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No Battery 
Required

O
ver the last decade, radio frequency identification (RFID) systems have been increas-
ingly used for identification and object tracking due to their low-power, low-cost wire-
less features. In addition, the explosive demand for ubiquitous rugged low-power, 
compact wireless sensors for Internet-of-Things, ambient intelligence, and biomoni-
toring/quality-of-life application has sparked a plethora of research efforts to inte-

grate sensors with an RFID-enabled platform. The rapid evolution of large-area electronics printing 
technologies (e.g., ink-jet printing and gravure printing) has enhanced the development of low-cost 
RFID-enabled sensors as well as accelerated their large-scale deployment. This article presents a 
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brief overview of the recent progress in the area of 
RFID-based sensor systems and especially the state-
of-the-art RFID-enabled wireless sensor tags realized 
through the use of ink-jet printing technology.

What Is RFID?
RFID is a promising and emerging wireless technol-
ogy that can be applied to thousands of applications 
such as tracking, finance, retail management, sports 
games, logistics, security, and health care, as shown in 
Figure 1 [1]–[3]. Its operating principle was discussed 
in [4], and the performance of the most recent RFID 
systems have rapidly improved due to the significant 
progress in the area of RF integrated circuits (RFICs), 
antenna design, and large-area printed electronics 
technologies, which have enabled the low-cost mass 
production of RFID systems [5]–[9]. An RFID system 
usually consists of two components: tags and read-
ers. A reader interrogates a tag by sending an elec-
tromagnetic (EM) signal, and then the tag sends back 

its unique identification information or additional 
data such as product information. The RFID tags 
are usually extremely cheap (~US$0.10–0.20 in large 
quantities) and can be easily integrated with wireless 
sensor networks (WSNs) [10]. In addition, there are 
already numerous standards such as the International 
Organization for Standardization (ISO) and Electronic 
Product Code (EPC), which allow for the simultaneous 
interrogation of multiple tags with a low data-collision 
probability for a variety of environments and tag con-
figurations [11]–[13]. 

There are three types of RFID tags: active, semiac-
tive, and passive [14]–[16], with their main difference 
being the tag power source. The active RFID tag is 
fully powered by a battery and allows the tag to gen-
erate and send its identification signal by itself while 
the passive tag does not have any power source and 
uses the incident power from the reader to send back 
the corresponding information signal through back-
scattering mechanisms. Semiactive tags use a battery 
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to activate their circuitry, but the communication is 
done using the backscattering mechanism. As it can 
be expected, the read range of passive tags is much 
shorter than active tags, but the active RFIDs require 
a battery replacement periodically. On the other hand, 
the price of passive tag readers is usually higher than 
that of active tag readers due to more demanding spec-
ifications associated with the power level required to 
read passive tags. The passive tags are usually used for 
inventory item-level identification whereas the active 
tags are used for real-time item-status sensing and 
tracking or monitoring. 

From RFID to RFID-Enabled Wireless Sensor
RFID systems have a lot of attractive advantages and 
great potential as low-power wireless platform for 
sensing applications. First of all, the cost of RFID tags 
is typically very low and could be further reduced by 
employing cost-efficient fabrication technologies, such 
as ink-jet printing technology on low cost substrate 
such as paper or plastics [17]–[20]. Implementing a low 
cost RFID-enabled sensor tag is very crucial for the 
realization of the first Internet-of-Things configura-
tions and cognitive intelligence applications requiring 

large amounts of tetherless sensor nodes. The RFID 
systems have a simple architecture which consists of 
tags and readers whereas the conventional WSNs con-
sists of sensor/relay nodes with numerous electronic 
components and mixed-signal interfaces. Recently, 
it was demonstrated that RFID systems can be made 
compatible with conventional WSN [21]. Additionally 
passive RFID tags not only have a longer life time than 
other active sensor devices but also have lower con-
sumption [22]. Moreover, over the last five years there 
have been many preliminary demonstrations of RFID-
enabled sensors in various domains, such as tempera-
ture [23], gas [24], [25], strain [26], water quality [27] 
and humidity [28] monitoring. 

Most RFID-enabled sensors are integrated with 
selected sensing materials depending on the sensing 
target such as water absorbing materials for humidity 
sensor or carbon nanostructures for gas sensors. The 
chemical, physical, or electrical reaction of the sens-
ing materials in the presence of the sensed param-
eters modify their electrical properties (permittivity, 
conductivity) resulting in easy-to-observe electrical 
metrics, such as a shift of the resonant frequency of 
the RFID tag antenna as shown in Figure 2, verifying 
the simplicity and power efficiency of RFID-enabled 
sensors [29]. In this article, a variety of ink-jet-printed 
RFID-enabled sensor prototypes are briefly discussed 
and perpetual RFID-enabled sensing platforms for 
cognitive intelligence applications are introduced.

Ink-Jet Printing Technology

Ink-Jet Printing of Nanoparticle Ink
Over the last decade, there have been dramatic 
advances in the area of large-area electronics’ print-
ing technologies that have enabled the realization of 
printed electronics on various substrates including 
flexible and organic substrates. The development of 
nanoparticle inks made of various materials such as 
metals, carbon based nanostructures, polymers, and 
semiconducting materials [25], [30]–[35] have further 
enhanced the capabilities especially of ink-jet-printed 
fabrication process that are typically cheap, efficient, 
and environmentally friendly due to their additive 
character in contrast to other widely used fabrication 
methods, such as etching which is a subtractive fabri-
cation method. Additive processes like ink-jet printing 
technology deposit nanoparticle conductor ink drops 
on the exact desired position, while subtractive pro-
cesses remove unwanted metallization areas from the 
surface of substrates utilizing acids and heavy chemi-
cals [36]. Ink-jet printing technologies also enable the 
rapid fabrication of any shape of patterns with resolu-
tions down to 15 mn  elimination the need of any wet 
processes, such as photolithography; there have recent 
reports of an even better printing resolution down to 
the submicron range [37]. Figure 2. (a) RFID tag and (b) RFID-enabled sensor tag.
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RFID is a promising and emerging 
wireless technology that can be 
applied to thousands of applications 
such as tracking, finance, retail 
management, sports games, logistics, 
security, and health care.
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The mean diameters of the drops of the silver 
nanoparticles are about 28 mn  with droplet volumes 
of 1 pL and 10 pL respectively [38]. It is important to 
select and optimize proper ink droplet volume, drop 
spacing between ink droplets, waveform for the ink-
jet nozzle, nozzle temperature, and temperature of the 
substrate for the optimal printing resolution, accuracy 
and repeatability.

Properties of Ink-Jet-Printed Nanoparticles
Especially, silver nanoparticle inks have been widely 
used and investigated among many types of nanopar-
ticle inks made from silver (Ag), copper (Cu), and gold 
(Au) due to their low sintering temperature and high 
conductivity properties. Silver nanoparticles form an 
agglomeration of silver particles once they are printed, 
and each particle is surrounded by a polymer coating 
that helps nanoparticles keep in the form of ink. It has 
to be stressed that a sintering process through the use 
of laser, ultraviolet flash lamp, or microwave heating 
[40]–[42] is required to make the printed ink sufficiently 
conductive by burning off the polymer coating and the 
solvent impurities. Additionally, the sintering process 
melts the particles together and increases the bond of 
the silver trace with the substrate. The critical factors 
that affect significantly the conductivity of the printed 
traces include the number of printed layers, the surface 
roughness of the substrate, the sintering temperature, 
and the nanoparticle concentration of the ink. Figure 3 
shows the scanning electron microscope (SEM) image 
before/after sintering process at the 150 °C for 15 min. 
The silver nanoparticle agglomerations [Figure 3(a)]
as well as the formation of a conductive metal sheet 
[Figure 3(b)] can be clearly observed. Figure 4 shows 
the image of the printed silver nanoparticle surface 
using Veeco atomic force microscopy (AFM) [39]. The 
measured arithmetic average Ra^ h and root mean 
squared Rq^ h roughness is 11.4 nm and 14.4 nm, respec-
tively verifying the applicability technologies up to 
millimeter-wave applications.

The mechanical and electrical properties of ink-
jet-printed silver nanoparticles have been reported in 
previous works [43]–[44]. The Young modulus of the 
thermally sintered silver trace is a function of sintering 
temperature and pull-off breaking force of the printed 
silver traces is about 50 N. The quantity of water in a 
substrate mainly affects the adhesion strength of the 
printed traces to the substrate rather than the con-
ductivity of the printed conductors [44]. The electrical 
properties of the ink-jet-printed silver nanoparticle 
inks are reported in [38] and [43]. The printed patterns 
using a 10 pL cartridge of ink with 20- mn  drop spac-
ing (1024 dpi) have been sintered in a thermal oven at 
atmospheric pressure, and the sheet resistance of the 
traces is measured using Cascade’s four-point probe 
station with values shown in Figure 5(a) for different 
numbers of printed layers and at different sintering 

temperatures. It is obvious that the sheet resistance 
decreases as sintering temperature and number of 
printed layers increases due to the fact that the higher 
temperature burns off a larger amount of the polymers 

Figure 3. SEM image of ink-jet-printed silver 
nanoparticles (a) before sintering (particle size 30+  nm) 
and (b) after sintering at 150 ˚C for 15 min [27].
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coatings and helps to form a good percolation channel 
for electron flow, while adding more layers increases 
the particle density, thus resulting in more uniform 
and solid structure. The thickness of the layers was 

measured to extract the conductivity 
values from the sheet resistance using 
a Dekktak profilometer. The printing 
of each individual layer adds approxi-
mately 250 nm and 500 nm of metal-
lization thickness for 1 pL and 10 pL 
cartridges, respectively. The conduc-
tivity can be extracted using the cross-
section area of the printed trace and the 
sheet resistance as its value is inversely 
proportional to their product. The 
extracted conductivities are shown in 
Figure 5(b). The maximum value of the 
conductivity is . S/m1 2 107# , which 
is about 18.75% the one of bulk silver 

. S/m6 4 107#^ h and is very similar to the 
conductivity of bulk iron . .1 04 107#^ h  
It has to be stressed that a very recent 
paper [45] reported for the first time the 
electroless and nonoxidized deposition 
of copper over the large surface of paper 
substrate-though the ink-jet printing of 
an appropriate catalyst with similar 
performance to the ink-jet-printed sil-
ver nanoparticle inks for a drastically 
reduced cost and a much more envi-
ronmentally friendly (green) configura-
tion. Also, [46] reported the first flexible 
multilayer ink-jet-printed capacitors 
with a self resonant frequency above 
3 GHz utilizing two custon formulated 
polyer-based dielectric inks (SU8 and 
PVP) with quality factor from 4 +  8. 
As a conclusion, the ink-jet printing of 
nanoparticles-based inks can be effec-
tively used for the implementation of 
low-cost flexible microwave devices, 
such as RFIDs and sensors.

Passive, Chipless,  
Harmonic RFID-Based Sensor
The first ink-jet-printed RFID prototype 
that is presented in this article relies on 
the principle of harmonic RFIDs. A har-
monic tag is a circuit that, when inter-
rogated at a frequency f0 , retransmits 
an answer at a harmonic frequency 
n f0$ . Since a frequency multiplier can 
be realized exploiting the nonlinear-
ity of a varactor or of a Schottky diode, 
harmonic tags are typically passive 
circuits. The advantage of this idea is 
that the tag response is generated at a 

perfectly known frequency, thus the presence or the 
absence of such a signal can easily be determined. 
Similar techniques have been used in harmonic radar 
systems [47].
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Figure 6. One-bit harmonic tag based on crossed dipoles and Schottky diodes 
frequency doubler. (a) Prototype on paper substrate, (b) E-field distribution of 
the received field at 3.5f GHz0 = , and (c) of the irradiated field at 7 GHzf2 0 =  
[43]. (Reprinted from [32].)
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An example of a passive, one-bit, RFID harmonic 
tag is constituted by the structure shown in Figure 6 
[48]. It consists of two crossed /2m -dipoles. The longest 
dipole receives the incoming power at the fundamen-
tal frequency f0 , whereas the shortest dipole transmits 
the generated power at the doubled frequency f2 0  in 
an orthogonally polarized orientation, [49]. Such a prin-
ciple is apparent from the lumped-element finite differ-
ence time domain (LE-FDTD) simulations reported in 
Figure 6(b) and (c).

The frequency multiplication is achieved by four 
diodes in a bridge configuration, thus forming a fully 
balanced multiplier bridge. Although the diodes are 
operating self-biased and no external dc-supply is neces-
sary, a return for the generated dc-component must be 
provided for the proper operation of the frequency mul-
tiplier itself. This is done with a thin metal strip that is 
embedded in the short dipole connecting its outer ends. 
Thus a sufficient amount of inductance is provided to 
avoid a significant perturbation of the RF performances.

To further develop the harmonic tag concept, how-
ever, one must be able to use it for the transmission of 
sensor data.

Exploiting Orthogonal Antennas
A first possibility to transmit sensor data by means of 
a harmonic tag has recently been published in [50] and 
uses the tag circuit of Figure 7. The basic idea is to encode 
the sensor information as the phase difference between 
two signals transmitted by two orthogonal antennas, 
one acting as the reference for the other one. In this way 
an accurate, relative measurement is possible.

To describe the tag operation let’s consider the sig-
nal flow shown in the Figure 7. The incoming EM wave 
at frequency f0  is received by a spiral or an helical 
antenna. In this way the power at the antenna output is 
maximized regardless of the polarization or the relative 
reader-tag orientation. The received power is then fed 
into a varactor or a Schottky diode frequency doubler, 
and the second harmonic is generated. At this point the 

f2 0  signal is split by a power divider. The first part is 
directly reradiated in vertical polarization (e.g., Eh  in 
Figure 7) in such a way as to form a reference signal 
component. The second part, instead, is phase-shifted 
by the angle, T{ , and then reradiated in horizontal 
polarization (e.g., Ep  in Figure 7).

The phase angle (T{ ) encodes the sensor infor-
mation and must be recovered by the reader. To this 
purpose the reader is composed of four subsystems, as 
depicted in Figure 8. A phase-locked loop (PLL) oscil-
lator is used to generate both the f0  and the f2 0  sig-
nals in a synchronous way. Then, two I/Q receivers are 
used to retrieve the phase information. 

Exploiting Impedance Bridges
The second way to transmit sensor data using harmonic 
tags is shown in Figure 8. It is composed by a receiving 

antenna at MHzf 8680 = , a Schottky-diode frequency 
multiplier that generates the second harmonic f2 0 , an 
impedance bridge and an antenna transmitting the pro-
cessed second harmonic signal. 

The impedance bridge has a key role in the sensing 
operation. The variable impedance Zg  is realized with 
a carbon nanotube (CNT) deposition suitably dimen-
sioned to be close (ideally equal) to the other impedances 
(Z) of the bridge. With this approach, when no gas is 
present, the output voltage of the bridge is zero and there 
is no signal at f2 0  transmitted by the tag. As a result, the 
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Figure 8. Block diagram of a passive RFID tag sensor 
exploiting harmonic generation and impedance bridge 
concepts [50]. (Reprinted from [32].)
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Figure 7. Harmonic tag block diagram for the system  
with two orthogonal antennas. The sensed quantity alters 
the phase of one channel, with the other being used as a 
reference one [50].

RFID systems have a lot of attractive 
advantages and great potential as 
low-power wireless platform for 
sensing applications.
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zero level (no gas present) of the final measurement is 
well referred to impedance standards instead of being 
determined by the matching between CNT layer and 
antenna, as in [51].

The gas detection by the reader needs hence two 
conditions to be verified simultaneously:

 • the presence of the harmonic tag (significant to 
underline the false alarm robustness due the har-
monic tag)

 • the unbalance of the bridge, that is verified when 
the gas presence modifies the CNT impedance, .Zg

With such an approach the signal modulation is pro-
vided, at tag level, directly by Zg , whereas the harmonic 
operation results in a strong immunity to backscattering 
and interferences from the surrounding environment.

It is worth underlining that the proposed architec-
ture is chipless, i.e., does not require complex chips, 
thus it is inherently low cost and quite attractive for 

mass production and wide-area electronics (WAEs). 
This is even more important in the future vision of 
ink-jet or screen printing fabrication approaches on 
recyclable materials.

Referring to the impedance bridge in Figure 9, the 
voltage measured at the bridge output terminals, Vo , 
is given by

 V Z Z
Z

Z Z
Z V2

1
ndo

a

a

g
2=

+ +
-c m , (1)

where V nd2  is the second harmonic voltage feeding the 
impedance bridge and Za  is the input impedance of 
the antenna reirradiating the signal at f2 0 . Considering 
that

 Z Z Zg gD= + , (2)

i.e., that without gas the bridge is in equilibrium, the 
output voltage Vo^ h can be rewritten as

 V Z Z
Z

Z Z
Z V2 2

1
ndo

a

a

g
2D

=
+ +

-c m . (3)

As a consequence, for small variations of the CNT 
impedance, ZgT  is small and the output voltage is 
approximated by

 V Z Z
Z

Z
Z

V4 ndo
a

a g
2.

D
-
+

. (4)

It is important to observe that, with respect to previ-
ous pioneering implementations of the CNT gas sen-
sor, in the present architecture the quiescent condition 
corresponds to a zero signal emitted from the tag. This 
means that the sensitivity of the system, and thus its 
dynamic range, depends primarily on the balance 
among the three reference resistors and that consti-
tuted by the CNT layer, in the absence of gas.

A proof-of-concept of the above described sensor can 
easily be done exploiting a circuit simulator with har-
monic-balance (HB) capability. In particular, we have 
implemented the circuit schematic shown in Figure 10. 
In Figure 10, C models the parasitic capacitance due to 
the metal traces contacting the CNT deposition. This 
capacitance has also been added to the other imped-
ances in order to improve the bridge equilibrium in the 
absence of gas. The equivalent CNT circuit model with 
and without NH3 is shown in Table 1 [52]. These values 
have been obtained fitting the experiments reported in 
[29], with a simple model constituted by a resistor Rg  
in parallel with a capacitance .Cg

At this stage, two CNTs are placed in the two opposite 
arms of the bridge in order to double the output voltage 

TaBle 1. equivalent CNT model at 1.7 GHz [52]. 
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Figure 9. Block diagram of a passive RFID tag sensor 
exploiting harmonic generation and impedance bridge 
concepts. (Reprinted from [51].)
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Figure 10. Schematic of the simulated tag circuitry. In this 
drawing, D is the HSMS 270C Schottky diode from HP, 

.L nH6 5=  is used for impedance matching, R 51X=  is 
the reference impedance, whereas .C pF0 4=  compensates 
for the parasitic capacitance of the CNT layer; Z 50a X=  
is the impedance of both antennas at f0  and f2 0 . The 
fundamental operating frequency is MHzf 8680 =  [53].

It is worth underlining that the 
proposed architecture is chipless,  
i.e., does not require complex chips, 
thus it is inherently low cost and  
quite attractive for mass production 
and WAEs.
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shown in (3). In this way, however, a layout where the 
CNTs are one in proximity of the other is recommended; 
moreover, the sensing elements have to be fabricated in 
order to be as similar as possible to each other.

To make the second harmonic possible, a low barrier 
Schottky diode (type HSMS 270C produced by Avago 
Technologies) is considered. In the schematic the induc-
tance L is used to optimize the power transfer in the 
input section, i.e., between the antenna at f0  and the fre-
quency doubler.

As long as the CNT impedances is not exposed to 
NH3 , the impedances of the four branches are virtu-
ally equal to each other and the bridge results bal-
anced. This condition causes the output voltage to be 
zero, so that the tag will not react to a query from the 
reader (no alarm). As the concentration of the ammo-
nia increases, the impedance of the CNT elements var-
ies, unbalancing the bridge and enabling the sensor 
tag to respond to the reader with a f2 0  alarm signal.

Figure 11 shows the second-harmonic power at the 
tag output (i.e., delivered to the antenna) versus the 
available power illuminating the tag itself (at the fun-
damental frequency). The blue curve is the case without 
gas (less than 100 ppmv  of ammonia). In this situation 
the bridge is almost in equilibrium, with the residual 
unbalance being mostly due to the commercial values 
selected for the reference bridge resistances (R 51X=  
in the present study). The red curve, instead, is the case 
when the two CNT sensing layers are under an ammo-
nia flow. In this situation R 97g = , and an alarm signal 
is generated. Finally, the purple curve represents the 
limit situation when Rg  approaches infinity.

A dynamic range of about 
50 dB can thus be predicted 
in the considered case of 
study that represents a great 
improvement with respect 
to the present state of the 
art. Furthermore, a dose of 
roughly 200 ppm is already 
able to set the alarm on. 

Finally, in order to gain 
a deeper insight into the 
potential performances of 
the proposed sensor, the 
CNT resistance should be 
expressed in terms of the 
ammonia concentration. 
According to [29] and [54] 
the following model can 
be derived:

 R R w
l c1g 0 $. a+^ h (5)

where c is the ammonia con-
centration in ppm 1- , R0  is 
the relative sensitivity of the 

CNT layer expressed in ppm 1- , R0  is the sheet resistance 
and l/w is the aspect ratio of the deposition. In the pres-
ent case the sheet resistance multiplied the aspect ratio is 
equal to . ,51 6X  whereas ppm22 10 6 1#.a - - . From [54] 
one can also estimate that, for an ink-jet deposition of 25 
CNT layers, the sheet resistance is R 1450 . X .

Retrodirective Transponders  
for Identification and Sensing
Retrodirective antenna arrays are capable of retransmit-
ting an interrogating signal back to its source without 
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requiring complicated circuitry and digital signal pro-
cessing to compute the angle of arrival of the incom-
ing signal [55]. As a result they are particularly suitable 
in applications where low cost and low complexity is 
important. Retrodirective performance is achieved by 
utilizing circuit and array topologies to perform the 
required phase conjugation necessary for the incoming 
beam to be transmitted back toward its origin. There are 
two main circuit topologies used to achieve retrodirec-
tive performance. In the Van Atta topology [56], pairs of 
antennas having the same distance from the geometri-
cal center of the array are connected with each other 
with networks of equal electrical length, as shown in 
Figure 12 [57]. Van Atta arrays can be purely passive or 

they may include amplifiers within the antenna element 
interconnecting paths in order to increase the system 
operating range. Active circuits are also employed in the 
heterodyne mixing retrodirective topology [58] where 
the incoming RF signal is mixed with a local oscilla-
tor having a frequency equal to twice the RF signal 
frequency. The self-steering capability of such systems 
leads to a robust system performance over a wide range 
of relative orientation scenarios between the interrogat-
ing source and the transponder. As a result the potential 
of retrodirective systems in identification and back-scat-
ter communication applications has been quickly recog-
nized and examples have been proposed in [59] and [60]. 
Recently, a bistatic RFID system based on retrodirective 
transponders has also been proposed [61].

Passive Van Atta retrodirective transponders are 
particularly attractive in cases where low power 
operation is required. Thus, such systems have been 
proposed for rectennas and rectenna arrays in order 
to optimize the rectified power by making the rec-
tennas insensitive to orientation with respect to the 
wireless power transmitting source [61]–[63]. The pos-
sibility of robust wireless power transfer has an imme-
diate application in powering passive RFID tags. In 
[64], a two element Van-Atta antenna array was used 
to power a commercial RFID chip demonstrating an 
improved angular reading range. 

Passive RFID tag antenna sensors [65] as well as 
chipless RFID sensors [66] operate based on the princi-
ple that the radar cross section or back-scattered signal 
from the sensor varies depending on a desired sens-
ing parameter. Similarly, one desires that their opera-
tion is insensitive to the relative orientation between 
the sensor and the reader. Retrodirective antenna sen-
sors provide an attractive solution for such systems, 
especially when combined with low cost fabrication 
methods and flexible substrate materials. In [67], a 
dual band passive retrodirective array ink-jet printed 
on a paper substrate has been demonstrated, utilizing 
substrate integrated waveguide (SIW) technology, and 
demonstrating the potential for chipless RFID sensing 
applications at two different frequencies (Figure 13). 

Figure 13. Photo of ink-jet-printed dual-band SIW retro-
directive array on paper [67].
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Figure 14. RFID tag with solar antenna and oscillator: (a) schematic and (b) fabricated tag [79]. 

Over the last decade, there have 
been dramatic advances in the area 
of large-area electronics’ printing 
technologies that have enabled the 
realization of printed electronics on 
various substrates including flexible 
and organic substrates.
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Retrodirective antenna technology is more suitable in 
higher frequency applications due to the possibility 
of implementing larger and compact antenna arrays, 
and SIW technology further allows for low cost, low 
profile, and high performance circuits that do not suf-
fer from undesired feed EM radiation at the junction 
discontinuities occurring when using microstrip or 
coplanar waveguide structures [68].

Energy Harvesting Assisted RFID 
The operating range of passive RFID systems is limited 
by the requirement that the reader signal must provide 
sufficient energy to power the tag circuitry. Energy 
harvesting can be used to provide alternative power 
sources distinct from the reader signal and power the 
tag circuitry, thus extending the tag operating range 
maintaining a perpetual operability in virtually any 
propagation scenario. Ambient light and thermal, 
mechanical, and EM energy can be harvested depend-
ing on the application scenario [69]. 

Toward this objective, solar antennas and solar-EM 
harvesters provide an attractive option for compact 
tags as both the antenna and solar cell can be care-
fully designed to share the same substrate area. Solar 
antennas have been initially proposed for satellite 
applications [70]; however, the recent interest in com-
pact sensors with energy harvesting capability has led 
to the design of compact solar antennas [70]–[72] for 
autonomous battery-less sensor operation. In addition 
conformal solar antennas, solar rectennas, and solar-
powered sensors implemented in low cost textile [73], 
polyethylene terephthalate (PET) [74], [75], and paper 
[76] substrates using thin film amorphous silicon (a-Si) 
solar cells have appeared in the literature. 

Solar power enhanced RFID tags were proposed in 
[77], and a passive RFID system operation using the 
wireless identification and sensing platform (WISP)
and a-Si solar cells was additionally demonstrated. 
The dc electrical power generated by solar cells can 
be used as an auxiliary power source for commercial 
RFID tag chips, provided they allow for an auxiliary 
dc supply pin [79]–[78]. Alternatively, dc electrical 
power generated from any type of energy harvest-
ing transducer can be first converted to RF power 
and then supplied into the RF input pin of a standard 
commercial RFID tag chip [79]. The input rectifier 
section of an RFID chip can efficiently convert an 
input RF signal within a wide frequency bandwidth 
to dc power, with the help of a suitable matching net-
work. Such matching networks can be printed on the 
tag substrate together with the antenna. The chal-
lenge then becomes that of efficiency converting the 
harvested dc power into a suitable RF signal. 

The concept of solar-to-microwave power transmis-
sion is not new and has been considered in solar power 
satellite systems, designed to collect solar power in 
space, convert it in microwave power, and subsequently 

transmit it to earth, where rectenna systems are able to 
convert it back to dc electrical power [80], [81]. Space solar 
power has led to significant advances in microwave wire-
less power transmission technology, spurring research 
efforts in terms of high power and efficient microwave 
sources, power amplifiers, active antennas, and recten-
nas [81]–[82]. The same principle can be applied into 
powering low-profile, low-power RFIDs and sensors. As 
a result, low-power but highly efficient dc-RF converter 
circuits such as class-E oscillators and active antennas 
operating in UHF frequencies are considered [83]. An 
example of an RFID tag additionally powered using a 
solar active antenna oscillator is shown in Figure 14 [79].

Summary
This article has introduced the concept and design 
examples of perpetual RFID-enabled wireless sensors 
for cognitive intelligence applications taking advan-
tage of the low-cost, recently developed ink-jet-printing 
technologies. The concept is verified by the enhanced 
dynamic range of an ink-jet-printed passive harmonic 
sensor tag utilizing the Wheatstone bridge. Ink-jet-
printed, retrodirective transponders for identification 
and sensing as well as a standalone RFID tags inte-
grated with a solar panel that combines the concept of 
solar antennas and solar-EM harvesters, further stress 
the potential of the proposed approach for the fabrica-
tion of low-cost, low-power autonomous flexible RFID-
enabled sensing modules on virtually every low-cost 
substrate up to the millimeter-wave frequency range. 
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