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We have developed a wireless temperature sensing system operéting in the 2.45 GHz ISM bénd
featuring the parallel interrogation of up to 10 sensors using TDMA (time division multiple access).
The sensors are based on one port reflective delay line devices, as illustrated in Fig. 1. These
devices do not require any power supply, as e.g. batteries or inductive powering. The sensor
information is contained in the reflected time response and phase, similar to a radar echo. The
developed system achieves a temperature accuracy of 0.19 K (60) at a transmission power of +2
dBm (1.59 mW), for a distance between the transceiver and sensors of about 1.4 m. Close
agreement of fabricated sensors (Fig. 2) and simulation was obtained. The proposed
signal-to-noise ratio (SNR) relation of the

sensor accuracy was demonstrated using
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of the sensor of factor 200. At the same

time this evaluation scheme prevents Fig 1. Layout of the one port reflective delay line sensor and its time
response and phase. This device was applied in this thesis to passive wireless
sensing using the 2.45 GHz ISM band.



Fig. 2. Fabricated SAW delay line sensor mounted in SMD ceramic package and assembled sensor tags on the microstrip antennas.

phase ambiguity problems in previous work with SAW sensors and can cover an arbitrary
measurement range. Based on combining the estimation theory of the Cramer Rao Lower Bound
(CRLB) concerning the sensor accuracy we have shown that an optimum design of the sensor time
delays exists. This optimum depends on the propagation loss of the used substrate material. By
reviewing the modified radar equation concerning the SNR of wireless SAW delay line sensors and
the fundamental relation of SNR and sensor accuracy we have been able to complete the chain of
the sensor simulation. It is now possible t; predict the exact sensor accuracy for a given system
and measurement environment. This has enabled the precise design of sensor systems for specific
applications.

The integration of MEMS switches with 2-port SAW delay line devices has lead to the
development of miniature monolithic phase shifters (Fig. 3). In the thesis we propose several novel
sensor structures and tunable SAW devices based on the surface shorting effect. This novel effect
proposed by the author is based on the phase velocity of a SAW being sensitive to the electrical
boundary condition at the substrate surface. By mechanically actuating a conductive sheet above
the substrate surface the velocity can be controlled and has been applied to acoustic phase shifters.
Due to the small wavelength of an acoustic wave compared to an electromagnetic wave the size of
acoustic phase shifters is reduced by a factor of 50~500. This technology is promising to achieve
phased array antennas (PAA) with the phase-shifting elements directly integrated into the
antenna. The use of PAA is very promising to enhance the sensor accuracy and operating range of

the developed wireless temperature sensing system.
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Fig. 3. Structure of the acoustic phase shifter based on controlling the Fig. 4. Application of the developed interface for the wireless operation

phase velocity of the SAW by electrostatically setting the gap height. of existing integrated sensors without RF front-end. The information is
transmitted by a serial binary low voltage output of the sensor which in
turn causes a phase encoding by actuation of the MEMS switch,

Combining the sensor technology of the reflective one port SAW delay line devices with the
tunable MEMS switch technology we have developed 2.45 GHz SAW-based passive binary
transponders for wireless interfaces of integrated sensors. This technology allows an integrated
sensor to be interrogated wirelessly in a range of several meters. A MEMS switch is used to
modulate the SAW according to the binary sensor output (Fig. 4). The component itself requires no
power for the wireless communication, as the principle is based on evaluating the reflected signal
similar to a radar echo. The encoding solely requires an electrostatic tuning voltage of as low as 3
V for the MEMS switch. We successfully demonstrated that the device assembled on a microstrip
antenna wirelessly transmitted ASCII characters over a distance of up to 2 m. This first proof of
the tuning ability of MEMS switches integrated into SAW devices demonstrates the possibility of
tunable filters, programmable matched filters, programmable SAW ID tags and other promising
novel devices discussed in the thesis.

Finally, we have developed a novel wafer-level packaging technology and applied it to the
encapsulation of SAW devices and sensors operating at 2.45 GHz (Fig. 5 and Fig.6). The
packaging is based on using photosensitive epoxy resin which has been demonstrated to withstand
the harsh conditions encountered during plastic mold injected packaging. The photosensitive

epoxy is prepared as a dry film resist (DFR) and imprinted. The imprinted regions in the DFR are



Fig. 5. Size of a SAW delay line sensor packaged in a ceramic SMD Fig. 6. SEM of packaged SAW device using imprinted SU-8 dry film
SAW package compared to a wafer-level packaged sensor. resist and optical microscope image revealing the contained cavity.

aligned to the device to be packaged. After lamination to the device wafer the imprinted sections
form cavities above the RF devices. By lithographically structuring this epoxy layer, miniature
packages are formed, allowing for a direct access to metal feed-throughs extending from beneath
the package. Our results prove the advantage of using such miniature packages, as no RF
parasitics due to packaging could be observed. This approach enables the wafer-scale
encapsulation and subsequent evaluation of packaged components on wafer-level. This novel
packaging technology has the main advantages of being a low temperature process and of no
liquid getting in contact with the device to be packaged, and thus prevents contamination and
stiction of movable parts. For these reasons this technology has recently been applied to the
packaging of RF MEMS switches. Methods of how to extend the current package to be hermetic in
the future are also discussed.

Besides the development of novel sensors and related technology great care has been taken to
cover the related fundamentals related to the thesis. The fundamental theory of acoustic wave
propagation is introduced in the first section of the thesis. This is followed by a chapter on sensor
effects applicable to SAW based sensors. Next, the actual simulation of high frequency SAW
devices and their fabrication are introduced. Fundamental antenna theory and the development of
a miniature sensor antenna for the 2.45 GHz ISM band are covered towards the end of this very
extensive first chapter. The final section of this first chapter is dedicated to wireless technology,
the principle of frequency modulated continuous wave (FMCW) radar and estimation theory

related to the sensor accuracy.



st L AL e DB J

F#E, 135, #2888, RIDREORLEE, B2 DURAERIELEETHD, ZhbHDObD
i, BEF—ICRE - BEESN D b0, BRFEL, BENOSRME, REF - BUYE - BERFOBNER ZIC
$oT, ERRERICBBAZENDD, INLOHLDI B2 AT, HE, ThbORELE
BWTdZLid, HESERZRRIIBSEDIZED THS, X5, B FOBRICESNT, Znbd
OLOERHEEEFL, EHHE, EATAZ LI, BFE, Ex3rA¥—, BLUBEESEIROEAND
LYEETHD, TOLDOE TR, BHE, FEIN, LrLERERY HIT I EHAEERGH, -
L, BEBRSCEEOEMICLBVONIOT, BlELEL LAAVWEHEERE LI THDII L
BEEND,

AERCIE, SAW (surface acoustic wave) &RV BRIEIRE VI AT ADOFEE3IERE, DFEVER
BEv Y LBEVAT LA, BEEEOEDORIEMMBY 7, BEOUVIANAL_AE Yy r—D
LT, 3RE, RAME M, BIUBELEBEREILDELOTHY, £F6ENLRD,

E1EIFHRTDY, WHROFRLHIUER L BB TS,

F2ETH, AWMSUCEETIVHEENEPHEMCE L DN TS, BERITIE, SAW O,
SAW ZUHOEHE, SAW TN, ADY I a b—3ra L, SAW T80 ADERIYE, 77 oL
FEH, BIUERBEOWEIBRASN TS, SAW &AW ZEAER Y 3 A5 A5G - 8UE
95 T OIS ERERPE B ERMT TS,

EIBETH, BERVVVATACHELTRRALNTWS, KEUHiE, B9 E SAW BEET
AEEHINREILL > TR T3REBNELOTHY, SAWEBIET A 2 EEEND, BREEYS
FEEWFHAIT 2 5L UT, BIEREFE & AR & 24858872 Multi-step Evaluation Method 23253
Eh, FOREE, ERFERBER EBHEMIIRFIEN TS, ERIT 245 GHz TEMET 22 &
BIEL, AETHERE LAy F T U FFEBEVATLALZRAAELET, RELEFEOFHER
FEFE XN TV D, Multi-step Evaluation Method I & - T, &V ORFERBICBERETMET 256 LY
2005 Mk U, £, BEADREZ 1 DORIR THEEFEHIT 551k L LT TDMA (time division multiple
access) ENH B, 4 ODRELVHEZBAWVT TDMA BESTHENTWS,

BABETE, SAW ZHVWETEMNHEY 7ZICE L TRRLNTWA, SAW 751 AREICHEEZ K
EDTOEME CHESED L, REEEDRICL > T SAW OEEEENE(LT S, MEMS HEifFfic X
ARBET 7 Fax—F 2ANVT, £BEEY SAW T AREICHEREA2HIE L CIgEI¥52 LT,
SAW BF 1A A% FRTAREME2HIE T, AIEMNBY 7 2ERTED, KBTI, RIEELET A
AERBEMCEMUZERR T DO, EELERKEL, LY/ NEOHTEMIEY 7 ¥ 2EHT 3
TEHEBERARPBRLENTWVWS,

B ETIE, SAWTF AL AD TN~ LRy = ZIZB L TRARABN TN D, SAW 751 &
FEa R Mo =D 73 EE LT, BML LEBEEEEZ A V22 7o NIT Ix—Ta
YL, BRICE-TBRERLE(LE 21T O FENERSN, E3ETHRALNEEYHCERX
NTW3d, Ryl SO o HREERFML, Ny r—Y U TERE U HCEREER RIS
RN T EMEEEN TN S,

B o EIIHwmTH D,

Sl b, AL, SAW ZHWEZERMER YL R T AOEE 3 ERE, 0T VRER T LEEY
AT 5, BREBEOLDOTEMIMBL 74, BIRUZAL_AE SRy =V B LT, i -
B OERAVETE, BWRRE, YIazlb—var, @i, BE MM, BIUBELBRENITIRL,
FlCRBLEENOFIEEZEEL, ZLOFDRBREEZELLOTHY, T/ A D=7 ZADFRIC
HETDHLIABRDIRITN,

EoT, AWMIEHELE (I%) OBMHRLE LTERERD D,



