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Abstract: Problem statement: This study presents a wireless sensor node dedidatr in-tire
pressure and temperature monitoring. Additionalufiexs set it apart from the many different systems
available on the highly competitive market. Statéhe-art implementations are mounted on the rim of
a tire. Here the sensor node will be mounted onirther liner of the tire. By moving the sensor node
from the rim to the inner liner, new challengeghe analog design arisApproach: To implement
this sensor node new power supply methods aretigaésd. Next, analog designs with the focus on
low power are developed. Since the sensor nodeegated in a harsh environment, robustness is a key
issue.Results: The discussed sensor is capable of either actipassive communication. The passive
communication is used in the field of Radio Fredquerdentification (RFID), whereas active
communication is used to transmit the sensor datzombination of both is also possible. To supply
the chip in the tire an RF energy harvesting imtegfis implemented. An input sensitivity of -19.7dB
for the harvesting interface and -12.5 dBm for tREID interface is measured. The on-chip
temperature sensor consum@#&4ncluding the analog to digital convert&@onclusion: Choosing the
discussed sensor node for in-tire monitoring ersahaw fields of applications. With this sensor node
sensing additional parameters like road conditopdssible. Using passive communication improves
warehouse management for tire manufactures. Algotype identification at the car is enabled.

Key words: Tire pressure monitoring system, radio frequeneypitication, energy harvesting, Anti-
Lock Braking System (ABS), Electronic Stability Gool (ESC), Integrated Circuit (IC),
RFID interface, inner liner

INTRODUCTION implement. The required calibration of course is a
major drawback. (2) Direct systems use dedicated
Modern cars and trucks are equipped with Tiresensors in the tires to measure the pressure lglirébe
Pressure Monitoring Systems (TPMS). These systemdata is transmitted using an active transmittere®i
trigger an alarm if the pressure in one or morghef systems are more expensive than indirect systemis. B
tires is too low. In the United States of AmeriddMS  providing additional features makes them advantageo
is already mandatory for new cars. The Europeamompared to indirect systems.
Commission also announced to make TPMS mandatory As discussed in (Flatschet al., 2009), state-of-
for all new cars by 2012. TPMS improve the safetgt a the-art sensors used for TPMS are mounted on the ri
reduce CQ@ emissions caused by increased fuelof a tire. If the chip can be attached to the inimar of
consumption due to under inflation. By now two the tire, additional parameters can be sensed (eay
different systems can be distinguished: (1) Indireccondition, or tire temperature). So the design doal
systems do not require dedicated sensors. Parametéhe presented Integrated Circuit (IC) is to make it
extracted from the Anti-Lock Braking System (ABS) suitable for inner liner attachment.
and the Electronic Stability Control (ESC) are used In order to increase attractiveness of the IC for
estimate the pressure in the tires. The main adgant the tire manufacturers and consumers it is equipped
of this approach is that it is inexpensive and easy with Radio Frequency Identification (RFID)
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technology, which allows simple warehouse and  The IC can be divided into six different blocks:
supply chain management. Additionally, tire type
identification is possible in the car. Providingeti . control unit

parameters like tread pattern or rubber type can pgwer source (energy harvesting)
improve ABS and ESC performance. REID

This study presents a wireless sensor nodeg Sensor and ADC
dedicated for direct TPMS. Additionally, this IC is
equipped with RFID technology. This study is a,
continuation of the study presented in (Grubeal.,
2010) and is organized as follows: After a short
introduction to the architecture, the possible powe
sources are introduced. A detailed discussion ef th
different analog blocks follows. The study conclsidy
presenting different application scenarios.

As discussed, the IC is mounted on the inner liner
of a tire. Figure 1 shows the simplified cross isecof
a tire including the mounting position of the IC.
Because of the limitations in weight, size and

mechanical stress, the IC cannot be powered by s low in power consumption as possible. Of course,

battery if it is mounted on the inner liner of e |imiting the current consumption results in moréseo

(Flatscheret al., 2009). Instead, an energy harvestingang |ess bandwidth. So a trade-off between current
system is employed. The harvester transformgonsumption and robustness has to be found. Fsr thi
electromagnetic waves emitted by a base statidhén  design nominal bias currents from 1-10 nA are used.

Active transmitter
Power management

The simplified block diagram is shown in Fig. 2;
all the blocks are discussed in the following ckepin
more detail.

MATERIALSAND METHODS

Moving the chip from the rim to the inner liner of
the tire leads to new design challenges. The main
limitation is the available power. Each block hashe

car to DC power. Conventional analog designs require large resistots
transistors to generate such low currents. So resigd
Chip placement Tread concepts, like switched capacitor approaches, have

be found. Reducing the current also leads to highio
nodes which are sensitive to cross-talk.

So not only the design is crucial but also th@lday
becomes very important. The next few chapters give
overview of the chip design.

Steel belt

Inner liner
Side wall

Radial Ply

Rim

Power sources. Depending on the application, the chip
can be powered by three different power sourcesf (1
Fig. 1: Cross section of a tire including the expdc the IC is used for TPMS, an electromagnetic energy

mounting position of the sensor node harvesting system is employed. The energy gained by
this system is stored in an off-chip buffer capaci{2)
In the case of using RFID, the power is gainedhwy t

o RFID interface. (3) One of the off-chip capacitors
RN - ‘ (Cauerr OF Gaurers) Of the harvesting interface can
‘E — — j simply be replaced by a battery. Generally, any DC
:H Hervstion, || | [Acimimmedt: |4 source can be used to replace one of the buffer
: ) W— capacitors. The DC/DC charge pump in the harvesting
| \—ﬂ U ‘D 3 unit gen’\jrates the required voltagelllevr?I for Iclml\tige |
: - 3 inputs. Measurements using a small photovoltaictoe

Y‘} B 10%?: "ADC [Controt ] power the IC have shown satisfactory results.
|y oo s ] The analog front-end used as energy harvesting
% interface is presented in (Reiniséh al., 2010). As

shown in Fig. 3 it is composed of two stages. Titw f
stage is formed by a rectifier which converts tHe R
Fig. 2: Simplified block diagram of the wireless input into DC voltage. The converted energy is edor
sensor node in a buffer capacitor. The second stage is a DC/DC
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charge pump. Using the charge pump, the voltagieein , :
buffer capacitor is transformed to higher levelsas A T

additional buffer capacitor is used to store thépou

energy of the second stage. If the voltage levehis vdele DC To power

buffer capacitor is high enough, the sensor is/atgd. L e S CRe T management |
If the sensor node is powered by the RFID field, G Coutine:

the analog front-end of the RFID interface transfer i 1lr

the RF energy to DC energy. This interface is first _ o
presented in (Missonit al., 2008). It is operable in a Fig. 3: Block diagram of the harvesting interface
frequency range from 1MHz-2.45GHz. This enables

supporting different frequency standards commorsigdu
!

for RFID. The implemented protocols are EPC HF and
EPC UHF. Depending on the input frequency the
according protocol is chosen. In comparison to the
harvesting interface the required input power ghéir if

the chip is powered by the RF field of the RFIDdera
This is because the analog front-end of the RFt&rfice
has modulation and demodulation capabilities.

The second buffer capacitor g of the
harvesting interface can be replaced by a batterhis
case the sensor node is operating in polling moekguse
the voltage level is always high enough to opeth&e
sensor node. The sensor data is cyclically tratesnto
the base station using the active transmitters lalso
possible to replace the first buffer capacitas, ) with a
DC source. This is useful for low voltage sour@sthe
input voltage is amplified using the charge pumphaf

harvesting interface. Fig. 4: Flow chart of the state machine used for
controlling the sensor

Yes

Lo

RFID mode '—

Control unit: To control the different analog blocks on
the IC a state machine is implemented. Traditignall For low input power the chip is turned off. Only
such digital control units are implemented inthe energy harvesting unit operates and stores some
synchronous logic. The behavior is described in &nergy in the buffer capacitor. If the energy ire th
hardware description language, which is synthesizedhyffer capacitor is high enough, the sensor istesar
Afterwards the layout is generated by powerful $00l After a successful operation the sensor data iedtn
For this sensor node a different approach is chosefhe on-chip memory. From now on the IC waits until
Driven by the strict power requirements, the statehe energy is high enough for an active transmissio
machine is implemented in asynchronous logic. Thehe data. If for any reason the voltage at onehef t
advantage of this approach is that no currentsrgé®  voltage regulators of the power supply is too |dhe
by clock signals are flowing. Especially, when oaly chip is reset and the operation starts from thenngug.
few transitions are required compared to the clock |If the IC is in RFID mode, the digital control tioif
frequency, this method saves power. The drawback ithe RFID block takes over the control. The
that formal verification of this approach is difit. communication follows EPC (U) HF standards. By gsin
The inputs of the state machine are logic signalsnemory write and read functions different blocksttué
generated by level detectors. These level detectorsensor node are controlled. Thus it is also pasdibl
monitor the input voltage of the sensor node.operate the on-chip sensor by the RFID interface.
Depending on these voltage levels different stares To reduce leakage currents unused blocks are
entered. Additionally, the output voltage levelstbé  turned off completely. Thus in power-down state
different voltage regulators used for the powerpdyp undefined signals are generated by these blocks.
are monitored. If one of these voltage levels @slaw,  Additionally, during start-up wrong signals may be
the operating mode is changed. If RFID mode is notjenerated. To solve this problem an isolation-lagic
considered, four different states are distinguisiidte  implemented. This logic monitors the supply voltage
flow chart of the state machine is depicted in Big. the blocks which may provide wrong or undefined
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signals. Only if the supply is high enough the otitp Activetransmitter: The sensor data can be transmitted
signals are forwarded to the control logic. Otheeni using an active transmitter. For the same reasstisra
the isolation logic generates a defined signal. the battery, no off chip crystal can be used ferdhtive
Figure 5 shows the principle of the isolation togi transmitter. Instead, a Bulk Acoustic Wave (BAW)
A comparator monitors the supply voltage (VDDSIN). resonator is used as frequency reference. The cross
The result of this comparison is gated using an ANDsection of a BAW is shown in Fig. 6. Referring &i (
gate with the signal (SIn). As long as the sigmathp is  and Barber, 2008), the functionality of a BAW cam b
at low level, the AND gate will not draw any curten described as follows: The basic BAW resonators isbns
regardless the value of Sin. If different voltagp@y  of a thin-film layer of piezoelectric material savidhed
levels appear, level shifters are required additign between two metal thin-film electrodes. The voltage
the electrical field between the two electrodestegan
Sensor and analog to digital converter: To measure acoustic wave. The wave bounces back from thertdp a
the temperature an on-chip temperature sensor isottom surfaces of the two electrodes and an acoust
implemented. It compares a temperature dependent tocavity is formed between the top surface of theeupp
temperature independent voltage. To generate thesdectrode and the bottom surface of the lower mldet
voltages a low power bias cell is implemented. Blas  The frequency at which the resonance occurs is
cell operates according to the principle of a switc determined by the thickness of the piezolayer ded t
capacitor band gap reference. This principle istfir thickness and mass of the electrodes.
published in (Pengt al., 2009). Compared to a crystal, the BAW is more robust
For sensing the pressure an off-chip Micro-against mechanical stress. Additionally, the stgort-
Electromechanical System (MEMS) device istime of oscillators using a BAW is in the range of
necessary. To allow different types of this devise only a fewus, whereas crystal based oscillators need
analog input at the presented wireless sensor rode several ms. Thus, the energy consumption can be
available. The off-chip sensor feeds a voltageimproved significantly.
proportional to the pressure to the Analog to Rigit The main drawback of the BAW technology is the
Converter (ADC) on the wireless sensor node. temperature dependency of about -19ppm/K (Aigner,
To gain a digital value of the temperature and the2005) of the reference frequency. Thus, such résmha
pressure a 10bit successive approximation ADC isieed temperature compensation. For the presentgd ch
implemented. The Digital to Analog Converter (DAC) the correction is done by mixing the reference
is formed by a charge redistribution architectismnga  frequency with a temperature dependent oscilldtbe
capacitive split array. The comparator operatesarchitecture is shown in Fig. 7. The current of tQe
according to the time-domain comparator publistred i oscillator is adjusted depending on the temperature
(Agnes et al., 2008). By using a clock frequency of This frequency is mixed with half of the frequency
1MHz 36kSamples/s are achieved. of the BAW resonator. The result is amplified and
afterwards converted to a single-ended signal. By
Comp shifting the frequency of the 1Q oscillator to éifént
j} values, different transmission bands can be selecte

Level detection Sisolated

VDD s,

Power management: Caused by the large number of
possible input voltage levels and input voltagewsle
rates, power management gets sophisticated. Due to
power gating of the analog blocks more than ten
different power rails can be identified on the Mhe

Housing power management ensures that the necessary voltage
Piezolayer is available for specific blocks at a specifieddinThe

maximum allowed voltage level for a regular MOS

{ ‘ transistor in this process is 1.5V. As the inpultage

Fig. 5: Isolation logic to isolate undefined digita
signals

Electrodes
\

can be more than twice as high, over-voltage

protection is necessary.

Substrate As shown in Fig. 8, depending on the power

i supply available, the power is routed differentfythe
chip is supplied by the RFID field, all necessalgcks

Fig. 6: Cross section of a bulk acoustic wave rasam are supplied by the RFID front-end.
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Fig. 7: Block diagram of the active transmitter
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Fig. 8: Power flows on the sensor node dependinip@msed power supply

NMOS transistor needs to be at least one threshold

If the power provided by this interface is morerntha voltage higher than the output voltage of the ratgul
required to operate the IC, the additional energy iSo, a charge pump is necessary which generates a
stored in the buffer capacitor using the DC/DC gkar voltage for the gate when the input voltage of the
pump of the harvesting interface. This is necessary regulator is too low. To stabilize PMOS regulatars
operate the active transmitter because the powaesff-chip capacitor is often used. This capacitanfe a
available from the RF field is not enough for adominant pole. For the regulator used for the earri
successful operation of the power amplifier. If tleis  generation unit a different approach is chosenehiee
supplied by the harvester, the energy is firstestdn  dominant pole is formed inside the regulator. Altgb
the buffer capacitor. Afterwards the chip is povdeby  the regulator is stable, it has bad line regulation
the energy stored in this capacitor. By replacihig t capabilities. But, as no fast transients during the
capacitor with a battery, all required blocks areoperation of the PMOS regulator are expected, line
powered by this device. As mentioned earlier, theregulation capabilities are not crucial. To dealhwhe
buffer capacitor used for the DC/DC charge pump caftransient at start-up a start-up control is impleted.
also be replaced by an off chip low voltage DC seur  The advantage of this method is that it makes &n of

Four different regulator architectures, which chip capacitor unnecessary.
provide the necessary supply voltages, are implézden
on the IC. The architectures of the regulators are RESULTS
distinguished by the type of the pass device. NMOS
types are chosen for the control logic and the aens The implemented sensor node allows different
with the ADC. The active transmitter is suppliedtiyp  application scenarios. Depending on the power suppl
PMOS types. One regulator is used for the poweand the communication method a different operating
amplifier and one is used for the carrier generatioit. mode is selected. Figure 9 gives an overview of the

Generally, the stabilization of the NMOS types isdifferent possible communication scenarios. The
easier than PMOS types. Thus, less current is sages symbol holding the exclamation mark, which is the
for the regulation circuitry of these types of riegars.  symbol used for TPMS failures, indicates the sensor
The drawback is that low drop-out regulation is notThe sensor node can be operated as RFID tag. dn thi
possible without additional effort. The gate legélthe case it is also possible to use the on-chip sensor.
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Fig. 9: Communication scenarios possible with trespnted wireless sensor node
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Fig. 10: Layout of the wireless sensor node
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The IC is fabricated in an Infineon 0.j{t8 CMOS
process. Figure 10 shows its layout. As a lot sf pads
are implemented, the size is pad limited. For ngstind
measurement purposes the IC is directly bonded on a
printed circuit board. First measurement results ar
promising. Functional tests are finished. All dissed
communications scenarios are successfully tested. A
an application example, Fig. 11 shows the wireless
sensor node configured as active transmitter and
powered by a photovoltaic cell.

For performance evaluation, the key parameters of
the different blocks are measured. The input sigitgit
of the harvesting interface and the UHF RFID irdeef
is -19.7 and -12.5dBm respectively. As already
explained, the harvesting interface requires no
modulation and demodulation capabilities. That syw
the input sensitivity of the RFID interface is larg
Additionally, the load current is about 1@, whereas
in the harvesting case the load current is onlyn200
State-of-the-art UHF RFID tags, like NXP's UCODE,
have a sensitivity below -18dBm. The main differenc
between these tags and the one presented here is th
input bandwidth. The frontend here operates ateeith
UHF or HF, while commercially available tags
operate in UHF only.

The bias cell used for the temperature sensoehas
measured current consumption of 500 nA and the area

node  powered by consumption is a third compared to conventional
designs. At a sampling rate of 36 kSamples/s, the
data either the passivecurrent consumption of the ADC converting the

backscattering or active transmission can be ufed. €mperature value into a digital representativenty
the chip is supplied by a battery, it behaves like 44A. This current is mostly consumed by the buffers

general purpose wireless sensor node. The data Wsed to drive the DAC.

transmitted cyclically using the active transmitter
Instead of the battery the harvesting interface loan
used. In this case the chip is supplied by an R fi

The power amplifier supports four different power
levels: -6.4, -1.5, 4.0 and 5.4dBm. Thus, the power
ranges of state-of-the-art TPMS modules are covered

If the energy harvested is high enough, the sedatr  The data is Manchester encoded and four differata d
is transmitted using the active transmitter.

rates are supported: 250, 125, 62.5 and 31.25&bit.s
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DISCUSSION

A comparable study is presented in (Flatsodter

Bi, F.Z. and B.P. Barber, 2008. Bulk acoustic w&Fe

technology. IEEE Microwave Mag., 9: 65-80.
DOI: 10.1109/MMM.2008.927633

al., 2010). This study also presents a TPMS module foFlatscher, M., M. Dielacher, T. Herndl, T. Lentsaid

in-tire pressure monitoring. There are two disiiet
differences: (1) The study in (Flatschetral., 2010)
makes use of a scavenging unit which converts
vibration into electrical energy. By using an
electromagnetic harvesting interface, as it is done
this study, no motion is required to power the sens
module. (2) This study increases the field of aggtlion
by the RFID interface. Next to sensing functionalit
also identification is possible.

CONCLUSION

Gruber,

The study presented a wireless sensor node which
enables different applications scenarios. Combining
RFID technology with a TPMS module makes the
technology attractive to tire manufacturers and car
owners. Using a broadband RFID interface allows
worldwide usage of the tag. The electromagnetic
harvesting interface  allows implementing a
maintenance-free sensor node.
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