Contents

Preface .. ... ... VIl
1 DataAcquisition ................ ... ... .. .. ... ... 1
1.1 Sensors, Signals, and Systems . .................... . ... ... 1
1.2 Sensor Classification . ...........oiueiiieeineineenennnnnn 7
1.3 Units of Measurements . . . . ....oveeeutnneeeunnineeeennnnn... 9
References .. ..ot 11
2 Sensor Characteristics .............. ... ... .. .. ... ... ... 13
2.1 Transfer Function ........ ... ... ... . i i 13
2.2 Span (Full-ScaleInput) . .. .....ootiiii i 15
2.3 Full-Scale Qutput ..ot i 16
2.4 ACCUTACY .« v ettt ettt e e e e e e e e e e 17
2.5 Calibration ... .......uiiuietie i 18
2.6 Calibration Error ........ ... . i 19
2.7 HYStOTOSIS . v ottt e ettt e e 20
2.8 NONHNEATILY . . o\ttt ettt e e e e e 20
2.9 Saturation . .............iiiiii e 22
2.10 Repeatability . ........ .ot 23
201 DeadBand . ... 23
2.12 ReSOIUHION .. ovvtt ettt e 23
2.13 Special Properties ...........oiiiiiiiin i 24
2.14 Output Impedance . ........ ..ottt 24
215 EXCItAtiON . . .o\ o ettt e et e e e e 25
2.16 Dynamic CharacteriStiCS . . . ... .vvuetutin et 25
2.17 Environmental Factors ........... . ... .. i ... 29
218 Reliability . . ..ot 31
2.19 Application Characteristics. . .. ....ovvvitine .. 33
220 Uncertainty. .. ...ttt 33

References . . ... 35



Contents

Physical Principlesof Sensing . .. ............................... 37
3.1 Electric Charges, Fields, and Potentials ........................ 38
3.2 CapacCitanCe . ... ...ttt 44
32,1 CapacCitor . . ..o vttt et 45

3.2.2 DielectricConstant. . ..............uiuiineinernennan.. 46

3.3 ManetiSm ..o cv et 50
331 Faraday’'sLaw......... ... ... i i 52

332 Solenoid. ........ ... 54

333 Toroid ... 55

334 Permanent Magnets ..............c..iiiiiiiiiiiin. 55

3.4 InduCtion . ...ttt 56
3.5 ReSIStANCE . .ovvi it e 59
3.5.1 Specific Resistivity............. ... i i 60

3.5.2 Temperature SENSitivity . . ........couuineeiiunneean. 62

3.5.3  Strain Sensitivity ............. oo 64

3.5.4 Moisture Sensitivity . ...t 65

3.6 PiezoelectricEffect .......... ... ... .. .. 66
3.6.1 PiezoelectricFilms.............. ... ... ... .. ....... 72

3.7 Pyroelectric Effect........ .. ... 76
3.8 HallEffect ......... .. . 82
3.9 Seebeck and Peltier Effects ................. ... ... ......... 86
3.10 Sound Waves . ...t 92
3.11 Temperature and Thermal Properties of Materials................ 94
3.11.1 Temperature Scales .................... .. ... 95
3.11.2 Thermal Expansion ..............c...oiiiiiiiiineaa... 96
3.11.3 Heat Capacity . .. .ovveeeeie et 98

3,12 Heat Transfer .. ...t e 99
3.12.1 Thermal Conduction .................ccciiiieunennnn.. 99
3.12.2 Thermal Convection. .............c.ouuirirernennnnn... 102
3.12.3 Thermal Radiation ................................... 103
3.12.3.1 Emissivity oo ovvnn et 106

3.12.3.2 Cavity Effect. ... 109

303 Light .. 111
3.14 Dynamic Models of Sensor Elements .......................... 113
3.14.1 Mechanical Elements . ................................ 115
3.14.2 Thermal Elements .................. .. ..ciiiiiin.... 117
3.14.3 Electrical Elements. . ............. ... ..., 118
3144 Analogies. .. ..ovii i 119
References . ... 119
Optical Components of Sensors ................................ 123
4.1 RadiOmetry. . ..ottt e 125
4.2 PhotOmetry. . ... ...ttt e 129
43 WINdOWS. . ..o 132
A4 MITTOTS .« oottt e e e e e e e 134



Contents XI

45 LenSeS . ottt 136
4.6 Fresnel Lenses ....... ..o 137
4.7 Fiber Optics and Waveguides. ............ ..., 140
4.8 CONCENIIALOTS . . . .o vttt ettt ettt e et e et eea 144
4.9 Coatings for Thermal Absorption ..................covviinn .. 145
4.10 Electro-optic and Acousto-optic Modulators .................... 146
4.11 Interferometric Fiber-optic Modulation ........................ 148
References . ..o 149
Interface Electronic Circuits . ........... ... ... ... ... ... .... 151
5.1 Input Characteristics of Interface Circuits ...................... 151
52 Amplifiers. .. ... 156
5.2.1 Operational Amplifiers. ..., 156
5.2.2 Voltage Follower .............c.coiiiiiiineiiinennnn. 158
5.2.3 Instrumentation Amplifier ........... ... ... ... .. ... .. 159
5.2.4 Charge Amplifiers .......... ... ... i, 161
5.3 Excitation CirCuits. . . . ...ttt 164
5.3.1 Current Generators . . . . .....ouvuuunneee e, 165
5.3.2 VoltageReferences........... ..., 169
5.33 Oscillators ... .oovee i 171
534 Drivers........iiii e 174
5.4 Analog-to-Digital Converters. ............. ... .. 175
5.4.1 BasicConcepts .. .......uiieiiiiii i 175
542 V/FCONVEITEIS ..o vvette ettt et 176
5.4.3 Dual-Slope CONVerter ...........couuuneiuneennnennnnn. 181
5.4.4  Successive-Approximation Converter ................... 183
5.4.5 Resolution Extension .......... ... ... o i i 185
5.5 Direct Digitization and Processing ................ ... ........ 186
5.6 Ratiometric CirCuits .. ..........ouiuunneeiiiiineeennn... 190
5.7 Bridge Circuits . .........ouuuiiieiinin i 192
5.7.1 Disbalanced Bridge ........... ... 193
5.7.2 Null-Balanced Bridge ................................ 194
5.7.3 Temperature Compensation of Resistive Bridge . .......... 195
5.74 Bridge Amplifiers ........... .. ... i 200
5.8 Data TransSmiSSiOn . . . ..o v vvt ittt 201
5.8.1 Two-Wire Transmission . .............coeuuuuneeeennn.. 202
5.8.2 Four-Wire Sensing . ..........c.uviiuneineiuneenn..n 203
5.83 Six-WireSensing ........... .. ... i 204
5.9 Noise in Sensors and CirCuits . ..............cuuuineeeeennn.... 204
5.9.1 Inherent NOIS€. . ... ..o iiiiin i, 205
5.9.2 Transmitted Noise ...........cccoiiiiiiiiinneennnn.. 207
5.9.3 Electric Shielding ............. ... oo 212
5.9.4 Bypass Capacitors ..............iiiiiiiiiiniiiia. 214
5.9.5 Magnetic Shielding .............cciiiiiiiiiinnn. 215

59.6 Mechanical NOISE .. ......coiiiiiii i 217



XII Contents

5.9.7 GroundPlanes.............. . ... i, 218

5.9.8 Ground Loops and Ground Isolation .................... 219

5.9.9 Seebeck NOISE. ..\ vvttie ettt 221

5.10 Batteries for Low Power Sensors. ........... ..., 222
5.10.1 Primary Cells ......ooii i 223
5.10.2 Secondary Cells ..........cooiiuiiiineiiniiinnn. 224
References . ...t e 225
6  Occupancy and Motion Detectors . ... ........................... 227
6.1  UItrasonic SenSOrS. .. ... ...ttt 228
6.2 Microwave Motion Detectors ................c.cviiniiininn... 228
6.3 Capacitive Occupancy Detectors . .. ..........cooviiieeinnnn.... 233
6.4 Triboelectric Detectors ........ ...t 237
6.5 Optoelectronic Motion Detectors. ...........oovviiineneen... 238
6.5.1 Sensor Structures ................iiiiiiiiiii i, 240
6.5.1.1 Multiple Sensors. ..., 241

6.5.1.2 Complex Sensor Shape ....................... 241

6.5.1.3 Image Distortion..............ccooiuveeenn... 241

6.5.1.4 Facet Focusing Element....................... 242

6.5.2 Visible and Near-Infrared Light Motion Detectors . ........ 243

6.5.3 Far-Infrared Motion Detectors ......................... 244
6.5.3.1 PIR Motion Detectors ........................ 245

6.5.3.2 PIR Sensor Efficiency Analysis ................ 247

References . . ... 251
7  Position, Displacement, and Level .............................. 253
7.1  Potentiometric SENSOIS . . ..o vtt ettt e e iie e 254
7.2 Gravitational Sensors ... i i 256
7.3 Capacitive SENSOTS . .. vvu ettt ettt 258
7.4 Inductive and Magnetic SENSOrS . .........covuuieernneenneenn.. 262
74.1 LVDTandRVDT ..... .. ... i, 262
7.4.2 Eddy Current Sensors . ...............coeuuineeeennnn. 264

7.4.3 Transverse Inductive Sensor ................... .. ..., 266
7.4.4 HallEffect Sensors...........coooiiiiiiiiiiii.. 267

7.4.5 Magnetoresistive SENSOrS ... .....veineinneiinenn..n 271
7.4.6 Magnetostrictive Detector . .................... . ... 274

7.5 Optical SENSOIS . ...ttt e et 275
7.5.1 Optical Bridge. . ...ttt 275
7.5.2  Proximity Detector with Polarized Light . ................ 276

7.5.3 Fiber-Optic SeNsors ... .....vviiintin i 278
7.5.4 Fabry—Perot Sensors .................cccoiiiiiiiia.. 278

7.5.5 Grating SensSors ... .....oeeuuttin e 281
7.5.6 Linear Optical Sensors (PSD) .......................... 283

7.6 UIrasonic SENSOIS. . .. ..ovuttntt ettt 286

7.7 Radar SENSOIS ... ...ttt e e 289



10

Contents XIII

7.7.1 Micropower Impulse Radar............................ 289
7.7.2  Ground-Penetrating Radar............................. 291
7.8 Thickness and Level Sensors . ................ ..., 293
7.8.1 Ablation Sensors. .. ..... ...t e 293
7.8.2 Thin-Film Sensors ...............cciiiiiiiinenn... 296
7.8.3 Liquid-Level Sensors ... .......c.ccvviniinniiineenn... 296
References . ... o 298
Velocity and Acceleration . . ............ ... ... ... ... .. .. ..... 301
8.1 Accelerometer Characteristics . ............ovuieinernennenn.. 303
8.2 Capacitive Accelerometers . . ............ooiiiiiiiiineeen... 305
8.3 Piezoresistive Accelerometers . ................iiiiiiia... 307
8.4 Piezoelectric Accelerometers .. ..o, 309
8.5 Thermal Accelerometers. .. ........ouuiirniei e, 309
8.5.1 Heated-Plate Accelerometer ........................... 309
8.5.2 Heated-Gas Accelerometer ...............c.couviinon... 310
8.0 GYIOSCOPLS. - ottt ettt et et e e e 313
8.6.1 ROtOr GYIOSCOPL. . - vttt vttt ettt 313
8.6.2 Monolithic Silicon Gyroscopes. .............cooouueeenn. 314
8.6.3  Optical GYTOSCOPES . vt vov ettt iie e 317
8.7 PiezoelectricCables ...........cooiiiiini i 319
References . ... 321
Force, Strain, and Tactile Sensors .. . ........ ... ... ... ........... 323
0.1  Strain GaugeS . . . ..ottt 325
0.2 Tactile SenSOIS . .. ..o\ttt e 327
9.3 Piezoelectric Force Sensors ..................oo ... 334
References . ... 336
Pressure Sensors . .. ......... ... ... 339
10.1 Conceptsof Pressure. ..., 339
10.2 Units of Pressure .. ...ttt 340
10.3 Mercury Pressure Sensor . ...........cviiiiinniinneineenn.. 341
10.4 Bellows, Membranes, and ThinPlates ......................... 342
10.5 Piezoresistive SensSOrS . . ..o vttt ettt 344
10.6 Capacitive SENSOTS . . ... ...ttt 349
10.7 VRP Sensors . .......coouiini i 350
10.8 Optoelectronic Sensors . .. ..ovvn e ti et 352
10.9 Vacuum SensSOrS .. ....iuneinee ettt ittt ieeiaennan 354
109.1 Pirani Gauge . ...... ...ttt 354
10.9.2 Tonization Gauges. ... ........uuuuuuuuuunnnnennnnn. 356
1093 GasDragGauge . .......ovviiiiii i 356

References . ...t e 357



XIvV

11

12

13

14

Contents

Flow Sensors .. .......... i 359
11.1 Basics of Flow Dynamics.......... ... ... .. .. .. 359
11.2 Pressure Gradient Technique ................................. 361
11.3 Thermal Transport SENSOIS . . .. .. vvvvutn ettt e, 363
11.4 URrasonic SENSOIS. . ... vvvuttn ettt 367
11.5 Electromagnetic SenSors. ... ....ovetreinetneenneeneenn.. 370
11.6 Microflow Sensors .............ouuiiininieiiiieiaenennnn 372
11.7 Breeze Sensor .. .....ouite et 374
11.8 Coriolis Mass FIow Sensors. ...........ovveiineiinennnennn.. 376
11.9 Drag Force Flow Sensors . ...........oouuiiiiiineiennnnn .. 377
References . ... ..ot 378
Acoustic Sensors . . ... 381
12.1 Resistive Microphones . ...........c.coviiineiineiinnennneenn.. 382
12.2 Condenser Microphones . ..............ccoviiiiiiiineneenn.. 382
12.3 Fiber-Optic Microphone . .......... ... ... . .. .. 383
12.4 Piezoelectric Microphones . ...............coiiineeeinnnn. .. 385
12.5 Electret Microphones ..............c.ooiiiiiiiiiniiiiinn .. 386
12.6 Solid-State Acoustic Detectors. . ..., .. 388
References .. ...t 391
Humidity and Moisture Sensors ........................c.coo.... 393
13.1 Conceptof Humidity ..............ooiiiiiiniiiniinennn... 393
13.2 Capacitive SENSOTS . .. vttt ettt ettt 396
13.3 Electrical Conductivity Sensors..............c.coooieeiinnnn.... 399
13.4 Thermal Conductivity SENSOr ............ccuiiinneiunneenn .. 401
13.5 Optical Hygrometer. . ...........ooiuuiniii ... 402
13.6 Oscillating Hygrometer ............... ... .. 403
References . ... e 404
Light Detectors .. ........... ... .. .. ... 407
14.1 Introduction .. ...ttt e 407
14.2 Photodiodes . ........ .ottt 411
14.3 PhOtOtranSiStor . . . .« v vttt et e et e e e e e e 418
14.4 PhOtOreSiStOrS . .o v vttt ettt e ettt ie e ie e 420
14.5 Cooled Detectors . . .....ovtit it e 423
14.6 Thermal Detectors . . ...t ittt 425

14.6.1 Golay Cells . .....covirni i 426

14.6.2 Thermopile Sensors . ... ......oouviineineinennn .. 427

14.6.3 Pyroelectric Sensors......... ...t 430

14.6.4 BOIOMELEIS . ..ottt ettt et iie e i ie e 434

14.6.5 Active Far-Infrared Sensors. ........................... 437
147 Gas Flame Detectors . ........oouviiinnnn i 439

References . ... 441



15

16

17

Contents XV

Radiation Detectors ................. .. .. ... .. ... i 443
15.1 Scintillating Detectors. . ...t 444
15.2 Tonization Detectors ............ ... 447
15.2.1 Ionization Chambers .................. ... ... ... ... 447
15.2.2 Proportional Chambers .................ccovviiuneon... 449
15.2.3 Geiger—Miiller Counters ...............coiviunneenn... 450
15.2.4 Semiconductor Detectors. . ............c.cooiiininn.... 451
References . ..... ... 455
Temperature SENSOrS ... ... ........ouiiniriinernenennnnnnn. 457
16.1 Thermoresistive SENSOIS . .. .. ..vt ittt it 461
16.1.1 Resistance Temperature Detectors ...................... 461
16.1.2 Silicon Resistive Sensors. . .............coooiiiinenn.... 464
16.1.3 ThermiStors . .. ...ttt it ie it ie e 465
16.1.3.1 NTC Thermistors ...........coouveiuernennann.. 465

16.1.3.2 Self-Heating Effect in NTC Thermistors ......... 474

16.1.3.3 PTC Thermistors ................cccuuiunon... 477

16.2 Thermoelectric Contact SENSOrs ...............uooiueinennann.. 481
16.2.1 ThermoelectricLaw . .......... ... .. ... .. ... 482
16.2.2 Thermocouple Circuits .............ccoveuiviunnennn... 484
16.2.3 Thermocouple Assemblies. ............. ..., .. 486

16.3 Semiconductor P-N Junction Sensors .......................... 488
16.4 Optical Temperature SENSOrs . . ... .......ueuuereueunennnnnnnn. 491
16.4.1 FIuoroptic SENnSOrs . .........oeuurnneeeunnnnneeennnn. 492
16.4.2 Interferometric SENsOrs .............ccoviiernennenn .. 494
16.4.3 Thermochromic Solution Sensor ....................... 494

16.5 Acoustic Temperature S€nsor. . ............ccouuuineeeinnnnn... 495
16.6 Piezoelectric Temperature SEnsors . ...............eeeuuunnnnn. 496
References . ... 497
Chemical Sensors . ............... .., 499
17.1 Chemical Sensor Characteristics . ................cooveunenn... 500
17.2 Specific Difficulties . . ... 500
17.3 Classification of Chemical-Sensing Mechanisms ................ 501
17.4 DireCt SENSOTS . .ot v vttt ettt et ettt ettt 503
17.4.1 Metal-Oxide Chemical Sensors ........................ 503
1742 ChemFET ... .. ... .. .. . . 504
17.4.3 Electrochemical Sensors .....................coooun.... 505
17.4.4 Potentiometric SENSOrs .. ...........c.ouviiuernennenn... 506
17.4.5 Conductometric SEnsors . ..........c.oveuernernennnnn. 507
17.4.6 Amperometric Sensors . ...........couveieiinneeeennn.. 508
17.4.7 Enhanced Catalytic Gas Sensors. ....................... 510
17.4.8 Elastomer Chemiresistors .....................o.uu.... 512

17.5 Complex SENSOIS . . .o v vttt ettt e 512

17.5.1 Thermal Sensors . .. ...ttt 513



XVI Contents

17.5.2 Pellister Catalytic SENSOIS . . ..o vvveiine it 514
17.5.3 Optical Chemical Sensors .................couvieenn... 514
17.54 Mass Detector. .. ..ovvne ettt it 516
17.5.5 Biochemical Sensors ................oiiiiiiiiieinn.. 519
17.5.6 Enzyme Sensors .. .......couuuviineineennnenneenn.. 520
17.6 Chemical Sensors Versus Instruments. ......................... 520
17.6.1 ChemOmetriCS . . ... vvun ettt et 523
17.6.2 MultiSensor AITays . .. ..o vve ettt 524
17.6.3 Electronic Noses (Olfactory Sensors) ................... 524
17.6.4 Neural Network Signal (Signature) Processing for
Electronic NOSes . ... ovitiiii e 527
17.6.5 “Smart” Chemical Sensors ............................ 530
References . ...t 530
18 Sensor Materials and Technologies . .. ........................... 533
I8.1 Materials. . .. ovv et 533
18.1.1 Silicon as a Sensing Material .......................... 533
I18.1.2 PlastiCs. .o vve ettt et e e 536
18.1.3 Metals ..ovvvn it 540
18.1.4 CeramiCs . ...t it ettt 542
I18.1.5 GlasSesS. ..ottt 543
18.2 Surface Processing ............ ... .. i 543
18.2.1 Deposition of Thin and Thick Films..................... 543
18.2.2 Spin-Casting .. ...covurnnit e 544
18.2.3 Vacuum Deposition ............ ..., 544
18.2.4 Sputtering ... ...ttt 545
18.2.5 Chemical Vapor Deposition. ........................... 546
18.3 Nano-Technology ........ ... ..., 547
18.3.1 Photolithography ............ ... ... . .. i i, 548
18.3.2 Silicon Micromachining ..................cviieia... 549
18.3.2.1 Basic Techniques .............cooviiviinn... 549
18.3.2.2 Waferbonding .............. .. ... .. ..... 554
References . ..o e 555
APPendiXx ... ... 557
Table A.1  Chemical Symbols for the Elements .................... 557
Table A.2  SIMultiples ...t 558
Table A.3  Derivative SIUnits ......... ..., 558
Table A.4  SI Conversion Multiples .....................ci.... 559
Table A.5 Dielectric Constants of Some Materials
at Room Temperature ................................ 564
Table A.6  Properties of Magnetic Materials ....................... 564

Table A.7  Resistivities and Temperature Coefficients
of Resistivity of Some Materials at Room Temperature .... 565
Table A.8  Properties of Piezoelectric Materials at 20°C ............. 565



Table A.9
Table A.10
Table A.11

Table A.1la

Table A.12
Table A.13
Table A.14
Table A.15
Table A.16

Table A.17

Table A.18
Table A.19
Table A.20
Table A.21
Table A.22
Table A.23
Table A.24
Table A.25

Contents

Physical Properties of Pyroelectric Materials .............
Characteristics of Thermocouple Types..................
Thermoelectric Coefficients and Volume Resistivities

of Selected Elements ............... ... ... ... ... ..
Thermocouples for Very Low and Very

High Temperatures. .. ........oov i,
Densities of Some Materials ...........................
Mechanical Properties of Some Solid Materials ...........
Mechanical Properties of Some Crystalline Materials . . . ...
Speed of Sound Waves .............. .. ... i
Coefficient of Linear Thermal Expansion

of Some Materials .................. .. ... ...
Specific Heat and Thermal Conductivity

of Some Materials . ...............coiiiiiiiii..
Typical Emissivities of Different Materials...............
Refractive Indices of Some Materials ...................
Characteristics of C—Zn and Alkaline Cells...............
Lithium—Manganese Dioxide Primary Cells ..............
Typical Characteristics of “AA”-Size Secondary Cells .. ...
Miniature Secondary Cells and Batteries.................
Electronic Ceramics . . ..........ooviiiiiiiiina.. ..
Properties of Glasses . .............oiiiiiiiiiinn...

XvII



