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Abstract—A pressure-measurement system based on sur- RF interrogation signal

face-acoustic-wave (SAW) sensors is presented in this paper. Sincefransceiver unit
SAW sensors are powered by the energy of the RF field, no battery i f \ )))

SAW hybrid sensor unit

is required, which is a major drawback of conventional micro- : I %ﬁm
controller-based telemetry systems. A successful combination of a DSP ((( f\ n ﬂ

SAW reflective delay line with a high-Q capacitive pressure sensor ;
is shown. With a new way of matching the sensor impedance to CAN sensor response
the SAW reflector impedance, both a high signal-to-noise ratio
and a high signal dynamic are achieved, which supports accurate
signal evaluation. As an example of realization, the prototype of a
tire pressure sensor unit is presented. antenna

Index Terms—Pressure measurement, surface-acoustic-wave SAW chip

delay lines, telemetry.

I. INTRODUCTION
IDT  reflectors matching  pressure
circuit sensor

HE development of a “smart tire,” capable of continu-
ously transmitting information about its actual state, is i
technical challenge for automotive research groups worldwide. ) ) )
Especially monitoring the pressure and temperature inside aslu'rer‘:‘gr‘]‘f_ma“c drawing of a SAW sensor system applied to pressure
and truck tires is becoming increasingly important. The aim is
e e e o o Bl of e sensor ony by te electomagnetc R eld o
tion and a longer tire lifetime. The measurement of the actutﬁ)le transceiver unit. C_ons_equently, in the case of tire pressure
: easurement, a high inquiry rate does not decrease the lifetime

tire parameters is based on -the application of a wireless S€N5Phe sensor unit and enables the detection of a sudden pressure
system. In general, three different technologies may be used. case inside the tire

for wireless information transmission [1]: radio transmission in- -, . . . .
[ This paper describes the design of a tire pressure-measure-

?él;ilgigeapraicéggnzee?)s O;nu dnlizéﬁgtli(\)/etr?rgirgrﬁ?slgigr?yl rr]etf:]eec?:irqent system using SAW transponders. After a shc_)rt cha_racteri-
of tire pressure measu'rement the application of ind.uctive tra z%_‘ﬁon of the measurement system, the sensor unit gnd its com-
mission drops out due to the Iéw distance that would be requir’%nem& aprototype of the tire pressure sensor unit, Is presented.
. ) .o Measurement results are reported and discussed.
between the coil mounted in the wheel arch and the coil inside
the tire.
In the past, several systems consisting of an active bat- Il. SAW SENSORSYSTEM
tery-powered sensor unit inside each wheel and a centraln Fig. 1, a schematic drawing of the tire pressure-measure-
receiver unit have been realized [2], [3]. The major problement system as an example of a wireless SAW hybrid sensor
of these microcontroller-based systems is the required lithisystem is shown. A measurement cycle is initiated by a high-
battery, which limits the lifetime of the sensor unit. In thigrequency electromagnetic burst signgh (= 433.92 MHz)
paper, a different approach based on radio transmission dpitted from a central transceiver unit. This signal is received
reflection is presented. Here, surface-acoustic-wave (SAW) the antenna of the SAW transponder unit mounted on the
devices are implemented as passive transponders. Wireléss The interdigital transducer (IDT) connected to the antenna
passive SAW sensors for several physical quantities have bé@msforms the received signal into a SAW. All of the acoustic re-
developed over the last decade [4], [5]. Main features of SAWéctors placed within the acoustic path of the SAW reflect parts
sensor systems are a large readout distance and an enefdiie incoming wave. The first and third reflector in Fig. 1 are
used as reference, whereas the second one is electrically con-
Manuscript received March 2, 2000; revised August 25, 2000, nected to a pressure sensor. In the IDT, the r_eflected ac_oustic
G. Schimetta is with the Institute for Communications and Information EA¥aves are reconverted into an electromagnetic pulse train and
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hermetically closed cavity beneath. Bending under the applied
pressure, some of the diaphragm sections were compressed and
rigger — T~ B+ T b X PDEDA some were stretched. The phase velocity of the SAW is slower
# 107 M + 13399 MHz atenna 1N Stretched sections, whergas itis quter in cpmpressgd sect?ons.
5 Thus, the pressure sensor information was included in the time
uC == = 1 J delay between the pulses generated by the acoustic reflectors of
T T i the delay line.
10.7 MHz 423.22 MHz With reference to the demands of the automotive industry,
T a smaller pressure sensor unit at lower costs was desired. A
@!ﬁl < T ) HEAE solution was found in the application of a reflective delay
107 MHz 433.92 Mz line of which one acoustic reflector is electrically loaded

with the impedance of an “external” pressure sensor [9]. The
Fig.2. Schematic drawing of a transceiver unit employed in the SAW pressdféree acoustic reflectors, shown in Fig. 1, are implemented as
sensor system. splitfinger IDTs. The second IDT is terminated with a matching

circuit and the sensor impedancs{,s..), Which varies with
radar. The transmitted burst signal is created by switching an the measurand. In (1), the reflectivity of an impedance-loaded
termediate-frequency continuous-wave signal, where the switdflector as a function of the matched sensor impedance is

is triggered by a microcontroller. The generated 10.7-MHz bungipresented by the complex scattering paramsier
signal is filtered and mixed with 423.22 MHz. The resulting

amplified burst meets the specifications of the 433.92-MHz in- S (Z )= 2Pf ) 1)
dustrial-scientific—-medical (ISM) channel. After the transmis- venser Pas + 1
sion of the inquiry burst signal, the transceiver unit is switched Zsensor T Zmateh

into repeiving m_ode. The incoming signal is a”.‘p”ﬁed by %he parameters; s andPs3 in (1) are elements of thB-matrix,
low-noise amplifier (LNA), down converted to the mtermedmtgvhich describes the electroacoustic coupling of a single IDT
frequency and filtered. After all, itis demodulated in the quadra-

ture demodulator unit. With the digitized | and Q signals, a m\lly'th two acoustical ports (indexes 1 and 2) and one electrical

crocontroller is supplied. The microcontroller itself is equipper?ortf’h(md?xt.?’)' ghtus, thetr:alectro?fodusn(f:tﬂaran:ﬂgmpeCI— "
with a controller area network (CAN) interface and is respo €S the refation between the amplitude of the outgoing acoustic

sible for the calculation of the sensor data and providing it {f2ve and the a;mplltude of the voltage at port 3 of the IDT.
automotive safety and stability systems. Tr_\er_efore(Plg) represents the electrogcousnca_ll power trans-
The raw sensor data include both information on the prop&lSsion of the IDT.P53 equals the electrical admittance of the
gation characteristic of the SAW and the reflection properties @T.[lo]- )
the acoustic reflectors. Since the velocity of the SAW dependsSince the sensor impedance modulates the reflected pulse
on temperature, the tire temperature can be determined by meth in amplitude and phase, there are two ways of calculating
suring the time delay between the two reflected pulses of tH& sensor information in the time domain. One strategy is to
reference reflectors in Fig. 1. The low propagation velocity dhatch the sensor impedance to the electrical impedance of the
the SAW allows a long delay time between the RF interrogatidgaflector in the way that the amplitude modulation is maximized
signal and sensor response. Additionally, in the case of a refl¢®}. This is outlined in Fig. 3, where the amplitude of the re-
tive delay line, the acoustic path on the piezoelectric substréliected pulse as a function of the load impedance is shown as a
(e.g., lithium—niobate) is used twice, also resulting in very sméttontour line” in a Smith chart. The simulation is based on the
SAW chips. Particular attention has to be paid to the transmiseattering parameters of a realized reflective SAW delay line
sion path between the central transceiver and sensor units. [hneasured by a network analyzer. Simulations based on the ap-
to the fact that the RF interrogation signal has to cover twice thgication of (1) lead to the same resullts.
distance between the transceiver and sensor units without amplias can be seen in Fig. 3, a very high impedance variability is
fication along the way, the attenuation is doubled comparedjgeded to modulate the magnitudeSef between the maximum
conventional battery-powered sensor systems. Thus, the siggi minimum of reflectivity. In the case of reactive sensors, a
amplitude received by the transceiver unitis several orders lovi§h-¢) factor of the sensor impedance is also needed. With the
than the amplitude _of the emitted interrogation signal. help of a matching circuit, the sensor impedance range can be
_ Nevertheless, using the ISM frequency band at 433.92-MHz 1sformed to the region in the Smith chart, where a high reflec-
interrogation distances of 1-2.5 m are feasible, which enab. y can be observed. Although a change of more than 20 dB
the_ |mpk_amentat|o_n as a tire-pressure sensor system [S]. SiEehe reflectivity could be achieved with realized sensors [9],
asingle interrogation cycle takes only abouy) even sensor there is a drawback in deriving the sensor information from the

units mounted on fast moving or rotating parts can read out SLé{fﬂhplitude of the reflected pulses. Since the attained amplitude

cessfully. resolution depends on the actual signal-to-noise ratio, the usable
range in Fig. 3 and, thus, the achievable readout distance, is lim-
ited.

In former SAW pressure sensor designs [6], [7], the reflective To overcome this limitation, we present a new way of
delay line was both used as transponder and sensor. The S#atching, which is shown for the first time in this paper.
delay line was embedded into a piezoelectric diaphragm withallowing this, the sensor impedance is adapted to the acoustic

I1l. 1 MPEDANCE-LOADED SAW DELAY LINE
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Fig.5. Magnitude of the scattering paramefgr representing the reflectivity

of an impedance-loaded reflective delay line as a function of the variable
sensor capacitance and serial inductance of a matching coil. Points of constant
reflectivity are interconnected.

Fig. 3. Impedance load-dependent amplitde,| of the reflected pulse.
Points of constant reflectivity are interconnected.
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Fig. 6. Phase differenc&ps,, between two reflected pulses of a delay
line as a function of the variable sensor capacitance and serial inductance of a
matching coil connected to one acoustic reflector. Points of constant reflectivity
are interconnected.

function of matched sensor impedance in Fig. 5. The respective
phase difference\pgsi; between the reflected pulses of the
electrically loaded reflector and one reference reflector is
shown as a function of the matched sensor impedance in Fig. 6.
Fig. 4. Phases:1 of the reflected pulse as a function of the electrical Ioa@Oth diagrams are based on the assumption of a variable sensor
impedance. Points of constant reflectivity are interconnected. capacitance and a constant series resistance(tf & typical
value of realized sensors. The sensor impedance is matched to

reflector in the way that the phase modulation is maximizethe impedance of the splitfinger IDT with the help of a lossless
In Fig. 4, the phases1; of the reflected pulse is shown as aseries coil.
function of the load impedance. The orthogonality between theThe same diagrams can also be used for sensors with a mea-
contour plots in Figs. 3 and 4 is due to the fact that phase asurand dependentinductance. In that case, the sensorimpedance
amplitude are linked by the Hilbert transformation [11]. Sinckas to be matched to the impedance of the connected acoustic
both a high signal-to-noise ratio and a high phase-modulaticgflector with the help of an appropriate capacitance. Simula-
factor is desirable, the appropriate matching can be found tigns of a parallel inductance matching or a matching based on
comparing Figs. 3 to 4. The influence of the RF transmissiaombinations of several inductances lead to similar diagrams,
path can be eliminated by using the phase differef\¢gg;;1  as shown in Figs. 5 and 6. Basically, the applicability of an
between the pulses of the loaded reflector and a referericgedance sensor as load for a SAW delay line depends on the
reflector for the calculation of the pressure. Q factor of the impedance. A low factor dramatically reduces

In order to simplify the determination of the appropriatd&oth the achievable magnitude and phase modulation. Neverthe-
matching, the magnitude of the reflected pulse is shown ageas, with limitations, resistive impedance sensors with a very
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high resistance span can also be applied as an impedance lo
[9].

With respect to tire pressure measurement, the knowledge ¢
the temperature inside the tire is also necessary to evaluate tt
measured pressure data. As mentioned before, the temperatt
can be determined by measuring the time delay between the tw
reflected pulses of the reference reflectors due to the tempere
ture dependence of the SAW propagation. Generally, a chang
in the environmental temperatugsy results in a variation of
the acoustic path length/ and a variation of the SAW phaseFig. 7. High€) capacitive differential pressure sensor prototype and its
velocity Av. Thus, the propagation time along the acoustic components.
path of the reflective SAW delay line changes [5]

AT Al Av

T <ZA19 vAY

In (2), TC D, represents the first-order temperature coefficient

of delay. In the case of a YZ-lithium—niobate (LiNpOsub-

strate, which we used for the SAW reflective delay line, the C [pFl3 o

temperature coefficient of delay is 94 ppm/K [12], where the 2 _H,(,,«// .

first-order thermal expansion coefficients atg, = a2 = ]

15.4 ppm/K [13]. With common transceiver units, a temperature

resolution of typically+1 K can be achieved by measuring the 1 15 2 25 3 35 4

time delay between two pulses generated by reference reflec- p [100 kPa]

tors. Nevertheless, customary SAW temperature-measurement

systems operate with deriving the temperature from the pha&e 8. Measured capacitance of the differential pressure sensor as a function

differenceA¢ between two reflected pulses resulting in a tenff the applied pressure.

perature resolution o£0.02 K [5]. The phase differencAy

caused by a change of delay time also depends on the usedshowed poor suitability for the application due to their IGwv-

carrier frequencyfy factor. The measured lod} factor can be explained by the

fact that the electrodes of micromachined capacitive pressure

Ap = 2m foAr. ®) sensors based on silicon technology are usually structured

In case of impedance-loaded reflective delay lines, the phd¥ doping the silicon, which results in a rather high serial
shift caused by thermal variation usually exceeds the phase sfftistance (about 20-39). An ultrahigh doping of the silicon

of the varying impedance load. A solution was found in afl€mbrane leading to high€} factors would impair the me-
ranging the electrically loaded reflector equidistant between tgganical properties of the diaphragm. Therefore, a new figh-
reference reflectors, as shown in Fig. 1. The sensor infornf@pacitive differential pressure sensor composed of two quartz
tion is then calculated from the phase difference between tpfguctures having minimal thermal stress and a low-temperature
measured phase of the loaded reflector and the average valugastficient [7] was designed. A prototype of the sensor and
both phases generated by the reference reflectors. In that WycOmponents is shown in Fig. 7. In the quartz cover plate, a
the thermal-dependent phase shifts due to varying time de|%drat|c blind hole was s_tructgred with the help of a sandblast
between the reference reflector and electrically loaded reflecjtParatus. On the resulting diaphragm, a common electrode
are eliminated. Assuming a phase shift caused by the elecifth an electrically isolating cover layer was deposited. On
load of less than 180 no phase ambiguity occurs. The suclthe other quartz plate, two electrodes with a layer thickness
cessful implementation of the new way of matching leading ®f 1-#m aluminum were structured. Both parts were joined
a maximum of phase modulation, and the results of calculatiMfh @ one-component epoxy adhesive at atmospheric pressure,

the sensor information from the received phase signal are shd@fning & hermetically sealed cavity. The geometry of the
in Section V. sensor was determined by the use of a finite-element method

(FEM) program.

IV. SENSORUNIT PROTOTYPE The sensor was designed for a pressure range of 100 up to
400 kPa, an excess pressure stability of 600 kPa, and a heat
stability up to 130°C. In Fig. 8, the measured capacitance as

Although it is generally possible to adapt both inductive ara function of the applied pressure is shown. Comparing the
capacitive sensors to the reflector of the SAW delay line, usisgnsor capacitance curve to the diagrams in Figs. 5 and 6, the
capacitive sensors is more advantageous because a lowerpgropriate matching circuit was determined to be a 100-nH se-
ries resistance and temperature coefficient and a good repies inductance. The membrane electrode of the sensor touches
ducibility at low price can be achieved. the bottom electrodes above the regular pressure range. Since

Silicon-based surface and bulk micromachined capacitittee membrane electrode is coated with an isolation layer, this
pressure sensors found on the market were investigated, ‘batich-down” range can also be utilized for measurements. The

) AY = TCD1A9. )

Y - ]

A. Capacitive Pressure Sensor
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Fig. 9. Simulated directional diagram for the short-range field (distance: 30

cm) of the realized rim antenna. The antenna is fed with a power of 30 dBm. - .

order to simplify the calculation, the rim is assumed to be a conductive pla ad- 10. Prototype of a capacitively shortened dipole antenna mounted on a

The antenna is arranged along thexis. fim. The antenna is etched out of Fhe copper layer of a O.5—_mm FR-4 substrate.
The SAW hybrid pressure sensor is mounted on the backside of the plate.

relatively high layer thickness of the electrodes and the low re-

L . . . . ‘ 20
sistivity of aluminum results in a measured series resistance of 20 ,
only about 3(2. ey
4576 o Pl \ﬁ\b\ 25
B. Rim Antenna As [° % &‘e( 15,11 [4B]
Transmittance measurements at car tires showed a one-way 0 /@/a 730
attenuation of about20 dB at 434 MHz. Especially the trans- ;
mittance through the steel belt of the tire lead to high losses. An -45 o \ T35
alternative way was found in using the tire sidewall for transmis- | e
sion. Several types of antennas were simulated. In Fig. 9, the -90 : -40
simulated directional diagram of a capacitively shorten¢gl 115 2p [ 1(?65kPa]3 35 4

dipole antenna, which seemed most suitable for the application
as rim antenna, is shown. In order to simplify the 5|mulat|on,tq_:fg_ 11. Measured phase differenceps,, and amplitude|S.,| of the
diameter of the rim was assumed to be infinite. The well-know#flected pulse as functions of the tire pressure.

antenna gain of a/2 dipole (G = 2.1 dB) can be enhanced by

mounting the dipole on the conductive rim with an appropriate | signal i i0 of 20 dB 4 A |
distance. In Fig. 10, the first prototype of the dipole antenna'f& s_|gn|a -to-noise lr)atlo 0 hafil5 \Iivlgs _meashqre 'bl S 3\/:168“ b
shown. The antenna substrate represents also the carrier foptﬁg_p'ca accuracy ette_r t KFa Is achievable. vvhen
SAW delay line, matching circuit, and pressure sensor. All &¢Ming the wheel, one single maximum of signal level without
them are mounted on the backside and are covered with a griitipath distortion was measured.

tective silicone layer. With the help of capacitive shortening, the S @ further step, an optimization of the transmission path
length of the antenna could be reduced te 24 cm. etween sensor and transceiver units including the wheel arch

antenna and a miniaturization of the capacitive pressure sensor

will be undertaken. As a final step, it is planned to integrate the
V. MEASUREMENT RESULTS sensor unit into the tire valve.

In Fig. 11, the measured phase differentegs;; and the
signal insertion los$S;;| of the SAW hybrid pressure sensor
unit are shown as functions of the tire pressure. Herein, the
losses of the transmission path are notincluded. As can be seefThe principle and design of a pressure-measurement system
a phase modulation of 11@t a low-signal-level dependency orbased on the combination of a SAW transponder tag with a
the varying pressure was obtained. Compared to conventiohajh-Q capacitive pressure sensor to a SAW hybrid sensor
pressure sensors, it is remarkable that the pressure resolukiag been presented in this paper. A new way of matching the
is not constant within the whole pressure range. Both the maensor impedance with the reflective SAW delay line leading to
imum insertion loss 0f-32 dB and the insertion loss variationboth a high signal-to-noise ratio and a high modulation factor
of 8 dB are very low compared to conventional hybrid SAW senvas introduced. The prototype of a tire pressure sensor unit
sors optimized with respect to amplitude modulation. with a typical accuracy of:15 kPa within a pressure range of

In combination with a\/2 dipole antenna mounted in the100-400 kPa, an excess pressure stability of 600 kPa, and a
wheel arch and a transceiver unit described in Section Il, a typeat stability up to 130C has also been presented.

VI. CONCLUSION
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