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Abstract

UHF passive radio-frequency identifi cation technology is rapidly evolving from simple labeling of things to wireless 
pervasive sensing. A remarkable number of scientifi c papers demonstrate that objects in principle can have their 
physical properties be remotely tracked and monitored all along their life cycle. The key background is a new paradigm 
of antenna design that merges together the conventional communication issues with more-specifi c requirements about 
sensitivity to time-varying boundary conditions. This paper presents a unifi ed review of the state of the art of the tag-as-
sensor problem. Particular care is taken to formalize the measurement indicators and the communication and sensing 
tradeoff, with the purpose to provide a fi rst knowledge base for facing a large variety of emerging sensing applications.
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1. Introduction

Radio-rrequency identifi cation (RFID) is nowadays a well-
assessed technology for tracking goods and for tracing 

procedures, with several advantages over barcode systems [1]. 
More-complex applications are currently being researched 
worldwide in many university laboratories, concerning sens ing, 
localization, other frequency bands, new materials, and more-
effi cient communication protocols. The sensing capa bilities 
offered by passive RFID tags in the UHF bands are perhaps 
the most exciting research trend, with great applica bility to the 
emerging paradigm of the Internet of Things [2]. A “swarm” 
[3] of low-cost tiny interconnected sensors, inter acting with the 
nearby environment, will enable an augmented perception of 
the reality, stimulating improvements in well-being as well as 
completely new services. For such forthcom ing applications, 
spatial granularity is a key concept [4]. Because of their intended 
massive use, sensors do not need to be extremely sophisticated 
or precise. However, at the same time, they must satisfy low-
cost requirements in order to be deployed at fi ner granularity 
than active precise wireless sys tems. 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 environ ment.” In order to enable such 

a 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. In the late 1940s, the Russian inventor, Leon 
Theremin [6], developed one of the fi rst covert listening devices 
(the “bug”). This used a capacitor microphone con nected to an 
antenna (Figure 1) to transmit away – through refl ection of 
an interrogating carrier – the audio signals cap tured in nearby 
environments. 

 On approaching our times, the unique feature of RFID 
microchip modulators further adds a completely new sensing 
possibility. It does this by taking into consideration that RFID 
tags are tiny computers of increasing performance, with tiny 
low-power radios that merge together both digital (the micro-
chip 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 gov-
erned in an analog manner by the interaction with nearby 
objects, by the propagation modality, and even by the mutual 

position and orientation among the reader and the tags. This 
fact poses the basis for a different sensing modality, wherein the 
captured data can even be collected by a “sensor-less” tag, just 
by exploiting the physics of the RFID response.

 In the last three to fi ve years, a remarkable number of 
scientifi c papers have demonstrated – at different levels of 
maturity and for different applications – that passive RFID 
sensing can be affordable with the available manufacturing 
technology. However, an important effort is still required to 
fully understand and to manage the physics of RFID sensing, 
and evolve from isolated laboratory experiments to fi rst stable 
and self-consistent products. In particular, a systematization of 
phenomena, metrics, and system parameters is of prominent 
relevance to provide tools for evaluating the true performance 
of the tag as a sensor, and to make comparisons among differ ent 
implementations.

 The present work follows 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. 
Starting from the more-recent contribution in [8], the present 
work tries to systematize the different applications of UHF 
RFID antennas for passive sensors. Particular care is taken to 
clarify the relationships and constraints for communication and 
sensing, and to introduce performance parameters for gen eral 
application.

 The paper is organized as follows. Section 2 introduces the 
parameters that can be measured by RFID readers, and some 
possible metrics relating measurements to the process under 
observation. Section 3 discusses the cohabitation between the 
performance of a tag as a sensor and the con straints over the 
required reading distance. An overall com munication-sensing 
nomogram is introduced. Section 4 describes the class of bare 
tags, the sensing capability of which is only related to the natural 
sensitivity of an antenna to time-variant boundary conditions. 
The kinds of loaded tags, including specifi c chemical and 
mechanical sensor loads, are analyzed in Section 5. Section 6 
fi nally shows the achievable resolution of the whole tag-reader 
system, depending on the kind of metrics used. To complete 
the analysis, a quick over view of the new emerging sensing 
paradigms is fi nally given in Section 6. Theoretical discussions 
and classifi cations are corroborated by many examples taken 
from recent scientifi c literature.

2. Measurable Data and Metrics

 An RFID system comprises two components. The fi rst 
is the remote transponder or tag, including an antenna and a 
microchip transmitter (IC), located on the object to be identi-
fi ed. The second is the local querying system or reader, which 
can collect data transmitted from the tag (Figure 2), eventually 
performing a fi rst processing function. Various kinds of data 
– and, fi rst of all, a unique identifi cation code (ID) – can be 
wirelessly transferred to the reader by means of radio-fre-
quency electromagnetic signals. 

 The tags can be passive, harvesting energy from the inter-
rogating system; semi-active, when a battery is included to only 
feed the sensors; or fully active, where a local source directly 
feeds a microcontroller 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 are given in Table 1), which, in 
principle, promises activation ranges up to 10 m. 

 In passive technology, at the beginning of the reader-to-
tag communication protocol [9], the reader fi rst activates the 
tag, which is placed over a target object. This is done by sending 

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

Table 1. 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

Figure 2. A sketch of the RFID sensing system. A reader 
interrogates the tag, the behavior of which is infl uenced by 
a changing physical feature, Ψ .
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a continuous wave, which, by charging an internal capacitor, 
provides the required energy to perform actions. During this 
listening mode, the microchip exhibits an input impedance 

chip chip chipZ R jX= + , with chipX  being capaci tive. The 
antenna’s impedance, A A AZ R jX= + , has to be matched to 

chipZ  ( A chipZ Z∗= ) for maximum power transfer (a 
comprehensive review of the techniques for matching the 
antenna with the chip was provided in [7]). During the next 
steps of the communication, the tag receives commands from 
the reader, and fi nally sends back the data through a back-
scattered 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 imped-
ance, thus modifying the refl ectivity of the responding tag, and 
hence the strength of the refl ected power. 

2.1 Measurable Parameters

 In order for a tag to monitor physical parameters, a sens-
ing 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 electromagnetic 
parameters suitable to sensing purposes. A single-chip con-
fi guration is considered throughout the paper, but the same 
ideas may nonetheless be extended to the multi-chip systems 
recently introduced in [10-12]. 

 Let us denote with ( )tΨ  a local physical, chemical, or 
geometrical parameter of the environment surrounding the tag 
(the Sensor-tag, hereafter the S-tag), which has to be moni tored 
by the RFID platform. According to the specifi c appli cations, 
Ψ  could be the presence of gases and chemical spe cies able to 
react with the sensitive materials integrated into the antenna; a 
physical stimulus, e.g., an acceleration 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.

 Sensing indicators can be easily derived from data 
measur able by the reader. For this purpose, the equations of 
a 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 interac tions, the 
power collected at the microchip, Equation (1), and the power 
backscattered by the tag toward the reader, Equa tion (2), and 
collected by it, are the following:
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where d is the reader-tag distance, RG  is the gain of the reader’s 
antenna, and [ ]TG Ψ  is the gain of the tag’s antenna at the 
specifi c realization of the process. inP  is the power entering the 
reader’s antenna, pη  is the polarization mismatch between the 

reader and the tag, and [ ]τ Ψ  is the power trans mission 
coeffi cient of the tag:
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Finally, Trcs  is the tag’s radar cross section, related to the 
modulation impedance, modZ , of the microchip for encoding 
the low and high digital states:
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 The backscattered power, R TP ← , is measurable (Fig-
ure 3a) by the reader in terms of the received signal-strength 
indicator (RSSI), here assumed to correspond [13, 14] to the 
binary modulating state having mod chipZ Z= . 

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

inP Ψ , e.g., the minimum input power, 

inP , through the reader’s antenna forcing the tag to respond 
(Figure 3b). It can be derived from Equation (1) by consider ing 

R T chipP P→ = , with the latter being the microchip’s sensi tivity:
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 From turn-on measurement, it is possible to extract by 
proper calibration [15] the realized gain of the tag, ˆ

T TG G τ= , 
e.g., the gain of the tag scaled by the mismatch to the IC.

 Finally, forward (Equation (1)) and backward (Equa-
tion (2)) powers may be combined at the turn-on condition 
with the purpose of dropping out the infl uences of the distance 
and of the reader’s and tag’s gains and orientations [11, 12]. A 
non-dimensional indicator (Figure 3c), denoted as the Analog 
Identifi er (AID), can hence be introduced:

 [ ]
[ ] [ ] [ ]

2chip chip
to chip aR T in

P R
AID

Z ZP P←

Ψ = =
+ ΨΨ Ψ

.  (6)

The AID only depends on the antenna’s impedance. It thus 
appears useful when the interrogation setup changes (position 
and orientation) in successive measurements, since it is immune 
to the interrogation modalities.

Figure 3f. Examples of measured sensing indicators: binary 
detection of temperature threshold [21].

Figure 3a. Examples of measured sensing indicators: back-
scattered power as a function of strain [17]

Figure 3b. Examples of measured sensing indicators: turn-
power as a function of humidity [18].

Figure 3c. Examples of measured sensing indicators: an 
analog identifi er measured at different observation angles 
[12].

Figure 3d. Examples of measured sensing indicators: inte-
gral metrics: scale factor [19].

Figure 3e. Examples of measured sensing indicators: inte-
gral metrics: frequency shift [20].
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 Other kinds of direct metrics may be defi ned, just like the 
differential refl ection coeffi cient in [16], which even accounts 
for the different responses of the antenna in the two modulat ing 
states.

2.2 Sensing Metrics

 The indicators in Equations (2), (5), and (6), may be used 
as data inversion curves between the measured data and the 
evolution, ( )tΨ , of the process:

 ( ){ , , }to
in T RAID P P t→ ↔ Ψ ,   (7)

 It could be useful to normalize each indicator by its value 
in a particular reference state, say 0Ψ , for instance collected at 
the time of the tag’s placement into the environment to be 
monitored. The normalized parameters are hereafter generi cally 
indicated with [ ]ξ Ψ . They can be collected at a fi xed frequency, 
or instead within the whole RFID band to provide integral 
metrics suitable for capturing macroscopic variations of the 
S-tag response over frequency, such as the detuning and the 
attenuation or magnifi cation of the response (Figures 3d and 
3e). The frequency shift, e.g., the frequency correlation distance, 

f∆ , between [ ]( )fξ Ψ  and the initial response, [ ]( )0 fξ Ψ ,
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the evolving chemical-physical process. The scale factor,
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instead describes the overall attenuation/amplifi cation of the 
S-tag’s response. These two indicators look particularly useful 
in those countries wherein the available bandwidth for UHF 
RFID is signifi cant, such as the USA. Their application is less 
effective in Europe, due to the very modest allowed band width.

 As for usual sensors, the response of the S-tag can be 
quantifi ed by the dynamic range, e.g., the overall change of the 
measured parameters between the extreme interesting 
realizations of the process, minΨ , maxΨ , conveniently 
expressed in decibels:

 [ ] [ ]max min dB
ξ ξ ξ∆ = Ψ − Ψ ,   (10)

 and by means of the sensitivity,

 [ ] [ ]
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ξ
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∂ Ψ
=

∂Ψ
.    (11)

If the S-tag’s response is approximately linear in the useful 
range of the process, then

 [ ]
max min

S ξξ ∆
Ψ − Ψ

 .   (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 defi nitely to its bandwidth. On con-
sidering the whole reader/S-tag system, the overall perform-
ance parameter is the resolution, which accounts also for the 
discretization of the reader’s signals. This topic is of promi nent 
importance for the true real applicability of S-tags, and will be 
addressed later on, in a dedicated section.

3. Communication and Sensing Tradeoff

 Sensing capabilities are generally achieved at the expense 
of reading-distance degradation, since the changes of physical/
chemical features of the environment are sensed by the passive 
tag through a deviation from its static gain and/or impedance 
matching. The true effectiveness of an S-tag thus results from 
the tradeoff between sensing and communication [19].

3.1 Constraints

 Sensing requirements induce a constraint over the dynamic 
range:

 Rξ∆ ≥ ,      (13)

with R being the requested span of the measured data. Pre-
serving a useful reading range in all the states of the process 
instead means enforcing a condition over the minimum turn-on 
power (see Figure 4):

 ( )to
inP pΨ ≤ ,  min maxΨ ≤ Ψ ≤ Ψ .  (14)

The power bound, p, has to comply with the local regulations 
(Table 1), and with the true available power for fi xed or hand-
held readers. Having selected the reader-tag distance, from 
Equation (5) such a constraint will enforce the minimum 
allowed value for the realized gain all along the process:

 ( ) ( )TG gτΨ Ψ ≥  for min maxΨ ≤ Ψ ≤ Ψ . (15)

 It is worth noticing that an S-tag can be turned into a 
detector of a particular state, kΨ , of the process if the antenna 
is really narrowband, so that the condition of Equation (14) 
holds just in the region closely surrounding kΨ , e.g., 

0max minΨ − Ψ →  in Figure 4. A discrete set of events of the 
process may hence be recognized by using a multiplicity of tags 
or a single multi-port tag (Figure 3f), with different impedance-
matching conditions, as described in [10]. Each event kΨ  to be 
recognized is accordingly linked to the kID  of the microchip, 
which has scavenged enough power to inter act with the reader 
( ( ),

to
k in kP pΨ ≤ ). In any case, designing S-tags is similar to the 

design of broadband antennas, or even better, of microwave 
fi lters, wherein frequency is replaced by the state of the process. 

3.2 Global Tradeoff

 In the most general case, the tradeoff between communica-
tion and sensing is handled by performing a syn thesis of the 
S-tag’s response, ξ ↔ Ψ , by a proper shaping of the 
geometrical sizes, { }1,.., Ka a=A , of the antenna, as for 
instance in the case of the profi le of meander-line structures 
[22, 23]. Such a problem can be formalized as the minimiza tion 
with respect to A  of a multi-objective function [24] such as the 
following:

 [ ]( ) [ ]
0

1 2
1 1

,
,

M M

m m
T mm m

G
w w

G
ξ ξ

τ= =
Ψ − +

Ψ∑ ∑A
A

, (16)

where ( ),m mξΨ , 1...m M= , are control nodes of the sensing 
curve, e.g., the desired values of the antenna’s response at M 
realizations of the process; 0G  is the minimum realized gain in 
order to satisfy Equation (14); and 1w  and 2w  are weights such 
that 1 2 1w w+ = . 

 To reduce the degrees of freedom of the problem, the 
shape of the main radiator may be fi xed (for instance, a folded 
dipole or a PIFA). The tradeoff between communication and 
sensing is balanced through the shaping of an antenna adapter 
(Figure 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, the 
above optimization problems can be conveniently solved by a 
stochastic tool, such as the genetic algorithm [22] or the particle 
swarm [25].

3.3 [ ] [ ]{ }, AIDτ Ψ Ψ  Nomogram

 Assuming the Analog Identifi er in Equation (6) as the 
measurement metric, the relationship between the communi-
cation ( [ ]τ Ψ ) and sensing ( [ ]AID Ψ ) parameters can be visu-
ally represented by a specifi c nomogram [24]. This is use ful for 
estimating the theoretical maximum dynamic range of the tag 
that can be achievable within the communication con straints in 
Equation (14). For this purpose, the power-trans mission 
coeffi cient and the Analog Identifi er are expressed in terms of 
the normalized input impedance of the tag, a A chipr R R= , 

Figure 4. The pictorial relationship between the maximum 
sensing dynamic range, ξ∆ , of an S-tag, and the con straints 
over the maximum power, p, emitted by the reader.

Figure 5. Typical layouts of antenna adapters used to con-
trol the impedance response of the tag: (a) T-match, (b) slot-
match, (c) loop-match.

Figure 6. Iso-lines of constant AID and τ  on the normal ized 
antenna-impedance plane, for an IC’s quality factor of 

10Q = . The area corresponding to 3minτ = − dB is in gray. 
The curve [ ] ( ) ( )ˆ ˆa aZ r i x jΨ = Ψ + Ψ



 indicates a possi ble 
variation of the antenna’s impedance all along the process 
in evolution.
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 Other kinds of direct metrics may be defi ned, just like the 
differential refl ection coeffi cient in [16], which even accounts 
for the different responses of the antenna in the two modulat ing 
states.

2.2 Sensing Metrics

 The indicators in Equations (2), (5), and (6), may be used 
as data inversion curves between the measured data and the 
evolution, ( )tΨ , of the process:

 ( ){ , , }to
in T RAID P P t→ ↔ Ψ ,   (7)

 It could be useful to normalize each indicator by its value 
in a particular reference state, say 0Ψ , for instance collected at 
the time of the tag’s placement into the environment to be 
monitored. The normalized parameters are hereafter generi cally 
indicated with [ ]ξ Ψ . They can be collected at a fi xed frequency, 
or instead within the whole RFID band to provide integral 
metrics suitable for capturing macroscopic variations of the 
S-tag response over frequency, such as the detuning and the 
attenuation or magnifi cation of the response (Figures 3d and 
3e). The frequency shift, e.g., the frequency correlation distance, 

f∆ , between [ ]( )fξ Ψ  and the initial response, [ ]( )0 fξ Ψ ,
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instead describes the overall attenuation/amplifi cation of the 
S-tag’s response. These two indicators look particularly useful 
in those countries wherein the available bandwidth for UHF 
RFID is signifi cant, such as the USA. Their application is less 
effective in Europe, due to the very modest allowed band width.

 As for usual sensors, the response of the S-tag can be 
quantifi ed by the dynamic range, e.g., the overall change of the 
measured parameters between the extreme interesting 
realizations of the process, minΨ , maxΨ , conveniently 
expressed in decibels:

 [ ] [ ]max min dB
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 and by means of the sensitivity,
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If the S-tag’s response is approximately linear in the useful 
range of the process, then
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 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 defi nitely to its bandwidth. On con-
sidering the whole reader/S-tag system, the overall perform-
ance parameter is the resolution, which accounts also for the 
discretization of the reader’s signals. This topic is of promi nent 
importance for the true real applicability of S-tags, and will be 
addressed later on, in a dedicated section.

3. Communication and Sensing Tradeoff

 Sensing capabilities are generally achieved at the expense 
of reading-distance degradation, since the changes of physical/
chemical features of the environment are sensed by the passive 
tag through a deviation from its static gain and/or impedance 
matching. The true effectiveness of an S-tag thus results from 
the tradeoff between sensing and communication [19].

3.1 Constraints

 Sensing requirements induce a constraint over the dynamic 
range:

 Rξ∆ ≥ ,      (13)

with R being the requested span of the measured data. Pre-
serving a useful reading range in all the states of the process 
instead means enforcing a condition over the minimum turn-on 
power (see Figure 4):

 ( )to
inP pΨ ≤ ,  min maxΨ ≤ Ψ ≤ Ψ .  (14)

The power bound, p, has to comply with the local regulations 
(Table 1), and with the true available power for fi xed or hand-
held readers. Having selected the reader-tag distance, from 
Equation (5) such a constraint will enforce the minimum 
allowed value for the realized gain all along the process:

 ( ) ( )TG gτΨ Ψ ≥  for min maxΨ ≤ Ψ ≤ Ψ . (15)

 It is worth noticing that an S-tag can be turned into a 
detector of a particular state, kΨ , of the process if the antenna 
is really narrowband, so that the condition of Equation (14) 
holds just in the region closely surrounding kΨ , e.g., 

0max minΨ − Ψ →  in Figure 4. A discrete set of events of the 
process may hence be recognized by using a multiplicity of tags 
or a single multi-port tag (Figure 3f), with different impedance-
matching conditions, as described in [10]. Each event kΨ  to be 
recognized is accordingly linked to the kID  of the microchip, 
which has scavenged enough power to inter act with the reader 
( ( ),

to
k in kP pΨ ≤ ). In any case, designing S-tags is similar to the 

design of broadband antennas, or even better, of microwave 
fi lters, wherein frequency is replaced by the state of the process. 

3.2 Global Tradeoff

 In the most general case, the tradeoff between communica-
tion and sensing is handled by performing a syn thesis of the 
S-tag’s response, ξ ↔ Ψ , by a proper shaping of the 
geometrical sizes, { }1,.., Ka a=A , of the antenna, as for 
instance in the case of the profi le of meander-line structures 
[22, 23]. Such a problem can be formalized as the minimiza tion 
with respect to A  of a multi-objective function [24] such as the 
following:
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where ( ),m mξΨ , 1...m M= , are control nodes of the sensing 
curve, e.g., the desired values of the antenna’s response at M 
realizations of the process; 0G  is the minimum realized gain in 
order to satisfy Equation (14); and 1w  and 2w  are weights such 
that 1 2 1w w+ = . 

 To reduce the degrees of freedom of the problem, the 
shape of the main radiator may be fi xed (for instance, a folded 
dipole or a PIFA). The tradeoff between communication and 
sensing is balanced through the shaping of an antenna adapter 
(Figure 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, the 
above optimization problems can be conveniently solved by a 
stochastic tool, such as the genetic algorithm [22] or the particle 
swarm [25].

3.3 [ ] [ ]{ }, AIDτ Ψ Ψ  Nomogram

 Assuming the Analog Identifi er in Equation (6) as the 
measurement metric, the relationship between the communi-
cation ( [ ]τ Ψ ) and sensing ( [ ]AID Ψ ) parameters can be visu-
ally represented by a specifi c nomogram [24]. This is use ful for 
estimating the theoretical maximum dynamic range of the tag 
that can be achievable within the communication con straints in 
Equation (14). For this purpose, the power-trans mission 
coeffi cient and the Analog Identifi er are expressed in terms of 
the normalized input impedance of the tag, a A chipr R R= , 

Figure 4. The pictorial relationship between the maximum 
sensing dynamic range, ξ∆ , of an S-tag, and the con straints 
over the maximum power, p, emitted by the reader.

Figure 5. Typical layouts of antenna adapters used to con-
trol the impedance response of the tag: (a) T-match, (b) slot-
match, (c) loop-match.

Figure 6. Iso-lines of constant AID and τ  on the normal ized 
antenna-impedance plane, for an IC’s quality factor of 

10Q = . The area corresponding to 3minτ = − dB is in gray. 
The curve [ ] ( ) ( )ˆ ˆa aZ r i x jΨ = Ψ + Ψ



 indicates a possi ble 
variation of the antenna’s impedance all along the process 
in evolution.
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a a chipx X X= , with chip chipQ X R=  being the quality 

factor of the chip:
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 Having fi xed Q, a chart of { },AIDτ  isolines is produced 
in decibels by varying ar  and ax  (Figure 6). Such lines are 
ellipses, with the major axis over the 1ax = −  line, and the 
eccentricity of which depends on the quality factor, Q, of the 
microchip. The point ( )1, 1a ar x= = −  corresponds to the 
matched state MΨ  [19], e.g., the state of the process for which 
the tag’s antenna shows the best matching to the IC. There, 

a chipZ Z∗= , and AID 0τ= = dB. 

 The τ -AID nomogram does not depend on the particular 
antenna layout. The variation of the tag’s impedance all along 
the phenomenon evolution can therefore be traced over such a 
plane by a sequence of couplets, ( ) ( ){ },a n a nr xΨ Ψ , describ-
ing an oriented curve (Figure 6):

[ ] ( ) ( ) 2ˆ ˆa aZ r i x jΨ = Ψ + Ψ ∈


 .  (19)

The S-tag will show different sensing and communication 
behavior all along the process, according to the intercepted 
isolines. 

 The communication constrains in Equation (14) or in 
Equation (15) become conditions over the power-transfer 
coeffi cient

[ ] ( ) min
T

g
G

τ τΨ ≥ ≡
Ψ

.   (20)

Such a condition defi nes the region (shadowed in Figure 6) 
wherein the allowed dynamic range of the tag’s response has to 
be constrained. The maximum variation, maxAID∆ , will be 
given by the AID isolines passed by the extremes ( ), 1AA r= − , 

( ), 1BB r= − , of the major axis of the minτ τ=  ellipse. The 
multi-objective function to be minimized in Equation (16) is 
hence reduced to a condition on the input-impedance path, 

[ ]mZ Ψ


. The antenna’s geometrical parame ters, A , have to be 
engineered in order to force the impedance curve to the straight 
segment [ ],mmZ ABΨ =A



. This means that the best sensing 
mechanism over the antenna is such as to convert the variation 
of the process into a change of the only input resistance.

Figure 7. The maximum effective sensing capabilities of the 
radio sensor for a constant-gain process.

 The [ ] [ ]{ }, AIDτ Ψ Ψ  chart fi nally provides reference 
information about the best tradeoff (see Figure 7) between the 
minimum acceptable reading-range degradation all along the 
process, e.g., the minimum power-transfer coeffi cient minτ , 
and the maximum achievable sensing dynamic range of the 
measurable indicator ( )max minAID τ∆ . For instance, the choice 

3minτ = − dB will permit the reading range to not be degraded 
below 70% of its maximum value corresponding (for example) 
to the initial (or fi nal) state of the process. Accord ingly, the 
theoretical maximum range of the tag’s response will be 

7.5AID∆ = dB.

4. Bare S-Tags

 Antennas are inherently sensitive to the change of the 
background medium. For instance, in the case of a homogene-
ous space-fi lling material with parameters ( )0 0,r rµ µ µ ε ε ε= =
, the frequency dependence of the mate rial’s input impedance is 
shifted and scaled with respect to the air according to the 
Deschamps equation [26]:

 ( ) ( )0 0, , , ,r
A A r r

r
Z Z

µ
ω ε µ µ ε ω ε µ

ε
= . (21)

 In general, this phenomenon is usually considered to be a 
limiting factor for RFID, 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 permittiv ity, which in 
turn will produce a change of the tag’s antenna’s impedance 
and received power (Figure 8a), and ultimately as a variation of 
the turn-on and backscattered-power indicators. A self-sensing, 
completely sensor-less, passive device is there fore 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’s shape, as in case of 
moving surfaces or evolving cracks. However, this sensing 
mechanism is non-specifi c, since the sensed data may be only 
indirectly related to a physi cal phenomenon under observation. 

4.1 Effective Permittivity S-Tags

 Figure 9 shows some examples of self-sensing tags, 
recently proposed for remote observations of liquids, powders, 
and biological processes. Each tag is documented with the 
dynamic range achieved and the sensitivity as deduced by the 
original papers. 

• a-b: These are tags used as fi lling sensors for low-
permittivity [15] and high-permittivity processes 
[27]. The sensing activity can be performed by 
analyzing the variation of the reverse communica-
tion link, e.g., the received signal-strength indicator 
or, equivalently, the backscattered power of one or 
more tags, matched at different fi lling levels. The 
same approach was used in [28] for measuring urine 
volume in diapers, primarily targeting infant- and 
geriatric-care applications. In this work, the dynamic 
range achieved was 7.8R = dB. 

• c: This is an array of six commercially available 
RFID tags used as discrete detectors of the fi lling 
level of a bottle containing water [29]. 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. By analyzing the spe-
cifi c set of IDs received by the reader, it is possible 

to retrieve the fi lling level of the container. The 
same approach was used in [30] for providing an 
automatic warning system for running out of injec-
tion fl uid. 

• d: This is a passive RFID bare sensor also used for 
the detection of water infi ltrations into concrete 
[31]. The presence of water sensibly changes the 
tag radiation and the matching performance of a tag 
drowned in the concrete, up to completely detuning 
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 a customized RFID IC with three 
modulation states [32]. 

• e: A passive RFID device is used as a dielectric-
property sensor for lightweight concrete. The tag 
is best matched for a dry condition of the concrete, 
and experiences mismatch as the specimen exhibits 
different qualities due to the presence of water [33]. 

• f: A commercial tag is used to monitor the level in a 
medical transfusion bag/bottle. The tag is tuned for 
operation in air, and is therefore strongly detuned 
when the plastic bag/bottle is fi lled with transfu sion 
liquid. The communication performance instead 
increases as the bag becomes empty [34]. 

• g: A tag is 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 proc-
ess, which induces a change in the properties of the 
material surrounding the tag [19]. 

• h: This is a dipole-like tag for the detection of brain 
edema after surgical treatment for brain cancer 
[35]. Edema, which here roughly refers to water-
imbued brain tissue, modifi es the electromagnetic 
characteristics of the tissues surrounding a 1 cm-
long implanted dipole tag, thus affecting the 
numerically computed two-way RFID link. 

4.2 Deformation S-Tags

 Some examples of tags recently developed to monitor 
deformations and displacements are shown in Figure 10, with 
the corresponding ranges and sensitivities.

• a: This is a dipole-like tag, which can be ink-printed 
on fabric or on PVC. It can monitor the amount of 
deformation that it has undergone by monitoring 
the changes in the backscattered power, thanks to 
the changes in the effective conductivity of the ink 
when a strain is applied [17] . 

Figure 8. The equivalent receiving circuit for (a) a bare tag 
for which the antenna impedance and the open-circuit 
induced voltage become dependent on the phenomenon, Ψ
, under observation; and (b) for a tag where the antenna is 
loaded by a specifi c lumped sensor placed, for instance, in 
series with the RFID microchip.
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 Having fi xed Q, a chart of { },AIDτ  isolines is produced 
in decibels by varying ar  and ax  (Figure 6). Such lines are 
ellipses, with the major axis over the 1ax = −  line, and the 
eccentricity of which depends on the quality factor, Q, of the 
microchip. The point ( )1, 1a ar x= = −  corresponds to the 
matched state MΨ  [19], e.g., the state of the process for which 
the tag’s antenna shows the best matching to the IC. There, 

a chipZ Z∗= , and AID 0τ= = dB. 

 The τ -AID nomogram does not depend on the particular 
antenna layout. The variation of the tag’s impedance all along 
the phenomenon evolution can therefore be traced over such a 
plane by a sequence of couplets, ( ) ( ){ },a n a nr xΨ Ψ , describ-
ing an oriented curve (Figure 6):
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The S-tag will show different sensing and communication 
behavior all along the process, according to the intercepted 
isolines. 

 The communication constrains in Equation (14) or in 
Equation (15) become conditions over the power-transfer 
coeffi cient
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Such a condition defi nes the region (shadowed in Figure 6) 
wherein the allowed dynamic range of the tag’s response has to 
be constrained. The maximum variation, maxAID∆ , will be 
given by the AID isolines passed by the extremes ( ), 1AA r= − , 

( ), 1BB r= − , of the major axis of the minτ τ=  ellipse. The 
multi-objective function to be minimized in Equation (16) is 
hence reduced to a condition on the input-impedance path, 
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. The antenna’s geometrical parame ters, A , have to be 
engineered in order to force the impedance curve to the straight 
segment [ ],mmZ ABΨ =A



. This means that the best sensing 
mechanism over the antenna is such as to convert the variation 
of the process into a change of the only input resistance.

Figure 7. The maximum effective sensing capabilities of the 
radio sensor for a constant-gain process.

 The [ ] [ ]{ }, AIDτ Ψ Ψ  chart fi nally provides reference 
information about the best tradeoff (see Figure 7) between the 
minimum acceptable reading-range degradation all along the 
process, e.g., the minimum power-transfer coeffi cient minτ , 
and the maximum achievable sensing dynamic range of the 
measurable indicator ( )max minAID τ∆ . For instance, the choice 

3minτ = − dB will permit the reading range to not be degraded 
below 70% of its maximum value corresponding (for example) 
to the initial (or fi nal) state of the process. Accord ingly, the 
theoretical maximum range of the tag’s response will be 

7.5AID∆ = dB.

4. Bare S-Tags

 Antennas are inherently sensitive to the change of the 
background medium. For instance, in the case of a homogene-
ous space-fi lling material with parameters ( )0 0,r rµ µ µ ε ε ε= =
, the frequency dependence of the mate rial’s input impedance is 
shifted and scaled with respect to the air according to the 
Deschamps equation [26]:
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 In general, this phenomenon is usually considered to be a 
limiting factor for RFID, 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 permittiv ity, which in 
turn will produce a change of the tag’s antenna’s impedance 
and received power (Figure 8a), and ultimately as a variation of 
the turn-on and backscattered-power indicators. A self-sensing, 
completely sensor-less, passive device is there fore 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’s shape, as in case of 
moving surfaces or evolving cracks. However, this sensing 
mechanism is non-specifi c, since the sensed data may be only 
indirectly related to a physi cal phenomenon under observation. 

4.1 Effective Permittivity S-Tags

 Figure 9 shows some examples of self-sensing tags, 
recently proposed for remote observations of liquids, powders, 
and biological processes. Each tag is documented with the 
dynamic range achieved and the sensitivity as deduced by the 
original papers. 

• a-b: These are tags used as fi lling sensors for low-
permittivity [15] and high-permittivity processes 
[27]. The sensing activity can be performed by 
analyzing the variation of the reverse communica-
tion link, e.g., the received signal-strength indicator 
or, equivalently, the backscattered power of one or 
more tags, matched at different fi lling levels. The 
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to retrieve the fi lling level of the container. The 
same approach was used in [30] for providing an 
automatic warning system for running out of injec-
tion fl uid. 

• d: This is a passive RFID bare sensor also used for 
the detection of water infi ltrations into concrete 
[31]. The presence of water sensibly changes the 
tag radiation and the matching performance of a tag 
drowned in the concrete, up to completely detuning 
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 
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• e: A passive RFID device is used as a dielectric-
property sensor for lightweight concrete. The tag 
is best matched for a dry condition of the concrete, 
and experiences mismatch as the specimen exhibits 
different qualities due to the presence of water [33]. 

• f: A commercial tag is used to monitor the level in a 
medical transfusion bag/bottle. The tag is tuned for 
operation in air, and is therefore strongly detuned 
when the plastic bag/bottle is fi lled with transfu sion 
liquid. The communication performance instead 
increases as the bag becomes empty [34]. 

• g: A tag is 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 proc-
ess, which induces a change in the properties of the 
material surrounding the tag [19]. 

• h: This is a dipole-like tag for the detection of brain 
edema after surgical treatment for brain cancer 
[35]. Edema, which here roughly refers to water-
imbued brain tissue, modifi es the electromagnetic 
characteristics of the tissues surrounding a 1 cm-
long implanted dipole tag, thus affecting the 
numerically computed two-way RFID link. 

4.2 Deformation S-Tags

 Some examples of tags recently developed to monitor 
deformations and displacements are shown in Figure 10, with 
the corresponding ranges and sensitivities.

• a: This is a dipole-like tag, which can be ink-printed 
on fabric or on PVC. It can monitor the amount of 
deformation that it has undergone by monitoring 
the changes in the backscattered power, thanks to 
the changes in the effective conductivity of the ink 
when a strain is applied [17] . 

Figure 8. The equivalent receiving circuit for (a) a bare tag 
for which the antenna impedance and the open-circuit 
induced voltage become dependent on the phenomenon, Ψ
, under observation; and (b) for a tag where the antenna is 
loaded by a specifi c lumped sensor placed, for instance, in 
series with the RFID microchip.
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Figure 9a. Examples of effective-permittivity S-tags: a low-
permittivity fi lling-level sensor [15].

Figure 9b. Examples of effective-permittivity S-tags: a high- 
permittivity fi lling-level sensor [27].

Figure 9c. Examples of effective-permittivity S-tags: a high-
permittivity discrete fi lling-level sensor [29].

Figure 9d. Examples of effective-permittivity S-tags: a 
concrete water-infi ltration sensor [31].

Figure 9e. Examples of effective-permittivity S-tags: a con-
crete humidity sensor [33].

Figure 9f. Examples of effective-permittivity S-tags: a high-
permittivity fi lling-level sensor [34].

a tensile strain on the antenna results in a fre quency 
shift of the turn-on power, due to a longer electrical 
path [38]. 

• e: This is a method for motion capture by using pas-
sive UHF linearly polarized tags properly placed 
on human-body segments. Dual-polarized reader 
antennas are used to estimate the inclination of each 
tag, based on the polarizations of the tag’s responses 
[39].

5. Loaded S-Tags

 A more effective way to retrieve specifi c sensing data is to 
provide the tag with a “real” sensor. This could be either lumped 
into a device [40, 41], connected in some part of the tag’s 
antenna (Figure 8b) [42-44], or instead distributed all over the 
antenna’s surface, for instance, as a chemical-receptor painting 
[45]. The sensor is hence considered as a lumped or distributed 
impedance loading, ( )SZ Ψ , on the tag’s antenna. The variation 
of ( )SZ Ψ  caused by the change of the environ ment will 
accordingly produce a change of the tag’s gain and impedance, 
wirelessly detectable by measurement of the pre viously 
described indicators.

 The design of such a class of S-tags can be performed 
by the same approach as in Equation (16) 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 
communications – 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 [46] for 
more details). The same idea could in principle also be applied 
to S-tag design. In the following sections, many examples are 
given, grouped according to the type of impedance loading.

5.1 Chemical Loading

 Different kinds of S-tags loaded by chemical compounds 
are shown in Figure  11. 

• a: This is a moisture sensor loaded by a chemical 
species [47]. In this case, the sensitive material is 
simply blotting paper, eventually doped with NaCl 
(salt), covering an RFID patch-like tag. Since the 
paper absorbs water, the radiation performance of 
the tag sensibly degrades, thus producing apprecia-
ble variations of the tag’s response link. 

• b: This is a loop-driven fl at dipole, doped with car-
bon nano structures (CNT) [45]. It is able to sense 
the presence of ammonia in the environment, 
thanks to the absorbing property of the carbon nano 

• b: This is a meander-line antenna, designed to moni-
tor strains. By applying an elongation, its shape 
will turn from a tightly-twisted meander to a zigzag 
dipole, thus altering the antenna’s proper ties, such 
as the ratio of the actual backscattered power to the 
backscattered power measured during the steady 
state [36]. 

• c: This is 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 per-
formance is recordable at the reader, because of the 
destructive effect of the metal plane, now closer to 
the tag [37]. 

• d: This is a strain and crack sensor, realized by 
means of a folded patch antenna. The application of 

R=1dB

Figure 9g. Examples of effective-permittivity S-tags, bio-
logical process sensors: the STENTag [19].

Figure 9h. Examples of effective-permittivity S-tags, bio-
logical process sensors: cerebral edema monitoring [35].
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the tag sensibly degrades, thus producing apprecia-
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tor strains. By applying an elongation, its shape 
will turn from a tightly-twisted meander to a zigzag 
dipole, thus altering the antenna’s proper ties, such 
as the ratio of the actual backscattered power to the 
backscattered power measured during the steady 
state [36]. 

• c: This is 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 per-
formance is recordable at the reader, because of the 
destructive effect of the metal plane, now closer to 
the tag [37]. 

• d: This is a strain and crack sensor, realized by 
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logical process sensors: the STENTag [19].

Figure 9h. Examples of effective-permittivity S-tags, bio-
logical process sensors: cerebral edema monitoring [35].
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Figure 10d. Examples of S-tags suitable for sensing geo-
metrical changes of objects: a deformable patch [38].

Figure 10a. Examples of S-tags suitable for sensing geo-
metrical changes of objects: an ink-printed stretchable 
folded dipole [17].

Figure 10b. Examples of S-tags suitable for sensing geo-
metrical changes of objects: a fl exible meander-line antenna 
[36].

Figure 10e. Examples of S-tags suitable for sensing geo-
metrical changes of objects: a motion-capture method [39].

Figure 10c. Examples of S-tags suitable for sensing geo-
metrical changes of objects: proximity detuning by moving 
conductors [37].

Figure 11a. Examples of chemically loaded tags: a mois ture 
sensor integrating blotting paper [47].

Figure 11b. Examples of chemically loaded tags: an 
ammonia sensor integrating carbon nanotubes [45].

Figure 11e. Examples of chemically loaded tags: a mois ture 
sensor with sensitive dielectrics [49].

Figure 11f. Examples of chemically loaded tags: a tem-
perature sensor integrating distilled water [50].

Figure 11c. Examples of chemically loaded tags: a humid ity 
sensor integrating a resistive printed load [18].

Figure 11d. Examples of chemically loaded tags: a humid ity 
sensor integrating PEDOT:PSS [48].
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structure material deposited between the matching 
loop and the dipole. Changes in the properties of 
the carbon nano structures will refl ect in mismatch 
and gain variations, readable through turn-on and 
backscattered power measurements. 

• c: This is a tag connected to a one-way moisture sen-
sor by means of a coupling loop. The printed sensor 
operates as a write-once-read-many (WORM) 
resistive memory device, as it perma nently changes 
its resistance from about 10k Ω  to 10 Ω  after 
exposure to moisture or water [18].

• d: This is a wearable tag [53], comprising a folded 
planar structure over a Tefl on substrate 4 mm 
thick, provided with a radiating edge and a sensing 
H-shaped slot wherein gas-sensitive polymers can 

Figure 11h. Examples of chemically loaded tags: a tem-
perature sensor integrating a water pocket [52].

Figure 11g. Examples of chemically loaded tags: a tem-
perature sensor on paraffi n wax [51].

be spread. The material used in this work was the 
commercial species Clevios PH 500, a dispersion 
for conductive coatings with PEDOT and PSS. Like 
other polymers containing sulfonic acid groups, 
PEDOT:PSS is strongly hygroscopic. It takes up 
moisture when handled under ambient conditions, 
and consequently changes the tag’s radiation 
performance [48]. 

• e: This is a printed dipole loaded by distributed 
capacitors [49] for humidity sensing. The capaci tors 
convert the permittivity variations of the sub strate 
into a change in the antenna’s impedance, remotely 
detectable through the frequency shift of the turn-on 
power measurements. 

• f: This is a 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 [50]. The tag is 
capable of temperature monitoring. The varying 
electrical properties of the water alter 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. 

• g: This is a small tag printed on top of a multilayer 
substrate, including paraffi n wax for temperature 
monitoring. As the temperature increases, the elec-
trical properties of paraffi n wax change, leading 
to mismatched operation for the tag, and hence 
resulting in temperature-sensing capabilities 
through turn-on measurements [51]. 

• h: This is a patch-like tag printed on a multilayer 
sub strate, including a small water pocket. Thanks to 
the change of the water’s properties, the reso nance 
of the tag shifts away along with tempera ture. It is 
possible to monitor temperature varia tions while 
keeping a good reading range [52]. 

5.2 Mechanical Switch Loading

 Tags integrated with process-controlled switches have 
been mainly employed for discrete sensing (Figure 12), e.g., 
with the purpose of detecting and transmitting the occurrence 
of one or more specifi c states by ID modulation.

• a: This is a two-chip tag integrated with a tempera-
ture 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 existence), while the other 
port is shunted with a shape-memory alloy (SMA) 
wire, which changes state at a given temperature, 
hence inhibiting or not inhibiting the transmission 
of the code of the second chip [42]. 

Figure 12e. Examples of S-tags loaded with mechanical 
switches: a temperature binary sensor integrating a shape-
memory polymer [20].

Figure 12a. Examples of S-tags loaded with mechanical 
switches: a temperature binary sensor integrating shape-
memory alloys [42].

Figure 12b. Examples of S-tags loaded with mechanical 
switches: an acceleration binary sensor integrating an 
inertial switch [54].

Figure 12c. Examples of S-tags loaded with mechanical 
switches: a motion binary sensor integrating an inertial 
switch [53].

Figure 12d. Examples of S-tags loaded with mechanical 
switches: a temperature binary sensor integrating a metal 
plate and shape-memory alloys [55].
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• b: This is a dipole integrated with a one-bit acceler-
ometer, obtained through the use of two mercury 
switches, each in series with one chip. By proper 
mounting of the switches – for instance, in an anti-
parallel confi guration – it is possible to achieve 
a “binary-code-shift keying,” consisting of ID1 
responding when the acceleration is parallel to the 
fi rst switch, and ID2 responding when acceleration 
is parallel to switch 2 [54]. 

• c: This is a wearable slotted-patch antenna, inte-
grated with an inertial omnidirectional switch. In 
the rest state, this was demonstrated to exhibit a 
low inductive impedance. If subjected to motion, its 
impedance fl uctuated between an ideal open cir cuit 
and the previous value [53]. 

• d: This is 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 the front. In this 
way, different codes are transmitted to the reader 
in the two temperature states. A similar sensor 
was presented in [55]: the actuator this time was 
an aqueous medium with a desired melting point. 
When the aqueous medium melted because of 
over-threshold temperature, the aluminum plate 
descended because of gravity, detuning the other 
tag, and thus remotely giving the information about 
the critical state. 

• e: This is a two-state temperature-threshold detector 
tag [20]. The sensor is capable of relating the vio-
lation of a temperature threshold to a shift in the 
optimal operating frequency at which the tag’s 
antenna is well matched to the tag’s IC. The detuning 
mechanism consists of a metal plate placed behind 
the tag, the distance of which can be controlled 
using a temperature-actuated switch, such as, again, 
a shape-memory polymer (SMP). 

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

6. Fluctuations and Resolutions

 The use of S-tags and readers for sensing measurements 
requires facing fl uctuations and discretization errors (see Fig-

ure 13 for an example). The fl uctuations are produced by the 
internal noise of the receiver, due to the limited stability of its 
components, but also due to the non-stationary communication 
channel. The fl uctuation may be partially reduced by per-
forming a moving-window averaging over a dense set of sam-
ples.

 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 is being meas-
ured. Such a variation as δ Ψ  may be written, after Equa-
tion (12), as 

 
[ ]S

δξδ
ξ

Ψ = .      

        (22)

Figure 13. Examples of (a) fl uctuations of the received 
backscattered power (from [36]), and (b) quantization error 
in the turn-on power (from [48]).

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

 Finally, the number n δ= ∆Ψ Ψ  of observable distinct 
states of the process between the extreme detectable values 
( ),min minΨ Ψ + ∆Ψ  will be therefore expressed in terms of the 
dynamic range, the S-tag sensitivity and the system reso lution 
as
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 The smallest appreciable variation, δ ξ , of the metrics 
introduced in Section 2 will be analyzed in detail in the fol-
lowing paragraphs.

6.1.1 Backscattered Power ( )R TPξ ←=

 Having fi xed the power emitted by the reader, then 

dB dBR TPδξ δ ←= . 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.,

 dB
dB 2 1

R T N

range
Pδ ← =

−
,   (24)

where N is the number of bits in the analog-to-digital con verter. 
At the time of this writing, commonly available readers provide 
a received power resolution of the order of from 1 dB down to 
0.1 dB.

6.1.2 Turn-On Power ( )to
inPξ =

 The resolution, 
dB

to
inPδ , corresponds to the minimum 

variation in the output power, to
inPδ , of the reader that can be 

controlled by the user. It is fi xed by the manufacturer, and it is 
again of the order of 0.1 dB to 1 dB.

6.1.3 AID ( )AIDξ =

 Having rewritten the Analog Identifi er, Equation (6), in 
decibels (dB hereafter omitted to simplify notation),

 ( )1
2

to
chip R T inAID P P P←= − + .  (25)

The smallest appreciable variation occurs when only one or 
even both the two powers in Equation (25) have changed by 
their minimum amounts, R TPδ ←±  and inPδ± , respectively. 
The minimum variation of AID may therefore fl uctuate within 
the following set: 
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and, accordingly, the minimum resolution will be
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 For example, a reader with 0.5inPδ = dB and 
0.8R TPδ ← = dB will enable a resolution 0.65AIDδ ≤ dB, 

thus better than the resolution over the backscattered power. 
Assuming an equal dynamic range, 3ξ∆ = dB, for all the above 
three metrics, then according to Equation (23), the number of 
detectable states of the process will be 6to

inn P  =  ,  

[ ] 3R Tn P ← = , and [ ] 4n AID = .

 Table 2 shows some examples of the estimated overall 
system performance for S-tags able to sense humidity, strain, 
and fi lling level with respect to the resolution of the readers’ 
receiver. It can be noted that a resolution of 0.5δξ < dB could 
easily guarantee the discrimination of more than 20 grades 
(gradations) of the process. 

7. Emerging Sensing Paradigms

 An emerging passive-sensing architecture considers the 
RFID tag as a true data-logger: physical information collected 
by a specifi c sensor is handled by a microcontroller, 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 they hence act as semi-active devices. 
However, if the microcontroller requires very low power con-
sumption (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 device 
are the WISP [56] and the platform in [57], both of which can 
be integrated with general-purpose sensors. The former device 
codes the measured data into the ID transmitted by the tag, while 
the latter device is instead a battery-assisted multi-ID tag. It is 
capable of transmitting – when interrogated by a standard RFID 
reader – a proper combination of ID codes that unequivocally 
represents the measured value. 
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• b: This is a dipole integrated with a one-bit acceler-
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a “binary-code-shift keying,” consisting of ID1 
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and the previous value [53]. 
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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 
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in the two temperature states. A similar sensor 
was presented in [55]: the actuator this time was 
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When the aqueous medium melted because of 
over-threshold temperature, the aluminum plate 
descended because of gravity, detuning the other 
tag, and thus remotely giving the information about 
the critical state. 

• e: This is a two-state temperature-threshold detector 
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lation of a temperature threshold to a shift in the 
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antenna is well matched to the tag’s IC. The detuning 
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6. Fluctuations and Resolutions
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ure 13 for an example). The fl uctuations are produced by the 
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components, but also due to the non-stationary communication 
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forming a moving-window averaging over a dense set of sam-
ples.

 The quantization error is instead related to the resolution 
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ured. Such a variation as δ Ψ  may be written, after Equa-
tion (12), as 
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Figure 13. Examples of (a) fl uctuations of the received 
backscattered power (from [36]), and (b) quantization error 
in the turn-on power (from [48]).
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voltage noise, the random fl uctuation of the output signal, and 
on the quality of the receiving stage. 

 Finally, the number n δ= ∆Ψ Ψ  of observable distinct 
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 The smallest appreciable variation, δ ξ , of the metrics 
introduced in Section 2 will be analyzed in detail in the fol-
lowing paragraphs.

6.1.1 Backscattered Power ( )R TPξ ←=

 Having fi xed the power emitted by the reader, then 

dB dBR TPδξ δ ←= . 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.,

 dB
dB 2 1

R T N

range
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−
,   (24)

where N is the number of bits in the analog-to-digital con verter. 
At the time of this writing, commonly available readers provide 
a received power resolution of the order of from 1 dB down to 
0.1 dB.

6.1.2 Turn-On Power ( )to
inPξ =

 The resolution, 
dB

to
inPδ , corresponds to the minimum 

variation in the output power, to
inPδ , of the reader that can be 

controlled by the user. It is fi xed by the manufacturer, and it is 
again of the order of 0.1 dB to 1 dB.

6.1.3 AID ( )AIDξ =

 Having rewritten the Analog Identifi er, Equation (6), in 
decibels (dB hereafter omitted to simplify notation),

 ( )1
2
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The smallest appreciable variation occurs when only one or 
even both the two powers in Equation (25) have changed by 
their minimum amounts, R TPδ ←±  and inPδ± , respectively. 
The minimum variation of AID may therefore fl uctuate within 
the following set: 
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 For example, a reader with 0.5inPδ = dB and 
0.8R TPδ ← = dB will enable a resolution 0.65AIDδ ≤ dB, 

thus better than the resolution over the backscattered power. 
Assuming an equal dynamic range, 3ξ∆ = dB, for all the above 
three metrics, then according to Equation (23), the number of 
detectable states of the process will be 6to

inn P  =  ,  

[ ] 3R Tn P ← = , and [ ] 4n AID = .

 Table 2 shows some examples of the estimated overall 
system performance for S-tags able to sense humidity, strain, 
and fi lling level with respect to the resolution of the readers’ 
receiver. It can be noted that a resolution of 0.5δξ < dB could 
easily guarantee the discrimination of more than 20 grades 
(gradations) of the process. 

7. Emerging Sensing Paradigms

 An emerging passive-sensing architecture considers the 
RFID tag as a true data-logger: physical information collected 
by a specifi c sensor is handled by a microcontroller, 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 they hence act as semi-active devices. 
However, if the microcontroller requires very low power con-
sumption (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 device 
are the WISP [56] and the platform in [57], both of which can 
be integrated with general-purpose sensors. The former device 
codes the measured data into the ID transmitted by the tag, while 
the latter device is instead a battery-assisted multi-ID tag. It is 
capable of transmitting – when interrogated by a standard RFID 
reader – a proper combination of ID codes that unequivocally 
represents the measured value. 
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 Off-the-shelf RFID ICs with augmented sensing capabili-
ties are available nowadays [58, 59]. They include high-
speed non-volatile memory (EEPROM), typically integrate 
an embedded temperature sensor, and provide programmable 
I/O ports for connecting general-purpose microcontrollers 
and sensors, as in [60]. These devices can be considered as 
a con vergence point among fully passive tags, such as those 
described in this paper, and the autonomous sensor nodes 
having local computational capability. Indeed, they could be 
practically immune to the environmental interactions, and the 
onboard sensors can be moreover extremely specifi c. They thus 
could provide a possible tradeoff between superior sens ing 
performance and cost. The electromagnetic challenge is rather 
small, since the sensing and communication functional ities are 
fully decoupled. 

8. Conclusion

 The applicability of RFID technology to passive sensing 
is now a fact, demonstrated by much independent research 
worldwide. Many more examples are expected to come in the 
next few years, stimulated by the virtuous interaction among 
different areas of expertise. In particular, RFID chemical sen-
sors could have great commercial interest, thanks to the sim-
plicity of fabrication and to the potential mass diffusion in food 
and pharmaceutical-control chains.

 Anyway, the design of S-tags is not yet a mature disci-
pline, since unifi ed methodologies are still required to effi -
ciently handle multi-physics optimization and data processing. 
This is a kind of short-range sensing. It is therefore expected 
that some methods will be borrowed from the more-assessed 
and mature remote-sensing background.

 The sensitivity and resolution of the reader are currently 
the main bottlenecks of the passive S-tag technology. These 
critical issues are expected to be mitigated in the future gen-
erations of readers (mainly by increasing the analog-to-digital 
converter performance). The concurrent reduction of the chip’s 

sensitivity will enable a close integration of this tech nology in 
general-purpose smart phones, with unpredictable applications 
in distributed or ubiquitous computing boosting the evolution 
of the Internet of Things.

 At the very end, the new all-on-chip multifunction 
compo nents described in Section 7, which at most require only 
external storage capacitors and promise high sensing accuracy, 
are now available. It is now paradoxically necessary to raise 
the question of whether or not to continue doing research on 
completely passive radio sensors, involving less-accurate and 
still-challenging analog reading. The answer is not unequivo-
cal, and cannot be kept separate from the application fi elds. 
All those sensors disappearing into things (as claimed by 
Mark Wiser in his popular essay on “The Computer for the 
21st Century” [61], e.g., for really massive and pervasive 
applications), require being as simple, cheap, and small as 
possible. Hence, the research on sensitive antennas, with a 
so-big physical insight, defi nitely keeps on making sense. For 
biomedical applications, completely passive radio sensors 
are useful as well to enable the widespread diffusion of smart 
dis posable devices, e.g., plasters enhanced with sensing and 
communication functionalities. For integration with implant-
able devices, the possibility of avoiding batteries and addi tional 
components will simplify the biocompatibility of the radio 
sensor. Such an advantage overcomes the eventual drawbacks 
related to low resolution. Sporadic placements – for instance, 
in the case of precise environmental monitoring, wherein the 
accuracy of the measurement is the main require ment, but the 
reading distance is not a particular issue – will instead greatly 
benefi t from battery- or capacitor-assisted RFID ICs. These 
could be a strategic choice as the short-range version of the 
more-complex but powerful autonomous sensor nodes.
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critical issues are expected to be mitigated in the future gen-
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converter performance). The concurrent reduction of the chip’s 
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general-purpose smart phones, with unpredictable applications 
in distributed or ubiquitous computing boosting the evolution 
of the Internet of Things.

 At the very end, the new all-on-chip multifunction 
compo nents described in Section 7, which at most require only 
external storage capacitors and promise high sensing accuracy, 
are now available. It is now paradoxically necessary to raise 
the question of whether or not to continue doing research on 
completely passive radio sensors, involving less-accurate and 
still-challenging analog reading. The answer is not unequivo-
cal, and cannot be kept separate from the application fi elds. 
All those sensors disappearing into things (as claimed by 
Mark Wiser in his popular essay on “The Computer for the 
21st Century” [61], e.g., for really massive and pervasive 
applications), require being as simple, cheap, and small as 
possible. Hence, the research on sensitive antennas, with a 
so-big physical insight, defi nitely keeps on making sense. For 
biomedical applications, completely passive radio sensors 
are useful as well to enable the widespread diffusion of smart 
dis posable devices, e.g., plasters enhanced with sensing and 
communication functionalities. For integration with implant-
able devices, the possibility of avoiding batteries and addi tional 
components will simplify the biocompatibility of the radio 
sensor. Such an advantage overcomes the eventual drawbacks 
related to low resolution. Sporadic placements – for instance, 
in the case of precise environmental monitoring, wherein the 
accuracy of the measurement is the main require ment, but the 
reading distance is not a particular issue – will instead greatly 
benefi t from battery- or capacitor-assisted RFID ICs. These 
could be a strategic choice as the short-range version of the 
more-complex but powerful autonomous sensor nodes.
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Abstract

In line-of-sight airborne applications, deployment of a steerable antenna array with higher directivity and gain makes 
sense for reducing ground-station complexity and cost, while still maintaining a reasonable link budget. This paper 
reports on the design, development, and successful testing of a digitally beam-steerable phased-array antenna 
integrated as a complete system, comprising the antenna, hosting platform, ground station, and aircraft-based emulator 
to facilitate convenient aircraft-based testing of the antenna array and ground-air space communication link. Based on 
the measurements, the 4 x 4 element prototype tested reduced the error rate by a factor of seven in comparison with a 
4 x 4 array without steering. For the same link quality, the power required was 12 dB lower than in the case of a single-
element antenna. With only minor modifi cations, the concept can even be used in a Low Earth Orbit (LEO) satellite 
environment.

Keywo rds: Phased array; beam steering; fi eld programmable gate arrays; digital signal processing; channel coding 

1. Introduction

In order to use an airborne or LEO (low-Earth-orbit) satel-
lite-based confi guration for environmental-monitoring pur-

poses, it is commonly required that the monitoring ground sta-
tions be deployed over a large area and in signifi cant numbers. 
The transmitter power on the ground segment – and, in the case 
of LEO satellites, also on the space segment – of such a system 
is normally fairly limited, resulting in link-budget limitations. 

To compensate for this restriction, it is common practice to 
employ a tracking antenna on the ground station. This is not 
always practical in some areas, due to power-sup ply limitations 
and size. It is also a signifi cant cost item in the ground-segment 
design.

 It would therefore be greatly advantageous to use a fi xed 
antenna on the ground, with wider polar radiation characteris-
tics, but lower associated gain [1-4]. However, this implies the 
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