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tag’s gain and impedance. It is possible to easily define some
sensing indicators carrying information about the hurgidit
change and directly derivable from the reader’'s measuremen
A first parameter is theurn-on powerP/°[RH], e.g. the min-
imum input powerP;,, through the reader’'s antenna required
to activate the tag’s integrated circuit (IC):

47Td)2 Pchip

P20, ¢)[RH] = ()\—0 Gr(6,9) -n,-Gr(6,¢)[RH] - TJ:{%H]

Figure 4. RFID sensor prototype over a Teflon substrate 4nick thith a
where d is the reader—tag distancé}R(e, ¢) is the gain partial polymer filling (in black) on the sensing glassé®-Islots.

of the reader antenn&r (6, ¢)[RH] is the gain of the tag's Table |
antennaj, is the polarization mismatch between the reader SIZE IN MILLIMETERS OF THE PARAMETERS INFIG.4.
and the tagP.x;p is the IC’s sensitivity and finally-[RH] is
the power transmission coefficient of the tag : | Parameter]| Value [mm] |
ARy Ra[RH) a 18
_ chipila b 10
= 1z + Z[RH]P ? . :
With Zepip = Renip + J Xcnip input impedance of the RFID p 14
IC and Z4 = R, + jX, input impedance of the antenna. L 48
From turn-on measurement it is possible to extractréadized Lp 58
gain of the tagG.[RH], e.g. the gain of the tag scaled by Ig 10
the mismatch to the IC, strictly correlated to the humidity W 80
variation: Wp 90

4md 2 Pchip
)\_0) Gr(Or, or) - 1p - Pitg(e,qs)[RHJ in Fig. 5. From (1) it is possible to determine the maximum
3) activation distanced,.: = 8m, by considering 3.2W EIRP,

By considering the backward link, it is possible to introducwhich is the maximum emitted power from the reader allowed

another sensing metric directly measurable by the readgr European regulations.

in terms of the Received Signal Strength Indicator (RSSI):

the normalized backscattered powess[RH], e.g the ratio i L

between the backscattered powdr. | RH] collected by the A. Electromagnetic Characterization of PEDOT:PSS

reader and the input powe?,,,[RH] to the reader’'s antenna: While there are some electrical information about the PE-

DOT:PSS in DC [13], no significant data are currently avail-

Prer(0,¢)[RH] (4) able in the UHF RFID band, thus a specific characterization is
Pin (9, ¢)|RH] required. Furthermore, like many other chemical specigs [2

the dielectric properties of PEDOT:PSS are strictly depend

G-(0,9)[RH] = (

pas(0,¢)[RH] =

Ill. PROTOTYPE ANDCHARACTERIZATION

A first prototype of the polymer-doped tag (Fig.4) has been
designed and fabricated according to the guidelines destri
in [12] (size listed in Table I). The tag is matched to the
G2iL NXP IC with Z.4;, = 25— 352372 and power sensitivity
Pehip = —18dBm. The design procedure has been optimized
for the unloaded tag, i.e. without polymer deposition on the
glasses-like slots.

The communication performances of the unloaded tag have
been characterized for what concerns the realized gain
(3) by means of both simulations and measurements [17].
Simulations have been performed by the help of a Finite-
Difference Time-Domain (FDTD) tool, while the measure-
ments have been carried out by means of a UHF long-
range reader based on the ThingMagic M5-e ASIC whose -2340 350 860 870 880 890 900
output power can be controlled by 0.5dBm steps. The reader’s f [MHz]
antenna was a 5dB linear polarized patch, placed 50cm apart
from the radio-sensor. Reflections from ground and SidESNaHigure 5. Measured and Simulated realized gain along thenaat axis
were minimized by using absorbing panels. Results are shotkradside observation) for the unloaded sensor tag.
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on the concentrations, the layer thickness and the depositdoubles on moving from ambient air to a completely saturated

techniques and hence the electromagnetic characterizae air, sensibly increasing the antenna’s losses. To check the

sented here is specific for the considered prototypes. The savalidity of the estimated conductivity p, the measured and

methodology may be however applied for other concentratisimulated results for the prototype of Fig.4 are compared in

of polymer and deposition modalities. Fig.7 (bottom) and a satisfactory agreement is apparent at
In the presented analysis the PEDOT:PSS is assumediesst around the reference frequency f=870MHz. A variation

a lossy conductor [14] and its unknown conductivity is about 6dB and a frequency shift of about 10MHz is expected

here identified according to the following procedure. Theuring a complete exposure cyclBH = 50 — 100%)

bare tag is doped by the polymer as shown in Fig.4 and its

realized gainG'$"*[RH,] is measured at three frequencies

fi = {860,870,830} M Hz in two different humidity condi- 0.25

tions: ambient air ( R =50%) and wet air (RH=100%).

The second condition has been obtained by placing the tag

inside a closed plastic chamber partially filled with water

(Fig. 6). When the chamber is closed, the relative humidity

approaches RH=100% (wet air), while in case the cover is _

removed, the humidity is that of the ambient air (RE0%). 43

The measurements have been performed at room temperatur

of 24°C, to be considered stable all along the process. Then,

numerical model of the tag is arranged by means of an FDTD

solver able to calculate the realized gain, G&V”(UP[RH D-

The conductivity of the material simulating the PEDOT:PSS

deposition is therefore optimized in order to minimize, &sep

rately for the two humidity grades, the following error fiiion

Atot [RHn]

—— RH=50%
===-RH=100%

Opn - Atot[RHn] =
. 2
Gz [RH,) = Gy (op [RH,)| B
5 —0 . X pete S LRLE SR N
i=1 ‘G?efw[RH ] _ : H :
1]
=
(DH
Cover
1 | | ]
' —— Measurements (RH=50%)
BOX / Reader S 2 ; i | === Simulations (RH=50%)
- ; 77| === Measurements (RH=100%) [ |
d ante nna | [ Simulations (RH=100%)
]Tag —| I \ (5dB linear S — N S —
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Figure 7. Top) Global error in the parametric identificatiaf the
PEDOT:PSS conductivitygp for ambient air ( RH $0%) and wet air
(RH=100%). Bottom) Measured and simulatés. for two different RH
levels along the antenna axis (broadside observation)gutia identified

L conductivities.
Reader

IV. COMMUNICATION AND SENSING
Figure 6. Measurement set-up: the sensor tag is placed is¢alad plastic . . . .
chamber partially filed with water at a distanc=50cm away from the  SiNce there is no decoupling from the operative and struc-

reader's antenna. The plastic chamber, thanks to its lowifterity, does not tural point of view between antenna and sensor, the proposed
significantly affect the response of the tag in either low aigh humidity  govice has to be characterized and optimized from both
conditions, as verified by comparing simulations and measants results. . . . I
perspectives. In particular, the sensing capabilities ¢hg

The resulting error profiles for two humidity conditionsas-a-sensor are paid in terms of a worsening of the tag’s
(RH=50% and RH 200%) are shown in Fig.7 (top). The esti-realized gain (and hence of the read distance) along with the
mated values of p minimizing the global erro\;,; are hence humidity exposure (as shown in Fig.7). It is hence important
op(RH; = 50%) = 5S/m andop(RHy = 100%) = 10S/m  to balance two opposite requirements, e.g. to pursue alusefu
that means the conductivity of PEDOT:PSS approximatedgnsitivity at the minimum degradation of the communiaatio
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The amount of deposited polymer is expected to be an efeectB. Sensing performances

parameter to tL_Jne the comr_nunicatio_n/sensing performages The sensing performances of the RFID tag have been ana-

demonstrated in the following experiments. lyzed dynamically when the humidity inside the box of Fig.6
gradually changes from ambient conditions up to saturation
for the most representative polymer deposition layouts€sa

A. Communication performances A, D and F in Fig.8). The sensors were not conditioned

The communication performances of the doped tag hat%cra'eortut:)n zﬂer?\ﬁ:ﬁj@%ég ?’a?r\]’\/?etshzCTf:Stlﬁ;e?ngggéongf
been evaluated at ambient humidity in terms of realiz P in 1] P

gain G, versus the amount of polymer deposition inside th umidity at the frequencies where, case by case, the turn-on

glasses-like slots according to the layouts in Fig.8. From gPower is minimum. To improve the readability, a mean-square
interpolation is superimposed to the stair-step distidoubf

measured profiles in Fig.9, it is worth observing that therﬁ
would be only a negligible degradation in communications otne measurement data caused by the coarse output power
solution(0.5dBm) of the UHF reader.

. - . . I
moving from the blank tag to the deposition F obtained with §A" the measured tags detect the variation of the humidity

single polymer drop just behind the microchip. For the Otherccording to an exponential profile so that the turn-on power

cases, it is instead apparent that, by filling the centra si@ . . o
and the two upper horizontal slots (as suggested by Fig. Crggﬁ'?;sosf zbom'i.dB TT?]dB qc;apepdl{lhg on the specn‘écb
the peak of the realized gain sensibly shifts and attenua I' thep03| |$[>n._ tﬁ W (ter 'Sb N z?_rea CC:jV(:';]e thy
of about 8dB. Accordingly, the activation distance would b € polymer, the greater 1S the waler absorption an us the
ynamic range of the sensor. It is moreover worth noticing
reduced from8m to 3.5m. :
that during the very early grade of the exposure, e.g. for
A B C 50%<RH<75% { < 10min), the responses of layout A (full
deposition) and layout D (H-like deposition) are indistiigh-
able while the overall saturation threshold is instead 2dB
higher for the case A. Finally, even the single-drop layout
F offers the possibility to track the humidity change with an
F interesting overall 3.5dB dynamic range.

=L

10 20 30 40 5 60

L
j[ol:Elm

Figure 8. Some layouts of polymer deposition inside thesgladike slots. — ‘
The first geometry (A) corresponds to a complete loading efdlot, the last m ,
one (G) to an unloaded (blank) tag. = ‘

’ e ... Complete deposition
e | : (850 MHiz) |
o ___"H" deposition
o'H (=880 MHz)
F (s | | - Drop deposition
‘ (f=870MHz2)

0 10 20 30 40 50 6l
t [min]

Figure 10. Top) Measured variation of humidity inside thasgc box.
The RH level variation with time has been monitored by meafsao
digital hygrometer placed inside the box. Bottom) Measurga-on power
normalized with respect to its initial value, e.g at ambi&H, for three
different polymer depositions into the H-slot. Data (distiouous dots) have
been fitted by a mean square interpolation.

G [dB]

As for conventional sensors, also in this case it is possible
to determine thealibration curvese.g. the plots of the sensor
_ : responses versus the variation of the humidity. Fig.11 show
370 880 390 900 the normalized values of turn-on and backscattered powtar wi
f [MHz] respect to the initial condition. The profiles appear almost
linear, especially at low humidity grades and so it is pdssib
Figure 9.  Measured realized gain along the antenna axisadbite to extract the sensitivity of the devices, e.g the slope ef th
observation) for different polymer depositions as in Fig.8 linearized curves, as the power difference generated by 1%
change in the RH level, e.g.:

. .a. i
840 850 860
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Table Il
SENSITIVITIES[dB/RH] OF MEASURED TURNON AND BACKSCATTER
|A¢] |€(RHpign) — £(RHiow))| [4B/RH]

Se = = (5) POWER

* |ARH|  |RHpigh — RHiow| < < -

. RH, ow_RH 1 F
where ¢ = {P!° pps}. The values for the three deposi- : has hAase gse ase
:Iﬁg Sd Or]:a'r:r:g(;ilraar:eehsttr?: tl)r;\chil():ftttlalr.e:jn tgeelf V*egtrpcar; Ofe' rSpt 50% — 80% 0.13 0.12 0.08

yham! ge, pow IC appearori g0 —100% || 0.1 0.05 | 0.05
50% — 80% 0.18 0.2 0.12

more sensitive to humidity variations that the turn-on powe
80% — 100% 0.13 0.05 0.05

indicator, while no remarkable difference may be observed S,
close to the saturation. It is finally worth noticing that the
deposition layout corresponding to a single polymer draséc

F) has a nearly halved sensitivity with respect to the fu"c'ase, to improve the readability, a mean-square inteiipalist

%‘uperimposed to the stair-step distribution of the measeng

data caused by the coarse turn-on power and backscattered
power resolutions of the UHF reader (respectiveljdBm
and0.8dBm). The achieved profiles are visible in Fig.12 for
the selected frequen@®80M H =z which ensures the strongest

its sensitivity is fully comparable with the one achieved6h
further demonstrating the possibility of reducing the antou
of sensor deposition without affecting its performances.

6‘.A|:|u|:|' ----;‘;:;"5';':,.‘:,;’)”°5"'°“ I signals variation during the process. The change of the RFID
sLofH _'('f*;;g;m;t)im ________ "._._.j'_‘; _____________ i powers reasonably follows the variation of the humidityeTh
£ [Jo7] | . Drop deposition : recovery process at RH:§O% takes place after the two cycles
—]| _ (=870MHz) i of humidity exposure durind@y <t < Ty andT5 < t < T}.
. D B T R A } As the box is removed the relative humidity drops down to the
% DT value of ambient air and hence the radio sensor starts ibs+ec
ot B ;';';'J""T‘ """"" ] ery. After 60min the recovery can be considered completed.
o : s :' However, justimin are enough for the sensor to recover 3dB
2 """""" PP A B A ] of turn-on power and 4dB of the backscattered power. The
5 ‘_,«"';' effects are reversible, with a negligible hysteresis. Otiee
17 ;;"’;” """"""" P h A ] baseline value has been reached, the response remaires stabl
Vil [ 1 . l with only 1dB difference between the beginning and the end
%o 60 70 80 90 100 of the process.
RH [%] Finally, to double-check the true effectiveness of the dope
8 tag against other external bias, not depending on the palyme

: : : P e itself, also a “blank” tag subjected to the same cyclic expo-
S I R P sure as before has been considered. The formation of water

: : : . drops over the copper produces a kind of variation of the
response, even in absence of polymer, but the overall meésur
change, for instance concerning the backscatterd power (se
again Fig.12), is negligible in comparison with the meadure
dynamics of the true polymer-doped tags.

Pbs [dB]

VI. A REAL APPLICATION

To discuss the response of the proposed humidity sensor in
0 realistic conditions, this has been finally applied to monén
50 60 70 80 90 100 . X
RH [%] overnight exposure. The doped tag (f:ase D of Fig.8) has been
placed outside an external wall and interrogated by the RFID
reader installed on the inside with its antenna attacheden t
Figure 11. Calibration Curves of the humidity RFID sensardome layouts inner side of the windows. The distance between reader and
of polymer deposition. Top) Turn-on power; Bottom) Backsmad power.  tag is such to enable a robust RFID communication regardless
the humidity gradeThe RH and temperature levels have been
monitored by means of a digital hygrometer placed outsite, i
V. RECOVERY AND HYSTERESIS close proximity of the tag. The experiment started at 6 p.m.
Reproducibility, recovery, and hysteresis of the proposdéuthe evening on November 21st 2011 in Rome and ended at
RFID sensor have been tested by set up a cyclic exposure2gb.m in the afternoon on November 22nd. The temperature
humidity with two periods of different durations betweentwewas relatively stable in a range between 13°C and 17°C.
and dry air (Fig.12). An intermediate tag layout (case D of The results in terms of normalized turn-on and backscattere
Fig.8) has been considered for the purpose of turn-on powsmwer are shown in Fig. 14 at 880MHz. The tag’s responses
and backscattered power measurements. As in the previoeasonably follow the profile of humidity during both incsea
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Figure 14. Top) Measured external temperature and humidiigtion during
the night. Bottom) Measured normalized turn-on and badtereal power at
880 MHz during the overnight humidity exposure obtainedhwat moving
window filter interpolation.

also to temperature and pressure [10]. However, the effect o
these quantities at the investigated frequency is stilinomin.

-44) “(;Ssl%ﬁﬁif ‘ On the other hand, air pressure and temperature may be
0 20 40 60 t{‘o[mi'lt]'m 120 140 160 180 indirectly detected. For instance the dependence of theosen
signal from the temperature is due to several factors iniefud
the modulation of the actual water vapor concentrationng@pei
Figure 12. Measured turn-on and backscattered power nizedalvith the relative humldlty dependent on the temperature), thé-mo

ulation of the water vapour partition coefficient in the paolgr
matrix, and finally, the intrinsic sensitivity of the matrio
the temperature.

respect to the turn-on power during cyclic exposures. Atsopower from the
“blank” tag is visible. Here T1=60min, T2=120min, T3=150mir4=180min.

VII. CONCLUSIONS

The complete integration of PEDOT:PSS into RFID tag
has been here reported for the first time aiming to design
and test a passive radio-sensor suitable to monitor thd loca
humidity. Communication, sensing performances and cyclic
exposures have been jointly analyzed, leading to a fully
working prototype, whose sensitivity and dynamic range can
be controlled by the amount and the displacement of polymer
into the sensing slots. In particular, laboratory experitae
demonstrate that just a single polymer drop, deposited righ
behind the microchip, is able to provide more than 3dB
dynamic range and up to 0.12 dB/RH sensitivity at the price
of a nearly negligible worsening of communication rangegle
than 20%).

A commercial polymer formulation has been used, but
for future research the polymer can be chemically modified
with appropriate functional groups in order to increase the
(night) and reduction (morning). The dynamic range of variaensitivity (and then the resolution), the selectivity ahe
tion of the sensor is 2.5dB for turn-on power and 3dB fafesponse/recovery time. Also different Pedot:PSS ratiulsh
backscattered power between the minimum (55%) and the analyzed for the optimization of the sensor.
maximum humidity (70%) detected during the night. These Figures 12 and 14 show that the absorption of water
dynamic ranges are comparable with the previously showapour is completely reversible. So the exposure to changes
results obtained in the controlled cyclic humidity exp@sur of relative humidity is not expected to age the sensor. aukte

In these measurements cross-sensitivity effects due to-atran important issue to be better investigated in future resea
spheric pressure and temperature have not been investigatethe adhesion of the polymer layer onto the substrate,whic
It is known that the d.c. resistivity of PEDOT:PSS is semsiti could have a significant impact for the sensor’s lifetime. A

Measurement set-up for the overnight humidifyosure.

Figure 13.

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.or



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

proper investigation of the cross-sensitivity, for instanto
other polar volatile compounds, will be a necessary next ste
of this research.

The proposed sensor layout is completely unspecific; the
PEDOT:PSS itself, being sensitive to several parametens-(t
perature, humidity, organic gases) could be used for differ
sensing purposes or the tag could be doped by means of
different sensitive chemical species eventually propérhc-
tionalized.

Thanks to the presence of the ground plane, which decou-
ples the antenna from its location, this kind of tag is moszov
suitable to environmental and body-centric applicatiols.
could be disseminated into the environment, e.g integrated
into walls, infrastructures and devices or attached ont® th
human body as well as embedded into plasters or bandages to
remotely monitor the healing grade of wounds.

Beside the promising results, this class of chemical-doped
RFID tags is however still prone to considerable improvetsien
concerning the technology process to deposit the chemical
load and not least, concerning the interrogation modalitie
and instruments. Depending on the preparation technigde an
process, the properties and the behavior of the sensors can
indeed vary significantly, and this is a very crucial issuetfie
large-scale production of chemical-based devices. Ragard
the sensing detection, instead, the bottleneck of thigqotat
is the resolution and stability of the RFID reader. Actual
commercial UHF readers are designed to item labeling and
not to sensing, and therefore significantly better perforcea
are expected with dedicated receivers having a finer resolut
in the power tuning and in the analog to digital converter.
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