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Development of an UHF RFID Chemical Sensor
Array for Battery-Less Ambient Sensing
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Abstract— Battery-less ultrahigh frequency (UHF) radio
frequency identification (RFID) tags coated by proper sensitive
layers have been recently demonstrated capable to play as lowcost sensors of some volatile compounds. The issue of crosssensitivity and the possibility to develop an array of differently
coated sensors are, however, still completely open. This paper
investigates, through an experimental campaign involving a
general-purpose sensor-antenna transducer, the potentiality of
functionalized tags in the UHF RFID band to sense a multiplicity
of volatile compounds, as well as the cross-sensitivity effects of
different coatings in array configuration. Four effective materials,
such as Pedot:PSS, doped PSS, SWCNT, and PDAC, revealed a
remarkable sensitivity to ammonia, ethanol, octane, and water.
Wireless sensing may be hence performed by narrowband
processing of the power response of the RFID tags as well as
by the broadband extraction of features related to the resonance
shift. It was finally observed how the inter-antenna coupling may
affect the sensor capability of an array of UHF tags in term of
increased cross-sensitivity.
Index Terms— Chemically functionalized antenna, RFID,
selectivity, gas sensor, sensor array.

I. I NTRODUCTION

F

AST and reliable detection of volatile compounds in the
air is a key issue in many daily and industrial applications
[1]. People’s wellness in living and medical environments may
benefit of a continuous and reliable monitoring of critical parameters such as the presence/level of humidity or several other
gases. Sensing volatile compounds through a non-invasive and
direct way may indeed support clinical diagnosis [2] and
human wellness by keeping the air quality under control in
operating theaters, within manufacturing industrial facilities
as well as inside hazardous working places characterized
by the presence of harmful gases. Other important factors
to be almost continuously monitored are the freshness of
perishable goods and the preservation conditions of artworks
and historical buildings.
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Conventional monitoring methods involve wired sensors or
even wireless devices generally provided with a local power
source that fixes the sensor’s lifetime before battery replacement or recharge. The high cost of these devices however
forbids a true pervasive displacement in large areas.
In the last few years there has been a growing interest in
completely battery-less and cheap wireless solutions aimed
at increasing the spatial density and stimulate completely
new families of applications. Among some possible systems,
Radiofrequency Identification (RFID) looks very promising
due to its ductility, low impact, low cost and absence of maintenance. Although RFID main utilization is in logistic, sensing
capabilities have been investigated for several applications
[3], [4]. Some recent papers have proposed to sense gases
by mean of active RFID devices including an external sensor
powered by a local power source [5], [6].
However, only battery-less, and hence simpler devices can
ensure a true pervasive distribution, due to their reduced cost
and to the theoretically infinite life. The sensing function
may be in principle played by the antenna itself that it is
coated by a layer of a chemically sensitive material whose
dielectric properties are influenced by the adsorption of
volatile compounds [7], [8]. This phenomenon affects the
antenna electromagnetic characteristics, such as gain and
input impedance, being remotely detected by a reader [8].
The choice of the sensitive material is made difficult by
the poor available literature regarding the behavior at
radiofrequencies of most of the chemical compounds that
are commonly used for chemical sensing. Few cases of
augmented RFID passive tags, both conventional [7]–[12]
and chipless [13]–[15], demonstrated the possibility to
detect the presence of humidity and toxic gases in air. In
particular, it is well known how the variation of humidity can
be measured at radiofrequency by using the PEDOT: PSS
(poly (3,4-ethylenedioxythiophene)poly (styrenesulfonate))
[7], [8] whereas the concentration of ammonia can be detected
by SWCNT (Single Wall Carbon Nanotubes) [9], [13].
In order to apply these ideas to the real world, however,
the uncertainty’s problem of the response cross-sensitivity
to different volatile compounds remains open. The examples
presented up to date have mainly concerned with the detection
of single volatile compounds. It is recommendable to study the
performance of such sensors in real environment where mixtures of several gases are present. The problem of specificity is
a common issue in chemical sensors. A typical solution, when
specificity cannot be achieved, is the multiplication of sensors
elements in order to form an array for the quantification and
the identification of the mixture components. The important
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requirement for an array is that each sensor has a different
selectivity. After the similitude with natural olfaction, the
arrays of gas sensors are typically nicknamed as “electronic
noses” [2], [16].
In this sense, the first and only up today attempt to the
realization of a wireless and battery-free RFID sensor array
having broad response to vapors [17] considered commercial
tags in the HF RFID band (13.56 MHz), that were placed onto
Carbon black/organic polymer composites and characterized
by their reflectance and resistance variations when exposed to
four different gases.
The aim of this paper is to investigate, for the first time, the
potentiality of chemically functionalized tags working in the
UHF RFID band (865-956MHz) and in particular to analyze
the cross-sensitivity effects of different sensitive layers. The
very final goal is to set up the basis of array-oriented wireless
passive sensors for the multivariate identification of vapors and
gases.
The devices were tested with four families of volatile
compounds: alcohols, hydrocarbons, weak bases, and water as
reference. A preliminary test considered a large set of sensitive
materials already used as resistive sensors but whose behavior
at radiofrequencies was mostly unknown (Section II). A highly
sensitive miniaturized planar RFID tag, already presented and
characterized for humidity sensing by the authors [8], was
used as a wireless transducer for a repeatable and uniform
characterization procedure. The four most sensitive coatings
were then subjected to a more detailed characterization of their
selectivity, frequency dependent response and dynamic ranges
(Section III). Finally the four sensors were used as an array
and characterized by exposing them to saturated pressure of
the four analytes of interest (Section IV).
II. M ATERIALS AND M ETHODS
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TABLE I
S ENSITIVE C OATINGS U SED FOR THE RFID S ENSORS

Fig. 1. Left) Top view of the RFID sensor prototype over 3mm-thick Forex
(expanded polyvinyl chloride) substrate. The coating is painted inside the
small sensing niche of the radiating slot. Right) Side view sketch of the RFID
sensor.

available for the detection of octane. This cross-selectivity has
been exploited in the past for the development of sensor arrays.

A. Volatile Compounds
The selected volatile compounds were ethanol (alcohol),
octane (hydrocarbons), ammonia (weak bases) and water. This
choice is based on the broad chemical properties of the compounds and their presence in several common environments.
B. Sensitive Coatings
The set of preliminary selected coatings is listed in Table I:
four polymers (Pedot:PSS, polypyrrole, PDAC and doped
PSS), two polypyrrolic macrocycles (a phthalocyanine and a
metalloporphyrin), two carbon based materials (SWCNT and
carbon black) and a hybrid organic (porphyrin coated Zinc
oxide nanorods). Some of these materials, such as the organic
polymers, are commercially available and already exploited for
their electrical properties as DC sensors. The rest of proposed
coatings have been previously used by the authors but coupled
with different transducers [18]–[20].
The large part of the investigated sensitive materials is far
to be selective, they rather can interact with a wide range of
compounds from Lewis acid-base, hydrogen bonds (acid and
basic), dipolar, π − π interactions, and induced dipole. All of
them, even with different intensities, are used to bind ethanol,
ammonia and water, while the latter is the only interaction

C. The RFID Wireless Transducer
The basic device for both gas sensing and characterization of
the sensitive materials is an analog wireless transducer as in [8]
comprising a planar tag antenna folded on a rigid substrate
and an RFID microchip transponder. The tag antenna (Fig. 1)
is composed of two co-planar patches forming a non-resonant
central radiating open-circuit slot wherein the RFID microchip
NXP-G2il is placed. The microchip input impedance and
power sensitivity, as declared by the manufacturer, are Z chip =
25 −i · 237 and Pchip = −18dBm, respectively. The antenna
substrate is a 3mm thick slab of Forex (expanded polyvinyl
chloride) with permittivity ε = 1.55, and conductivity
σ = 6 · 10−4 S/m, chosen for its lightweight, low-cost and
wide commercial availability. The opposite corners of the two
upper patches are connected to the ground plane by means of
two vertical stripes.
For the experiments, drops of sensitive materials are placed
inside a small niche carved into the tag slot, that hosts a strong
and slowly variable aperture-field and hence it is the most
sensitive part of the antenna.
The “blank” tag, i.e. the tag without coating, is tuned to the
complex impedance of the microchip at 870MHz.
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Several prototypes of the miniaturized sensor tag were
manufactured by properly wrapping an adhesive carved copper
sheet on the Forex substrates. Each coating listed in Tab. I
was carefully poured on top of the sensing niche of nine
different tags, using a fine droplet. Sensing spots were made by
dropping 10μl of the sensitive molecule dissolved in a proper
solvent as shown in Fig.1. The antenna plays at a same time
both as an electromagnetic harvester to collect enough energy
from the remote interrogator (reader) and hence activating the
onboard microchip, and also as a transducer which converts
the chemical change of the coating, following the exposure
to volatile compounds, into an amplitude modulation of the
signal backscattered by the tag and remotely detectable by the
reader [7].

Fig. 2. Picture of the open airtight measurement cell made of POM. The
plastic cell’s electromagnetic effect is negligible, due its thickness and low
permittivity.

D. Measurement Metrics and Procedures
Let consider the induced variations of the gas adsorption as
the process under test (t). The indicators here considered
t o [], e.g.
for the RFID sensing are the turn-on power Pin
the minimum input power Pin through the reader antenna
required to activate the tag’s microchip [7] and the Analog
Identifier (AID []) [8], a dimensionless parameter obtained
by a combined processing of the turn-on power and of the
power PB S [] backscattered by the tag sensor and collected
by the reader:
AID [] = 

Pchip

(1)

in [] ·P
Pto
BS []

The AID metric is angle- and distance-independent and it is
therefore attractive for measurements performed by hand-held
readers and useful in different environments and conditions.
Turn-on measurement in time is performed by gradually
increasing the input power of the reader until the tag starts
responding. The turn-on power data bring direct information
on the change of the antenna realized gain Ĝ τ [], and hence
on the chemical process in evolution [8].
The UHF long-range reader ThingMagic M5 was used to
interrogate the tags during dynamic exposures to gases providing a 0.5dBm resolution in the turn-on power measurements
within the 840-960MHz band.
Tag sensors were placed inside a custom exposure cell
where vapors are flown in and out (Fig. 2). The cell is a
13cm × 10cm × 2cm box made by Polyoxymethylene (POM),
a thermoplastic polymer whose features of high resistance,
good dielectric properties and impermeability allow reducing
the analyte adsorption on the internal surfaces and avoid the
electromagnetic interference with the tag antenna placed inside
the cell.
Two mass flow controllers and a remote controller connected to a PC have been used to split dry air flux into a carrier
and a diluting part; the carrier is bubbled through the volatile
compound of interest and afterwards mixed with the diluting
part to achieve the desired concentration level injected in the
measurement cell. During the exposures to gases the sensor
tag is placed inside the measurement cell 45cm away from
a 5dB linear polarized patch that serves as reader antenna
(Fig. 3) and the room temperature has been kept constant

Fig. 3. Sketch of the experimental set-up involving a controlled gas delivery
system.

at 22 °C in order to consider only the signal variations due
to vapor concentration changes. Reflections from ground and
from side walls are minimized by means of absorbing panels.
All the volatile compounds are finally disposed off by means
of specialized chemical fume extractors.
III. R ESULTS AND D ISCUSSION
A. Preliminary Selection of Coatings for UHF Sensing
A first characterization of each sensor coated with the
sensitive materials listed in Tab. I was carried out by exposing
the coated tags to a saturated concentration of the four test
vapors in order to select the most responsive ones. The
measurement protocol consists to flow dry air through the
system for 1 hour to establish a system baseline, then to flow
a selected gas at its saturated concentration for 30 minutes
(exposure time) and subsequently to flow dry air to clean the
sensor surfaces for 1 hour and 30 minutes (recovery time).
In this way the reliability of the sensor was quantified for
each coating.
Fig. 4 shows a typical profile of the measured normalized
turn-on power (case of Pedot:PSS coated tag) during humidity
exposure with indication of the achieved dynamic range.
The maximum variations of the turn-on power in each
performed measurement are summarized in Tab. II. In all
cases, polypirrole and porphyrins coated ZnO nanorods gave
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TABLE II
Δ T URN -O N P OWER VALUES

Fig. 4. Example of measured time evolution of the turn-on power normalized
to its baseline value. The sensor is functionalized with Pedot:PSS and
monitored during 1 hour of dry air to achieve the baseline value, 30 minutes
exposure to saturated water vapor and 1 hour and 30 minutes recovery in
dry air. The 0.5 dBm minimum step of the data distribution is due to the
resolution of the reader.

negligible responses (<1dB), practically masked by the resolution of the reader; hence they are not suited to radiofrequency
sensors of the considered gases. Pedot:PSS, SWCNT, PDAC
and doped PSS, which exhibited the most substantial changes
of turn-on power response to at least a subset of the four gases
under test, have been selected for a more accurate experimental
session as follows.
B. Detailed Characterization
The previously selected four sensors were then subjected to
cyclic tests in order to appraise the reproducibility, dynamic
ranges, response speed and the selectivity to the gases under
test. Three dilutions in dry air of the saturated pressure
{50%, 80%, 100%} of water, ethanol, ammonia and octane,
alternated with recoveries with the carrier gas (dry air) were
fluxed in the measurement cell. Each sensor was tested individually. The exposure time was fixed to 30 minutes while
the recovery was 1 hour and 30 minutes. Each tag was
interrogated by the reader at the frequency within the RFID
worldwide band (860-960 MHz) where, case by case, the turnon power was minimum (corresponding to optimal read-range
performance).
Fig. 5 shows the measured variations of the turn-on power
t o (column A) and the analog identifier AID (column C)
Pin
vs. time normalized to their initial values, with respect to the
variations of the gas under test. Signals have been processed by
a numeric low-pass FIR (Finite Impulse Response) filter with
N = 48 order at the purpose to remove the noise produced by
the reader and the external environment.
The largest response to humidity was given by PDAC,
doped PSS and Pedot:PSS. Doped PSS and Pedot:PSS gave
the largest response to ethanol. PDAC and SWCNT showed
the largest response to ammonia while octane was sensed
only by PDAC. Other combinations gave instead negligible
responses, comparable with the reader resolution. The sensors

signals follow the typical exponential profile of adsorption
processes. The peaks are approximately proportional to the
concentration of the tested analytes. It has to be noted that
sometimes the time of exposure (30 minutes) revealed not
enough to reach the sensors steady condition. Such a behavior
could be correlated to the permeation time of the analytes
into the sensing layer and also to the different interaction
established. Three measurements involving PDAC vs. octane,
Pedot:PSS vs. humidity and SWCNT vs. ammonia, showed a
clear drift between consecutive exposure cycles. The response
speed is strongly dependent on the coating material, the gas
under test and its concentration. The measured dynamic ranges
of each sensor, e.g. the difference between the tag response
to exposure and the baseline, are shown in Fig. 5 column B)
for the turn-on power and Fig. 5 column D) for the AID.
The different selectivity of the coatings is clearly evident,
and highly dependent on the percentage of the gas under
test, with monotonic profiles and dynamic ranges mostly
proportional to the concentration. The turn-on power curves
increase in all the cases with the exception of SWCNT exposed
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Fig. 5. A) - C) Measured variations of the normalized turn-on power and AID versus time of the four chemical doped RFID sensors when exposed to 50%
(between T0 - T1 ), 80% (between T2 - T3 ) and 100% (between T4 - T5 ) of humidity, ethanol, ammonia and octane. Recovery by fluxing dry air takes place
in T1 – T2 , T3 – T4 and T5 – T6 . T0 = 0min, T1 = 30min, T2 = 120min, T3 = 150min, T4 = 240min, T5 = 270min, T6 = 390min. B) - D) Measured
Dynamic Ranges of the turn-on power and AID of the four chemical doped RFID sensors during dynamic exposures to 50%, 80% and 100% of humidity,
ethanol, ammonia and octane.

ammonia flux, since it is well known that carbon nanotubes
decrease their conductivity proportionally to the presence of
ammonia [9].

The maximum dynamic ranges are particularly remarkable
for the couplets {Pedot:PSS, Humidity}, {PDAC, Octane},
{Doped PSS, Ethanol} wherein they span from 10 to 20dB.
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TABLE III
S ENSITIVITIES [dB /%] OF M EASURED T URN -O N P OWER AND A NALOG I DENTIFIER

The AID curves, instead, have opposite trends and lower
dynamic ranges with respect to the turn-on ones.
By applying a linear regression to the set of peak values
of indicators corresponding to the three concentrations {50%,
80%, 100%} in Fig. 5 column B), D), it is finally possible to
evaluate the sensitivity of each sensor defined as the slope of
the linear regression [22], as reported in Table III. It is worth
to notice that the couples {Pedot:PSS, Humidity}, {PDAC,
Octane}, {Doped PSS, humidity}, {Doped PSS, Ethanol} gave
maximum sensibility values, compatible with the resolution
(0.1dBm) nowadays achieved by several state of the art
readers.
C. Frequency Analysis
A frequency-domain analysis was then performed in the
(840MHz-960MHz) band by using the Thing Magic M5 reader
at the purpose to better understand the phenomena of gas
sensing by UHF RFID tags. The minimum of turn-on power is
located at the frequency where the tag absorbs the maximum
power, i.e. in resonance condition. The frequency responses
to gas exposure in Fig. 6 show three different profiles.
SWCNT v.s. ammonia produces only a change (decrease)
in amplitude, proportional to the concentration of ammonia,
while the resonance frequency remains almost unchanged all
along gas exposures. The coating has in this case a dominant
resistive behavior. Conversely, doped PSS v.s. water vapor
shows instead an upward shift of the curves, and hence of
the resonance frequency, while the minimum turn-on power
remains mostly stable during gas exposure. This coating can
be hence considered as having a dominant capacitive behavior
when exposed to water. Finally, PDAC v.s. ammonia combines
the above two effects, e.g. produces both a shift towards lower
frequencies and an increment of the minimum turn-on power
proportional to the gas percentage, and hence can be regarded
as a resistive-capacitive coating.
Fig. 6 right finally shows the normalized variations of the
resonant frequency and of the amplitude of turn-on power at
resonance. In the countries where the RFID UHF band is
sufficiently broad, as in USA (902 – 925 MHz), it is thus
possible to perform sensing by also exploiting the frequency
behavior of the tag.
IV. A RRAY C ONFIGURATION
The four sensors were finally all placed inside the measurement cell at a same time in order to form an RFID sensor array

Fig. 6.
Left) Measured turn-on power curves vs. frequency of PDAC
exposed to ammonia, doped PSS exposed to humidity, and SWCNT exposed
to ammonia. Right) Measured normalized variations of the minimum turn-on
power and the operative central frequency as a function of the gas under test’s
concentration.

as in Fig. 7. Tags #1 and #2 are aligned along the H-cut of the
slot patterns, while tags #1 and #3 are aligned along the E-cut.
The proximity of sensor tag antennas is a potentially source
of uncertainty. Collision among RFID responses and inter-tag
electromagnetic couplings are indeed expected to potentially
modify the tag’s response with respect to isolated condition
and definitely increase the cross-sensitivity of each sensor.
Packing many RFID tags in a limited space demands for
special mathematical models as in [21]. A first-order estimation of the proximity effect is anyway obtained by the
simulated scattering matrix [S] whose independent elements
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Fig. 7. Array of four sensor tags loaded by PDAC, doped PSS, SWCNT
and Pedot:PSS, inside the measuring cell.
Fig. 9. Change in RFID sensor array turn-on powers as exposed to the four
analytes of interest.

V. S UMMARY AND C ONCLUSIONS

Fig. 8.

Scattering parameters of the simulated array of blank tags.

are shown in Fig. 8. The maximum coupling arises between
tags aligned along the E-cut (S13 ) while coupling among tags
placed along diagonals (S23,S14 ) are 7dB below.
The array was then exposed to saturated percentages of
the four analytes of interest. Fig. 9 shows the maximum
variations of the turn-on powers at 940MHz after 30 minutes
of exposure. As expected from the previous univariate analysis,
the maximum responses were again obtained for the couples
{Pedot:PSS, humidity}, {doped PSS, ethanol}, {SWCNT,
ammonia} and {PDAC, octane}. These diagrams have to be
compared with the last one of each triplet in Fig. 5 column B)
referred to standalone tags. The increase of cross-sensitivity
is clearly visible in all the four exposures. For example, the
octane that was detected by the only PDAC-loaded sensor,
is instead revealed also by SWCNT- and Pedot:PSS-loaded
sensors in case of the array configuration. The resulting
sensing patterns are however highly different to each other,
with interesting possibility to set-up a classification procedure.

This work described a characterization of several coating
materials, suitable to integration into an UHF RFID transducer. Pedot:PSS, Doped PSS, SWCNT and PDAC revealed
significantly sensitive, at different extent, to the tested volatile
compounds: water, ethanol, ammonia and octane. Sensing may
be performed by measuring the variation of turn-on power or
Analog Identifier at fixed frequency, as well as, by evaluating,
in that countries allowing an RFID broad band interrogation,
the changes of some frequency domain features such as the
resonant frequency and the minimum value of the turn-on
power.
Packing four RFID sensors into a compact array induces
an increase in cross sensitivity of each tag, because of the
electromagnetic coupling, that should be accounted for a future
classification procedure.
Results look encouraging, even if a non-negligible effort is
still needed to better characterize the sensor responses, due its
slow speed, so that the saturation was not always met in all the
experiments. It was moreover apparent that the coatings were
subjected to deterioration during the repeated exposures as a
result of permanent chemical and mechanical interaction with
the vapors. Thus, additional investigation has to be devoted
to fabrication modality in order to achieve more reproducible
and stable molecular films.
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