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Abstract—UHF passive Radio Frequency Identification tech-

nology is rapidly evolving from simple labeling to wireless

pervasive sensing. A remarkable number of scientific papers

demonstrate that objects could be in principle remotely tracked

and monitored in their physical properties all along their day-

life. The key background is a new paradigm of antenna design

that merges together the conventional communication issues

with more specific requirements about sensitivity to time-varying

boundary conditions. This paper proposes a unified introdution

to the tag-as-sensor problem with particular care to formalize

the measurement indicators and the communication and sensing

trade-off, with the purpose to understand and classify the state

of the art and definitley provide a knowledge base to face a large

variety of emerging applications.

Index Terms—RFID, sensor network, antenna, Internet of

Things

I. INTRODUCTION

Radio Frequency Identification (RFID) is nowadays a well
assessed technology for tracking goods and trace procedures
with several advantages over barcode systems [1]. More
complex applications are currently researched worldwide in
many university laboratories concerning sensing, localization,
other frequency bands, new materials, and more efficient
communication protocols. The sensing capabilities offered
by passive RFID tags in the UHF bands are perhaps the
most exciting research trend, with great applicability to the
emerging paradigm of Internet of Things [2]. A “swarm” [3]
of low-cost tiny interconnected sensors interacting with the
nearby environment will enable an augmented perception of
the reality stimulating improvements of the welfare as well as
completely new services. For such future applications, spatial
granularity is a key concept [4]. Because of their intended
massive use, sensors need not to be extremely sophisticated
or precise; they are demanded, instead, to satisfy low-cost
requirements in order to be deployed at finer granularity
than active precise wireless systems. The ultimate goal is
to design “smart dust motes” [5], i.e. autonomous sensing,
computing and communication systems small enough to be
easily “dispersed in the environment”. In order to enable such
vision, passive UHF RFID technology can play a strategic
role, thanks to its low-cost, wireless and “sensing-friendly”
capabilities.

The use of an antenna as part of a passive sensor is not new
and occurred much before the appearance of RFID microchips.
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In the late 1940s the Russian inventor Leon Theremin [6]
developed one of the first covert listening devices (the “bug”)
using a capacitor microphone connected to an antenna (Fig.1)
to transmit away, through reflection of an interrogating carrier,
the audio signals captured in nearby environments.

Figure 1. Theremin’s bug (1945), the first passive radio sensor converting
voice pressure into a modulation of the radar cross-section of a wire antenna
through a capacitor microphone.

On approaching our times, the unique feature of the RFID
microchip modulators further adds a completely new sensing
possibility by taking into consideration that RFID tags are
tiny computers of increasing performance with tiny low-power
radios which merge together both digital (the microchip and
binary data generation) and analog (antennas and propagation
phenomenology) features. Data transmitted back to the reader
during the interrogation protocol are digitally encoded, but
the strength of the backscattered power is governed in an
analog manner by the interaction with nearby objects, by the
propagation modality, and even by the mutual position and
orientation among reader and tags. This fact poses the basis
for a different sensing modality wherein the captured data can
be even collected by a “sensor-less” tag, just by exploiting the
physics of the RFID response.

In the last 3-5 years, a remarkable number of scientific
papers demonstrated, at different level of maturity and for
different applications, that the passive RFID sensing could be
affordable with the available manufacturing technology, while
an important effort is still required to fully understand and to
manage the physics of RFID sensing and evolve from isolated
laboratory experiments to first stable and self-consistent prod-
ucts. In particular, a systematization of phenomena, metrics
and system parameters is of prominent relevance to provide
tools to evaluate the true performance of the tag as a sensor
and make comparison among different implementations.

Thus, following the style of a previous paper of the same
authors [7], wherein the basic design options for general-
purpose UHF tags were described in a unitary way, and starting
from the more recent contribution in [8], the present work tries
to systematize the different declinations of UHF RFID sensors,
with particular care to clarify the relationships and constraints
for communication and sensing and introduce performance
parameters of general application.
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The paper is organized as follows. Section II introduces the
parameters that can be measurable by RFID readers and some
possible metrics relating measurements to the process under
observation. Section III discusses about the co-habitation be-
tween the performance of a tag as a sensor and the constraints
over the required reading distance. Section IV describes the
class of bare tags whose sensing capability is only related
to the natural sensitivity of an antenna to dynamic boundary
conditions, while kinds of loaded tag including specific chem-
ical and mechanical sensor loads are analyzed in Section V.
Section VI finally shows the achievable resolution of the whole
tag-reader system depending on the kind of used metrics. To
complete the analysis, a quick overview on the new emerging
sensing paradigms is finally given in Section VI.

Theoretical discussions and classifications are corroborated
by many examples taken from recent open literature.

II. MEASURABLE DATA AND METRICS

An RFID system comprises two components: the remote
transponder or tag, including an antenna and a microchip
transmitter, located on the object to be identified, and the
local querying system or reader, which can collect data
transmitted from the tag (Fig.2), eventually performing a first
processing job. Various kinds of data, and first of all a unique
identification code (ID), can be wirelessly transferred to the
reader by means of radio-frequency electromagnetic signals.

Figure 2. Sketch of the RFID sensing system: a reader interrogates the tag,
whose behavior is influenced by a changing physical feature Ψ.

The tags could be passive, harvesting energy from the
interrogating system, semi-active when a battery is included
only to feed the sensors, or fully active where a local source
directly feeds a micro controller as well as the transmitting
radio. This work is focused on passive systems, which may
have an almost unlimited life and very low cost. Among the
actual options, the most attractive standard is the UHF band
(frequency allocations and maximum power emission in Tab.I),
which in principle promises activation ranges up to 10 meters.

In passive technology, at the beginning of the reader-to-
tag communication protocol [9], the reader first activates the
tag, placed over a target object, by sending a continuous
wave, which, by charging an internal capacitor, provides the
required energy to perform actions. During this listening

Table I
WORLDWIDE UHF BAND AND POWER LIMITATIONS

Country band (MHz) max EIRP (W)
Europe 866-869 3.2
USA 902-928 4.0
Japan 950-956 4.0

mode, the microchip exhibits an input impedance Zchip =
Rchip + jXchip, with Xchip being capacitive. The antenna
impedance ZA = RA + jXA has to be matched to Zchip

(ZA = Z∗
chip) for maximum power transfer (a comprehensive

review of the techniques to match the antenna with the chip is
provided in [7]). During the next steps of the communication,
the tag receives commands from the reader and finally sends
back the data through a backscattered modulation of the
continuous wave provided by the reader itself. In this case,
the tag’s IC acts as a programmable switching device between
a low impedance and a high impedance, thus modifying the
reflectivity of the responding tag, and hence the strength of
the reflected power.

A. Measurable parameters

In order for a tag to monitor physical parameters, a sensing
functionality needs to be added, either physically or just
logically. Before going into a particular sensing problem, it
is hence useful to introduce the basic RFID e.m. parameters
suitable to sensing purposes. A single-chip configuration is
considered throughout the paper, but the same ideas may
be nonetheless extended to the multi-chip systems recently
introduced in [10], [11], [12].

Let’s denote with Ψ(t) a local physical, chemical or ge-
ometrical parameter of the environment surrounding the tag
which has to be monitored by the RFID platform. According
to the specific applications, Ψ could be the presence of gases
and chemical species able to react with the sensitive materials
integrated into the antenna, a physical stimulus, e.g. an accel-
eration able to affect a discrete sensor loading the RFID tag,
a shape factor of a biological process, the temperature of the
environment or the local effective permittivity “sensed” by the
tag’s antenna (hereafter, the S-tag).

Sensing indicators can be easily derived from data measur-
able by the reader. At this purpose, the equations of two-way
reader-tag link [13] need to be rewritten making explicit the
dependence on the variation of local parameters [8]. Under the
simplifying hypothesis of free-space interactions, the power
collected at the microchip (1) and the power backscattered
by the tag toward the reader (2), and collected by it, are the
following:

PR→T [Ψ] =

�
λ0

4πd

�2

PinGR(θ, φ)GT [Ψ](θ, φ)τ [Ψ]ηp (1)

PR←T [Ψ] =
1

4π

�
λ0

4πd2

�2

PinG
2
R(θ, φ)η

2
prcsT [Ψ(θ, φ)]

(2)
where d is the reader-tag distance, GR is the gain of the

reader antenna, GT [Ψ] is the gain of the tag’s antenna at the
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specific realization of the process. Pin is the power entering
the reader’s antenna, ηp is the polarization mismatch between
the reader and the tag, and τ [Ψ] is the power transmission
coefficient of the tag :

τ [Ψ] =
4RchipRa[Ψ]

|Zchip + Za[Ψ]|2 (3)

rcsT is finally the tag’s radar cross-section, related to the
modulation impedance Zmod of the microchip to encode the
low and high digital state:

rcsT [Ψ] =
λ2
0

4π
G2

T [Ψ](θ, φ)

�
2Ra[Ψ]

|Zmod + Za[Ψ]|

�2

(4)

The backscattered power PR←T is measurable (Fig.3a) by
the reader in terms of Received Signal Strength Indicator
(RSSI), here assumed to correspond [13], [14] to the binary
modulating state having Zmod = Zchip.

Another parameter that can be measured by the reader is
the turn-on power P to

in [Ψ], e.g. the minimum input power
Pin through the reader’s antenna forcing the tag to respond
(Fig.3b). It can be derived from (1) by considering PR→T =
Pchip, with the latter being the microchip sensitivity:

P to
in [Ψ] = (

λ0

4πd
)−2 Pchip

GR(θ, φ)ηpGT [Ψ](θ, φ)τ [Ψ]
(5)

From turn-on measurement it is possible to extract by proper
calibration [15] the realized gain of the tag ĜT = GT τ , e.g.
the gain of the tag scaled by the mismatch to the IC.

Finally, forward (1) and backward (2) powers may be
combined at turn-on condition with the purpose to drop out
the influence of the distance and of the reader’s and tag’s
gains and orientation [11], [12]. A non-dimensional indicator
(Fig.3c), denoted as Analog Identifier (AID), can be hence
introduced:

AID[Ψ] =
Pchip�

PR←T [Ψ]P to
in [Ψ]

=
2Rchip

|Zchip + Za [Ψ]| (6)

AID only depends on the antenna impedance and thus it
appears useful when the interrogation set-up changes (position
and orientation) in successive measurements since it is immune
to the interrogation modalities.

Other kinds of direct metrics may be defined, just like the
differential reflection coefficient in [16] which even accounts
for the different response of the antenna in the two modulating
states.

B. Sensing Metrics

The indicators in (2), (5), and (6), may be used as data

inversion curves between the measured data and the evolution
Ψ(t) of the process:

{AID,P to
in , PT→R} ↔ Ψ(t) (7)

It could be useful to normalize each indicator by its value
in a particular reference state, say Ψ0, for instance collected
at the time of the tag placement into the environment to be

monitored. The normalized parameters are hereafter generi-
cally indicated with ξ[Ψ]. They can be collected at a fixed
frequency or instead within the whole RFID band to provide
integral metrics suitable to capture macroscopic variations of
the S-tag response over frequency such as the detuning and
the attenuation or magnification of the response (Fig.3 d,e).
The frequency shift, e.g. the correlation frequency distance ∆f
between ξ[Ψ](f) and the initial response ξ[Ψ0](f)

∆f [Ψ] :

� f2

f1

ξ[Ψ]0(f) · ξ[Ψ](f +∆f)df is maximum (8)

gives a measure of the change of the antenna resonance due
to the evolving chemical-physical process. The scale factor

γ[Ψ] =

� f2
f1

|ξ[Ψ](f −∆f)− ξ[Ψ0](f)|df
� f2
f1

|ξ[Ψ0](f)|df
(9)

describes instead the overall attenuation/amplification of the
S-tag response. These two indicators look particularly useful
in those Countries wherein the available bandwidth for UHF
RFID is significant, such as USA. Their application is less
effective in Europe due to the very modest allowed bandwidth.

Figure 3. Examples of measured sensing indicators. a) backscattered power
vs. strain [17]; b) turn-power vs. Humidity [18]; c) Analog identifier measured
at different observation angles [12]; d) Integral metrics: scale factor [19];
e) Integral metrics: frequency shift [20] f) Binary detection of temperature
threshold [21]

As for usual sensors, the response of the S-tag can be
quantified by the dynamic range, e.g. the overall change of
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the measured parameters between the extreme interesting re-
alizations of the process, Ψmin,Ψmax, conveniently expressed
in decibel

∆ξ = |ξ[Ψmax]− ξ[Ψmin]|dB (10)

and by means of the Sensitivity

S [ξ] =
∂ξ[Ψ]

∂Ψ
(11)

If the S-tag response is approximately linear in the useful
range of the process, hence

S [ξ] � ∆ξ

Ψmax −Ψmin
(12)

The sensitivity and the dynamic range of the system are thus
strictly connected to the antenna’s features, in particular to its
quality factor, and definitely to its bandwidth. On considering
the whole reader S-tag system, the overall performance param-
eter is the Resolution which accounts for the discretization of
the reader’s signals. This topic is of prominent importance for
the true real applicability of S-tags and will be addressed later
on in a dedicated section.

III. COMMUNICATION AND SENSING TRADE-OFF

Sensing capabilities are generally achieved at the expenses
of read-distance degradation since the change of physi-
cal/chemical features of the environment are sensed by the
tag through a deviation from its static gain and/or impedance
matching. Hence the true effectiveness of an S-tag results from
the trade-off between sensing and communication [19].

Figure 4. Pictorial relationship between the maximum sensing dynamic range
∆ξ of an S-tag and the constrains over the maximum power p emitted by the
reader.

Sensing requirements induce a constraint over the dynamic
range:

∆ξ ≥ R (13)

with R is the requested span of the measured data. Preserv-
ing a useful read range in all the states of the process means

instead enforcing a condition over the minimum turn-on power
(see Fig.4)

P to
in(Ψ) ≤ p Ψmin ≤ Ψ ≤ Ψmax (14)

The power bound p has to comply with the local regulations
(Tab.I) and with the true available power for fixed or hand-
held readers. Having selected the reader-tag distance, such a
constrain will enforce, from (5), the minimum allowed value
for the realized gain all along the process.

It is worth noticing that an S-tag can be turned into a
detector of a particular state Ψk of the process if the antenna is
really narrowband so that condition (14) holds just in the close
surrounding of Ψk, e.g. |Ψmax −Ψmin| → 0 in Fig.4. A dis-
crete set of events of the process may be hence recognized by
using a multiplicity of tags or a single multi-port tag (Fig.3f),
with different impedance matching conditions, as described in
[10]. Each event Ψk to be recognized is accordingly linked to
the IDk of the microchip which has scavenged enough power
to interact with the reader (P to

k,in(Ψk) ≤ p) .

In any case, designing S-tags is similar to the design of
broad-band antennas, or even better of microwave filters,
wherein frequency is replaced by the state of the process.

In the most general case, the trade-off between communica-
tion and sensing is handled by performing a synthesis of the
S-tag response ξ ↔ Ψ by a proper shaping of the geometrical
sizes A = {a1, .., aK} of the antenna, as for instance in the
case of the profile of meander-line structures [22], [23]. Such
a problem can be formalized as the minimization with respect
to A of a multi-objective function [24] like the following:

w1

M�

m=1

|ξ([Ψm,A])− ξm|+ w2

M�

m=1

G0

GT τ [Ψm,A]
(15)

where (Ψm, ξm), m = 1..M , are control nodes of the sensing
curve, e.g. the desired value of the antenna response at M

realizations of the process, G0 is the minimum realized gain in
order to satisfy (14), and w1 and w2 are weights such that w1+
w2 = 1. To reduce the degrees of freedom of the problem, the
shape of the main radiator may be fixed (for instance a folded
dipole or a PIFA) and the trade-off between communication
and sensing is balanced through the shaping of an antenna
adapter (Fig.5) in the form of a T-match, a Slot-match, a Loop-
match or their variations as detailed described in [7]. In any
case, above optimization problems can be conveniently solved
by a stochastic tool such as the Genetic Algorithm [22] or the
Particle Swarm [25].
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Figure 5. Typical layouts of antenna adapters used to control the impedance
response of the tag. a) T-match, b) slot-match, c) loop-match.

IV. BARE S-TAGS

Antennas are inherently sensitive to the change of the
background medium. For instance, in case of a homogeneous
space-filling material of parameters (µ = µ0µr, � = �0�r),
the frequency dependence of its input impedance is shifted
and scaled with respect to the air according to the Deschamps
equation [26]

ZA(ω, �, µ) =

�
µr

�r
ZA(

√
µr�rω, �0, µ0) (16)

In general, this phenomenon is usually considered as a lim-
iting factor for RFIDs since, in order to optimize the tag, the
material properties of the item to be tagged need to be known
in advance. On the other hand, such performance variations
can be interpreted as an intrinsic sensing capability. A modifi-
cation of the tagged object is globally seen by the tag’s antenna
as a change of the surrounding equivalent permittivity, which
in turn will produce a change of the tag’s antenna impedance
and received power (Fig.6a), and ultimately as a variation of
the turn-on and backscattered power indicators. Therefore, a
self-sensing, completely sensor-less, passive device is obtained
wherein the sensor is the antenna and the antenna is the

sensor. The same principle holds when the process under
observation induces a deformation of the antenna shape, as
in case of moving surfaces or evolving cracks. However this
sensing mechanism is non-specific, since the sensed data may
be only indirectly related to a physical phenomenon under
observation.

Figure 6. Equivalent receiving circuit for a) a bare tag whose antenna
impedance and the open circuit induced voltage become dependent on the
phenomenon Ψ under observation and b) for a tag whose antenna is loaded
by a specific lumped sensor placed, for instance, in series with the RFID
microchip.

A. Effective permittivity S-Tags

Fig.7 shows some examples of self-sensing tags recently
proposed for remote observations of liquids, powders and bi-
ological processes. Each tag is documented with the achieved
dynamic range and sensitivity, when available, as deduced by
the original papers.

Figure 7. Examples of Effective-permittivity S-tags. a) Low-permittivity
filling level sensor [15]; b) High- permittivity filling level sensor [27]; c) High-
permittivity discrete filling level sensor [28]; d) Concrete water infiltration
sensor [29]; Biological process sensors: e) the STENTag [19], f) Cerebral
Edema monitoring [30].
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• a-b) Tags used as filling sensors for low-permittivity [15]
and high-permittivity process [27]. The sensing activity
can be performed by observing the variation of the reverse
communication link, e.g the RSSI or equivalently the
backscattered power of one or more tags matched at
different filling levels. The same approach has been used
in [31], for measuring urine volume in diapers primarily
targeting infant and geriatric care applications. In this
work the achieved dynamic range was R=7.8dB.

• c) An array of six commercially available RFID tags
used as discrete detectors of the filling level of a bottle
containing water [28]. Since the tags were tuned for
operation in air, the ON state, e.g the ID transmission,
occurs when there is no liquid around the tag, while
the tag should remain silent when backed by water.
Depending on the set of IDs received by the reader, it
is possible to retrieve the filling level of the container.
The same idea has been used in [32] for providing an
automatic warning system of running-out of injection
fluid.

• d) A passive RFID bare sensor used also for detection of
concrete water infiltrations [29]. The presence of water
sensibly changes the tag radiation and the matching
performances of a tag drown in the concrete, up to
completely detune it. A binary detection of water is thus
proposed by relating the activation of the tag to the
absence of water in its surrounding environment. More
accurate and quantitative results may be achieved by
considering customized RFID IC with three modulation
states [33].

• e) A tag nested into a metallic structure, namely a
cardiovascular stent. By adding the RFID IC, it is possible
to transform the cardiovascular device into a radio-sensor
able to monitor the restenosis process which induces a
change in the properties of the tissues surrounding the
tag [19].

• f) A dipole-like tag for detection of brain edema after
surgical treatment for brain cancer [30]. Edema, which
here roughly refers to water-imbued brain tissue, modifies
the electromagnetic characteristics of the tissues sur-
rounding a 1cm long implanted dipole tag, thus affecting
the numerically computed two-way RFID link.

B. Deformation S-Tags

Some examples of tags recently developed to monitor de-
formations are shown in Fig. 8, with the corresponding ranges
and sensitivities.

Figure 8. Examples of S-tags suitable to sense geometrical changes of
objects. a) ink-printed stretchable folded dipole [17], b) flexible meander line
antenna [34], c) proximity detuning by moving conductors [35] , d) flexible
patch [36].

• a) A dipole-like tag, which can be ink-printed on fabric
or on PVC useful to detect the amount of deformation
that it has undergone, by monitoring the variation in
the backscattered power produced by the changes in the
effective conductivity of the ink when a strain is applied
[17].

• b) A meander-line antenna, designed to monitor strains.
By applying an elongation, the shape of the tag will turn
from a tightly-twisted meander to a zig-zag dipole, thus
altering the antenna properties, such as the ratio of the
actual backscattered power to the one measured during
the steady state [34].

• c) A displacement sensor, obtained by exploiting the
detuning characteristics of a metal plate behind a dipole-
like tag. The metal plate is attached to the structural
beam to be monitored and the RFID tag is placed in
proximity to the metal plate facing the RFID reader.
When loading occurs on the beam, a degradation of RFID
tag performance is recorded by the reader, because of the
destructive effect of the metal plane, now closer to the
tag [35] .

• d) A strain and crack sensor obtained by means of a
folded patch antenna. The application of a tensile strain
on the antenna results in a frequency shift of the turn on
power, due to a longer electrical path [36].
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V. LOADED S-TAGS

A more effective way to retrieve specific sensing data is
to provide the tag with a “real” sensor which could be either
lumped into a device [37], [38], connected in some part of the
tag’s antenna (Fig.6b) [39], [40], [41], or instead distributed
all over the antenna surface, for instance as a chemical
receptor painting [42]. The sensor is hence considered as a
lumped or distributed impedance loading ZS(Ψ) on the tag’s
antenna. The variation of ZS(Ψ), caused by the change of the
environment, will accordingly produce a change of the tag’s
gain and impedance, wirelessly detectable by measurement of
the previously described indicators.

The design of such class of S-tags can be performed by
the same approach as in (15) with the additional degrees of
freedom of sensor displacement over the antenna. It is worth
noticing that this problem is similar to the design of loaded
antennas, very popular in HF naval and vehicular communica-
tions to achieve broadband and multi-band communications. In
that context, the position and number of loads (RLC circuits
called “traps”) are optimized by using a multi-port network
representation of the antenna (see [43] for more details). A
same idea could be in principle applied also to S-tag design.
In the following sections, many examples are given, grouped
according to the type of impedance loading.

A. Chemical loading

Kinds of S-tag loaded by chemical compounds are shown
in Fig.9.

• a) A first moisture sensor loaded by chemical species
[44]. In this case the sensitive material is simply a blotting
paper, eventually doped with NaCl (salt), covering an
RFID patch-like tag. Since the paper absorbs water, the
radiation performances of the tag sensibly degrade, thus
producing appreciable variations of the tag’s response
link.

• b) Loop-driven flat dipole doped with carbon nano struc-
tures (CNT), [42] able to sense the presence of ammonia
in the environment thanks to the absorbing property of
the CNT material deposited between the matching loop
and the dipole. Changes in the CNT properties will reflect
in mismatch and gain variation, readable through turn-on
and backscattered power measurements.

• c) Tag connected to a one-way moisture sensor by means
of a coupling loop. The printed sensor operates as a write-
once-read-many (WORM) resistive memory device as it
permanently changes its resistance from about 10kΩ to
10Ω after exposure to moisture or water. [18].

• d) Wearable tag [45] comprising a folded planar structure
over a teflon substrate 4mm thick, provided with a
radiating edge and a sensing H-shaped slot wherein gas-
sensitive polymers can be spread. The material used in
this work is the commercial species Clevios PH 500, a
dispersion for conductive coatings with PEDOT and PSS.
Like other polymers containing sulfonic acid groups, PE-
DOT:PSS is strongly hygroscopic and takes up moisture
when handled under ambient conditions and consequently
changes the Tag’s radiation performances [46].

• e) Printed dipole loaded by distributed capacitors [47] for
humidity sensing. The capacitors convert the permittivity
variation of the substrate into a change in the antenna’s
impedance, remotely detectable through the frequency
shift of the turn-on power measurements.

• f) Printed T-matched dipole-like tag loaded by distilled
water encased within a plastic container and placed in
close proximity to the impedance matching network [48].
The tag is capable of temperature monitoring. The vary-
ing electrical properties of the water alters the operation
of the RFID tag itself throughout the impedance matching
network. The turn-on power of the sensor experiences a
frequency shift when measured at different temperatures.

Figure 9. Examples of Chemical Loaded Tags. a) Moisture Sensor integrating
blotting paper [44] b) Ammonia Sensor integrating carbon nanotubes[42]; c)
Humidity sensor integrating a resistive printed load [18]; d) Humidity Sensor
integrating PEDOT:PSS [46]; e) Moisture sensor with sensitive dielectrics
[47]; f) Temperature Sensor integrating distilled water [48].
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B. Mechanical switch loading

Tags integrated with process-controlled switches have been
mainly experienced for discrete sensing (Fig.10), e.g. with the
purpose to detect and transmit the occurrence of one or more
specific states by ID modulation.

Figure 10. Examples of S-tags loaded with mechanical switches. a) temper-
ature binary sensor integrating shape memory polymer [39]; b) acceleration
binary sensor integrating an inertial switch [49]; c) motion binary sensor
integrating an inertial switch [45] ; d) temperature binary sensor integrating
a metal plate and shape memory polymer [50]; e) temperature binary sensor
integrating a shape memory polymer [20]

• a) Two-chip tag integrated with a temperature switch: one
port of the tag is always active (i.e. it can be read at any
temperature, giving the information of the tag’s presence),
while the other is shunted with a shape-memory alloy
(SMAs) wire, which changes state at a given temperature,
hence inhibiting or not the transmission of the code of
the second chip [39]

• b) Dipole integrated with 1-bit accelerometer, obtained
through the use of two mercury switches, each in series
with one chip. By proper mounting of the switches, for
instance in an antiparallel configuration, it is possible to
achieve a “binary-code-shift keying”, consisting in ID1
responding when the acceleration is parallel to the first
switch and ID2 responding when acceleration is parallel
to switch 2 [49].

• c) Wearable slotted-patch antenna integrated with an
inertial omnidirectional switch that was demonstrated to
exhibit a low inductive impedance in the rest state while
if subjected to motion, its impedance fluctuates between
an ideal open circuit and the previous value [45].

• d) Another way to integrate a temperature switch into an
RFID tag, by using shape memory polymers (SMP). Two
different commercial tags are used, with a metal plate
behind one of them, detuning it. When the temperature
overcomes the threshold temperature, a shape-memory
polymer moves the metal plate from one tag to the
other’s background, detuning the tag on front. In this
way, different codes are transmitted to the reader in the
two temperature states. A similar sensor is presented in
[50], the actuator this time is an aqueous medium with a
desired melting point. When the aqueous medium melts
because of over-threshold temperature, the aluminum
plate descends because of gravity, detuning the other tag
and thus communicating remotely the information of the
critical state

• e) Two-state temperature-threshold detector tag [20]. The
sensor is capable of converting the violation of a tem-
perature threshold into a shift of operating frequency
of the antenna. The detuning mechanism consists of a
metal plate placed behind the tag, whose distance can be
controlled using a temperature-actuated switch, such as
again a shape memory polymer (SMP).

For this family or S-Tags including multiple RFID ICs, the
design challenge is to control in a selective way the responses
of a highly-coupled multi-ports system wherein the behaviour
of each tag is strongly related to the presence and on the status
of the surrounding ones. The RFID GRID theory in [11], [12]
provides all the required equations and procedures to manage
multi-chip antennas which is a problem similar to the design
of multi-ports loaded scatterers.

VI. FLUCTUATIONS AND RESOLUTIONS

The use of S-tags and readers for sensing measurements
requires to face with fluctuations and discretization errors (see
Fig.11 for an example).

The fluctuation is produced by the internal noise of the
receiver, by the limited stability of its components but also
by the not stationary communication channel. The fluctuation
may be partially reduced by performing a moving-window
averaging over a dense set of samples.
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Figure 11. Examples of a) fluctuations of the received backscattered power
(from [34]), and b) quantization error in the turn-on power (from [46])

The quantization error is instead related to the resolution

of the system, e.g. the smallest detectable change (hereafter
tagged by the symbol ’δ’) of the quantity that it is being
measured. Such variation δΨ may be written, after (12) as

δΨ =
δξ

S[ξ]
(17)

The system resolution δΨ depends on the sensitivity of the
S-Tag and on intrinsic features of the readers such as the
voltage noise, the random fluctuation of the output signal, and
on the quality of the receiving stage.

Finally, the number n = ∆Ψ/δΨ of observable distinct
states of the process between the extreme detectable values
(Ψmin,Ψmin+∆Ψ) will be therefore expressed in terms of the
dynamic range, the S-tag sensitivity and the system resolution
as

n =
∆ξ

δΨ · S[ξ] =
∆ξ

δξ
(18)

The smallest appreciable variation δξ of the metrics intro-
duced in the Section II will be detailed analyzed in the the
following paragraphs.

1) Backscattered power (ξ = PR←T ): having fixed the
power emitted by the reader, then δξ|dB = δPR←T |dB . This
parameter depends on the power range of the reader’s receiver
and on the Analog to Digital Converter (ADC) discretizing the
backscattered signal, e.g.

δPR←T |dB =
range|dB
2N − 1

(19)

where N is the number of ADC’s bits. At the time of this
writing, common available readers provide a received power
resolution of the order of 1dB down to 0.1dB.

2) Turn-on power (ξ = P to
in): the resolution δP to

in |dB
corresponds to the minimum variation in the output power
δP to

in of the reader that can be controlled by the user. It is fixed
by the manufacturer and it is again of the order of 0.1÷1dB.

3) AID (ξ = AID): having rewritten the Analog Identifier
(6) in decibel (’dB’ hereafter omitted to simplify notations)

AID = Pchip −
1

2
(PR←T − P to

in) (20)

the smallest appreciable variation occurs when only one
or even both the two powers in (20) have changed by their
minimum amount ±δPR←T and ±δPin, respectively. The
minimum variation of AID may therefore fluctuate within the
following set

|δAIDmin| ∈ {, |δPR←T ± δPin|
2

,
δPR←T

2
,
δPin

2
} (21)

and accordingly, the minimum resolution will be

|δAIDmin| ≤
δPR←T + δPin

2
(22)

For example, a reader with δPin = 0.5dB and δPR←T =
0.8dB, will enable a resolution |δAID|≤ 0.65dB, thus better
than the resolution over the backscattered power. Assuming
an equal dynamic range ∆ξ = 3dB for all the three above
metrics, then according to (18) the number of detectable states
of the process will be n[P to

in ] = 6, n[PR←T ] = 3, and
n[AID] = 4.

Table II shows some examples of estimated overall system
performance for S-tag able to sense humidity, strain and filling
level, with respect to the resolution of the readers’ receiver.
It can be noted that a resolution of δξ < 0.5dB could easily
guarantee the discrimination of more than 20 grades of the the
process.

Table II
EXAMPLES OF S-TAG’S PERFORMANCES

sensor ∆ξ (dB) S δξ (dB) n

Humidity [44] 12 0.3dB/RH% 1 12
0.5 24
0.1 120

Strain [34] 10 0.5dB/�% 1 10
0.5 20
0.1 100

Level [27] 15 0.08dB/mm 1 15
0.5 30
0.1 150
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VII. EMERGING SENSING PARADIGMS

An emerging passive sensing architecture considers the
RFID tag as a true data-logger: physical information collected
by a specific sensor are handled by a micro controller, sampled
and encoded into digital information that can be stored in
the microchip’s memory and then recovered by the reader
through regular RFID interrogation. These objects are usually
battery-assisted and hence they act as semi-active devices.
However, if the micro-controller requires very low power
consumption (a few milliwatts), the energy required to drive
the data acquisition may be directly harvested out of some
cycles of the interrogation signal or generated by piezo-electric
energy scavengers or by solar panels. A super-capacitor is
hence required for energy storage. Examples of this class of
devices are the WISP [51] and the platform in [52], which can
both be integrated with general-purpose sensors. The former
device codes the measured data into the ID transmitted by the
tag, the latter one is instead a battery assisted multi-ID tag
and it is capable to transmit, when interrogated by a standard
RFID reader, a proper combination of ID codes that univocally
represents the measured value.

Off the shelf RFID ICs with augmented sensing capabil-
ities are nowadays available [53], [54]. They include high
speed non-volatile memory (EEPROM), typically integrate
an embedded temperature sensor and provide programmable
I/O ports for connecting general purposes micro controllers
and sensors as in [55]. These devices can be considered
as a convergence point among fully passive tags, as those
described in this paper, and the autonomous sensor nodes
having local computational capability. Indeed they could be
practically immune to the environment interactions and the
onboard sensors can be moreover extremely specific. Thus they
could provide a possible trade-off between superior sensing
performance and cost. The electromagnetic challenge is rather
small since the sensing and communication functionalities are
fully decoupled.

VIII. CONCLUSION

The applicability of the RFID technology to passive sensing
is now a fact, demonstrated by many independent researches
worldwide. Many more examples are expected to come in
the next years, stimulated by the virtuous interaction among
different expertises. In particular RFID chemical sensors could
have a great commercial interest thanks to the fabrication
simplicity and for the potential mass diffusion in food and
pharma control chains.

Anyway, the design of S-tags is not yet a mature discipline
since unified methodologies are still required to efficiently
handle multi-physics optimization and data processing. This
is a kind of short-range sensing, therefore it is expected that
some methods will be borrowed from the more assessed and
mature Remote Sensing background.

Sensitivity and resolution of the reader are currently the
main bottleneck of the passive S-tags technology. These criti-
cal issues are expected to be mitigated in the future generations
of readers (mainly by increasing the analog-to-digital converter
performance). The concurrent reduction of the chip sensitivity

will enable a close integration of this technology in general-
purpose smartphones with unpredictable applications in the
distributed or ubiquitous computing boosting the evolution of
the Internet of Things.

At the very end, being now available the new all-on-chip
multifunction components described in Session VII which at
most require only external storage capacitors and promise
high sensing accuracy, it is now paradoxically necessary to
rise the question whether to continue making research on
completely passive radio-sensors involving less accurate and
still challenging analog reading. The answer is not univocal
and can not be kept separate from the application fields.
All those sensors disappearing into things (as claimed by
Mark Wiser in his popular essay on "The Computer for the
21st Century [56]", e.g. for really massive and pervasive
applications), require to be as simplest, cheapest and smallest
as possible, and hence the research on sensitive antennas,
with a so big physical insight, definitely keeps on making
sense. For biomedical applications, completely passive radio-
sensors are useful as well to enable the widespread diffusion
of smart disposable devices, e.g plasters enhanced with sens-
ing and communication functionalities. For integration with
implantable devices, the possibility to avoid batteries and
additional components will simplify the biocompatibility of
the radio-sensor and such advantage overcomes the eventual
drawbacks related to low resolution. Sporadic placements, for
instance in case of precise environmental monitoring wherein
the accuracy of the measurement is the main requirement but
the read distance is not a particular issue, will instead greatly
take benefit of battery- or capacitor-assisted RFID IC, which
could be a strategic choice as the short-range version of the
more complex but powerful autonomous sensor nodes.
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