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Towards a reliable Chipless RFID Humidity
Sensor tag Based on Silicon Nanowires

Arnaud Vena, Etienne Perret, Senior Member, IEEE, Darine Kaddour, and Thierry Baron

Abstract—This paper presents a chipless RFID sensor tag
having both identification and sensing capabilities. It is based
on one resonant scatterer operating as a signal processing
antenna in the 3 to 7.5 GHz band. The scatterer is used to
monitor a physical parameter variation, as well as to identify the
remote sensor. To make a resonator sensitive to the humidity,
silicon nanowires are deposited on the tag surface using a simple
process. The tag needs only one conductive layer so that it can
be directly printed on the products to sense and to identify.
Measurements done using a bistatic radar configuration in the
frequency domain validate this concept. To demonstrate the
reliability of such an application, two chipless RFID sensors
placed in various environments are simultaneously detected
using an anti-collision technique based on spectral separation.

Index Terms—Chipless, RFID, Sensor, Humidity, Silicone
Nanowire, Anti-collision.

I. INTRODUCTION

ENSING a physical parameter remotely is required in

numerous monitoring applications such as weather
station, or sensor networks. Using the passive RFID
technology for these applications could be interesting because
it doesn’t need to be powered by a battery cell since energy is
directly extracted from the EM field of the reader [1-5]. This
gives a key advantage to sensor RFID technology because
maintenance of remote sensor is largely reduced.

To detect a physical parameter variation in classical RFID,
additional discrete components providing a voltage output
proportional to a physical parameter, such as temperature or
gas concentration, are needed. The signal obtained from these
dedicated sensors is then sampled by the chip and stored into
a register as shown in Fig. 1 (a) [1]. More recently UHF RFID
chip with integrated sensors are available on the market [6].
In contrast, to reduce the sensor — tag cost, other techniques
much simpler based on the measuring of the backscatter
power (in magnitude or phase) at receiving reader antenna or
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the threshold transmitted power of the tag (see Fig. 1 (b)) are
introduced [3], [4], [7-10]. In this case, the antenna is made
sensitive to one of the environment parameters, such as
temperature [3], humidity [8-10] or a mechanical stress to
detect a strain [11].

However, such very simple RFID sensor tags are still not
implemented in real applications. Indeed, the large scale
production of these sensors is inhibited by the lack of high
sensor-to-sensor reproducibility. The major limitation of these
RFID sensor-tags without dedicated sensors comes from the
variability of the chip’s response. Indeed for these very low
cost sensors, where the detection is based on the transmitted
activation power or the backscattered power at the receiving
antenna, a strong versatility is generally observed concerning
the threshold power of the chips as well as the connection
between the chip and the antenna. Moreover, a RFID chip is a
quite complex electrical component, that is to say nonlinear,
and frequency dependent. All these aspects have to be taken
into account to realize accurate sensor measurements.
Consequently, with such an approach, making a RFID sensor
tag without dedicated sensors but with a repeatable behavior
is a hard task.

Chipless RFID technology have given a new paradigm in
the field of RF identification [12]. A chipless tag doesn’t
embed any silicon chip so that no classical modulation
scheme is needed for communication. Instead, simply its EM
signature, from a radar point of view, is used to extract a
unique 1D [2], [13-15]. The two major strengths of chipless
RFID tags are their unit cost, which could be very low [16],
[17] and their high levels of reliability even if they operate in
harsh environments [15], [18]. As in classic RFID, the issue
of integrating a sensor function to chipless RFID has been
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Fig. 1. RFID sensor using (a) classical passive or active approach with
dedicated sensor components, (b) without dedicated sensor components. In the
latter case, the sensitive matching circuit can be easily obtained by adding a
sensing material directly upon the tag antenna. This principle can also be used
in chipless RFID.
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raised, though more recently. Indeed some smart
functionalities such as sensing can be implemented into a
chipless RFID [19-25], allowing to differentiate this
technology from barcode. Contrary to conventional RFID
sensors, the major advantages of chipless RFID sensors are
their potential to have a good sensitivity and repeatability and
of course an incomparable lifetime. In the literature, it can be
found some chipless sensors able to detect gases. Among
them, we can find ethylene gas sensor [19], NOx gas sensor
using a CNT (Carbon NanoTube) deposit [20] or hydrogen
chipless sensor based on a surface acoustic wave substrate
[21]. In [22], the use of a resonator for which the resonant
frequency is correlated with the temperature is presented.

Besides, in the state of the art, silicon nanowires (SINWS)
have shown a strong sensitivity to humidity [26] and
temperature variations [27]. One of the first totally integrated
chipless tag-sensors, with remote (wireless) reading of the
identifier and the value to be measured, was experimentally
validated in [24]. 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
have also been used to realize humidity sensors based on
retransmission chipless tags encoding information with group
delay variations. However, the reproductively and
repeatability study, which is crucial for sensing has never
been addressed for this type of extremely low cost fully
printable sensor tags.

In this work, a small deposit of SINW is placed on one of
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Fig. 2. Principle of a chipless RFID sensor tag based on the supervision of
(a) conductivity variation, (b) effective permittivity variation.

the resonators, to transform a chipless tag into a humidity
sensor. The basic idea is to monitor its resonant frequency,
which becomes significantly dependent to the humidity
variation [24-26]. The data is encoded in the frequency
domain using a classical frequency shift encoding [14]. As a
result, with only four resonators, a coding capacity of 13 bits
is achieved within a small surface (6x2.5 cm?2). As for [19],
the tag could be directly printed on an object since only one
conductive layer is needed for realization. Moreover the
deposition process of silicon nanowires (melted in a solvent)
is very basic and can be realized with classical inkjet printer,
together with the conductive pattern deposit. It is why very
low cost chipless sensor tags with a large coding capacity can
be performed.

Even if the literature concerning chipless RFID sensors is
growing, only few works have demonstrated a real wireless
measurement of the chipless sensor remotely or the presence
of a sensor and ID function together inside a tag. Moreover,
to the author’s knowledge, there is no work focused on the
evaluation of the repeatability of chipless tag sensing
measurement. We will show that contrary to RFID sensors
based on the same idea (fully analogic tag, without dedicated
sensors component), a very good repeatability could be
obtained with these homemade chipless sensor tags. This also
suggests that such type of sensor tags, realized with
automatized process would present higher performances.
These points will be developed in details in the following
parts.

Il. CONCEPT AND APPLICATIONS

In chipless RFID, the only way to detect a physical
parameter variation and consequently modify the EM
response of a tag consists in using some sensitive materials
providing variable conductivity, permittivity or permeability.
A change in conductivity will induce a variation on the tag
response level while a change in permeability or permittivity
will affect the resonant frequency or the phase of the
scatterer. Finally, from the reading system point of view, a
chipless RFID tag can be seen as multiple antennas loaded
with complex load as shown in Fig. 2 (@) an (b). For a
chipless sensor tag, one of these loads has to be sensitive to a
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Fig. 3. Microscopic image of silicon nanowires deposited upon classical
RF substrate. The arrow represents a dimension of 20 um.
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Fig. 4. Chipless RFID tag with sensing capability: principle of anti-collision
technique based on spectral separation to handle several sensors at a time. (a)
Frequency windows associated to each tag. (b) Relative Humidity (RH) effect on
the resonant frequency of tag 1 interrogated separately. (c) Relative Humidity
(RH) effect on the resonant frequency of tag 1 and 2 interrogated at the same
time.

physical parameter variation while keeping the other ones
constant to encode a specific ID. Fig. 2 (a) presents the
frequency response of a chipless RFID sensor tag for which
the resonant peak at 3 GHz is sensitive to the surrounding
material resistivity. The coding resonators consist of shorted
dipoles of various lengths while the sensor is made of a dipole
loaded by a variable resistance. The resistance variation
produces a change in the reflected power. On the contrary,
when only the imaginary part of the load is modified, a
resonant frequency shift is observed as shown in Fig. 2 (b). In
this last case, the load could be a capacitor made by a
dielectric for which the permittivity is sensitive to the
physical parameter to measure. Since there is no transmission
protocol, simultaneous detection of several chipless sensors is
a hard task. However, each EM signature could be
discriminated in frequency domain using spectral separation
or in time domain using gating if sensors are sufficiently
separated.
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Fig. 5. (a) Multiple coupled loops resonator geometry, (b) distribution of the
Electrical field on the resonator at the resonance frequency. The length of the
resonator is equal to Is = 34 mm and the resonant frequency is close to 3.3
GHz. The height H is equal to 12 mm.

I1l. SiLicoN NANOWIRE BASED CHIPLESS SENSOR

A. Silicon Nanowires Behavior

Concerning the sensing resonator, its resonant frequency
have to be linked to the sensitive material and not to a
change in the geometry of the scatterer as it is the case for
the other resonators who are encoding the ID. However this
frequency variation has to be linked to a physical parameter.
For this, a specific sensitive material should be used. In this
work, the material under consideration is able to change its
electrical properties depending on the humidity. It can be
found in the state of the art that SiINWs make a good
candidate to achieve this goal [26], [27]. For this work, the
SiNWSs have been elaborated by catalytic Chemical Vapor
Deposition (CVD) [28]. Typical scanning electron
microscopy picture of the fabricated nanowires is presented in
Fig. 3. The deposition process is compatible with printing
techniques since nanowires can be melted with a solvent that
evaporates at ambient temperature. Thus to make one of the
sensitive resonator, drops containing nanowires are deposited
directly on the metallic strip in the area where the electric
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Fig. 6. Measurement set-up for hygrometry variation. (a) View of the box
front of the antennas. (b) Photo of the inner box containing the probe and the
chipless sensor under test. The water level is about 1 cm.



field is maximum as shown in Fig. 5. When the humidity
evolves, SiNWs electrical properties change (nanowires
capture water molecules, and the effective permittivity is
locally modified [26]) so that the field lines are rearranged
around the resonator and a small frequency shift can be
observed. If we focus on the frequency deviation observed in
[10], one can notice that if the relative humidity decreases,
the frequency rises. The phenomenon behind this behavior
could be understood by the following explanation. With less
water molecules, the effective permittivity due to a mixture
between air, dielectric and water is lower. Therefore, the
resonant frequency rises. Besides, in the state of the art, some
experiments revealed a sensitivity of the silicon nanowires to
the temperature due to a conductivity change [27]. In our
case, such a variation was not observed since we didn’t notice
a strong contrast concerning the magnitude of the resonant
peak.

B. Chipless Sensor Design

For the chipless tag, we seek to design a scatterer with a
quality factor as high as possible to increase the sensitivity to
a permittivity change of the material. This scatterer is
intended to have a large enough RCS value to be properly
detected by the reading system. These constraints leaded to
the design of the tag presented in Fig. 5 (a). It is based on
several squared loops with the same dimensions placed close
to each other. The quality factor of the overall resonator is
controlled by the distance between loops whereas the RCS
magnitude depends on the number of loops. The wire width
(L-h)/2 is thin (250 um) allowing a high quality factor. The
main difference between the behavior of one bigger squared
loop resonator and the proposed resonator is the level of the
structural mode of reflection which is lower in this case and
allows a better detection. As a result, compared to the tag
used in [24], the selectivity is increased. The use of several
identical loops allows increasing the RCS level at the
resonant frequency.

C. RF measurements

The experiment firstly introduced in [10] has been used to
detect the sensitivity of the new chipless sensor tag of Fig. 5.

without SiINWs

Fig. 7. Photos of different realized sensor tags operating at around
3.3 GHz having a SiNW deposit located in the middle of the scatterer. The
length Is is 34 mm according to Fig. 5 (a).
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Fig. 8. Recorded frequency responses when the relative humidity rises

from 74% to 98%. Zoom in on a portion of the curves showing the

maximum of each curve (crosses). The sensor tag used is depicted in Figs. 5

and 7.
A plastic box partially filled with water has been used. When
the box is closed, the relative humidity (RH) rises from the
ambient humidity to 100% in half an hour for the used box of
size 40x20x30 cm®. The box is placed in front of the two
antennas in anechoic chamber as shown in Fig. 6 (a). The two
antennas are directly connected to the VNA. The sensor is put
inside the box as shown in Fig. 6 (b). To supervise, the value
of the RH and the temperature during the measurement cycle,
a probe connected to a hygrometer/thermometer is inserted
inside the box. The calibration technique used is explained in
details in [14]. The measurement of the empty chamber and a
known reference object is done before any sensor
measurement. Fig. 5 (b) shows the electric field distribution
at the resonance. We notice that the maximum value is
located in the middle of the loop, so it is why the deposition
of silicon nanowires N doped is located in this area as shown
in Fig. 7. We realized four tags having the same dimensions
as shown in Fig. 7 to evaluate the reproducibility of the
fabrication process. Additionally, we limited the sensitive
area to a surface of 0.4 x 1.3 cm2. The nanowires mixed in
alcohol solutions, are manually deposited in the center of the
scatterer, with the help of a micropipette. The alcohol
evaporates at ambient temperature, whereas the nanowires
remain fixed on the scatterer. We observed in each case a
random distribution of nanowires within the specified area
(see Fig. 3).

The curves plotted in Fig. 8, show the evolution of the
frequency shift as a function of the time for a multiple
coupled loops resonator of length I; = 34 mm and height H =
12 mm. To correlate this result with the humidity, we
superimposed the value recorded using a hygrometer TES-
1396. During this measurement cycle, the temperature is
controlled to be constant. The temperature has been recorded



and a very slight variation lower than 0.1°C was noticed.
Overall, all the changes observed in measurement results are
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Fig.9. Measurement process reproducibility: measurement cycles on the
same sample separated by several hours. (a) Typical recorded frequency
responses as a function of the time when the relative humidity rises. Only 2
measurement results are shown. (b) RCS magnitude variation at
f=3.3325 GHz as a function of the recorded RH for 4 measurements cycles.
(c) Frequency shift of the maximums of the RCS values as a function of the
recorded RH for 4 measurements cycles.

due to the strong sensitivity of the SiMWs to the humidity. A
frequency shift of 35 MHz (from 3.295 to 3.330 MHz) can be
observed from 74 to 98% of RH. The sensitivity is close to
1.5 MHz per 1% of RH. It is clear from Fig. 8 that observed
RH changes can be characterized by different approaches. For
instance, we can consider the magnitude variation of the RCS
for a given frequency (1) (for example the resonance
frequency of the tag for a specified value of RH). We can also
take into account peek position of each curve (marked by
crosses in the zoom of the Fig. 8), and process frequency (2)
or magnitude (3) variation of this maximum. These three
approaches have been tested; measurements results showed
that approaches (1) and (2) exhibit better results. However,
technique (2) (see Fig. 8) looks more promising when
considering detection reliability as regards as measurement
distance and calibration versatility. In the next section, we
provide more details regarding reproducibility of these novel
Sensors.

D. Reproducibility

The measurement process reproducibility is first evaluated.
Measurements on the same sample but after having extracted
and replaced the sensor tags in the box have been done
several times and for some of them several hours after. The
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Fig. 11. Effective permittivity deviation as a function of RH for several
lengths Is. The initial effective permittivities are respectively equal to 1.752 and
1.494 for the resonator depicted in Fig. 5 (a) of length equal to 34 mm and 20
mm. The curves have been extracted from a humidity measurement cycle
described in part I11, with the equation (2).

results are plotted in Fig. 9. In Fig. 9 (a), we notice a very
similar behavior between these runs. Fig. 9 (b) presents the
already mentioned case (1), that is to say the variation of the
RCS magnitude for a specific frequency. For each
measurement a same variation of 4.5 dB is observed for a
change of the RH value between 78% and 98%. Only a small
constant change in the RCS level differentiates the 4
measured curves. These differences typically correspond to
misalignments that can occur during the measurement
process between tag, reference objet and the antennas of the
reading system. In Fig. 9 (c), the variation of the resonance
frequency is studied (case (2)) for 4 different measurements of
the same tag. A shift of 25 MHz is observed. The recorded
points provide a linear characteristic between the frequency
deviation and the RH in the range of 84% to 98%.

After that, to evaluate the reliability of manufacturing process
of the sensor tag, three samples having the same dimensions
have been realized. A similar deposit of SINWSs in
concentration and quantity at the same location (see Fig. 7)
has been performed. The extraction of the relationship
between the magnitude and the RH variations is done for a
given frequency as shown in Fig. 10 (a). Additionally, in Fig.
10 (b) the frequency shift as a function of the RH for the three
samples is plotted. For the sake of comparison, we also
measured and plotted the relationship obtained for a scatterer
with no deposit. In Fig. 10 (a), we notice a similar shape for
the three samples except that one of the samples who shows
an initial magnitude 1dB below the two others. As observed,
the magnitude is decreasing as the RH rises from 75% to
98%. For the reference sample with no deposit, the curve
shows a smooth slope with a variation less than 0.8 dB to be
compared with the 3.5 to 6 dB difference recorded with the
three samples having SiWNs. Moreover, we observe that
sensitivity of these three samples is getting higher for high

RH; that is, above 90%.

The frequency shift of the resonant peak shows a much
more repeatable behavior between the different samples
having sensitive material. The difference with the reference
sample is even more important because in this case the curve
of this last one shows a flat response meaning that it is not
affected at all by humidity variation. With SiWNs a
frequency shift from 15 to 35 MHz is obtained. As show in
the Fig. 10 (b), a maximum error of 15 % on the RH value is
observable. It is why these sensors are not intended to give
an absolute value of what is the humidity because the
variability between every sample is still too high for some
applications. However, they can be used to provide a
threshold value as green/red sensor does.

E. Characterization of a SINW deposit

To extract a model of the sensor, we can use the equation
(1) that makes a link between the resonant frequency of a
half-wavelength resonator and its physical length I. If we
redefine the effective permittivity as in equation (2), the term
&effo COrresponds to the case where there is no deposit while
the term Aeegsryy represents the effective permittivity
variation depending on the relative humidity.

fr = ; 1)

216y

C2

4.17. fr?

It is interesting to plot in Fig. 11, the effective permittivity
deviation Aeesqsryy as a function of the relative humidity for
two sensor tags of lengths respectively equal to 34 mm and
20 mm. For a 30% of RH variation, the maximum deviation
on the effective permittivity is equal to 0.025 and 0.01
respectively for the resonator of length 34 mm and 20 mm.
The difference between the two sensor tags could be
explained by an electric field strength variation. A probable
explanation is the versatility of the deposit between the two
sensors. Indeed, the quantity as well as the repartition is not
really controlled with the previously described deposition
technique. Even thought, this variation range gives us an idea
of the frequency deviation that it could be expected for other
resonators of length .
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IV. HANDLING OF TWO SENSORS AT A TIME

For a wireless sensor application, it is often required that
more than one sensor can be detected simultaneously.
However in the state of the art, the anti-collision topic for
chipless RFID tags is rarely discussed. Some techniques are
presented in [29] but are best suited for the Surface Acoustic
Wave (SAW) chipless tags. The following experiment shows
that it is possible to detect two sensors at a time using the
technique of anti-collision based on spectral separation [30].



For this purpose, we need to use two resonators having
different resonant frequencies. We modify our measurement
set-up to insert one resonator inside the box and a second one
having a different length, outside the box as shown in Fig. 12.
So, only the sensor inside the box could deviates its resonant
frequency as the humidity rises. The frequency responses
respectively around the resonant peaks of the sensor 1 and 2
are recorded. As the sensor 1 resonating around 3.3 GHz is
inside the box, we observe a frequency shift when the
humidity rises. Meanwhile, the resonant frequency of the
sensor 2 doesn’t change significantly since the RH is quite
stable in the anechoic chamber. The extracted curves between
the deviation frequency and the RH are shown in Fig. 13.
This confirms that two sensors placed in separated
environments can be detected simultaneously. To confirm this
behavior, we inverted the two sensors and observed that only
the sensor inside the box sees its resonant frequency varying.

To extend the concept of the anti-collision based on
spectral separation technique to the case where a sensor
embeds also an identifier, we have to define the number of
frequency positions available. This value depends both on the
frequency span and the frequency resolution. If the frequency
span considered is UWB (Ultra Wide Band) from 3.1 to
10.6 GHz, we have 7.5 GHz to share between all sensors. For
example, if it is needed to handle 100 sensor tags
simultaneously, we can assign 75 MHz for each one as shown
in Fig. 4. This means that the frequency deviation of the
sensor must be lower than 75 MHz. As one can notice, the
number of sensor tags that can be handled at a time is a
tradeoff with the coding capacity of the tag.

V. CONCLUSION

It was demonstrated that in the case of a single detection, a
chipless sensor tag can be realized with only 1 resonator
within 3.5x1.5 cm2. Since the tag has no ground plane and
the sensitive material is deposited by drops at ambient
temperature, its realization is fully compatible with printing
techniques. The measurement set-up used confirmed the
sensitivity of SiINWs to detect a change of the RH by
monitoring the resonance frequency deviation on the
resonator. A quasi-linear behavior has been observed between
the frequency deviation of the sensing resonator and the RH,

Internal sensor 2

External sensor 1

Fig. 12. Photo of the two sensors. The internal and the external sensor have a
length respectively equal to 20 mm and 34 mm according to Fig. 5 (a).
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Fig. 13. Frequency shift as a function of the RH when the sensor 1 of
length Is = 34 mm is inside the box.

and the best sensitivity was found for high RH. Measurements
made on the same sample with few hours of delay proved the
measurement repeatability, that is a real advantage compared
to the passive analog UHF RFID sensor technology. The
crucial task of evaluating the reliability of manufacturing
process has been done by characterizing several sensors tag
fabricated with the same technique. Better repeatability could
be obtained with tag produced with automated fabrication
process, such as inkjet printing. The measurement of two
RFID chipless sensor tags at the same time has been
performed using an anti-collision technique based on the
spectral separation. This shows the potential of chipless
sensors for wireless sensing applications.
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