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Abstract—This paper presents a novel inkjet-printed humid-
ity sensor tag for passive radio-frequency identification (RFID)
systems operating at ultrahigh frequencies (UHFs). During re-
cent years, various humidity sensors have been developed by
researchers around the world for HF and UHF RFID systems.
However, to our best knowledge, the humidity sensor presented
in this paper is one of the first passive UHF RFID humidity sensor
tags fabricated using inkjet technology. This paper describes the
structure and operation principle of the sensor tag as well as
discusses the method of performing humidity measurements in
practice. Furthermore, measurement results are presented, which
include air humidity-sensitivity characterization and tag identifi-
cation performance measurements.

Index Terms—Inkjet, radio-frequency identification (RFIF),
relative humidity (RH), sensor.

I. INTRODUCTION

R ESEARCH involving radio-frequency identification
(RFID) technology has seen a growing interest in sensing

RFID tags as they could offer vast benefits over bar codes and
traditional RFID tags. The main benefit would be improved
product quality and safety throughout ubiquitous sensing. The
research involving sensing RFID has resulted in various sensor
tag designs such as accelerometers [1], displacement sensors
[2], and temperature sensors [3].

One of the most popular sensor types for RFID systems is the
humidity sensor, which is due to the great number of materials
reacting to humidity-level variations. Humidity sensor tags have
been developed for high-frequency (HF) RFID systems, [4] as
well as for ultra-HF (UHF) RFID systems [5]–[8], and have
been fabricated using either traditional photolithography or
screen printing. The humidity sensor tag, which is presented in
this paper, is fabricated using inkjet technology. Inkjet technol-
ogy promises to bring cost-efficient and on-package RFID tags
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to markets [9]–[11]. In addition, it allows the use of polyimide
film, which is the key component of the sensor, directly as the
printing substrate.

This paper presents an improved novel inkjet-printed hu-
midity sensor for passive UHF RFID systems. To our best
knowledge, the developed sensor is one of the first passive UHF
RFID humidity sensor tags fabricated using inkjet technology.
The first humidity sensor tag design, along with numerical
results, was presented in [12]. The humidity sensor tag, which
is presented in this paper, has two major improvements as
compared with the first version. First, the tag solely works in
a passive operation mode, which has allowed further improve-
ments for longer read range. Second, the sensor tag is based on
a different and more sensitive RFID integrated circuit (IC).

The inkjet-printed humidity sensor tag finds applications not
only as an air humidity sensor, i.e., hygrometer, but as a wire-
less structural humidity sensor able to indicate possible water
damage early on. Moreover, this humidity sensor tag could be
used to track environmental conditions during transportation of
various goods, such as groceries and medicines.

In this paper, the operation of a passive RFID system, the
structure of the sensor tag, and the operation principle of the
humidity sensing are presented. Furthermore, a method to per-
form reliable humidity-level measurements using the sensor tag
is proposed. The measurement results chapter includes numer-
ical results acquired using Ansoft High-Frequency Structure
Simulator (HFSS) and measurement data from air humidity-
sensitivity characterization and tag identification performance
measurements. The final chapter summarizes this paper and
discusses future development involving the humidity sensor.

II. PASSIVE UHF RFID SYSTEM

Passive UHF RFID systems mainly consist of three types of
components, i.e., readers, tags, and end application, for exam-
ple, database. The reader is essentially a transceiver operating at
UHFs, and it is used to communicate with tags and with the end-
user application. An RFID tag contains an antenna and an IC.
The IC of the tag has an internal memory containing a unique
electronic product code (EPC), which is used for identification
purposes.

The operation of passive UHF RFID systems is based on
coupling using electromagnetic (EM) waves. These EM waves
are used by the reader and the tag to communicate with each
other. Furthermore, the EM waves sent by the reader are used
to provide operating power for passive RFID tags as they have
no power supply of their own.

0018-9456/$26.00 © 2011 IEEE
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Fig. 1. Passive RFID system.

A passive RFID system is illustrated in Fig. 1. At the
beginning of communication, the reader sends a continuous
unmodulated carrier wave, which is received by the tag antenna.
The incoming signal is routed to the IC, which uses its internal
rectifier to transform the weak alternating current into direct
current (dc). Next, internal voltage doublers are used to charge a
capacitor, which acts as a power storage to allow short operation
periods without the presence of the carrier wave. After the
capacitor is charged to a sufficiently high dc voltage, the tag is
activated and ready to receive commands from the reader [13].

The reader sends commands by means of amplitude shift
keying (ASK), to which the tag replies by backscattering. In
backscattering, the IC switches its input impedance between
two states, i.e., reflecting and absorbing, according to the data
contained in its internal memory, while the reader sends an
unmodulated carrier wave. As the IC’s input impedance is in
the absorbing state, the input impedance is ideally the com-
plex conjugate of the antenna impedance, allowing maximal
power transfer between the antenna and IC. In the reflecting
impedance state, the IC’s input impedance is ideally short
circuited, producing a complete power reflection of the carrier
wave back to the reader [14]. By switching its input impedance,
the IC produces either an ASK or phase shift keyed response,
depending on the modulating impedance.

III. INKJET-PRINTED HUMIDITY SENSOR TAG

The developed humidity sensor tag is intended to be used
for structural humidity monitoring, for example, inside floors
and walls. The sensor tag can be used to quickly detect water
damage, thus dramatically reducing the amount of additional
damage caused by prolonged water exposure. The sensor tag is
fully passive, and as such, it does not need any power supply
of its own. Therefore, the sensor tag does not need any main-
tenance procedures, and it can be permanently enclosed inside
walls, ceilings, and floors for long-term monitoring spanning
several years. In addition, the sensor tag is flexible and small in
size, allowing fitting inside various structures. This novel sensor
tag has all the functionalities of an ordinary passive RFID tag,
including the unique EPC code, which allows the use of several
sensor tags in a small area as they can be recognized using their
unique identification codes.

The sensor tag is still at a prototyping stage, and its de-
velopment toward commercialization will require overcoming
some challenges. First, inkjet fabrication processes are still few,

Fig. 2. Printing layout of the sensor tag.

limiting mass production volumes. Additionally, the durability
and longevity of the printed ink is being researched to find out
the environmental limits to the use of inkjet-printed electronics.
However, considering the fast development in the area of inkjet
printable electronics, it is reasonable to expect these challenges
and unknowns to be solved in the near future.

A. Structure of the Sensor Tag

The sensor tag is a double-sided structure formed by inkjet
printing silver nanoparticle ink on 125-μm-thick Kapton 500
HN polyimide film by DuPont [15]. Harima NPS-J, a silver
nanoparticle ink, was used to form the conductors of the tag.
Harima NPS-J ink contains silver nanoparticles with a mean
diameter of 12 nm and has a conductivity of 33 MS/m. The
sensor tag consists of three main components: 1) an IC, which
provides the basic identification functionality of the tag; 2)
inkjet-printed sensor elements; and 3) radiation elements. The
IC is a Higgs 3 RFID IC from Alien Technology [17]. The
impedance of the IC and the radiating element are matched
using a T-matching network to allow good power transfer
between them and to maximize the read range of the sensor
[18]. HFSS 12, which is a finite-element method EM simulator
[19], was used to fine tune the dimensions of the impedance
matching as well as the dimensions of the radiation elements to
provide optimal performance. The printing layout of the sensor
tag is shown in Fig. 2, and its key dimensions are shown in
Table I.
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TABLE I
KEY DIMENSIONS OF THE SENSOR TAG

The substrate, Kapton 500 HN, is a flexible, low loss, and
extremely durable polyimide film dielectric. Kapton HN film
was selected because of its special electrical properties: Kapton
HN film’s permittivity is dependent on the environmental hu-
midity. This electrical property is the key factor in the sensor’s
functionality. Furthermore, Kapton HN is able to withstand the
high-temperature levels, which the printed tag will undergo
during sintering as a part of the inkjet printing process.

The sensor elements used in the sensor tag occupy both
the top and bottom sides of the structure. These conductor
plates form several parallel plate conductors, which are used
to transform the variations in the permittivity of the substrate
into electrical signal.

The radiation element is a short dipole antenna. Note that the
sensor elements are also a part of the tag antenna. A dipole-type
antenna was chosen due to its omnidirectional radiation pattern.
This increases the reliability and usability of the sensor tag by
minimizing the importance of the orientation of the tag or the
reader antenna.

B. Operation Principle

The humidity sensing of the tag is based on the humidity-
dependent permittivity of the Kapton HN substrate. During
a change in ambient humidity, the change in the substrate’s
permittivity is transformed into varying capacitance using the
parallel plate capacitors. The varying capacitance, in turn, alters
the impedance matching between the sensor elements and the
IC, changing the tag’s realized gain according to humidity.

Polyimide films, such as Kapton, are affected by changes in
environmental humidity due to their internal chemical structure.
Polyimide films are formed through heat-activated polyconden-
sation. Moisture from the air absorbed by the polyimide causes
a hydrolysis effect, which is the converse reaction of polycon-
densation. The hydrolysis effect causes the polyimide’s internal
carbon–nitrogen bonds to break, altering the internal electrical
polarization. The altered electrical polarization effectively leads
to altered permittivity of the polyimide [20].

Change in the Kapton HN film’s permittivity due to environ-
mental humidity is linear. According to the datasheet provided
by DuPont, Kapton HN film’s relative permittivity is 3.05 in
an environmental relative humidity (RH) of 0% at 23 ◦C. The
relative permittivity rises to a value of 3.85 when subjected to
100% RH at 23 ◦C. Thus, the humidity-dependent permittivity
εr(H) of the Kapton in 23 ◦C can be expressed as a function of
ambient environmental humidity H as follows:

εr(H) = 3.05 + 0.008 × H. (1)

Agilent 85070E Dielectric Probe Kit [21] was used to verify
the permittivity of the Kapton HN film. The measurement

Fig. 3. Measured relative permittivity of a 1.5-mm-thick Kapton HN film
from 860 to 960 MHz at 32% RH and at 23 ◦C.

ranged from 860 to 960 MHz. The measurement was repeated
ten times, and the averaged result is shown in Fig. 3. The
relative permittivity of the Kapton was found to be approxi-
mately 3.34 at the selected frequency band in indoor conditions.
During the measurement, the environmental humidity was 32%
RH at 23 ◦C, measured using a commercial hygrometer. The
measured permittivity is in very good agreement with the
relative permittivity given by the datasheet of Kapton HN.
The measured permittivity shows some frequency dependence
at the particular frequency band. However the variations in the
measured permittivity are within ±0.01 and can be considered
negligible.

The varying relative permittivity of the Kapton film is trans-
formed into a capacitance, dependent on the environmental hu-
midity using the parallel plate capacitors in the sensor elements.
As the overall change in the capacitance is linearly related to
the change in the relative permittivity of the dielectric, we are
able to achieve a 28% overall change in the capacitance of the
sensor elements between ambient humidity levels of 0% and
100% RH. Additional stray series capacitance, shown in Fig. 4,
is also created by the adjacent plates. However, this capacitance
can be considered to be negligible, as the parallel capacitance
is the strongest; the parallel plate capacitors are separated by
125 μm, whereas the series capacitance is formed between plate
edges separated by 1 mm apart.

The use of multiple parallel plate capacitors in the sensor
elements is justified for two important reasons. First, by using
several plate capacitors, an empty unprinted space between the
capacitors is created. This empty space helps the polyimide
to absorb moisture from the air. Second, the use of several
capacitors maximizes the distance traveled by the signal current
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Fig. 4. Cross-sectional image of the sensor tag showing the capacitors, which
are formed within the structure (not to scale and not including the entire
sensor tag).

Fig. 5. Simulated power reflection coefficient.

inside the Kapton film, which should lead to a more humidity-
sensitive operation.

Change in the capacitance, i.e., the input reactance of the sen-
sor elements, affects the power transfer between the IC and the
tag antenna throughout impedance matching. The magnitude of
power transfer between a complex source (IC) and a complex
load (sensor and radiation elements) can be best described by
using the power reflection coefficient Γ derived by Kurokawa
in [22], i.e.,

Γ =
PR

PS
=

∣∣∣∣ZL − Z∗
S

ZL + ZS

∣∣∣∣
2

, 0 ≤ Γ ≤ 1 (2)

where (Z∗
s) is the complex conjugate of the source impedance.

The power reflection coefficient describes the ratio of the
reflected power PR and the available power from the source
PS for arbitrary complex source and load impedance values
ZS and ZL, respectively. The power reflection coefficient Γ
is analogous to |S11|2, as described in [23]. Low-magnitude
power reflection is desirable since it provides the best overall
power transfer and leads to maximal read range of the tag.
Ideally, the load impedance should be the complex conjugate
of the source impedance as it results in a zero power reflection
coefficient. HFSS 12 was used to tune the impedance matching
between the IC and the tag antenna.

Fig. 5 presents the simulated power reflection coefficient
between the IC and the tag antenna with different substrate
permittivities. In the simulation model, the input impedance
of the RFID IC was modeled using values from [24], the
conductors were modeled using a thickness of 3 μm and a

Fig. 6. Simulated power-on-tag using different substrate relative
permittivities.

conductivity of 33 MS/m. The losses in the dielectric layer were
modeled using a loss tangent of 0.0025 at all frequencies.

The humidity-dependent power reflection coefficient be-
tween the IC and the tag antenna cannot be directly measured
using standard UHF RFID measurement equipment. Instead,
in the actual measurements, the ambient humidity level is
determined by measuring the power-on-tag Pon−tag of the tag
as a function of frequency. The power-on-tag, assuming 0-dBi
gain for the tag under test, is the minimum sufficient power
available to the tag chip to activate it. Therefore, the power-on-
tag can be considered as the sensitivity of the tag. The power-
on-tag of the sensor is a function of ambient humidity as it is
affected by the power transfer between the tag antenna and the
IC. The humidity-dependent power-on-tag Pon−tag(H) of the
sensor is given by

Pon−tag(H) = LfwdPTS =
PIC

Gtag × (1 − Γ)
(3)

where Lfwd is the path loss in the forward link, i.e., from the
reader to the tag, including the cable and polarization losses
and the gain of the reader antenna, between the tag and the
reader. PTS is the transmit power at the antenna port needed
to activate the tag, i.e., threshold power, PIC is the sensitivity of
the RFID IC, and Gtag is the gain of the tag antenna. The use of
power-on-tag as the measurand provides enhanced robustness
against fading environments: The reflections of the environment
are counteracted by the measured path loss.

Fig. 6 presents a simulated power-on-tag of the sensor tag
as the substrate’s relative permittivity changes due to humid-
ity. The sensitivity of the IC was assumed to be a constant
−18 dBm. The power-on-tag of the sensor mainly experiences
a frequency shift at different ambient air humidity levels.

C. Ambient Humidity-Level Measurement

In practice, the measurement of humidity is done by using
two tags: one acts as the sensor, and the other as a stable
reference. This type of measurement setup has been success-
fully used by other researchers working with RFID humidity
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Fig. 7. Measurement setup while measuring ambient humidity.

sensors [25]. The reference tag is carefully designed to exhibit
a certain frequency response, and only this tag is intended for
this purpose. Furthermore, the reference and the sensor tags
are used as a whole, i.e., the reference tag is always at a fixed
orientation and distance to the actual sensor tag.

The sensor tag is placed at the selected location under
measurement that is exposed to the ambient humidity. The
reference tag is shielded in a casing of dielectric impervious
to humidity. As a result, the power-on-tag of the reference tag
is unaffected by the humidity, whereas the power-on-tag of the
sensor tag changes according to the ambient humidity level.
This measurement setup is illustrated in Fig. 7.

At the beginning of a humidity measurement, a calibration
is performed using the reference. In the calibration, the mea-
surement system measures the forward link path loss Lfwd

between the reference and the reader antenna. This path loss
measurement is possible by knowing the exact operation char-
acteristics, i.e., power-on-tag response of the reference tag.
After the calibration, a power-on-tag measurement is performed
on both tags as a function of frequency. The ambient humidity
level is extracted from the frequency difference in the measured
frequency points of lowest power-on-tag values of the sensor
and the reference.

The key point in this method is to form a relation between
the amount of frequency difference in the power-on-tag curves
of the reference and the sensor and the ambient humidity value.
This can be done via simulations or calibration measurements.

Humidity sensitivity S can be used to indicate how much
frequency difference is generated between the reference tag’s
and sensor tag’s frequency points of lowest power-on-tag by
one percent change in the RH level. This sensitivity to humidity
can be defined as

S =
|Δf |
|ΔH| =

fHumid − fDry

|HHumid − HDry|
(4)

where |ΔH| is the total change in the humidity level between
humidity levels HDry and HHumid. HDry corresponds to a low
humidity level, ideally 0% RH, whereas the HHumid corre-
sponds to a high humidity level, ideally 100% RH. The term
|Δf | stands for the total frequency difference in the frequency
points of lowest power-on-tag. fDry is the frequency point of
the lowest power-on-tag level at humidity level HDry. Whereas,

Fig. 8. Illustration of the power-on-tag curves measured during a humidity-
level measurement.

fHumid is the frequency point of the lowest power-on-tag level
at the humidity level of HHumid.

After determining the humidity sensitivity S of the sensor tag
through measurements or simulations, one is able to conduct the
actual humidity measurement throughout power-on-tag sweeps.
Fig. 8 illustrates the resulting power-on-tag curves during a
humidity measurement.

Using the humidity sensitivity S, the environmental humidity
can be acquired using the following expression:

HM = |ΔfM | × S−1 = |fref − fm| × S−1 (5)

where HM is the measured ambient humidity level in percent-
age RH, S is the humidity sensitivity of the sensor tag, and
|ΔfM | is the measured frequency difference between the ref-
erence tag’s and sensor’s frequency points of lowest threshold
power. Equation (5) assumes that the reference tag is designed
to have its frequency point of lowest power-on-tag at the same
frequency as the sensor tag’s frequency point of lowest power-
on-tag at an RH level of 0%.

IV. MANUFACTURED SAMPLES

Sensor tag samples were manufactured in the Laboratory
of Printable Electronics, Department of Electronics, Tampere
University of Technology. Printing was made using an iTi
XY MDS 2.0 inkjet printer, equipped with Spectra S class
print heads. The printing resolution was set to 600 dpi. Using
these parameters, the inkjet printing process should produce a
conductor thickness ranging from 1.0 to 1.5 μm per printing
layer. Samples were printed using two ink layers to reduce the
losses caused by the skin effect. The IC strap was attached
by hands using conductive epoxy resin. Adhesive tape was
laid on top of the IC to protect it from excessive humidity
levels. Fig. 9 shows a single printed humidity sensor tag from
both sides.
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Fig. 9. Inkjet-printed sensor tag.

Fig. 10. Side view of the measurement setup.

V. MEASUREMENT RESULTS

The measurements in this paper were conducted in an
anechoic RFID measurement chamber using a setup shown
in Fig. 10. The key dimensions of the measurement setup
are listed in Table II. The anechoic chamber, with a built-
in rotating table, is designed particularly for UHF RFID tag
performance measurements. A monostatic reader antenna con-
figuration, i.e., a single linear reader antenna, SPA 800/76/
8/0 V from Huber–Suhner, was used to transmit and to receiver
power.

Tagformance measurement system [26] was used to perform
power-on-tag and radiation pattern measurements carried out
for this paper. The core operations of this system are performed
with a vector signal analyzer. The Tagformance measurement
system’s capability to perform power-on-tag measurements is
enabled by a calibration step, performed at the beginning of
measurements.

The calibration data, i.e., the forward link path loss Lfwd, is
shown in Fig. 11. The calibration data has four discontinuities;
these are caused by the measurement resolution of the Tagfor-
mance system during calibration. The frequency step during
calibration is fixed to 1 MHz and the power step to 0.1 dB.
However, these discontinuities in the measured forward path
loss are small and do not have any significant affect on the
measurement results.

A. Characterization of Humidity Sensitivity

This section presents the measurement results of the
humidity-sensitivity characterization performed at a constant
ambient air temperature of 24 ◦C. In these measurements,
the sensor tag was placed inside a 5-L plastic jar along with
different salt solutions to create stable humidity conditions.
The salt solutions, commonly used to calibrate commercial
humidity meters, were acquired from Vaisala Ltd. The salt
solutions used and their equilibrium RH levels are shown in
Table III [27, Table 2, p. 92].

The measurement procedure for each salt solution was as
follows.

1) Calibration was performed using the reference tag of the
Tagformance system.

2) The salt solution was formed and poured into the bottom
of the jar.

3) The sensor tag was hung by plastic wires in the middle of
the jar volume.

4) The jar, containing the salt solution and the sensor, was
sealed and placed to the anechoic chamber and left to sit
for 12 h.

5) After the humidity value was settled (humidity values
were verified using a commercial hygrometer), five con-
secutive threshold power sweeps were performed from
800 MHz to 1 GHz using 0.2-MHz frequency and 0.1-dB
power steps.

6) The power-on-tag results were calculated from the thresh-
old power sweeps using (3) with the calibration data
shown in Fig. 11.

7) The measured power-on-tag curves were postprocessed
using Mathworks MATLAB to obtain the frequency point
of the lowest power-on-tag from and the standard devia-
tion for all of the frequency points of lowest power-on-tag
results.

Figs. 12–15 display the measured power-on-tag levels at
11%, 33%, 75%, and 97% RH. Additionally, these figures
contain envelopes drawn using minimal and maximal measured
power-on-tag values.

The measured and simulated power-on-tag results have sim-
ilar center frequencies. However, the simulated and measured
levels of power-on-tag significantly differ. The difference in the
levels of the power-on-tag is most likely caused by the fact
that the exact conductivity and layer thickness of the silver ink
are not known and clearly differ from the values used in the
simulations. The slight frequency offset between the simulated
and measured power-on-tags is caused by the fact that the IC
was attached by hand. The manual attachment has introduced
some parasitic elements, e.g., stray capacitances, which were
not included in the simulation model.

1) Postprocessed Results: The sensor tag’s measured power-
on-tag does not exhibit any single unambiguous frequency point
of lowest power-on-tag. Instead, the measured power-on-tag
usually stays nearly constant in the vicinity of the center fre-
quency of the lowest power-on-tag. This is due to the power step
resolution, with 0.1 dB being the lowest step: the change in the
tag’s power-on-tag level close to the actual point of best opera-
tion, i.e., at the lowest power-on-tag level, is less than 0.1 dB.
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TABLE II
KEY DIMENSIONS OF THE MEASUREMENT SETUP

Fig. 11. Calibration data used in the measurements made for this paper.

TABLE III
SALT SOLUTIONS AND THEIR EQUILIBRIUM

RELATIVE HUMIDITY LEVELS AT 24 ◦C

To counteract this, MATLAB is used to find the unambiguous
frequency point of the lowest measured power-on-tag fmin−Pon

from Figs. 12–15. First, a search is made for all frequency
points, which satisfy the following condition:

Pon(f) − min(Pon) < y, 0.1 ≤ y ≤ 0.5 (6)

where Pon(f) is the measured power-on-tag as a function of
frequency, min(Pon) is the magnitude of the lowest measured
power-on-tag, and y is a constant. The purpose of y is to dimin-
ish any effects of possible random measurement errors from
the power-on-tag level. The MATLAB code used selects the
y value from the prespecified range, which produces the smallest
standard deviation in the resulting frequency points. The unam-
biguous frequency point of the lowest power-on-tag fmin−Pon

is found from the mean of these frequency points, satisfying (6).
This method is valid as if it is assumed that the unambiguous
frequency point of lowest power-on-tag is found from the
center point of the valley in the measured power-on-tag. This
assumption is true based on the simulated power-on-tag.

Table IV presents the mean values, acquired using the
method described, for the frequency points of the lowest power-

Fig. 12. Measured power-on-tag at 11% RH ambient air humidity.

Fig. 13. Measured power-on-tag at 33% RH ambient air humidity.

on-tag in various humidity levels and the standard deviations in
the obtained frequency points.

Using the measurement data from Table IV, weighted least-
squares (WLS) fitting was used to obtain the humidity sensi-
tivity S of the sensor. Weighting was done using the inverse
variance related to each measurement. The humidity sensitivity
of the sensor can be found from the absolute value of the
slope of the linear regression. The polynomial for the frequency
point of the lowest power-on-tag fmin−Pon in MHz becomes

fmin−Pon = (−0.1988 × H + 904.2757) MHz (7)

where H is the relative air humidity in percentage. The standard
deviations in the slope and intercept are 0.0149 and 0.5291,
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Fig. 14. Measured power-on-tag at 75% RH ambient air humidity.

Fig. 15. Measured power-on-tag at 97% RH ambient air humidity.

respectively. The measured humidity sensitivity S is the ab-
solute value of the slope of fmin−Pon , i.e.,

S =
|Δf |
|ΔH| =

(198.8 ± 14.9)kHz
%RH

. (8)

A sensitivity S of 171.4 kHz/%RH is obtained by applying
the same postprocessing method to the simulated power-on-tag
data, as shown in Fig. 6. The difference between the measured
and simulated humidity sensitivity is most likely caused by
the water absorption differences: In the simulation model, the
humidity is being uniformly absorbed; in reality, the humidity
absorption is affected by the conductors, causing an uneven
water distribution within the Kapton film. Fig. 16 presents the
measured frequency points of the lowest power-on-tag and the
WLS solution of the measured sensitivity.

The measured humidity sensitivity in (8) allows humidity
measurements within ±4.0% RH accuracy. This uncertainty
could be minimized by performing additional power-on-tag
measurements during the humidity-sensitivity characterization,
thus lowering the standard deviation in the linear regression.

B. Identification Performance

The theoretical read range dtag, which determines the maxi-
mal distance at which one is able to conduct humidity measure-
ments using the sensor tag in free space, is given by [28]

dtag =
λ

4π

√
PEIRP

LfwdPTS
(9)

where PEIRP stands for the maximum equivalent isotropically
radiated power (EIRP) allowed by local European regulations
(3.28 W) [29]. The parameter Lfwd is the measured path loss
in the forward link. The term PTS stands for the corresponding
threshold power level measured as a function of transmit fre-
quency. The results for the averaged theoretical read ranges of
the sensor tag in different humidity levels at 24 ◦C are shown
in Fig. 17.

The sensor tag, printed with two ink layers, can be operated
from a maximum distance of 8.7 m in free space. In practice,
the read range of the sensor tag will be lower as any obstacles,
such as walls, will cause attenuation. However, the read range
could be increased by printing additional ink layers to increase
the conductor thickness [30].

The measured radiation pattern of the sensor tag, as shown in
Fig. 18, shows the normalized patterns in the ϕ and θ planes.
The measurement was performed at 885 MHz, at 33% RH,
and at 24 ◦C. The θ-plane of the tag is measured by rotating
the dipole tag along its electric field vector. The ϕ-plane is
measured by rotating the dipole tag along its magnetic field
vector. Measurements showed a slight difference in the front
and back lobes in the θ and ϕ planes. However, this difference
was not visible in our numerical radiation patterns, and it is
probably caused by fabrication tolerances, e.g., aligning of the
top and bottom layers.

VI. CONCLUSION AND FUTURE WORK

This paper has presented an improved version of the novel
humidity sensor tag for UHF RFID systems, which was
originally presented in [12]. Extensive measurements that
were performed acquire the humidity sensitivity of the sen-
sor. The humidity sensitivity of the sensor was found to be
198.8 ± 14 kHz/%RH. The measured standard deviation in
the humidity sensitivity allows humidity measurements within
±4.0% RH accuracy. Even greater accuracy could be obtained
by using a smaller frequency step in the measurements. How-
ever, this will increase the overall time required by the mea-
surement. The identification performance of the sensor tag has
been found to be comparable to a traditional RFID tag; the read
range of the sensor, i.e., the operating range, was approximately
8 m at various humidity levels.

In the future, a special narrow bandwidth reference tag will
be designed to allow humidity level measurements using the
measurement method described in this paper. These humidity
level measurements will be performed in practical applications
and in fading environments. The resulting measurement data
will be used to assess the accuracy, reliability, and usability of
the humidity measurement method. The additional operation
characteristics of the sensor tag, for example, its hysteresis
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TABLE IV
MEAN FREQUENCY POINTS OF THE LOWEST POWER-ON-TAG AND THEIR STANDARD DEVIATIONS

Fig. 16. Measured frequency points of the lowest power-on-tag as a function
of relative air humidity.

Fig. 17. Measured theoretical read range of the sensor at different ambient
humidity levels at24 ◦C.

and response time, will be also studied in future research.
Furthermore, custom RFID reader software will be developed,
which will perform automatic humidity-level measurements
using the method proposed in this paper.
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