IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received July 7, 2021, accepted July 20, 2021, date of publication July 26, 2021, date of current version July 30, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3099946

Battery-Less NFC Bicycle Tire Pressure Sensor
Based on a Force-Sensing Resistor

MARTI BOADA ", ANTONIO LAZARO , (Senior Member, IEEE), RAMON VILLARINO *,
ERNEST GIL-DOLCET ~, AND DAVID GIRBAU ", (Senior Member, IEEE)

Department of Electronic, Electric and Automatic Engineering, Universitat Rovira i Virgili, 43007 Tarragona, Spain

Corresponding author: Antonio Lazaro (antonioramon.lazaro@urv.cat)

This work was supported in part by Grant BES-2016-077291, in part by the Spanish Government under Project RT12018-096019-B-C31,
and in part by the European Union’s European Regional Development Fund (ERDF).

ABSTRACT This paper describes a novel low-cost tire pressure monitoring system (TPMS) for bicycles.
The system is based on a battery-less near field communication (NFC) tag that integrates a pressure sensor,
which is placed between the tire and the inner tube. The system uses no battery since the energy is obtained
from the magnetic field induced by the reader in order to establish the communication. The pressure can be
read by any NFC-enabled reader such as a smartphone. The pressure sensor is a force-sensing resistor (FSR)
that controls the oscillation frequency of a 555 timer-based oscillator. The frequency is read and computed
by a microcontroller, and the result is written via I*C bus to the memory of a near-field communication
integrated circuit (IC), which is read by a commercial smartphone or NFC reader. A prototype is designed
on an FR4 substrate which integrates a 12 x 16 mm antenna connected to the NFC IC (NT3H211 from NXP).
The proposed prototype has a 3D-printed enclosure to protect the components mounted on the surface of the
PCB and to protect the tire from punctures. A system for characterizing the read range is presented. The
tag requires a minimum magnetic field of 2.9 Agyss/m to operate up to a distance of 8 mm between reader
and the tire, providing enough power to supply energy to the whole circuitry and to receive the information
stored at the NFC IC. The system has been tested with a 59 mm-width mountain bike tire. The sensor has
been characterized using a simple polynomial fitting to obtain the pressure from the measurement of the
oscillation frequency. An accuracy of 0.1 has been accomplished in the range of 0.5 to 2.2 bar. To test the
system, several inflation cycles have been performed and showed that the system presents good repeatability.

INDEX TERMS Battery-less, force-sensing resistor (FSR), near field communication (NFC), radio fre-

quency identification (RFID), tire pressure sensor.

I. INTRODUCTION

NFC (Near Field Communication) has become an every-
day technology for end-users, in contrast with other RFID
(Radiofrequency Identification) protocols that are mainly
used in industrial environments and require specific and
expensive readers for communication. The growing pop-
ularity of NFCs is mainly due to their use in payment
systems as well as the growing number of NFC-enabled
devices and it is expected to continue being this way, espe-
cially given the desire to avoid using physical money as a
result of the covid-19 pandemic [1]. The standardization of
NEC started in 2004 when the NFC Forum [2] was created
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by the main mobile phone manufacturers, but it was not
until a few years later, in 2010, that the technology started
to be embedded in commercial mobile phones [3]. Nowa-
days NFC is used alongside other wireless technologies for
the Internet of Things (IoT) such as Bluetooth, Wi-Fi and
ZigBee. It employs an operational frequency of 13.56 MHz
(fop) and encompasses a wide range of applications such
as healthcare [4]-[9], smart environment [10]-[14], social
networks [15], [16], and payment [17], [18].

Batteries are present in many electronic devices, but they
must be managed as hazardous waste because of their toxic
contents or reactive properties [19], [20]. Rechargeable bat-
teries (e.g. lithium-ion batteries) require additional special-
ized electronics for charging in order to extend the battery
life, which increases the cost of the products. This in turn has
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led to research into green energy sources and different energy
harvesting strategies and technologies [21]-[23].

The most important NFC IC manufacturers have recently
launched advanced integrated circuits (IC) with energy-
harvesting capabilities [24]. These ICs convert part of the
energy from the magnetic field generated by the NFC reader
in order to provide a voltage output. This rectified output
can power external electronic devices such as low-power
microcontrollers or sensors. The progressive introduction of
these ICs into the market enables the development of low-cost
battery-less sensors. These devices can be used in sensing
applications that must work over short ranges and for long
periods because they must be available to be read on user
request. Unlike other energy harvesting technologies, battery-
less NFC-based sensors have the advantage that a current
of up to a few mA (1-5 mA) can be obtained (with some
external circuitry added to the NFC IC), which makes them
readable using a standard smartphone [25]. Several examples
of integration of NFC physical and chemical sensors with
energy harvesting can be found in the literature [10], [11],
[24], [26]-[30].

Since 2014, all cars in Europe have been equipped with a
tire pressure monitoring system (TPMS) to identify under-
inflation of the tires. This system directly measures tire
pressure using battery-driven pressure sensors installed, most
often, inside the valve of each wheel. Each sensor transfers
the information by radio to a central control unit that reports
it to the vehicle’s on-board computer. The wireless commu-
nication is normally performed at 315 MHz or 433 MHz
ISM bands and it is powered by a battery with a lifespan
of approximately 5 years. When sensors are mounted inside
the rim, they are no longer easily accessible to change the
battery. Tires not only lose air if they get punctured, but they
also lose air naturally. The main advantages of a TPMS are
fuel savings, extended tire life, improved safety, and envi-
ronmental efficiency. For this large market, several electronic
manufacturers have developed specific highly-integrated tire
pressure sensors such as the MLX91804 from Melexis [31],
or the FXTH87 and NTMS88 from NXP [32]. For older vehi-
cles, external TPMSs are available that can be installed on
the valve. The problem is that being an external element,
it can be damaged or manipulated and the information can
be lost. Sometimes indirect TPMSs are used. These indirect
methods use velocity sensors installed in the antilock braking
system (ABS) which indirectly measure the degree of infla-
tion in the wheel. A tire spinning faster than normal is because
its pressure is lower than recommended. With less pressure,
the circumference of the tire is reduced.

Covid-19 not only changes the payment methods used,
it also changes the lifestyle. The fact that healthcare author-
ities advised to avoid the use of public transports as well
as a noteworthy increase of sports practice has made the
bicycle market to increase significantly [33], [34]. A correct
tire pressure is a determining factor to carry out a satisfactory
activity. In the case of bicycle tires, the pressure depends on
several factors such as the type of terrain, the size of the
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FIGURE 1. Tire diagram with the tag installed between the inner tube and
the tire.

wheel, and the weight of the cyclist. Improper tire pressure
can result in tire puncture, uneven tire wear or inefficient
traction.

Due to the high growth in the market associated with
bicycles and their accessories, aftermarket TPMS units (e.g.
SYKIK Rider SRTP670 [35], FOBO 2 Bike TPMS [36],
Garmin Ziimo TPMS [37]) for bikes and motorcycles have
become commercially available. External sensors are placed
on the valve stem. These TPMS can read the pressure and
temperature of the tires and then transmit the information via
Bluetooth low energy (BLE) or through ANT technology to a
specific device or to a smartphone within the Bluetooth range.
The sensor detects slow or fast leaks and sends alerts to the
user. The sensors are relatively easy to install and maintain,
but they are expensive (about 100 $). In addition, they can
be stolen if they do not have a locking mechanism, they
protrude slightly, they must be removed to inflate the tire,
their accuracy can be affected by weather conditions and their
batteries need to be replaced. Consequently, these sensors are
waterproof and are often secured with lock nuts to prevent
theft. But these locking systems lead to difficulties when
inflating the tires. This make an internal low-cost battery-less
TPMS for bicycles a promising idea.

In [38] an NFC bicycle tire pressure measurement sys-
tem (BTPMS) was proposed. It was based on an application-
specific integrated circuit (ASIC) with pressure measurement
capability. The ASIC consists of a microelectromechanical
system (MEMS) capacitive sensor and an ISO 14443 RFID
interface. The capacitive sensor is based on a micromachined
cavity that bends due to the air pressure. This means that the
sensor must be installed within the inner tube, thus requiring
a special tube design. Unlike [38], the present study presents
a system that uses commercial off-the-shelf (COTS) compo-
nents that can be installed by the user between the tire and the
inner tube (see Fig. 1). Itis therefore compatible with conven-
tional bicycle tires and can be reused. This work studies the
feasibility of measuring tire pressure using a battery-less NFC
sensor based on a force-sensing resistor (FSR).

The present study is organized as follows. Section II
describes the system and its components. Section III presents
the proof-of-concept prototype along with details about the
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FIGURE 2. System overview block diagram.

antenna design and the procedure for tuning the tag. Experi-
mental results regarding the read range and sensor character-
ization obtained with this prototype are shown in Section IV.
Section V compares the proposed device with other TPMS
technologies. Finally, section VI contains the conclusions.

Il. SYSTEM OVERVIEW

A block diagram of the proposed system is depicted in Fig. 2.
It consists of a passive NFC tag which retrieves the energy
from the reader (i.e. any NFC-enabled device) by rectifying
the radiofrequency field, thus obtaining a voltage capable
of powering the tag circuitry. The RF to DC conversion
is carried out internally by the NFC integrated circuit (IC)
with energy harvesting capability. For this study, the NTAG
NT3H2111 from NXP has been used. The NFC IC is con-
nected to a microcontroller which obtains the value measured
by the force-sensing resistor (FSR), calculates the tire pres-
sure, and writes the result to the NFC IC EEPROM, which
is then retrieved by the reader and shown to the user. The
microcontroller and the NFC IC communicate using the I*C
protocol. The tire pressure is obtained by measuring the resis-
tance of the force-sensing resistor (FSR), which controls a
variable controlled oscillator implemented with a low-power
555 timer. Thus, a frequency that depends on the force applied
to the FSR’s sensing area is obtained. For the proposed appli-
cation this method is more accurate and has a higher operating
range than the method proposed by the FSR manufacturer,
which is based on a voltage divider and an operational ampli-
fier. Furthermore, since most modern smartphones are NFC
enabled, they can be used as NFC reader. Both the measured
pressure value and that recommended by the manufacturer
can be shown in the mobile display. Also, the measured
pressure can be uploaded to the cloud via Wi-Fi or the mobile
network.

A. FORCE-SENSING RESISTOR

Force-sensing resistors (FSR) are devices whose resistance
changes when a force is applied to them [39], [40]. FSRs
have been used for different applications such as measuring
the distribution of force in hands [41], [42] and feet [43],
digital music instruments [44] and muscle activity [45]. FSRs
present a power law behavior whereby resistance decreases
as applied force increases. This translates into high accuracy
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FIGURE 3. Resistance change due tire pressure. The inset shows the
shape and size of the FSR06 from Ohmite (dimensions in mm).

for small force measurements but makes it difficult to achieve
acceptable accuracy for large force measurements. The sim-
plest conditioning circuit recommended by the manufacturer
consists of using the FSR as part of a voltage divider, convert-
ing resistance changes into voltage changes. For applications
where it is necessary to work with large forces, manufacturers
suggest the use of operational amplifiers. However, it must
be taken into account that there is a trade-off between the
increase in the amplifier and the force range in which it is
possible to measure.

Due to the internal tire pressure (P), the active surface of
the FSR (S) supports aforce F = P-S. The Ohmite FSR series
that can sense forces up to 5 kg has been chosen and the spe-
cific sensor used in the prototype is the FSRO6 with an active
area diameter of 14.7 mm, a thickness of 0.375 mm, and an
overall size of 18 x 25 mm (see the inset picture in Fig. 3).
Fig. 3 depicts the measured resistance of the sensor (Rrsg)
as a function of the applied pressure. The maximum force
specified by the manufacturer that can support the sensor is
5 kg, which corresponds to a maximum pressure of 2.9 bar
(1 bar = 100 kPa) and is close to the maximum tire pressure
used in the experiments (59 mm-width mountain bike tire).
The tire pressure range depends on its physical characteristics
and its thickness. For high tire pressures, an FSR with a
small active area can be used. For instance, the FSO4 model
from Ohmite supports the same force but presents an
active diameter of 5.6 mm, achieving a maximum pressure
of 20 bar.

The FSR is inserted in a bike wheel between the inner
tube and the tire. The pressure is measured with a manometer
while the tire is inflated with an electronic pump. Simultane-
ously, the resistance is measured with a multimeter connected
to the FSR. It can be seen that the resistance decreases with
the pressure applied. For pressures under 0.3 bar, the FSR
acts as an open circuit, at 0.5 bar Rpsg = 597 , and
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FIGURE 4. Scheme of 555 timer-based oscillator used to measure the
resistance of the FSR.

at2.2bar Rpsg = 292 Q2. The FSR is connected to a 555 timer
in order to obtain a frequency as a function of the pressure
applied. This configuration is selected instead of another
based on a Wheatstone bridge (consisting of three known
resistors, the FSR and an operational amplifier) to achieve
better accuracy for high pressure values. The approach based
on the Wheatstone bridge presents two main problems. The
first is related to the operational range, since the increase
of the gain necessary to improve the resolution in the high-
pressure range, leads to a reduction of the operating range of
the system, which implies an increase in the complexity of the
circuitry needed to measure different intervals. The second
problem is the hysteresis, which has been addressed in the
literature [46]-[49]. These studies show that resistance to the
frequency circuit reduces the effect of hysteresis. The manu-
facturer specifies a part repeatability of 2% and a hysteresis
of 5%. The 555 has been configured in a simple mode (see
Fig. 4), with C = 1 wuF. In the present study, a simple
classical low-power CMOS ICM7555 was chosen for the
prototype. The current consumption is typically 80 uA at
3 V. However, advanced timers with low current consumption
such as an oscillator based on low-power NAND gates can be
used as an alternative [50] and are commercially available.
Another alternative is to use a low-power opamp oscillator.
However, CMOS 555 is characterized by an exact 50% duty
cycle and an oscillation frequency independent of the power
supply voltage (unlike the opamp circuit-based oscillator).
Finally, another alternative is modern micropower oscillators
such as the LTC6907 from Linear Technology, which con-
sumes 33 uA when powered at 3 V. As the capacitor charges
and discharges through the same resistor, the duty cycle of
this basic arrangement is very close to 50%. The square
wave output pulses have a period equal to approximately
2In(2)RrspC. The output frequency (f,,,) is therefore given

by (1):
Jour = 0.722/(RFpsg - C) (D
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The output frequency therefore depends on the resistance
of the FSR, which in turn depends on the tire pressure (see
Fig. 3). Thus, the expected frequencies range from 1209 Hz
at 0.5 bar (Rpsg = 597 Q) to 2472 Hz at 2.2 bar (Rpsg =
292 2). Taking into account that the target resolution should
be in the order of 0.1 bar, the smallest step occurs for higher
pressure values. The difference between 2.1 bar (Rpsg =
295 @, for = 2443 Hz) and 2.2 bar (Rpsg = 292 Q,
Jfour = 2472 Hz) is about 29 Hz whereas at the lowest pressure
(between 0.5 and 0.6 bar) the step is 277 Hz.

B. MICROCONTROLLER

In order to measure the change in frequency caused by
the change of Rpsg, a microcontroller (MCU) is required.
As explained above, the proposed system harvests the energy
from the RF signal generated by the reader; therefore,
the available power is limited and the MCU must be a low-
power component to stay within the system constraints. The
selected MCU is the ATtiny85 from Atmel, which is a low-
power AVR 8-bit microcontroller. It can work with 1.8 V,
and consumes 300 nA at 1.8 V and 500 uA at 3 V when
it is configured to the lowest clock frequency (i.e. 1 MHz).
Although there are other 8-bit microcontrollers in the market
with similar features, this has been chosen for its availability,
ease of programming with the Arduino IDE and low cost. The
ATtiny85 performs three differentiated functions which are
explained below.

1) FREQUENCY MEASUREMENT

Since pressure detection is based on a change in frequency,
a frequency measurement method is required to calculate the
tire pressure. Different methods to implement a frequency
counter with an MCU can be found in the literature [51]. The
one chosen for this project is based on the external interrupt
capability of the ATtiny85. The frequency-dependent signal
obtained from the 555 timer output is connected to the inter-
rupt pin of the MCU. The frequency is obtained from the
inverse of the period. The period is obtained with the function
pulseln, available in Arduino libraries, which measures the
time that the signal in a pin remains at high or low level.
Therefore, the period is the time interval that the signal is in
high level plus the time interval that it remains in low level
during each cycle. This method consists of measuring the
time between rising cycles. The measurement is taken 5 times
and then averaged to obtain the input frequency. Accuracy
under 1 Hz is obtained for the input frequency range required
(1200 Hz to 2500 Hz approximately).

2) COMPUTATION

The measured frequency can be stored and formatted to be
retrieved by the reader, which may result in a frequency to
pressure conversion on the reader side. Although the com-
putational capability of the readers is much higher than that
of the ATtiny, this would require a specific application in
the reader in order to obtain the final value. The proposed
system is intended to be independent of the reader model.
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FIGURE 5. NDEF message structure.

Consequently, it must not be necessary to install any specific
application on the reader. Therefore, the ATtiny converts
the measured frequency to pressure, calculated in bar, by a
second-order polynomial. The benefit of this approach is that
the NFC’s IC memory stores the final value, which means
that the user obtains the result immediately by simply reading
the tag with any NFC-enabled device. This makes the system
reader-independent. In contrast, if the raw data was stored
(i.e. the frequency), that would force the system to use a
specific application on the reader side. Storing the raw data
would allow external calibrations of the sensors (not required
in the present study) rather than having the tag calibrated for
a specific application.

The pressure obtained is then formatted to NDEF (NFC
Data Exchange Format) [52]. NDEF is a standardized data
format (by the NFC Forum [2], [53]) used to exchange
data between any compatible NFC device and another NFC
device or tag. An NDEF message consists of one or more
NDEF records, and each record is formed by a header and
a payload (see Fig. 5) [53]. In order to format the data,
the MCU calculates the required header and message flags
(type length, payload length, ID length) and sends the result-
ing message through the IC bus to be stored in the NFC tag
IC EEPROM memory. In addition to the pressure, additional
information related to the tire can be stored in the NDEF mes-
sage.Although the NDEF message recorded in the EEPROM
can be read with any NFC reader, a mobile app has been
designed to add new functionalities based on the information
stored at the tag. Fig. 6 shows an image of a simple Android
application that shows the measured pressure obtained from
the NDEF message and writes some additional information
in the tag. Depending on the tire model obtained from an
identification code that can be stored in the NDEF message,
either in the front or rear wheel, and on the pressure level
recorded, the app can help decide the optimal pressure level
based on the cyclist’s weight.

C. NFCTAG IC

The NFC tag IC is responsible for carrying out the com-
munication with the reader as well as providing a rectified
voltage to the tag circuitry. The capability of providing a

VOLUME 9, 2021

Model: MTB 59 mm

Front wheel

Weight: 70 kg

Recommended pressure: 2.1 bar
Measured pressure:

2 bar (29 psi)

Custom info:

WRITE TAG
FIGURE 6. Scheenshot of a simple Android application.

rectified voltage from the RF signal is known as energy har-
vesting (EH). The main NFC IC manufacturers offer ICs with
EH capability. The one selected is the NT3H2111 (NT3H)
from NXP Semiconductors. It is a Type 2 Tag ISO/IEC
14443A compliant, with a transmission rate of 106 kbps,
I2C interface, 2 kbytes EEPROM (write endurance minimum
500.000 cycles), internal capacitance of 50 pF, and a unique
7 byte UID. The current consumption of the NT3H is 240 nA.

The NDEF message sent by the MCU and received through
the I>C bus is stored in NT3H’s EEPROM memory. Once
an NFC reader initiates the communication with the tag,
the NT3H uses the information stored in the EEPROM to
modulate the signal received by using the back-scattering
modulation technique [24].

lll. PROTOTYPE

The prototype designed has been manufactured on an
FR4 substrate (with a substrate thickness of 0.8 mm) and
is shown in Fig. 7. The use of a semi-rigid substrate allows
the SMD components to be assembled, thus preventing the
impact of these components due to the pressure and improv-
ing the repeatability of the measurement with the FSR. How-
ever, to prevent the tire from being punctured, a 3D printed
enclosure has been designed and manufactured using a flex-
ible thermoplastic elastomer TPEE. The purpose of this pro-
totype is to show the feasibility of the power transfer and the
battery-free pressure sensing capability of a tag using a minia-
turized antenna. The overall tag dimension is 14 x 48 mm.
All the SMD components are welded on one side of the
PCB, leaving a flat face where the FSR is placed. The overall
current consumption is under 1 mA and the cost is around
6$ due to the cost of the FSR. A capacitor of 200 nF is con-
nected between the rectified voltage output and the ground to
ensure that the voltage does not drop during modulation or
during any application operation. 15 k<2 pull-up resistors are
placed in both I>C lines between the microcontroller and the
NFC IC.
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FIGURE 7. Photographs of both sides of the tag prototype consisting of a
12 x 16 antenna, an NFC chip, a microcontroller, a 555 timer, and an FSR.
Overall dimensions of 14 x 48 mm.

TABLE 1. Antenna parameters.

Symbol Description Value
Ly Antenna width (mm) 12
Lo Antenna height (mm) 16
A Area (mm?2) 192
N Turns 6
PS Printed sides 2
w Trace width (mm) 0.8

s Spacing between traces (mm) 0.5
h Substrate thickness (mm) 0.8
€r Relative permittivity 4.7
mh metallization thickness (pm) 34
fr Self-resonance frequency (MHz) 172.8
L Inductante at 13.56 MHz (nH) 411
Q Quality factor at 13.56 MHz 81

A. ANTENNA DESIGN

The tag coil antenna is a crucial element for communica-
tion. Its electrical and geometrical parameters are detailed
in Table 1 and determine the maximum operational read
range. It is important to note that the magnetic coupling
efficiency is very sensitive to the alignment of the primary and
secondary coils and to the distance between them, because the
magnetic field decays as 1/r2, being r the distance between
coils. The best coupling is found when both antennas, reader
and tag, have the same size. However, the proposed appli-
cation requires a smaller device than the average antenna
size used, for example, in payment cards. A good antenna
design is essential because of the huge variety of reader
antennas available. When designing the NFC tag, in contrast
to other RFID systems which use well known antennas,
it has to be kept in mind that most readers are likely to
be commercial cellphones, and that each manufacturer uses
different techniques to design their antennas. Therefore, any
miniaturized antenna must be carefully analyzed to ensure
the best possible performance in the smallest feasible size.
The proposed antenna has been modeled and simulated using
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FIGURE 8. (a) Antenna 3D model, (b) measured and simulated inductance
and (c) quality factor.

ADS by Keysight and the electromagnetic simulator tool
Momentum.

Fig. 8(a) shows the designed layout. Given the location
of the tag within the wheel, a rectangular shape has been
used. A prototype of antenna connected to an SMA coaxial
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connector has been measured (blue square in Fig.10(a)).
After de-embedding the delay inserted by the connector,
the antenna equivalent inductance L is computed from the
impedance parameters using expression (2):

_ Im(Zn)

L= 2 @)

where Im(Z1) is the imaginary part of Z;; and f is the
frequency. Expression (3) is used to compute the antenna
quality factor (Q), which determines the bandwidth:

_Im(Zy) _ 2xfL
" Re(Z1)) R

where Re(Z11) is the real part of Z;;. Fig. 8(b) and Fig. 8(c)
compare the measured and simulated inductance and the
quality factor, respectively. The coil quality factor increases
more or less linearly at low frequency. In this range the qual-
ity factor is determined from the inductance reactance and
the equivalent antenna resistance. This resistance depends
on the frequency due to the skin effect and increases with
frequency [25]. The presence of the parasitic capacitance
between the strips decreases the coil reactance as the fre-
quency increases. This effect produces a peak in the qual-
ity factor. The frequency of this peak is difficult to adjust
because of its dependence on the parasitic capacitance (which
is difficult to control). In general, small printed inductances
make it possible to reduce the resistance of the antenna, thus
increasing the quality factor. For our coil design, the mea-
sured inductance and the quality factor are 408 nH and 72.3 at
13.56 MHz, respectively, which agrees well with the sim-
ulated values, 411 nH and 81. The resonance frequency of
the unloaded antenna is f,=175 MHz. Using the resonance
frequency and the low-frequency inductance, the equivalent
parallel parasitic capacitance C, can be calculated thus:

3

1

= L @

A value of C,=2 pF is found. This value is used to adjust
the tuning capacitance. Note that, unlike conventional wire-
less power transfer systems dedicated to wireless charging,
in NFC the Q is limited to ensure that sidebands containing
the information are not degraded. Therefore, the requirements
for coils with high quality factors can be relaxed and even low
quality factor inkjet-printed coils have been proposed for low-
cost tags in NFC applications [54]. The equivalent circuit for
the tag antenna is shown in Fig. 9 [24]. The series resistance,
which takes into account the skin effect, is modeled with
the series resistance R [25]. The equivalent parallel resis-
tance R, can be calculated from the series antenna resistance
(R = 0.4Q2), the extracted inductance (L = 411 nH) at low
frequency and the resonance frequency (f, = 175 MHz) [24]:

R, = (27[er)2
R
A value of R, = 510.6£2 has been obtained.

&)
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Tag antenna model

NFC IC model

FIGURE 9. Tag equivalent circuit for wireless power transfer
considerations.

B. TAG TUNING

The time-variant magnetic flux generated by the reader pro-
duces an induced voltage (Uy) in the tag coil antenna. The
voltage (Ujc) at the input of the NFC IC depends on the
loop inductance, the parasitics, and the equivalent IC input
elements as shown in Fig. 9 [24], [55]. The NFC IC input
impedance is modelled as a parallel-connected capacitance
and resistance. The voltage at the input is maximized at the
resonance frequency of the tag which, once rectified, can be
used as power coming from an energy harvesting system.
Therefore, the tag’s resonance frequency must be tuned to
the NFC operation frequency (13.56 MHz). This resonance
frequency can be obtained by analyzing the tag equivalent
circuit of Fig.9 [55]. and depends on the inductance and
capacitance of the antenna, as expressed in (6):

1

I S VI Cic + Gy 7 Cam
where Cjc is the NFC tag IC capacitance (typically 50 pF
for the NT3H2111), C,, is the parasitic capacitance, and C,,,
is a tuning capacitance connected in parallel to the antenna
in order to adjust the resonance frequency of the tag (f;) to
the operational frequency of NFC (f;, = 13.56 MHz). The
effect of the small series resistance R and the large parallel
resistance R), is small at the resonance frequency of the tag.
Therefore, as a first approximation, these components can be
neglected (see 6) [24], [S5]. The tire and the protection box
are made with nonmagnetic materials, therefore the proximity
of the antenna to the tire does not modify its inductance
with respect to the case of free-space, but increases the
parasitic capacitance due to the presence of the dielectrics.
Furthermore, the metallic strip to interconnect the antenna
and the NFC IC introduces a small deviation in the parasitic
capacitance and the inductance of the antenna. As the tag is
semi-rigid the effect of pressure and bending is negligible.
Therefore, a fine adjustment has been experimentally carried
out by using a vector network analyzer and measuring the res-
onance frequency with a probe coil close to the tag following
the procedures described in [24]. The resulting value of Cyyy,
is 270 pF.

(6)

IV. EXPERIMENTAL RESULTS

A. ENERGY HARVESTING RANGE

For the nominal current load, a minimum field strength is
required for a stable operation that determines the energy
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FIGURE 10. (a) Image of the setup to measure the magnetic field received
by the tag antenna. (b) Schematic of the setup.
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harvesting range. For long distances, the NFC IC is unable to
provide a minimum voltage to wake up the microcontroller
and therefore only previously measured sensor values saved
in the NFC EEPROM can be read. In order to determine
the energy harvesting range, an experimental setup has been
developed [25]. Fig. 10 depicts the setup used to measure
the behavior of the antenna while it is illuminated by a
reader at different distances. To be more like a real situation,
a smartphone with a metallic case is used as a reader in
order to take into account tag detuning. Fig. 10(a) shows a
picture of the setup, comprising a Xiaomi Mi Note 2 as a
reader, the 16 x 12 mm antenna connected to a spectrum ana-
lyzer and to a VNA (Vector Network Analyzer), and a linear
actuator governed by a stepper motor to control the distance
between the reader and the antenna. A personal computer
was used to control the motor and the instruments through
GPIB (General-Purpose Instrumentation Bus) to automatize
the procedure of measuring the parameters for each distance.

Fig. 11 displays the power received by the antenna at
13.56 MHz, which decreases linearly with distance (d). Using
the measured power, the voltage generated on the coil termi-
nals (Vguys) can be obtained and used in (7) to calculate the
average magnetic field received by the tag (Hay ):

Hay(Arms /m) = VRus - |AF| @)
with |AF| being the antenna factor expressed as (8) [56]:
Zo +7Z;
AF — M 8)
27 fopiroZoAN

where Zy and Z;, are the reference and input impedances, fop
the operational frequency (13.56 MHz), ¢ the permeability
of the vacuum, A the loop area, and N the number of turns
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FIGURE 12. Measured Average Magnetic field as a function of the
distance from the tire.

of the antenna. Fig. 12 shows the measured average magnetic
field as a function of the distance from the tire.

The presence of the reader near the tag leads to undesirable
effects due to its metal parts, decreasing the tag antenna’s
inductance (L), as can be seen in Fig. 13. Additionally,
the antenna is detuned, increasing the tag resonance fre-
quency [24]. Without the presence of metal, the inductance
measured at 13.56 MHz is L = 408 nH, and the quality factor
is Q = 72.3. The ISO/IEC 14443A specification determines
the maximal value of Qr as f,,/(2 x bitrate), which leads
to a maximum allowed Q7 of 64. However, that refers to
the total quality factor of the tag (Qr), taking into account
the quality factor associated with the NFC tag IC (Qy).
Thus, the total quality factor of the tag Q7 can be expressed
as (9):

00r
= Z¥L 9
or 0+0L ®
e
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FIGURE 13. Measured variation of inductance as a function of the
distance to the reader (mobile phone) at 13.56 MHz.

where Rjc is the equivalent resistance of the NFC IC. This
resistance is nonlinear and depends on the input voltage to the
IC. Typical values are in the order of 500-1000 2 for NFC IC
with energy harvesting [25]. Therefore, the total Qr factor is
determined by the IC Oy, factor because it is smaller than the
typical quality factor of the coil antenna. Whereas a high Or
value benefits the power transfer, it reduces the bandwidth
(BW), as can be deduced from (11):

Jop
Or

Due to the low value of Q;, the tag does not filter the
modulated sidebands and the maximum total quality factor
requirement can be fulfilled.

In addition to modifying the inductance and quality factor,
the proximity of the reader to the tag detunes the antenna,
so that as the reader gets closer a higher resonance frequency
(fy) is obtained. This fact must be considered when tuning
the antenna. The resonant frequency of the tag should be
set slightly below the operating frequency to account for the
inductance reduction due to the presence of the reader.

The energy harvesting range determines the maximum
distance between reader and tag to receive enough RF signal
to generate a DC current. This range is fixed by the minimum
average magnetic field required to activate the chip (Hin)

(12) [55):
2
/ [1-der] + 5
27 fopoAN

where Up;y, is the minimum voltage required for the tag oper-
ation, which depends on the chip IC. From (12) it should be
noted that this value depends on the size of the antenna used
and the IC model. H,,;, depends on the IC resistance, there-
fore, it is nonlinear and depends on the distance. Furthermore,
Uin depends on the DC load at the energy harvesting output.
Therefore, H,,;, depends on the load connected to the NFC
IC. Hp,, was experimentally measured using a voltmeter

BW = (11)

12

Hyin = Upin
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FIGURE 14. (a) Image of the setup to measure the energy harvesting
output of the tag. (b) Schematic of the setup.

connected to the rectified voltage output (Vpp) of the NFC tag
(Fig. 14(b)). The tag was placed between the tire and the inner
tube, and the reader was centered parallel to the tag. As can
be seen in Fig. 14(a), the rectified output voltage obtained is
2.98 V. This value remains constant for distances up to 8§ mm
between the reader and the outer part of the tire. For values
higher than 8 mm, the magnetic field received is lower than
H,,in, and, therefore, Vpp is not activated. Knowing that the
maximum distance is 8 mm, and adding one more mm due the
tire, H,,;, may be obtained from Fig. 12, meaning that when
this chip (NT3H) is connected to this antenna, the minimum
magnetic field required for it to operate is about 2.9 Agyss /m.

B. SENSING

This section reports the tests performed with the tag inserted
inside the tire. The first one consists of taking 100 samples
for each 0.1 bar step while the tire is inflating. Fig. 15(a)
depicts the result, with a different color for each step. Another
test shown in Fig. 15(b), demonstrates the repeatability by
repeating three inflation cycles up to 1 bar, waiting for a
while, inflating up to 2 bar, waiting for another while, and
then completely deflating the tire.
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FIGURE 15. (a) 100 measurements for pressures from 0.5 to 2.2 bar every
0.1 bar. (b) Three inflation cycles from 0 to 2 bar, stopping for a while at
1 bar, and deflating 3 times.

Fig. 16 shows the relationship between the measured tire
pressure and the oscillation frequency. A polynomial fitting
has been calculated and implemented in the microcontroller,
and is expressed as (13):

P(bar) = 1.95 —2.36 - 107> - £, +9.9-1077 - £2, (13)

out

where f,,; is the measured output frequency of the 555 timer
oscillator in Hz. A correlation coefficient R> = 0.998 was
obtained considering this polynomial fitting. Fig. 16 also
compares the measured pressure and the second order poly-
nomial fitting curve as a function of the oscillator frequency.

V. DISCUSSION

This section compares the proposed system with other direct
TPMS technologies. Table 2 shows some selected TPMS
technologies and their main characteristics. In recent years,
the development of MEMS (MicroElectroMechanical Sys-
tems) pressure sensors [57] has allowed for the development
of commercial TPMS systems for cars. These sensors are
based on capacitive sensing using micromachined suspended
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membranes, which are deflected towards the bottom electrode
with the increase in pressure, resulting in a reduction in the
distance between electrodes and increasing the capacitance.
This technology is compatible with CMOS processes, result-
ing in several commercial ICs on the market that combine the
sensor, ADC, microcontroller and RF interface. These TPMS
sensors are mainly designed for cars and they are installed
inside the valve. A transmitter at 315 MHz is used in the
USA whereas a transmitter at 433 MHz is used in the EU.
An LF link at 125 kHz is often used for external configu-
ration. Examples of modern ICs are then MLX91804 from
Melexis [31], or the FXTH87 and NTM88 from NXP [32].
These sensors are designed for tubeless tires and cannot
be installed in conventional bicycles tires due to their size.
Currently, the market is mainly supplied with direct-battery
TPMS, which is shipped with batteries. The main limita-
tion of these sensors is the lifespan of the battery, which
must be changed regularly, thus increasing the maintenance
cost. Some studies have proposed harvesting energy from
triboelectric nanogenerators [58] or from mechanical vibra-
tions [59]-[62]. Battery-less implementation schemes have
become a trend in TPMS, with energy harvesting from wire-
less power transfer in the 13.56 MHz link has been studied
together with high-efficiency transmitters [63], [64]. It should
be noted that these systems are designed to operate in cars
where a specific reader can be placed to send the information
to the onboard control system. They are difficult to apply to
bicycles or even motorcycles.

The problem of replacing batteries is mitigated for external
TPMS devices installed in the valve. Versions for cars, motor-
cycles and bicycles are found in the market. However, these
devices must be equipped with anti-theft lock systems, which
makes it difficult to inflate the tire. Different wireless systems
can be found with ASK/FSK modulation at 315/433 MHz
ISM bands and low-power radios such ANT or recently BLE,
which enable the data to be received on the smartphone.
Besides TPMS with batteries, some battery-less sensors have
also been proposed in the literature. In [65] a chipless RFID
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TABLE 2. Comparison with other TPMS techcnologies.

Ref. Technology and Com- | Vehicle Comment
mun.
[31], [32] | Integrated MEMS and | car, internal Battery based
315/433 MHx Tx 1C devices
MLX91804
from Melexis and
FXTH87/NTM88

from NXP

[66] Freescale MPX5500 | car, stem valve | distance 10-15 m
and Bluetooth
[35], [36] | Bluetooth LE

motocycle and | Battery,

bike commercial
devices  SYKIK
Rider  SRTP670
and FOBO2
motocycle and | Battery,

bike commercial
devices  Garmin
Zumo

Batteryless ~ with
wireless Power
Transfer at 13.56
MHz

[65] passive SAW | car, stem valve | Batteryless.
resonator at 433 Measurement
MHz pressure from
frequency
resonance shift
[38] MEMS sensor and | tubeless tire, | ASIC ISO 14443
NFC bike standard, FR4 sub-
strate, 35x15 mm
coil

ISO 14443 COST
components, FR4
substrate, 16x12
mm coil

[37] ANT 2.45 GHz

[63], [64] | WPT at 13.56 MHz | car, inside
and Tx at 433 MHz

this work | FSR sensor and NFC | bike, internal

system is proposed, in which a passive SAW-based resonator
is remotely interrogated to read out the tire pressure informa-
tion at 433 MHz.

Battery-less NFC-based tire sensors have also been pro-
posed in the literature. In [38] an integrated NFC ASIC
compatible with ISO14443A and featuring a MEMS pressure
capacitive sensor is proposed. The tag consists of a 35 x
15 mm coil made of FR4 substrate connected by wire bonding
to the ASIC. The device is designed to be placed inside of
the tire in tubeless tires. In the present study, an NFC sensor
using commercial COST components (standard NFC NXP
NTAG and low-cost microcontroller) has been proposed. Its
advantage is that can be used with conventional tires (not
tubeless). The use of COST components reduces the time to
market compared to the use of specific ASICs, which require
large quantities to be cost-effective. However, battery-less
NFC devices only can measure in presence of the reader
(e.g., an NFC-enabled smartphone). Therefore, continuous
pressure monitoring is not possible. In the case of bicycles,
the main application is to check the pressure state to decide if
it needs to be adjusted especially if a low-cost portable bicycle
stain (sometimes without a manometer) is used. As these
devices are installed inside the tire, there is no theft problem.
In addition, the NFC-based TPMS is cheaper than external
Bluetooth-based TPMS devices. Indirect TPMS is not con-
sidered in bicycles due to its complexity.
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VI. CONCLUSION

The present study has presented the design and measure-
ment of a prototype consisting of a tire pressure sensing tag
equipped with NFC technology. A miniaturized tag antenna
of 16 x 12 mm has been proposed and its electrical parame-
ters have been measured. The magnetic field received at the
tag antenna for different separations between reader and tag
has been analyzed. The study has demonstrated the capability
of the tag to provide a constant harvested voltage to the
circuitry by converting RF to DC, reaching distances of up
to 8 mm from the outer part of the tire to the reader keeping
at a stable 3 V output. The proposed sensing circuitry is
based on a 555 timer in which the frequency of the signal
at the output varies according to the value given by a force-
sensing resistor that is placed between the tire and the inner
tube of a bicycle wheel to sense the pressure. Resolution
of 0.1 bar has been achieved in the range 0.5 to 2.2 bar. The
microcontroller calculates the pressure using the frequency of
the signal that comes from the 555 and the result is stored on
the IC tag to be retrieved as plain text by any NFC-enabled
device, without the need of any external application. The
prototype could also be used to measure the pressure of other
objects, such as balls. Several improvements could be made
on the prototype in a future path towards commercialization.
In order to further minimize the risk of puncturing the tire
due to the tag, the device can be manufactured with a flexible
substrate. Furthermore, it is possible to reduce the size of the
device by integrating the FSR into the PCB.
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