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Preface

Resonation is a widely exist phenomena. It can be observed in
mechanical, chemical, optical, magnetical, as well as electrical systems.
Moreover, in those systems, where the energy interconversion happened
within the above mentioned energy domains, we can also observe the
resonant phenomena. A resonant sensor works at the resonant state of the
system. At such a state,the input energy of the system is maintained at the
least energy losses. When a sensing system is operating at its resonant
state, the modulation effect, from the minute change of the environmental
parameters to the specific parameters of the system, is enhanced.
Therefore, the resonant sensor performs many advantages such as low
power consumption,high signal-to-noise ratio of the output signal, robust
to outside disturbances, etc. With the fast progress and spreading
applications of digital electronics, the resonant sensor has become one
important research area of sensing technology.

The resonant sensor can be approximately classified into two catalogues.
The electrical resonant sensor involves capacitive resonant sensor,
inductive resonant sensor, and eddy-current resonant sensor. The
mechanic-electrical resonant sensor includes mechanical resonant sensor,
piezoelectric resonant sensor, and the resonant microsensor that
progressed at a rapid rate within the recent years. The mechanical resonant
sensor is relatively mature. Resonant sensors based on vibrating wire,
vibrating cylinder,and vibrating membrane, have long been developed and
applied. The piezoelectric resonant sensor uses the piezoelectric resonator,
fabricated by piezoelectric materials,as the sensing element, Its operation
frequency is relatively higher. Such resonant sensors can obtain extremely

high Q-values and have found applications in many areas. The resonator of
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the resonant microsensors,as well as the whole microsensor,is fabricated
by microfabrication technology. Resonant microsensor have become one of
the main prototypes of microsensors.

On an application view,there are many types of the resonant sensor.
We can find their applications in measurement of pressure, humidity,
temperature, acceleration, mass flow, gas concentration, biological
molecular identification ( such as immuno-sensor), force ( such as the
cantilever of the atom force microscope) ,and detection of magnetic fields.
The resonator of the resonant sensor is generally fabricated as a device
with relatively large size. By physical or chemical effect, the measurand is
transduced into the change of the mass, elasticity, or other parameters of
the resonator. The shape of commonly used resonator include cantilever,
single-ended or double-ended tuning forks. The vibration gyro works on
resonant driving state with good matching, and is therefore classified as
one kind of resonant sensor.

The basic principle, methods of design and implementation,as well as
practical application technologies of the resonant sensor,are summarized in
this book, including the resonant sensing theory, the excitation and
measurement methods for the resonator, the working principle and the
implementation technology of the electrical and mechanic-electrical
resonant sensors. Moreover, the data acquisition technology of signals from
the resonant sensor are analyzed and overviewed. The working experiences
and research results on resonant sensors of the author during these years
are collected in this book. In the meanwhile, theories and research works
focused on resonant sensor of other researchers appeared in academic
documents are also collected to reflect the progress in this area. The aim of
this book is to provide information as more as possible to benefit the

readers interested in resonant sensor.

Feng Guanping
Tsinghua University
2007. 10



=

1

X

1.2.1 M ALt BEENIRG B IR v rerererrnreeeennn e
1.2.3 BB XA ZH AR G X oo
1.3 JLAE LG EBRXAEBE oo
1.3.2 I E XA B R e e
1.3.5 A AEEAEBE ooorree e

IR R B GRIBRD G RT oovee e e
2.1 IR TEEGIR GBI v oeeorreereee et e e e
27,1 %ﬁﬁﬁiﬁ}]""""'""""'""""'"""""""""""""""
2.1.3  JE U BE G veeeereoreeeecen et e e e e
2. 1,4 %i}&ﬁi}jj].........................................................
2.2 FEIRIBEGIR AN AR v eereeeenn e e e e

B = =

12
18
18
24
29
32
32
34
36
38
40
42

45
45
46
49
55
60
61



6 EiRERERREMN

2.1 BRI BB e na nesrane sasins sepse sseian 8w omisR 3 {aiei 5 SIS B SIS A 95
0.9, 0  JE M veiven s osises wnsise s coisin s sscinn s s sios s KAiah s alene o wsiiie s A
O B e e T e PR Rt s

2.3 WHBAXEBRBE ML R covoreererroceeroinnasonsssisnenaesonsas
2.8.1 5 EGMIGh I AR oseves evmnnnsennessnosranenenne snenss enans
2.3.2 IR BRI RBL e oee e

3.1 BAFEIRAEBE ccoeeriitieneiiiiii s e e
3.1.2 G AM I B rereeeeone ittt et e
3.1.3 BAMRIEREREZAGEIZ T I, o

3.2 B BRIEIRAE B Beereererererertiatin it e s e sra e e
3.2.1 BAXBBAERE e
3.3.2 WRATIAMAERBRBE oo
3.3.3 LA A GBAAEBRE o

B SRR vouses svans sbiontunins suvars susasdonnans vossas seens sos seween con ses sen

FEREBIREREBBAEME o
A1 BEBIAG TP S owrserornerroee aaiiossvsoenscions deviss vt sviiens
4.2 BRI T orereerneone s e e s e ses i e e
4.2.1 BREBREIRBOERLBIZE e
4.2.2 ARF R BIEHRBILE oooerrrrr
4.2.3 FABEKERZEBRFEABEBEIRE rvmrmrrremnnens
4.3 BH BRI BB P e
4.3.1 EEBEXERABEIER oo g s

61
65
67
69
71
73
77

81
81
82
85
89
101
101
105
109
114
114
129
137
142

144
144
149
149
150
155
157
157



= o /S 7 B3 P AT Al S

Sl 4 F comn

4.4

4.3.2 HREERERBOETBBEE e

4.3.3 FA@MEERBOETEBAEER
4.3.4 BEBBXEBRBHEBAER oo
44,4 FEREE B BORARIE FA M cooverereeee i

BRI R I BB RIEE o ovveever oo enieee e e
BREWEEBRBRBG AT
5.1.1 BHEBERBHRBAOAMEE o
5.1.2 EENRGEBEBFHMP TR ~rooorverrommnrerniiann.
5.1.3 B AHEHMBEED B MBI FAZ coveerrrrrmrrniinan,
5.1.4 BEWWERDEEDARBRBGARMAH e
5.2.1 B DM IERE BTGRP AGHrR oo
5.2.2 AEEEBEARGRIE e
5.2.3 JEEAMB T HIIEIRIE coooererrereerninmni
5.3.1 BEIAEERHERMBEMR oo
5.3.2 HBMWMEBOLEBRBEXABBRE
5.3.3 M BMBHBLEBEXABRE oo
5.4.1 mAFEAEBBRBHBESE e
5.4.2 EIBBHRAEXIBE B M oo
B TCHR cerevreeenenees et e e e s e e s e

5.1

5.2

5.3

5.4

TELRKRERBEERAEE A RBBER

6.1

179
179
179
181
188
193
196
198
201
204
209
209
211
219
223
224
226
238

241
241



8 WIRERERR RN

6.2

6.3

6.4

7.1.2 ESAHE P R WG AR covess csnors svane ¢ anoss asvons amwees
7.1.3 PABOEMEARER v
7.2.2 FAEEBEERBIEZHBI -oooorvvroorrnromecoanionenn
7.2.3 BEBERFETEBERBEZIT oo
7.2.4 FABEBBBAETERAERH oo
7.8.2 FEABEBBEBBE ooovnisgroshssvansnsnsive srbiches bon

7.1

7.2

7.3

6.l B ThARE T ivn snsmenwisicen nonsbs et sadsinss 5vsass Brmbes don

6.1.2 R@AKSTERBEAKGY

242

L - 243
6.1.3 A BBMBAIEITIEEB R YR oooerernerrereonennnns
6.1.4 HHAXLEEBRZHH P BT cooevrerrrrnernannannn
BRI B AR IRIE P U IR G AT A ooeververreroresnnnnnens
6.2.1 BHEBKREEZHBMEIZ cvoreeenrenererrnriinnn
6.2.2 BELEBBBAEBIEIE roovrrrrreirmoinmionn.
LHE DKL B S AR ] P G B A e ererrrernrenennerneanannn
6.3.1 A EHBIEITEARD FHTPBE coooermvmvemceroreannnnnnn
6.3.3 JATAARMMM T EMBEA BB oo
LHEDARIEIR B AR AT PG BT e ereererre et e
6.4.1 ERATKM BT GIMEARAD - vvvvenveneeneennnnennn
6.4.2 RABM MG IL AL B ] oveerrrencnnnananeineennenionininan
B.4.3 BAFEDEBIEBE TP oonsomves dhuves samses oxsnns spnane sws

250
254
257
257
262
269
269
273
275
284
284
286
293
298

301
301
302
305
308
315
315
318
327
335
337
337
340
343



Bx 9

7.4.1 BEABEEBBEBHIREGTE e 348
7.4.2 BABKERZHIRZEIFTE corvreeerrrrememrerine 356

8.1.1 WIRJHAF -ooeeverrrrrm i 365
8.1.2 EIRBEGIZE I ooorrrrrrrrrnsei e 366
8.1.3 MABPTRHAMMIBIKE oo 371
8.2 &%-ﬁ;\}_{j]%@gg 374
8.2.1 JEABGM B oeeeerenereernrinaneeneieaiian e 375
8.2.2 A FHWEBMHENEBRE v 376
8.2.3 %i—i&%%*&éﬁ}iﬁ%ég caeies s deiiss 4 KenEe § saens wewws s F80
8.3 5&7’5‘%&3&‘]’5'}5_%’?&% 385
8.3.2 MIRA Ik BEAAERBRRE oo 301
8. 4 &1%‘%3\4&?&%’%&%@% 408
8. 4.2 ﬁi%%g’é%{x%é’]%'}&}}ﬁ cniniman weosens meibit ¥ Funien wwvsios s 4] 2
8.4.3 A TFHMEBEHNEZAHBEBBE oo 414

AR T B BB MY BUBIREL oo evvrer s s e s 423
0.1 BRI B A AT B e e erreeeee e 423
9.1.1 HFHBBPHEBEFHER o 424
9.1.2 BEHEFAEFTMAKRIK croreerrerr s 425
9.1.3 MAMATHAERFIZTHER oo 426
9.2 AMFIETHMEL IR FTF koo 428



10 iR BB R EN

9.3

9.4

0.2.2 JAEAM B iE coeeeerrnnreretineeeteieare e e eenens
9.2.3 HBEGTEASR FB Ik ootoovssvancnnnocionssvesissassns connes
9.2.4 ABAZBGM B woevreereerne s e e aan aan e
ViR PR T & A |
9.3.1 A THETZHGMEMNTAL ---oooveeee
9.3.2 ATAZTHAEZNMHEFGMERNFF ok ooveeernnnnns
9.3.3 HHMEBEABRBIEFTOEIRIEN T FH ok coovremrrrenneennns
9.4.1 AR BT THAGEIE -ooooovrrrrrerreeeinenneee e
9.4.2 BEFIZFWHESBAMIBEIRAL roveererrrrineennns
9.4.3 B RBEBBEHEIMALM I BIRE oooverrmnnnnnnnns

431
433
435
437

- 437

439
443
446
446
449
451
453



Contents

1 System resonation and resonant sensors
1.1 Sensing characteristics of resonant system to
environmental parameters
1.1.1 Energy transduction of resonant sensors
1.1.2 The resonation of mechanical systems
1.1.3 The detection parameters of resonant sensing
system
1.2 The construction of resonant sensing system
1.2.1 Series and parallel resonance of second-order
systems
1. 2.2 Resonant sensor based on closed-loop oscillator «:----
1.2.3 Other measurement methods for resonant
Sensors
1.3 Some conventional resonant sensors
1.3.1 Vibrating wire sensors
1.3.2 Vibrating cylinder sensors
1.3. 3 ' Coriolis Hlow meters swss s s« soisss s fessna dets soisis savass
1.3.4 Piezoelectric resonant SENSOrs — stserssrssessessenensaennn
1.3.5 Surface acoustic wave sensors

S L o O b e s SO S R S S G PRl B NN

2 Excitation and detection of resonant sensing system - :-::ococoeeeennt
2.1 Vibration excitation of resonators

2.1.1 Magnetic EXCItATION *retesveretesessnsviostsrassensrssnenssons

« 12
- 18

- 18

24

- 29
- 32
- 32
- 34

36
38

- 40

42

45

- 45

46



12 BikERELEBRMNT

2.1.2 Electrostatic excitation
2.1.3 Piezoelectric excitation

2.1.4 Electro-thermal excitation

2.2 Vibration detection Of TESONAtOTS srrrrrrrrrrreenenesreenieteeiiannees
2.2.1 Capacitive detection «-=rrreessremssssssssnssnnsninnenie e

2.2.2  Piezoelectric detection ««««e-rssssesesersersausnraseans e

2.2.3 Piezoresistive detection

2.3 Excitation and detection of resonant Sensors «::erscorerseerenees

2.3.1 Excitation and detection of Vibration

2.3.2 Design parameters of resonators

RGTSTEIEES s ++s susise § ssniass svass s gawovs sesians vesinns averms s nmnivy & 445438 465160 S6iises

Electrical resonant sensors

3.1 Capacitive resonant sensors
3.1.1 Principles of capacitive measurement
3.1.2 Measurement circuits for capacitance
3.1.3 Electrical implementation of capacitive

resonant sensors

3.2  InductiVe TESONANT SENSOTS ++-++srrssrsrnnsssnnnsssersasssesunsennns
3.2.1 Self-induction-type inductive sensors
3.2.2 Mutual-induction-type inductive sensors =««:exereee
3.2.3 Eddy-CUITent SENSOrs «w-ssssessessesersesionsses s s snnans

3.3 Eddy-current resonant sensors
3.3.1 Eddy-current displacement sensors «:eeseeeeereereereees

3.3.2 Eddy-current sensors in non-destructive

detection
3.3.3 Some novel eddy-current sensors -:-«receeereesee e
References
Quartz crystal resonator and its sensing characteristics «-----orooeee

4.1 Physical characteristics of quértz crystal

- 49
- 55
- 60

61
61
65

- 67

69

- 71
- 78

77

- 81
- 81
- 82
- 85

- 89

101

- 101

105
109

- 114

114

- 129

137

- 142

144

- 144



Contents

13

4.2 Quartz crystal resonators 149
4.2.1 Equivalent circuits of quartz crystal resonators -+ 149
4. 2.2 Bulk acoustic wave quartz crystal resonators «-------- 150
4.2.3 Surface acoustic wave delay-line and Surface
acoustic wave resonators 155
4.3 Sensing characteristics of quartz crystal resonators — «+--+ 157
4.3.1 Type of piezoelectric resonant sensors — =wre=serseeeee 167
4.3.2 Surface sensing characteristics of bulk
acoustic wave resonators 159
4.3.3 Surface sensing characteristics of surface
acoustic wave resonators 161
4.3.4 Parameter measurement for quartz resonant
L
4.4 Typical application of quartz resonant sensors 165
4.4.1 Temperature SENSOLs «=sssseessenrseseseosesessncaess 167
4.4.2 TForce,stress and pressure sensors 169
4.4.3 Quart angular velocity sensors ««eeesesesssessrereeeeeees 173
4.4.4 Measurement of film thickness and deposition
rate - 174
References 177
5  Thickness shear stress-Sensitive SENSOrs <+« «::«wsesesssseseeeereeseeeees 179
5.1 Force-frequency characters of thickness shear quartz
crystal TESONALOrs +-+wsseeresssrnsssssssssuensssussennsannnnseseess 179
5.1.1 Force-frequency characters of quartz crystal
resonators 179
5.1.2 Movement differential equations of piezoelectric
thin plates 181

5.1.3 Movement equations of quartz crystal plate

with electrodes

188



