement a (wireless) remote reading system. RFID technologies seem particularly adapted to
the integration of sensitive nanomaterials. The fundamental advantage of RFID lies in the self-powering of
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tags and in wireless communication, rendering the exchange of information distinctly faster and more
effective. Conversely, the presence of an RFID chip can reduce the precision of measurements. The chipless
RFID approach is an elegant and effective solution, making it possible to provide, at lower cost, an identifier
for the tag and an answer to all of the problems of wireless RF measurements. In terms of performance, in
this case the benchmark example is SAW technology, with which highly sensitive humidity sensors have been
created [12, 13, 14]. To obtain this type of tag, the solution, in simple terms, consists of adding to a classic
SAW tag a material with hygroscopic properties. This material will modify the characteristics of the acoustic
wave according to the rate of humidity present, modifications that can be picked up by the reader. However,
the procedures used to produce SAW devices call on techniques developed in micro-technology, thus
increasing both the complexity of manufacturing the sensor and, above all, the cost.
As in classic RFID, the question of adding a sensor function to chipless RFID has been raised, though more
recently [15, 16]. In [19] we find a compact, wireless, chipless sensor used to detect ethylene. This sensor is
based on the use of a condenser, which is the sensitive component and is directly integrated into the tag. The
same team then tried to add an ID to the chipless tag using a delay line [SHR 09], but in this case (with the same
thing true for [16]), the sensor function is simply reproduced by soldering an element located at the end of the
delay line (several CMS capacitances of different values are used to simulate the variation in the physical value).
One of the first totally integrable chipless tag-sensors, with remote (wireless) reading of the identifier and the
value to be measured, was experimentally validated in 2011 [17, 18]. By chipless tag-sensor, we mean a
compact chipless tag with identification and sensor functions that are totally integrated and compatible with
the spirit of chipless RFID (that is, simple in design and low in cost, as well as potentially fully printable, similar
to barcodes in that there is no discreet element connected to the tag). Silicon nanowires were used to obtain
this result. They were initially in an aqueous solution, and subsequently deposited in drops on a classic chipless
tag. This is the use of chipless technology, and especially of silicon nanowires, that is at the heart of this advance.

2.2

Examples
of
Nanomaterials
applied
for
sensing
applications

2.2.1 Carbon nanotubes to detect gases
Different studies have shown the excellent potential of carbon nanotubes (CNTs) as sensitive material for
detecting biological and chemical molecules [21]. Via a functionalization of CNT sidewalls, a selected (or
tuned) chemical interaction between a specific chemical species and the nanotube surface can be reached
and the selectivity of the absorption process can be enhanced [22]. Some properties of CNTs make them very
attractive to produce nanosensors for industrial, logistics and environmental applications since (i) their
intrinsic strength makes them suited for miniaturized sensors and usable on flexible substrates [23] and, (ii)
they respond even when operated at room temperature [24], which is optimal for ultra-low power
nanosensors to be integrated in battery-operated tags of a wireless system. Several recent investigations
have aimed to detect gases using carbon nanotubes (CNT)-based sensors integrated into passive or semipassive RFID tags. NH3 and NO2 CNT-based sensors were presented in [25] for concentrations of 4 ppm NH3
and 10 ppm NO2 at both 864 MHz and 2.4 GHz, measured on wired transmission lines and intended for use
in RFID sensors. A multiwall CNT-based CO2, O2 and NH3 passive wireless sensor was presented in [26], based
on an inductor-capacitor resonant circuit and providing measurements at a 15-cm reader-tag distance. A
surface-modified multiwalled CNT-based sensor was presented in [27], detecting dichloromethane, acetone
and chloroform, and can be measured remotely since it is connected to a Bluetooth module. Single-wall CNTs
were used as an impedance loading on a conventional passive RFID 915 MHz tag in [28], detecting 6 ml of
10% of NH3 at a reader-tag distance of 63.5 cm. A carbon nanotube-coated surface acoustic wave (SAW) CO2
sensor has been designed to be integrated into a wireless sensor and was reported in [29]. And an inkjetPage 12 of 30
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printed carbon nanotube-based chipless RFID sensor was proposed for CO2 detection in [30], with
measurements at 20 cm provided.

2.2.2 Example: oxygen-plasma-treated multiwall CNT-based sensor for NO2 detection
An oxygen-plasma treatment has been used to functionalize, in a controlled way, the outer walls of
multiwalled carbon nanotubes. This treatment respects the integrity of carbon nanotubes but gives rise to
carbonyl groups grafted at their sidewalls, which greatly enhance the room-temperature sensitivity and
selectivity of the nanomaterial to nitrogen dioxide.
The multiwalled carbon nanotubes are obtained from Nanocyl, S.A (Belgium). They are synthesized by
chemical vapour deposition and their purity is higher than 95%. The nanotubes are up to 50 microns in length
and their outer and inner diameters range from 3 to 15 nm and 3 to 7 nm, respectively. A uniform
functionalization with oxygen is applied to the provided carbon nanotubes in order to improve their
dispersion and surface reactivity. CNTs are placed inside a glass vessel and a magnet, externally controlled
from the plasma chamber, used to stir the nanotube. Inductively-coupled plasma at a frequency of 13.56
MHz is used during the process. Once the CNT powder is placed inside the plasma glow discharge, the
treatment is performed at a pressure of 0.1 Torr, using a power of 15 W, while the processing time is adjusted
to 0.5, 2 or 5 min. A controlled flow of oxygen is introduced inside the chamber, which give rise to functional
oxygen species attached to the carbon nanotubes sidewalls (i.e., oxygenated vacancies consisting of hydroxyl,
carbonyl and carboxyl groups) [31]. In the second processing step, the functionalized carbon nanotubes are
dispersed in an organic vehicle (dimethylformamide), ultrasonically stirred during 20 min at room
temperature and subsequently air-brushed onto interdigitate electrodes printed on Rogers RO4003
substrates, while the resistance of the resulting film is monitored during the deposition, since this enables to
obtain sensors with reproducible baseline values [32]. The morphology and composition of plasma treated
CNTs is studied by TEM and by XPS, respectively. For TEM analysis, plasma-treated CNTs are dispersed in
ethanol, and a drop is deposited onto a commercial lacey-carbon grid. The TEM experiments are carried out
on a Philips CM20, operating at 200 kV. The chemical composition of the samples is investigated with X-ray
photoelectron spectroscopy (XPS), using the VERSAPROBE PHI 5000 spectrometer from Physical Electronics,
equipped with a Monochromatic Al Kα X-Ray. The energy resolution was 0.7 eV. To compensate built-up
charge on the sample surface during the measurements, a dual beam charge neutralization composed of an
electron gun (~1 eV) and the Argon Ion gun (≤10 eV) is used.
The TEM images recorded on the CNT powder after the functionalization show that the walls are preserved
indicating that for the plasma parameters used the oxygen functionalization does not impact negatively in
the morphology of the CNTs (see Figure 11(-a-)). The gas sensing properties of the system are measured as
follows. The sensor is placed inside a miniaturized stainless-steel chamber with a Teflon cap, which has the
necessary tubing for delivering known and reproducible concentrations of nitrogen dioxide diluted in air.
Computer-driven mass flow meters (Bronkhorst hi-tech 7.03.241) and calibrated gas bottles are used (NO2,
CO, C2H4, C6H6 all diluted at 100 ppm in dry air from Praxair; 99.99%, and dry air from Air Products).
Additionally, the gas mixture can be humidified at controlled moisture levels by employing a liquid mass flow
controller. A continuous flow (50 sccm) is used throughout measurements. The selectivity of the carbon
nanotube sensor towards nitrogen dioxide is investigated. For this study, the sensor is operated in the wired
mode and the responses to CO, C2H4, C6H6 and moisture are tested. Figure 11.b summarizes these results.
CNTs having undergone a 2 min plasma treatment are preferred, since they show a dramatic increase in their
response to nitrogen dioxide (compared to those treated during 30s only) while they keep a moderate
moisture interference (compared to those treated during 5 min).
Photographs of the CNT-based sensor on the interdigitated structure, the test chamber that has been
designed to house the CNT sensor during measurements and the tag are shown in Figure 12(-a-). Once placed
inside the test chamber, the sensor is wire-connected to the UWB RFID semi-passive tag, which enables the
wireless reading of sensor response using an UWB radar (see block diagram of the measurement set-up in
Figure 12.b). The RFID tag is battery-powered. The tag is normally in a low-power mode until it is woken by
the reader. This leads to a current consumption of 20 nA when the sensor is in the sleep mode and 325 μA
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when it is woken. For a typical situation of 12 measurements per hour and a 1000 mAh battery, the expected
lifetime of the sensor tag is about 10 years. The reader transmits an interrogation (wake-up) order to the tag.
The tag receives this order, and responds by transmitting the reading of the CNT-based NO2 sensor attached
to it and the reader collects this answer.
The whole testing period comprised over 200 h of measurements in which the sensor underwent several
response-recovery cycles, always operated at room temperature (i.e. 25ºC). Figure 13 shows a comparison
between the response of a wired measurement (with a multimeter) and the wireless measurement. The
distance between sensor and reader is 1 m. The wired measurement is obtained only once and is used for
assessing and comparing the performance of the wireless system. The concentrations of NO2 applied to the
sensor in each measurement are marked out. The relative error remains mostly below 1%, never exceeds 2%
and its mean value is 0.29%. Although some baseline drift can be observed in the response of the sensor to
high nitrogen dioxide concentrations (e.g. see the repeated response-recovery cycles to NO2 100 ppm in
Figure 13), the baseline is regained without heating the sensor (i.e. at room temperature) if more time for
recovery is given to the sensor.
35
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-a-bFigure 11: Typical TEM microscopy image recorded on CNTs after the oxygen-plasma functionalization.
(-a-) The image shows that the morphology of the CNTs is preserved during the functionalization. (-b-)
Responses to the different gases tested. In the case of H2O, the response is induced by a step change from
10% to 80% R.H., which at 25ºC corresponds to a change from 3,151 up to 25,780 ppm in the absolute
moisture content.

-a -bFigure 12: (-a-) Photograph of the wireless sensor tag (left) and close view of the CNT transducer and test
chamber (right) and (-b-) scheme showing the wireless measurement set-up.
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Figure 13: Wired (black solid line) and wireless (red dashed line) measurements of the CNT-based NO2
sensor. From left to right, four response-recovery cycles at 10 ppm, cycles at 10, 30, 50, 70 and 100 ppm,
and four cycles at 100 ppm. The sensor is operated at room temperature (i.e., 25ºC), both in the response
and the recovery phases.
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State of the art of the demonstrated devices
3.1 State of the art of chipless tags

Nowadays, Chipless RFID is very popular and attractive topic. Searching 'chipless RFID' on your web will
provide more than 50K links. This large number of citations is primarily due to the numerous advantages that
this technology can provide in terms of device cost and flexibility of usage. There are so many publications
on that topic, but the following references can be used as introduction to chipless [33] [34] [35]. There are
two main classes of RFID tags that are considered in applications. The most known and widely use is the one
based on IC chip [33]. Despite the fact that the use of RFID tags with an IC Chip is a well-developed and
broadly used solution, the need for an all-passive technology exhibiting very low cost, high robustness, and
the ability to be used in severe environments is very attractive and highly desirable for many applications.
However, using an IC and a connection to an antenna realized on soft substrate is the main weaknesses of
the conventional RFID. Chipless technology targets eliminating the IC and therefore allows more reliability
and cost effectiveness. Therefore, such an approach has been considered as a possible RFID solution and
studied by several research groups worldwide [34] [39][40] [41] [42] [43] [44] [45][46].
Chipless technology is based on the radar principle. The information stored in the tag is basically embedded
in its electromagnetic signature. One of the major challenges of a chipless tag is to be able to store large
amount of information within a passive structure having compact size and using low cost material and
realization process and compatibility with green technology constraints. Moreover, sensing capabilities of
chipless RFID are of great interest and highly expected.
The physics behind the RFID communication has been explained by Harry Stockman in 1947 [36]. However,
more specific to chipless approach, the most relevant principle is the one evidenced by Leon Theremin.
Indeed, the first RFID tag ever developed was the device known as “the Thing” [37]. This was an
eavesdropping device that served as a spying microphone for many years. Its operation principle is the
exploitation of the backscattering technique. Modern chipless tags are also based on that principle. When an
antenna is illuminated by an RF signal, electric currents appear on its conducting parts. These currents create
an electromagnetic wave that is re-radiated and can be seen as a signal reflected by the antenna. Of course,
this re-radiated signal depends on geometry of the antenna, in particular its metallic parts, and can be seen
as a reflected signal from the antenna. The physical parameter that characterizes this phenomenon is the
Radar Cross Section (RCS). The successful design of chipless tags requires the control and the optimization of
the RCS of the considered structure [38].
As far as the design of chipless tags is considered, we can group the design techniques in three categories.
Each category corresponds to a certain design approach to implement the information within the tag
structure. These categories are briefly discussed hereinafter.

3.1.1 First category: ElectroMagnetic Signature (EMS)
In this category the design aims to establish a direct link between the EMS of the structure and the
information to be stored. This is a very general approach quite similar to radar recognition methods. One
possible example of this method is to use very usual symbols as chipless tags. One relevant example is to
consider the standard alphabet as chipless tags and to exploit these symbols thanks to their EMS in a certain
frequency band. To be usable in practice, such a method requires the definition of closed set of symbols and
a specific recognition algorithm. This technique requires the definition of closed set of symbols and an
algorithm for their recognition. An example of a realization is presented and some relevant results are
summarized in Figures 14. The example reports the EMS of letters “I” and “C” where one can notice that the
currents generated on the surface of the alphabets depend on both the frequency and the polarization of
the excitation waves. Resonating and anti-resonating frequencies are clearly distinguishable. Evidently, there
are linked the characteristics lengths in the letter and the polarization of the incident signal that constitutes
the interrogation signal. Considering all the letters of the standard Arial Fonts (24pt) and both vertical and
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horizontal polarisations of the interrogation signal, a lookup table for letter recognition is defined [37].
Indeed to be usable in practice, the frequency band must comply with existing RF emission regulation. In that
situation the most interesting option is to use UWB pulses that extend over the band 3.1 to 10 GHz.

Figure 14: Latin alphabets as chipless tags [38], [52]. Induced electric field and surface current distribution
on letters “I” & “C” of for Arial letter 48pt. Resonance frequencies used as a lookup table for the
identification of Arial 24pt fonts. Figures are from [34].

3.1.2 Second category: RF Processing Unit
This category uses a compact RF processing unit to encode the information and store it in the tag structure.
Depending on the coding parameter, the processing unit can have different topologies. One common
example is to use a set of filter cells to select specific frequencies that correspond to the tag code. In order
to achieve wireless communication the processing unit must be complemented by one or several antennas.

Figure 15: Structure and Operation of a Multi-Resonator Processing Unit Based Chipless RFID Tag.
As an advanced example of this approach, we will describe the one discussed in [44] and shown at Figure 15.
This tag integrates mainly three elements: a processing unit, an antenna for the reception of the interrogation
signal and another antenna for the transmission of the tag response. The processing unit that embeds the
identification code is formed by a series of cascaded resonators corresponding to a set of frequencies.
Therefore, for each identification code, a specific RF circuit is designed. When the tag is fed with a wideband
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signal, the receiver (Rx) antenna captures the signal and the circuit starts resonating at the designed
frequencies. The resonators act as band-stop filters, and create attenuations and phase jumps at these
frequencies. This generates the tag response that is re-transmitted back through the transmit (Tx) antenna
of the tag [44]. Finally, the reader converts the frequency response of the tag into a binary code. The concept
of such chipless tag is described in Figure 15. One of the major advantages of this method is its ability to
control independently each resonator and finally to effectively predict the stored code. A coding capacity up
to 35 bits has been demonstrated. However, this approach does not allow the design of compact tags because
of the physical separation between the three elements that form the tag.

3.1.3 Third category: Rf Elementary Particle (REP)
In this category, the tag if formed by a set of very elementary “scatterers”. Each scatterer is characterized by
a specific electromagnetic response. Evidently, changing the size of the scatterer will modify its response.
The original contribution of this category is due to the work published in [40] [41]. In this work, it is proposed
to use the principle of optical barcode but if RF domain and the authors introduced the term "RF Barcode".
Therefore, parallel bars of different lengths, very similar to optical barcodes, have been used as identifiers.
The parallel bars were made with conductive materials and with different lengths, corresponding to different
resonating frequencies. Each set of bars that form a tag corresponds to a unique ID. Moreover, an improved
structure based on the use of a ground plane allows high Q-factor resonances and thus more coding capacity
because the resonance frequencies will be more separated and more easily measurable in practice.
The main idea behind this category is that the functions of signal receiving, signal processing and signal
transmitting are no longer separated from each other geometrically and conceptually, but coupled in the
same designed structure. Hence, simple coding scatterers corresponding to pre-designed shapes can be
defined. This clearly introduces the concept of RF Encoding Particles (REP) and advances configurations are
discussed in [42][43]. It has been demonstrated that a better surface coding efficiency can be achieved with
the REP approach [48], which leads to very compact tags even without the need of ground plane. A rich
example of scatterer or REP is the double coupled "C" structure as shown in Figure 16, which allows a coding
capacity of 6 bits and corresponds to coding to a coding density of 2.3bits/cm2.

Figure 16: Structure and operation of a multi-resonator based chipless RFID tag. Double ‘C’ as RF Encoding
Particle (REP) [47]. Figures are as in [34].
It is worth noting that this category of chipless tag can be realized with homogenous REPs of course, but inhomogenous REPs can also be considered for more advanced designs. In general, the design of chipless tags
based on REPs requires more expertise and computing resource. For robust design, the spurious coupling
between REPs must be controlled and if necessary the size of each REP should be optimized in order to
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correspond exactly to the expected ID. Some examples of chipless tags based on REP concept are illustrated
in Figure 17.

Figure 17: Photograph of chipless tags based on REP concept. a) “C” shape chipless RFID tag with the
largest published coding density (2X1.5cm², 6 bits); b) A paper based tag composed of multiple rectangular
SRR using hybrid coding technique combining phase deviation and frequency position encoding (2X4cm², 23
bits) [49], [51]; c) The highest capacity chipless tag insensitive to the polarization based on 12 nested
circular rings with a coding capacity of 49 bits (4X4cm², 49 bits) [50]. All these tags are compliant with RF
emission regulations. Figures are as in [34].

3.2 State of the art of chipless sensors
RFID sensors based on chipless RFID encoding techniques have recently gained attention as a cheaper
alternative to the chip-based RFID or the SAW RFID sensor tags. The sensing function can be added to a
properly designed chipless RFID tag by exploiting materials that are susceptible to external environment
changes such as pressure, temperature, humidity, gas concentration. The physical basis grounds on the
capability of chemical interactive materials (CIM) of changing their dielectric properties through the
interaction with target molecules or by environmental changes. This change can be advantageously exploited
to modify the field scattered by a chipless RFID tag equipped with a CIM. The observed variation of the
scattered field contains the information collected by the sensor. This paragraph will analyze the most
significant examples of chipless RFID sensors that employ CIMs.
In [53] a relative humidity (RH) sensor is presented. The sensing capability is incorporated in a spectralsignature chipless RFID by using a smart material used as a superstrate for the tag resonators. As the material
changes its electromagnetic properties, a resonance frequency shift is observed. This shift is associated to
the sensing data. In this case, the sensor retains both the sensing information as well as the identification
data of the tag. More in detail, the tag sensor consists of a number of multi-resonators and it absorbs the
impinging wave at some predetermined frequencies. A rectangular patch with three U-shaped slots is
responsible for the ID of the tag whereas an electric inductor-capacitor (ELC) resonator carries the sensing
information. The sensing capability is obtained by putting on top of the electric inductor-capacitor resonator
a hygroscopic polymer material that absorbs water, the Polyvinyl alcohol (PVA) (Figure 18.(a)). The sensor
has been tested by using a Vector Network Analyzer (VNA) and two horn antennas quite close to the sensor
tag. Both the antennas and the sensor were placed inside an esky chamber in order to control the humidity
(Figure 18.(b)). The sensing is related to the minimum of the transmission coefficient associated to the ELC
resonator, which is around 6.8 GHz for a RH of 35%. When the RH increases the deepness of the absorption
peak slightly changes and the frequency shifts down. The maximum in the peak is around -1 dB (RH from 35%
to 85%) whereas the frequency shifts down from around 6.8 GHz when the RH is 35% close to 6.2 GHz when
the RH is 85%. The same CIM is also employed for a temperature threshold detector. In fact, the PVA is a
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sublimate material that vaporizes at its transition temperature around 72°C. If a superstrate layer of
Phenanthrene is added on a chipless RFID tag then it can become a sensor able to permanently change state
at 72°C. It is observed that after 90 minutes the ELC resonator has a permanent frequency shift of 320 MHz.

(a)
(b)
Figure 18: Experimental setup: (a) photograph of the chipless RFID humidity sensor; (b) setup for reading
the S21 parameter of the tag inside the esky chamber.[53]
In [54] a deposition of a composite polymer/single-walled carbon nanotube (SWCNT) ink is the CIM
responsible for the sensing function of CO2 detection and temperature measurement. Also in this case, the
variations of the sensitive material induce a variation in the radar cross section (RCS) of the tag as a function
of the frequency. In fact, 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. The proposed sensor has been
designed to provide two separate responses using two orthogonal responses (horizontal and vertical). The
former response (horizontal polarization, H) is used to extract the sensed information, whereas the latter
(vertical polarization, V) is used as a reference response as well as for sensor identification (Figure 19). The
sensor operates within the band 2.4 GHz-2.5 GHz. A sensor prototype is realized with Dimatix DMP-2831
inkjet printer on a flexible polyimide laminate with 50 μm thickness. Silver ink (Harima Nanopaste) is
employed for tracing high conductivity strips. Two layers are printed and a sintering process at 150°C is
required to achieve the desired sheet resistance. For the sensitive conducting strip a SWCNT/PEDOT-PSS
composite ink has been used. This sensitive material is printed with a resolution of 1693 dpi after having
been sonicated during 30 min at 30 °C.

(a)

(b)
Figure 19: View of the fully ink-jet printed dual polarized sensor: (a) details of the three different
employed inks and (b) sensor realized on polyimide substrate. [54]
The scatterer denoted “V” is not loaded with any sensing material and it is used for coding and calibration
purposes. This means that its frequency response does not change as a function of the time when the CO2
concentration changes. Therefore, the peak of its RCS is essential to calibrate the sensed information
Page 20 of 30

D2.2 State of the art of materials sensitive to
environmental variables report

EMERGENT
547761

extracted from the orthogonal polarization “H”. This allows getting a result independent from the reading
distance as proved in the ideal case of free-space propagation. The ratio of the received power levels of both
polarizations provides a measure of the CO2 concentration. Also this tag has sensing and identification
capability. More in detail, a frequency shift coding technique is used for identification coding purposes.
Depending on the location of the peak in the frequency range between 2.4 GHz and 2.5 GHz, a different ID is
encoded. The change in the RCS level of the “H” scatterer encodes the sensed parameter. The setup for the
CO2 measurement comprises a sealed plastic box big enough to contain the sensor in which the gas is
injected. Each sensor is subjected to UV light during 10 min just before measurement with CO2 gas. A
wideband dual polarized ridged horn antenna 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 and the scattering parameters are collected with a vector
network analyzer (VNA). Measurement of the background with no tag and measurement of a reference tag
with a known RCS are necessary as well as an averaging and time gating filter in order to extract the EM
response of the tag from the raw measurements. For all measurements, the transmitted power was 0 dBm
between 2.2 GHz and 2.6 GHz whereas the RH slightly varies (between 15% and 20%) with a constant
temperature around 21°C. The RCS variation of the loaded scatterer is in the order of 0.5 dB. The time
necessary for reaching the maximum is around 200 sec but the sensor never returns to the initial state even
if the gas concentration drops since the CO2 molecules remain trapped inside the CIM. 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. Therefore, this sensor is suitable to be used as a threshold sensor. In terms of
sensitivity, a level of 20000 ppm can be detected and gives an RCS variation of 0.5 dB. If the sensor is used
for monitoring the temperature, the RCS variations are larger than in the case of gas detection. It can be seen
that the maximum deviation is contained between 1.8dB and 2.2dB (for a variation of 33 °C). Also in this case
the sensor can be used to check an excess temperature provided that the RCS level is compared in real time
with a threshold value.
Another interesting example of a threshold sensor is proposed in [55] for wireless humidity monitoring. The
idea is to provide information about whether some goods have been exposed to critical environmental
conditions or not. This task is accomplished by checking a possible threshold violation of environmental
parameters acting on the product. A threshold violation of the monitored quantity is indicated by a
permanent change in the sensor output signal. This sensor is based on an irreversible property change of the
salt, which is the CIM element. More in detail, a salt with deliquescent behavior is initially contained in a
reservoir (Figure 20). Once the salt specific deliquescence relative humidity (DRH) is exceeded, the transition
from the solid to the liquid state of the salt occurs. Then, the salt irreversibly disseminates in the porous
absorber media and an overall change of the effective dielectric permittivity of the inner sensor volume is
observed. If a double planar coil is built on this media then a permanent change in the overall capacitance is
determined. The sensor resonance frequency and its variation can be determined wirelessly with an
inductively coupled detection coil.
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Figure 20: Sensor concept and realized demonstrator [55]
Experiments were carried out in a humidity and temperature controlled measurement chamber where the
relative humidity was varied between 30% and 95% at a temperature of 25°C. Single use sensor were
manufactured with copper traces on a FR4 substrate, 1.5 mm thick. The spiral coils comprise 20 windings
with an inner diameter of 10 mm and an outer diameter of 25 mm. Protective coating was placed on the top
of the sensor and then an opening was drilled in the top coil, which is used as reservoir holding the
deliquescent salt. Commercial filtration paper was employed as porous media for the inner sensor volume.
Demonstrators were equipped with approximately 0.15g NaCl and exposed to different humidity test cycles
in order to study the sensor response due to the influence of humidity. The sensor resonance frequency and
its change due to humidity influence was monitored with a detection coil connected to a network analyzer.
Initially the sensor resonance frequency is stable until the deliquescence humidity is exceeded. Then the salt
solution is formed and the sensor enters its transition phase. The salt then spreads within the porous
absorber media causing the sensor resonance frequency to decrease and the bandwidth to increase due to
the influence of absorbed water. When relative humidity decreases, water evaporates and leaves the system,
which leads to an increase in the sensor resonance frequency. A permanent resonance frequency difference
compared to the starting value can be observed and this permanent change allows the determination of the
threshold violation. The irreversible resonance frequency change is in the order of 1 MHz, with a maximum
of 2 MHz in the best case. As for the read range, a detection range of 40 mm for an axial alignment can be
reached with a single turn detection coil of 8cm diameter. Also in this case a reference sensor with no CIM
loading can be useful to make instantly evident the shift of the resonance frequency. In this study, all the
experiments were carried out under laboratory conditions and no data from field tests was provided.
A humidity sensor employing silicon nanowires is reported in [57]. This humidity sensor tag using silicon
nanowires can produce ID and sensing function at a single frequency. The tag ID purely depends on the length
of the proposed C-section whereas the sensing is achieved by depositing the nanowires on the strips of
transmission-line sections (Figure 21(a)). Nanowires change their properties upon humidity absorption and
this determines a change in the tag response in terms of the magnitude of radar cross section (RCS) and group
delay.
More in detail, the humidity absorption causes a shift of the group delay curve of the corresponding C-section
within the allocated time-delay slot. The tag response without nanowires can be considered as the reference,
and any shift from this response due to nanowires can be considered for the sensing application. In fact, the
time shift is a function of the relative humidity that is the investigated quantity.

(a)
(b)
Figure 21: Humidity sensor: (a) arrangement of the CIM and (b) prototype of the chipless sensor. [57]
As for the prototype realization (Errore. L'origine riferimento non è stata trovata.(b)), nanowires have been
developed by catalytic chemical vapor deposition. The nanowires have been put in a solution of alcohol, and
a drop has been manually deposited on the strip of the C-section where the electric field is maximum, using
a pipette. The alcohol eventually evaporates and the nanowires remain fixed on the C-section, although not
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uniformly deposited. The experimental validation required a dual polarized horn antenna used as the reader
antenna connected to a vector network analyzer. The sensor tag was kept in a plastic box containing water.
The whole setup was kept at 30 cm from the reader antennas, and 10 dBm power was used to interrogate
the tag. The complex S21 parameter has been measured in a real environment whereas a humiditytemperature meter was used to monitor the real time humidity inside the box. Several measurements are
required to recover the information. First, the measurement was performed separately for both tags with
and without nanowires. Then, an empty room measurement (i.e., without tag) was performed as well as a
measurement with a reference tag. Moreover, two cross-polarized tag antennas connected to each other
were used as a reference tag (i.e., tag without C-sections group). Finally, the calibration process required also
that the empty response was subtracted from all further chipless tag measurement. The measurements
assessed that the proposed sensor produces a magnitude variation of 1.07 dB/% RH and group delay variation
of 0.79 ns/% RH.
A printed LC resonator operating around 200 MHz for short-range item monitoring is proposed in [57]. The
proposed chipless RFID humidity sensor comprises two planar LC resonators, one for encoding the ID
information, and another one for sensing the ambient relative humidity level. The two resonators are
designed to take up separate resonant frequency bands. Each resonator is made of a square-shaped loop
inductor and an interdigital capacitor (IDC) as shown in Figure 2(a). The resonators were fabricated by inkjet
printing Dimatix Material printer (DMP2800) and a single layer was printed for all the five samples realized
on different substrates including PET (Mylar® A, Dupont), polyimide (Kapton® HN, Dupont), non-organic
coated inkjet paper (PEL Nano P60, Printed Electronics Ltd.), commercial inkjet photo paper (Ultra premium,
Kodak) and commercial UV-coated packaging paper (Korsnäs AB). Different sintering temperatures were
chosen on the basis of heat resistance of the substrate within the interval (145°C-200°C).
A
loop
antenna made of copper wire was connected to one port of a VNA as a reader antenna as shown in Figure
2(b). Both the samples and the reader antenna were actually placed in an environmental chamber (WK11180, Weiss Tecknik) during measurement to keep controlled ambient conditions. The distance between the
antenna and the sample was set to 0.5 cm. The resonant frequency of the sensor is obtained from the
measure of the S11 parameter. As part of the necessary calibration procedure to remove the background
noise, the measurement without the presence of any sample was also performed in order to be subtracted
from all the measurements. The different performance of the materials are compared in terms of sensitivity
defined as the resonant frequency difference between 90% RH and 20% RH of the LC resonators relative to
their resonant frequency at 20% RH. As a result, the resonator on PEL paper exhibits much larger sensitivity
(16.6%) than that on the polyimide, while the resonator on PET is not sensitive to the change of the RH level
at all. It is suggested that PET is a suitable substrate for the resonator responsible for the identification, while
the PEL paper substrate has greater potential for the humidity-sensitive resonator.

(a)

(b)
Figure 22: Printed LC resonator: (a) sensor resonator printed on packaging paper; (b) measurement setup
of the sensor resonator. [57]
More in detail, it can be seen that the resonant frequency shifts to the left as the RH level ranged from 20%
to 90%, and meanwhile, the peak magnitude of the difference between the S11, without the presence of the
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sample and with the presence of the sample, decreases. The resonant frequency decreases as the RH level
goes up, with the largest descending rate occurring between 70% and 90% RH level. The response time of
this sensor resonator (63% of the total frequency variation) is around 6 min, although the authors state that
this is due to the long time the RH inside the chamber takes to reach a newly-set level. It is important to
underline that when the RH is reversed from 80% to 30% the resonance frequency recovers only 78% of the
initial variation range, corresponding to a hysteresis of 10.8% RH. To speed up the response time and reduce
the hysteresis the authors suggest to use thinner paper.
Finally, a semi-passive wireless nitrogen dioxide gas sensor was proposed in [6]. The sensor tag is based on a
UWB backscattering topology in which the reader, a commercial ultra-wideband radar, transmits a pulse. The
signal backscattered at the tag is then modulated by a RFIC single-pole double-throw switch and contains
information on the gas concentration. The CIM employed for the gas sensing consist of oxygen-plasmatreated multiwall carbon nanotubes (Figure 23). The tag is normally in sleep mode and includes a wake-up
circuit. A self-calibration circuit is also included, enabling two additional measurements used for background
subtraction and calibration to be obtained. The reported measurements were carried out at a tag-reader
distance of 1 m although the authors state that longer read-ranges can be achieved with semi-passive UWB
RFID. To reduce the large coupling between the transmitting and receiving antenna a background subtraction
is performed before each measurement thus removing any undesired effect of time-variant background even
if this operation does not require to remove the tag. The backscattered signal contains both a structural mode
as well as a tag mode but the sensing is related to the second one. The sensor measurement requires three
readings at the end of which the tag mode is obtained regardless of any angle or allowed distance between
the tag and the reader.

Figure 23: Tag prototype, front (left) and back (right). [58]
Measurements assessed that the sensor is able to detect nitrogen dioxide concentrations from 10 ppm to
100 ppm, with a mean relative error of 0.34%. As regards power consumption, the tag consumes 105 µA
during the calibration measurements and the NO2 measurements whereas 4.3 µA are required in the sleep
mode and for background measurement.
Although the aforementioned examples are pioneer applications, the research on this field can be considered
at its infancy and many efforts must be done in the future in order to achieve an acceptable technology level
for real-world applications. Among the most important challenges, there is the need to improve the
sensitivity and avoiding the necessity of an isolated detection area to cope with the effects of time-varying
background. Another important issue is to realize sensors that are selective to only one parameter. Improving
the detection reliability is also important as well as avoiding any calibration procedure. Finally, hysteresis
effects have to be removed and, where applicable, a maximization of the permanent resonance frequency
shift difference between the initial and the final sensor state must be enhanced.
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Selection of the materials for the chipless sensor
4.1 Selection of the tag structure

The target structure for EMERGENT program should act as a chipless sensor with identification. Therefore, it
should realize two functions identification and sensing. As discussed in the state of the art there are many
options and ways to achieve these two objectives.
As far as the identification feature is considered, chipless tags should be designed. Such a realization should
take care of some criteria:
- The chipless tag should be able to identify a significant, but not necessarily huge, number of devices.
However, most of the Wireless Sensor Networks address less than 100 devices. In terms of coding, this
requires a capacity of 7 bits.
-

The interrogation signal (in other terms the chipless reader) must be compliant with existing RF
emission regulation [59]. In particular, the frequency band of operation, the power level and channel
occupation. In practice, two options should be considered.
I. The first option should exploit the un-licenced IMS bands. So possible frequency bands are
around 2.4 GHz and 5.8GHz. Several of the FCC part 15 rules govern the transmit power
permitted in the ISM bands. Here is a summary of those rules:
a. Maximum transmitter output power, fed into the antenna, is 30 dBm (1 watt).
b. Maximum Effective Isotropic Radiated Power (EIRP) is 36 dBm (4 watt). The EIRP is
obtained by simply adding the transmit output power to the antenna gain.
c. If the application is used in a fixed point-to-point link, there are two exceptions to the
maximum EIRP rule above:
d. In the 5.8 GHz band the rule is less restrictive. The maximum EIRP allowed is 53 dBm
(30 dBm plus 23 dBi of antenna gain).
e. In the 2.4 GHz band you can increase the antenna gain to get an EIRP above 36 dBm
but for every 3dBi increase of antenna gain you must reduce the transmit power by
1 dBm.
This option should provide the maximum read-range of communication. However, due to the
limitation in term of frequency band, the number of sensors will be probably limited to some
tens at the maximum.
II. The second option should exploit the UWB regulation that offers a huge bandwidth that
extends from 3.1GHz to 10.6GHz. Such a bandwidth allows larger number of devices, but the
power level is limited to −41.3 dBm/MHz, which in practice limits the read-range to some tens
of cm.
-

The integration of sensing feature should be developed within the structure of the chipless structure.
Several methods can be considered. Some examples are listed below:
I.
The most straightforward method is to modify one of the characteristic responses of the tag
in order to implement the effect of sensing mechanism. This can be reached by modifying a
part of the chipless tag, for example one of the scatterers if the tag is based on REP
architecture. This modification can be obtained thanks to an additive sensitive material such
as nanowires, carbon nanotube.
II.
The sensing capability can be obtained by using a sensitive substrate. Indeed, it has been
demonstrated that substrate like Kapton and papers are sensitive to humidity and
temperature. In that case, the humidity and temperature will modify all the responses of the
chipless tag. Such a modification should be mapped to the sensed parameter.

-

Finally, whatever is the structure of the chipless tag, it is necessary to set up a measurement protocol
as well as a calibration procedure to exploit the sensing capability and avoid the uncertainty due of
the possible detuning effect due to the environment.
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Conclusions

This Deliverable was dedicated to the state of the art of material sensitive to environmental variables such
as temperature and humidity. The material were considered alone but necessarily added to some chipless
tags in order to obtain a passive wireless sensor with identifier. Hence, the deliverable focus on two
complementary topics :
- Chipless RFID structures and ways to implement an ID within the chipless tag structure. In our
EMERGENT Project, our primary interest is not the coding capacity of the chipless tag, but its
potential to acquire sensing feature.
-

Ways to add sensing capability to the chipless and passive tag. Two ways can be considered:
I.
Using the sensitivity of the antenna to its environment. Few published contributions have
focused on this idea. Its implementation seems to be very easy, as it does not require
modification in the structure of the tag but a specific design of the tag shape of the identifier
in order to obtain high sensitivity to environment parameters. The most critical aspect to be
deeply studied is the mapping between the effects of the environment on the tag backscatter
signal.
II.
Adding sensitive material. There are numerous publication dealing with a variety of potential
material. We mainly focused on the known as nanomaterial in particular those exploited in
RFID to form sensing tag. Two main difficulties have been reported in numerous publications
from different research groups:
a. Processing of the material and ways to accurately drop it in the structure of the RFID
tags. In all cases, a measurable effect is observed but its mapping to the process of
deposition seems to be complex to control in practice. Therefore, advances in this
direction are certainly required.
b. In some cases it is difficult to clearly separate the effect of external parameters. For
instance, the temperature and humidity are coupled. This makes the choice of the
relevant sensitive material more complex than expected.

In the last part of this Deliverable, we considered the regulation in terms of frequency and power emission
that the devices should respect in order to be exploitable in real applications. Only few publications pay
attention to that topic, which is very necessary. We think that the final devices that we will develop and
demonstrate should consider the existing regulations. This topic is strongly dependant on the all chipless
system that includes the reader or interrogator.
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