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Abstract

The development of a contactless readout system for High Frequency (HF) tags and its
application to relative humidity monitoring is presented. The system consists of a Colpitts
oscillator circuit whose frequency response is determined by a built-in logic counter of a
microcontroller unit. The novel readout strategy is based on the frequency response change
due to the inductive coupling between the coil of the Colpitts oscillator and the load
impedance of a parallel LC resonator tag, as a result of the variation of the humidity sensing
capacitor. The frequency is monitored with a low cost microcontroller, resulting in a simple
readout circuit. This passive LC tag has been directly screen-printed on a humidity-sensitive
flexible substrate. Fhereadoutciredwitexploits—thetag resonancefregqueney-shift-dueto-the
change—ofthe printed—capacitive—sensor—as—a—function—of humidity. The readout circuit
experimental uncertainty as frequency meter was 0.72 kHz in the HF band. A linear
temperature drift of (-1.52 * 0.17) kHz/°C was obtained, which can be used to apply thermal
compensation if required. The readout system has been validated as a proof of concept for
humidity measurement, obtaining a significant change of about 260 kHz in the resonance
frequency of the Colpitts oscillator when relative humidity varies from 10% to 90%, with a
maximum uncertainty of £3%. Therefore, the proposed readout system stands as a compact,
low-cost, contactless solution for chipless HF tags that avoids the use of bulky and costly
equipment for the analog reading of wireless passive LC sensors.
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1. Introduction

The compatibility of Printed Electronics (PE) and sensors with flexible substrates has
enabled the development of sensor systems in attractive form factors than can be deployed,
for instance, into pharmaceutical or intelligent food packaging applications [1-3]. Among the
different parameters of interest, the monitoring and control of humidity has been employed in
different industrial applications such as smart packaging of goods and food to ensure quality
preservation [4-7] or humidity surveillance within construction structures [8,9] among others.
LC wireless passive sensors are a suitable solution in applications where powered and wired
sensors are not possible [10-13].

The transduction mechanism of humidity capacitive sensors requires the use of materials
whose electrical permittivity changes accordingly to the environmental relative humidity [14].
Several strategies have been followed to achieve this sensing capability, such as the deposition
of a sensing layer over capacitive patterns [15—17] or the use of humidity-sensitive substrates
[18-20]. For instance, a paper-based moisture sensor that uses the hygroscopic character of
paper to measure patterns and rate of respiration was reported [21]. The most common
planar capacitor design is the interdigitated electrode structure (IDE) [7,10,14-16], although
others have been proposed such as a serpentine electrode structure (SRE) [18,22].

The inclusion of sensing capabilities into Radiofrequency Identification (RFID) tags brings
added value to this contactless, non-line-of-sight identification and data transmission
technology [23,24]. When the RFID tag is used as an electromagnetic sensor, different changes
in the analog response of the tag have been associated to a variation of the sensed magnitude.
This approach has been used to develop humidity sensors in flexible High Frequency (HF) tags
by exploiting the RFID tag resonance frequency shift measurement. Polyimide, a material
sensitive to moisture, was employed as substrate of a printed inductor and an interdigitated
capacitor (using screen and inkjet printing techniques) to form an LC resonator for moisture
detection [18]. The same operating principle was used for Ultra-High Frequency (UHF) tags
[25]. Moreover, a passive RFID gas sensor with a resonant antenna coated with a gas-sensing
film and an IC memory chip was presented [26]. A chipless RFID tag consisting of two inkjet-
printed planar LC resonators was developed for humidity detection utilizing paper substrate as
sensing material [20]. Another example to measure threshold humidity in a UHF tag by
changing the antenna input impedance was proposed [27]. Very recently, a flexible RFID tag
for humidity and temperature sensing has been proposed [28]. In this chipless tag, the
variations of the monitored magnitudes are associated to changes in the measured level of the
backscattered power. Mraovi¢ et al. proposed a screen-printed capacitive humidity sensor
integrated in a UHF tag and fabricated on recycled paper and cardboard for smart packaging
applications [29]. Other examples of flexible RFID tags as electromagnetic sensors can be
found in literature for moisture sensing [30-32]. There are some other high stable quartz
methods using capacitive sensor with low value (a few pF) also for humidity measurement,
which explain how to compensate environment effect [33—-36].

Among the different solutions, chipless approach is a very promising one to actually
achieve a cost-effective transfer of fully printed sensing tags to industrial manufacturing
processes [20,37]. Nevertheless, costly and bulky equipment such as impedance analyzers



[4,8,18], spectrum analyzers [38] or vector network analyzers (VNAs) [20,28] are mostly
required to read the sensed magnitude based on analog measurements such as impedance or
frequency spectra. Zhang et al. [39] developed an ad-hoc system to measure the relative
humidity using a resonant LC tag, monitoring the real part of the readout coil impedance.

To overcome this shortcoming, here we present the development of a low-cost, portable,
non-contact LC readout circuit for sensing-enabled HF RFID tags and its application to relative
humidity monitoring. The reader circuit is based on capacitive sensing by means of a Colpitts
oscillator. The ambient humidity modifies the oscillation frequency of the Colpitts by the
capacitive load change of an inductively coupled humidity-sensitive LC tag. The frequency of
the oscillator is registered by a microcontroller. The main advantage of this technique is the
very simple electronic readout circuit as it will be shown later. The LC tag consists of a screen-
printed chipless passive system based on a parallel LC resonator structure. In the literature,
there are a few examples of capacitive sensors with Colpitts oscillator for heartbeat,
respiration activity and position monitoring [40-45]. Works have been also published on
inductively coupled passive resonance sensors [13,39,46—49].

2. Materials and methods

The readout circuit was fabricated on FR4 substrate with 35 um thick cooper using a
mechanical milling machine model ProtoMat® S100 (LPKF Laser & Electronics AG, Garbsen,
Germany). The complete LC tag (loop inductor and capacitor) was screen-printed using a Serfix
Il screen printing machine (Seglevint SL, Barcelona, Spain) on 75 um thick flexible Polyimide
Kapton® HN substrate (DuPont™, Wilmington, DE, USA). The screen mesh used for printing
consisted of an aluminum rectangular structure of 50 cm x 35 cm with mesh density of 120
Nylon threads per centimeter (T/cm) allowing a minimum width pattern of 300 um. The
patterns were printed using the conductive silver-based ink SunTronic CRSN 2442 (Sun
Chemical, New Jersey, USA). After printing, a thermal sintering process was carried out at 120
°C during 20 minutes in a convection air oven Venticell VC55 (MMM Medcenter Einrichtungen
GmbH, Munich, Germany). Finally, a bridge line was attached to close the circuit using the
conductive resin Epoxy EPO-TEK® H20E (Epoxy Technology Inc., Billerica, USA). The Epoxy resin
was cured in the oven at 150 °C for 15 minutes.

Physical dimensions of the LC tag components were optimized via numerical simulation using
Advanced Design System (ADS) simulator (Keysight Technologies, Santa Clara, CA, USA) and
COMSOL Multiphysics® (Comsol Inc., Burlington, MA, USA). The design goal was to achieve the
minimum possible dimensions accounting for the limitations of the printed technology.
Impedance frequency characterization of the reader and tag systems and their components
(inductors and capacitors) separately was carried out using an Agilent 4294A Precision
Impedance Analyzer and a 42941A impedance probe kit (Keysight Technologies, Santa Clara,
CA, USA). Readout system calibration as frequency meter was performed with an Infiniium
MS09104A oscilloscope (Keysight Technologies, CA, USA).

The stationary thermal drift measurements of the readout system and the humidity calibration
of the full system (LC tag and readout system) were controlled in a climatic chamber VCL4006



(Votsch Industryetedhnik, Germany) along with an external compressed air dryer from the
same manufacturer to extend relative humidity range from 10 % to 98 % within a temperature
range from 10 to 95 °C. According to the technical data provided by the manufacturer, this
climate chamber model has a humidity deviation in time from +1 to +3 % and a temperature
deviation in time from 0.3 to +0.59C relative to the set value.

3. Detection principle of the readout circuit
The resonance frequency of a Colpitts oscillator circuit, fos, is given by [50]:

1
Jose = T—F—— (1)
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where Losc is the total inductance of the oscillator coil and Cos. is the total capacitance of the
circuit in parallel to the oscillator coil. The readout technique proposed here is based on the
inductive coupling between the Colpitts oscillator coil and the printed LC tag coil, which
contains a sensing-enabled capacitance (see Figure 1a). As we will show below, a contactless
way to measure capacitances is used in this study. It must be taken into consideration that the
coupled system must operate in the inductive region of the LC tag impedance to ensure an
inductive coupling.

’
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Figure 1. (a) Inductive coupling between the oscillator and the tag coils, (b) Ideal transformer model of
this inductive coupling where L, corresponds to magnetizing inductance of the readout coil [51].

When both coils are inductively coupled, it can be modelled as a transformer with air core.
Therefore, the secondary impedance can be determined by measuring the impedance at the
primary winding. If the transformer is considered as ideal, the contribution to the capacitance
at the primary winding (in the readout circuit), Cioad, due to the tag capacitor, Cig is given by:

Ng\?
Cioaa = (N_P> Ctag' (2)

where Ns and Np represent the turn number of secondary and primary windings
respectively of the transformer model (Figure 1b). This capacitive load is in parallel with the
capacitance of the uncoupled Colpitts oscillator, Co. Therefore, total loaded oscillator
capacitance, Cosc When the LC tag is inductively coupled can be approximately written as:
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To account for the magnetic flux losses (coupling factor less than unity) [52], we consider
that the actual load capacitance will be a fraction of Ciag, in any case, keeping the additive
dependence with Cig shown in Equation 3. Because of the coupling, this increment of
oscillator capacitance (C'osc > Cosc) Will cause a reduction of the resonance frequency according
to Equation 1. Thus, we are assuming that any change in the capacitive sensor Cig Will produce
a fosc shift. Therefore, the readout technique consists of registering changes in the oscillation
frequency of the Colpitts circuit when the LC tag coil is inductively coupled to the Colpitts
oscillator coil. The effect of inductive coupling on the reduction of the oscillator frequency will
be very similar if the relative position of both coils is always the same, therefore it can be
corrected using a calibration process, as the authors report in the present work.

4. Readout circuit

The readout circuit is composed by a bipolar common-base Colpitts oscillator circuit and a
frequency counter implemented in a microcontroller unit (MCU) as shown in Figure 2. The
interface between them is buffered to minimize the load effect and to adapt the oscillator
output level to the digital input. This digital signal is connected to the counter input of the
MCU. Finally, the oscillation frequency is calculated from the registered pulses and sent to a
personal computer via USB.
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Figure 2. System schema of the reader system and the LC tag inductively coupled to the Colpitts
oscillator coil.
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The total oscillator capacitance without the LC tag, Cos, is given by:

GG,
Cosc = A + Cyar

where C; and C; form the feedback capacitive voltage divider and Cy, is a variable capacitor
to tune accurately the resonance frequency. The HF frequency band (13.56 MHz) was used for
compatibility with RFID tags.

The bipolar transistors BC547C (NXP Semiconductors, Eindhoven, The Netherlands) are
used in the Colpitts and buffer circuits. The output of the oscillator is connected to the
common-collector buffer for impedance decoupling. Counter pulses are registered during 25
ms as a compromise between speed and accuracy of the measurement and then, resonance
frequency is computed within the microcontroller PIC18F2553 (Microchip, Palo Alto, USA). The
buffered oscillator signal acts as a clock signal for one microcontroller timer (TIMERQ), while
another timer (TIMER1) controls the acquisition time. Accounting for the application
developed in this work, a commercial relative humidity sensor, SHT15 (Sensirion, Stafa, Zurich,
Switzerland), was included in the reader unit for calibration purpose. A photograph of the
prototyped readout unit is shown in Figure 3.

Reader
coil

Figure 3. Image of the readout system showing the relevant components (Dimensions: 15x9x1.2 cm).

To achieve proper readout system operation, the oscillator must work at a frequency in the
inductive region of the tag impedance to ensure inductive coupling, therefore it must be lower
than 13.56 MHz. The oscillator inductor is a square coil targeting an inductance of 2.5 puH by
three square turns on an 8x8 cm? area. The central area is wide enough to locate the tag over
it, avoiding overlapping between the reader and the tag coils (see Figure 3). In Figure 4, the L-Q
spectra are displayed for the fabricated inductance of the readout unit where L=
2.512+0.002 pH at 13.56 MHz with a quality factor of Q = 61.4+0.8. The measured self-
resonance frequency was 39.89+0.13 MHz.

(4)
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Figure 4. Measured frequency response of the reader coil.

With this reader coil, two ceramic capacitors of 56 pF were used as C; and C;, and a variable
capacitor with a manual trimmer from 5 to 50 pF was included in parallel to tune the
oscillation frequency thus, frequencies from 11.8 to 16.4 MHz could be settled.

The calibration of the frequency counter implemented in our readout system was carried
out within the previous frequency range. To do so, we registered the pulses (frequency)
provided by our readout circuit and the frequency measured by the oscilloscope. During the
calibration, the probe of the oscilloscope was connected to the output of the buffer instead of
to the oscillator output to avoid the load effect of the probe capacitance (11 pF). An excellent
correlation (R?=0.999) was found between the oscilloscope and our reader measurements. The
experimental uncertainty of the frequency counter was 0.72 kHz, measured as the standard
deviation of the experimental data. This value represents the uncertainty in the determination
of the Colpitts oscillation frequency and, consequently, in the magnitude determination when
coupled to the LC sensing tag. Thermal drift of the oscillator circuit was also studied by placing
the reader unit into the climate chamber and registering the oscillation frequency when
temperature was increased from 10 °C to 50 °C. The calculated linear thermal coefficient was (-
1.52 £ 0.17) kHz/°C, which can be used to apply thermal compensation when required.

5. LC humidity sensing tag

Figure 5 shows the footprint, geometric dimensions and photographs of the screen printed
LC tag, which basically consists of a planar loop inductor in parallel with an interdigitated (IDE)
capacitor. In comparison with other structures, planar IDE capacitors allow more direct
interaction with the surrounding environment and, consequently more sensitivity with the
same area [16]. To simplify the fabrication process, we have directly used a polyimide flexible
substrate as sensing element. The electrical permittivity of this substrate linearly increases
with relative humidity of the environment due to the water absorption and the subsequent
dielectric constant increment [53]. This variation with humidity produces changes in the
capacitance of the printed LC tag. The IDE capacitance as a function of relative humidity has
been fitted to a linear curve between 20 and 70% RH showing a higher slope above 70% RH
[16,54,55]. Both trends can be jointly fitted to a quadratic polynomial curve.
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Figure 5. (a) Footprint and geometric dimensions of the LC tag and (b) photographs of the printed tag.

The tag was designed to resonate at approximately 13.56 MHz (HF band). In the case of
the loop inductor, a simulated value of 7.8 pH with a quality factor of 2.06 was obtained at
13.56 MHz (see Figure 6a). A capacitance of 3 pF in parallel with the inductor was included in
the simulation to account for the probe parasitic capacitance. For the IDE capacitive structure,
a simulated value of 18 pF was calculated at 13.56 MHz.

A set of five individual planar inductors and capacitors were fabricated and electrically
characterized. The average measured for the inductors value was 7.88+0.09 puH at 13.56 MHz
with an average quality factor of 2.11+0.12, as shown in Figure 6a. As for the capacitors, an
average capacity value of 18.6+0.4 pF was obtained at the same frequency. Both values are in
very good agreement with the simulated ones. The humidity response of this type of screen-
printed IDE capacitors was evaluated in previous works [22,56]. After this, the tag was
fabricated and the AC electrical characterization of the complete tag was performed by
measuring its impedance, both magnitude and phase. As depicted in Figure 6b, the resonance
frequency of the LC tag was measured at 13.61+0.05 MHz in dry atmosphere, very close to the
targeted resonant frequency of 13.56 MHz.
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Figure 6. (a) Simulated and measured frequency response of the planar inductor. (b) Measured
impedance and phase of the parallel LC circuit.

The stationary humidity conditions of the LC tag were controlled in the climatic chamber at
constant temperature (202C). Relative humidity inside the climate chamber was varied from 10
to 90%. Three set of measurements were taken for each relative humidity to obtain a
representative average value. Humidity inside the climate chamber was measured using the
SHT15 sensor included in the readout unit, which has a typical accuracy of 2.0 %RH. The
readout distance was fixed at 1 cm to ensure good coupling while maintaining the same
conditions for all the measurements. The obtained results showed a resonance frequency shift
of the Colpitts oscillator circuit from 12.30 MHz at 10% RH to 12.04 MHz when RH is increased
up to 90%. Therefore, there was a significant change of about 260 kHz in the resonance
frequency of the Colpitts oscillator circuit. Considering Equation 1 and 3 and assuming a
quadratic behavior of the Cig with the relative humidity (RH), the expected theoretical
relationship is given by:

1

1
T 1

21y LoscCosc znﬁm4gx+M@Q =>Frza+hRH+cRH2 (5)
osc

fosc(RH) =

Ctag = Co + C,RH + C,RH?

where A, Co, C;, C;, a and b are parameters independent from RH. In Figure 7 such
dependence has been experimentally checked with a good fitting confirming the
approximation in Equation 3. Indeed, experimental results of the inverse of the squared
resonance frequency present very similar trend as the response to RH would be directly
measured in the IDE capacitor (Figure 7), with a linear behavior between 20 and 70% RH and a
bigger slope at higher relative humidity. Therefore, two different ranges can be used to
calculate sensitivity using a linear fit. The first up to 70% and the second one for humidity
higher that 70%. In the range of low relative humidity, the found sensitivity was (-1.88 £ 0.17)
kHz/%, thus obtaining an uncertainty of 1.7 % (covering factor equal to 1). For higher humidity,
the obtained sensitivity was (-7.0 + 0.9) kHz/% with an uncertainty of 0.5 %. If a unique fit is
used in the whole range a quadratic polynomial curve provided a reasonable fitting in the 10 to
90% RH.
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Figure 7. Inverse of the squared Colpitts oscillator frequency as a function of relative humidity.

6. Conclusions

A portable, low-cost, non-contact LC readout system for sensing-enabled HF tags has been
developed and validated for humidity measurements using a fully printed passive chipless tag.
The readout technique of the system is based on the change in the oscillation frequency of a
Colpitts circuit when the LC tag is inductively coupled to the oscillator coil. This novel strategy
avoids the need for high-cost and bulky equipment such as Impedance Analyzers or VNAs.
Therefore, the system enables the use of chipless tags that can be deployed using mass
production techniques compatible with industrial processes. To validate the reader for
humidity sensing applications, a HF tag based on a parallel LC resonator structure was directly
printed on a humidity-sensitive substrate. A significant change of about 260 kHz in the
resonance frequency of the Colpitts circuit has been observed when relative humidity is varied
from 10% to 90%. In the range of relative humidity lower than 70% the found sensitivity was (-
1.88 + 0.17) kHz/% and the uncertainty was 1.7 %. For higher relative humidity the obtained
sensitivity was (-7.0 £ 0.9) kHz/% with an uncertainty of 0.5 % .Considering the flexible nature
of the printed tag along with the reduced dimensions, compact design the reader, this system
can be used for humidity monitoring in smart packaging applications.
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