
Index

A
abc phase sequence, 547, 573
Absolute voltages in circuit, 72–73
acb phase sequence, 548, 554, 573
AC circuit analysis

KVL, KCL and equivalent impedances, 411–412
Norton equivalent circuits, 415–417
phasor diagram, 412–413
single frequency, 417
source transformation, 413–415
superposition theorem, 417–418
Thévenin equivalent circuits, 415–417

AC-coupled amplifier, 208
AC-direct micro-hydropower system, 79
AC fuse, 528, 529
AC power

distribution system
automotive alternator, 550
line currents, 553–554
line voltages, 551–553
neutral conductor, 546
polyphase distribution systems, 546
phase voltages, 551–553
residential household, 551
single-phase three-wire, 546
single-phase two-wire, 546, 547
synchronous three-phase AC generator, 550
synchronous three-phase AC motor, 550–551
three-phase four-wire, 546

electronic circuits, 525
load voltage amplitude, 525
maximum power efficiency, 542–543, 571, 572
maximum power transfer

average power, 544
equality, 544
impedance matching, 545
load impedance, 545
radio-frequency and communication circuits, 544

Ohm’s law, 525

rms voltage
and AC frequencies, 528–529
and rms current, 526–528

time averaging, 526, 567
Active differentiator, 292
Active filters, 290
Active one-port networks, 178
Active reference configuration, 52
AC voltage source, 68
Air-core coil, 275
Alternating-current (AC)

circuits (see AC circuit analysis)
power (See AC power)
American Wire Gauge (AWG), 39, 78
Ampere’s law, 583–584, 631
Amplifier

circuit analysis (see Amplifier circuit analysis)
circuit model, 195–197
differential gain and common-mode gain, 223–225
differential input signal, 222–223
dynamic circuit elements, 283–284, 290–291
ideal-amplifier model, 197–198
input/output resistances, 198
instrumentation, 226–229
load cell and uses, 229
output current, 198
summing-point constraint, 197–198

Amplifier circuit analysis
cascading amplifier stages, 215–217
current flow, 206–207
DC imperfections, 217–220
discrete resistance values, 210
gain tolerance, 210–211
input bias and offset currents, 219–220
input load bridging, 212–214
input load matching, 214–215
input offset voltage, 217–218
input/output resistances, 211–212
inverting amplifier, 203–204
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Amplifier circuit analysis (cont.)
multiple-input, 207–208
negative feedback, 211
non-inverting amplifier, 201–203
output offset voltage, 218–219
potentiometers, 210
resistance values, 209–210
summing-point constraints, 240
voltage follower/buffer amplifier, 204–205
voltage vs. matched amplifier, 212–215

Amplitude envelope, 824
Amplitude-modulated signal, 479
Amplitude transfer function See Filter circuits
Analog computers, 293, 698–699
Analog filter

amplitudes, 436
DC circuit, 436
load connection, effect, 439–440
qualitative analysis, 436–437
RC voltage divider circuit, 435, 436, 473
real-valued voltages, 436
transient circuits, 436
two-port network, 437–439

Analog output voltage, 692
Analog pulse counter, 290
Analog sinusoidal voltage, 717–718
Analog to digital converter (ADC)

conversion time, 727–728
and DAC circuit, 691–692
equation, 726–727
flash, 724–725
quantization error, 727
speed and throughput rate, 727–728
successive-approximation

circuit, 728
concept, 728
DAC formula, 730
logic control block, 729
operation, 730

AND gate, 664–667
Apparent power, 535
Arbitrary linear networks, 155–157
Arduino

applications, 757
compiling and uploading code, 761
IDE, 757–759
language and compiler, 759
loop() function, 760
open-source platform, 757
setup() function, 760
sketch, 760
translation, 761

Arduino programming
arrays, 777–779
conditional statements, 771–773
interrupts, 780–782
loops, 774–777
PWM generation, 782–783

serial communication, 779–780
square wave generation, 782–783
strings, 777–779
switch statements, 773–774

Arduino syntax
arithmetic operations, 764–765
assignment statements and features, 763–764
data types, 762
functions, 769
interfacing, IO pins, 769–770
library, 767
objects, 768–769

Arithmetic operations
characters and relation, C language, 765
floating point and integer, 764
IDE, 765
typecasting, 764

Arrays
element, 777
indexing, 777
linear, 777

ASCII codes, 702–704, 735
Assignment statements

declaration, 763
floating points, 763
MOTOR_PIN, 763
typecasting, 764

Astable multivibrator, 330
Asynchronous transmission, 698
Autotransformer, 598–599, 635
Average generator voltage, 60
Average power, 532–533, 569

B
Balanced delta-connected load, 560, 575
Balanced delta-connected source, 560–563, 575
Balanced phase voltages, 578, 552
Balanced three-phase load, 549
Balanced three-phase source, 549
Balanced three-phase systems

apparent power, 556, 558
average power, 556, 558
constant torque, 557
line currents, 557
material consumption, 558–560
phase voltages, 557
reactive power, 556, 558
total instantaneous load power, 556
wye-wye configuration, 556

Balanced Y and Δ networks, 121
Bandlimited spectrum, 459, 461, 463
Bandwidth, parallel resonant circuit, 495
Base-emitter voltage, 854, 855, 861, 867, 871, 872, 892
Battery capacity, 61, 62
Battery energy storage, 63
Battery pack, 100
Battery voltage, 61
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Bias circuit, dual-polarity power supply, 878
Bidirectional switch, 50
Binary counter, 208, 709
Binary numbers

analog computers, 699
ASCII codes, 702–704
conversion, 698–700
decimal fraction, 700
digital voltage, 692–693
MATLAB, 700

Binary-weighted-input DAC, 707–708
Bipolar junction transistor (BJT), 20

assumed states, 870
automotive dome light application, 886–887
base-collector (bias) voltage, 853
base-collector voltage, 854, 861
base current, 853
base-emitter (bias) voltage, 853
bias circuits, 878–879
collector current, 853

base current, 858–859
qualitative description, 857
Shockley equation, 857–858

collector-emitter (bias) voltage, 853
constant-current sources

circuit limitations, 881
collector current, 880, 881
color LEDs, 881, 882
fixed resistance, 880
LED driver, 881–882

DC transistor bias circuits, 873–874
dome light switch, 886–887
door lock BJT switch and Darlington pair, 887–888
early effect, 863
early voltage, 863, 907
EBJ and CBJ, 853
emitter current, 853
ground-side switches, 884
independent biasing and negative feedback, 874–875
large-signal DC circuit model, 868–870
maximum load current, 886
negative-side and positive-side, 884
npn BJT switch, 884–885
npn-junction transistor, 853, 854

operating regions, 856
overdriving, transistor base, 886
pnp transistor, 863–865
principles

built-in electric potential, 855
common-emitter configuration, 854
doping profiles, 854, 855
electron-controlling device, 856
intrinsic Fermi energy level of electrons, 855
potential boundary, 855

qualitative description
base current, 859, 860
collector current, 859, 860
diffusion electron motion, 859
Ebers-Moll model, 860

emitter current, 859, 860
forced common-emitter current gain, 860
forward-biased pn-junctions, 859
reverse common-emitter current gain, 860

transistor v–i dependencies, 861–863
voltage-controlled switches, 884
voltage follower

circuit comparison, 882, 883
circuit limitations, 883–884
constant-voltage, 882
emitter follower configuration, 882
Thévenin equivalents, 883

Bistable amplifier circuit See Switching RC oscillator
Bit rate, 695–696
Blocking capacitor, 289
Body capacitance, 263
Body control module, 886
Boolean algebra, 668, 669, 670
Boolean expressions, 669, 673, 686
Branch currents, 93
Branch voltages, 93
Branches of electric network, 91–93
Break frequency

amplifier gain, 452
3-dB frequency, 443
half-power frequency, 440
high-pass filter, 440–441, 447
mirror reflected, 444

Built-in voltage, pn-junction, 797, 799
Butterworth response, 499–501
Bypass capacitor, 287–288

C
Capacitance

conductors, 261
dynamic behavior, 278–286
equal conductors separated, large distances, 262
ground, 261–262

Capacitive coupling of an amplifier, 209
Capacitive reactance, 534
Capacitive touch screens, 265
Cascading amplifier stages, 215–217
Center-tapped transformer

180� power divider, 602
180� power splitter, 602

Central processing unit (CPU)
brain, 748
functions, 748
instruction, 748
instruction set, 748, 749
opcode, 748
operands, 748
software, 749

Channel pinch-off, 936
Charge separation principle, 58
Chassis ground, 71, 72
Circuit analysis methods, 159–163, 183
Circuit components
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Circuit components (cont.)
bias, 46
vs. circuit elements, 31
semiconductor, 20

Circuit elements
absolute voltage and voltage drop, 72–73
vs. circuit components, 31
current amplifier, 65
ideal-diode, 49
independent ideal voltage source, 52
linear passive, 33
nonlinear passive, 47–48
transconductance amplifier, 65
transresistance amplifier, 66
υ-i characteristic, 34–35

Clamp on ammeter, 602
Clock frequency, 696, 698
Closed-loop AC gain, 453–455
Closed-loop configuration, 192, 231
Closed-loop gain, 202, 230–232
CMOS NAND gate, 946–947
CMOS NOT gate (inverter), 945
Collector-base junction (CBJ), 853, 856
Collector-emitter voltage, 854, 855, 861, 862,

867, 871, 873
Common-base configuration, 854
Common-base current gain, 858, 862, 906
Common-collector configuration, 854
Common-emitter amplifier

fixed-base transistor bias circuit, 890
linear expansion, 890–891
small-signal ground, 891
small-signal resistance/impedance, 890
voltage transfer characteristic, 890

Common ground, dual-polarity power supply, 101
Common-mode amplifier circuit gain, 224
Common-mode input signal, 197
Common-mode rejection ratio (CMRR), 224
Common-mode voltage of sensor, 222, 224, 226
Common (neutral) terminal (ground), 71
Common-source MOSFET amplifier

DC bias solution, 958
input/output voltages, 959
large-signal/small-signal, 959
saturation region, 959
small-signal model, 959
voltage-controlled current source, 953

Comparator, 194–195
Compensated Miller integrator, 291–292
Complementary MOS (CMOS) circuits

H-bridge, 658
logic inverter/NOT gate, 660
NAND logic gate, 665
NOR logic gate, 662

Complementary transistors, 646
Complex load power, balanced three-phase system, 558
Complex power, 535

Complex transfer function
cascading filter circuits, 445–447, 476
complex expression, 445
frequency response, 445
high-pass filter, 445
low-pass filter, 445, 446
next-stage filter load, 447–448

Compliance, 19
Conditional statements

function, 772
logic circuit, 772
logical expression, 772
nested if statements, 773
state programming, 771
structure, 771

Conductance
Ohm’s law, 33
transconductance, 65

Conduction angle, 819
Conservative field, 5
Constant-voltage-drop model

assumed states, 808
diode current, 809
diode voltage, 809
voltage supply, 808

Contour integral, 5
Control switching circuits

full H-bridge switch, 650
half H-bridge, 650
motor speed controller, 650
one-quadrant switch, 650

Corner frequency, 443, 444
Coulomb force, 3, 7, 37, 94
Coupled inductors

mutual inductances, 615
N coupled, 615
phasor form, 613, 614
T-network, 615–616
two coupled inductors, 616, 638

Coupling coefficient
energy, 616
ideal transformer, 616–617
mutual inductance, 617

CPU See Central processing unit (CPU)
Current amplifier

current-controlled current source, 65
and transconductance, 233
using op-amp, 209

Current-controlled current source, 65
Current-controlled voltage source, 65–66
Current divider circuit, 112–113
Current division rule, 112
Current limiter, 111–112
Current-limiting resistor, 111, 134
Current reference directions, 587, 613
Current transformer, 602
Cutoff frequency, 496, 497

Index 976



D
DAC See Digital to analog converter (DAC)
DAC scaling voltage factor, 708
Damping coefficient, 348, 352, 353, 358, 381
Data bus, 707
Data storage methods, 755
Data types, 762
3-dB frequency, 443
DC-coupled amplifier, 208
DC-coupled single-supply amplifier, 220–221
DC imperfections, 217–220
DC operating point, 810, 811, 842, 843
DC restorer circuit, 827, 828
DC steady state, 284–285
Decoupling capacitor, 289
Decoupling inductor, 289
Decrement operator, 775
Delta-delta distribution system, 561
Δ to Y transformation, 120, 121
De Morgan’s laws, 669–670
Dependent sources

vs. independent sources, 64
Depletion-enhancement mode MOSFET, 921
Depletion-mode MOSFET, 921
Device under test (DUT), 264
DFT See Discrete Fourier transform (DFT)
Differential amplifier circuit gain, 224
Differential input signal, 197, 222–223
Differential input voltage, 192, 200, 224
Differential resistance, 49
Differential sensor, 223
Differentiator amplifier

circuit, 292–293
gain at very high frequencies, 292

Digital logic gates
CMOS NOT gate, 945
logic inverter, 945
output resistance, 945–947

Digital memory element, 332
Digital output voltage, 694
Digital repeater, 194
Digital signal processing (DSP), 464, 691, 707
Digital switching circuits

AND gate, 665–667
combinational logic circuits, 668–669
latch, 673
logic circuit analysis

motor state, 671–672
truth table, 670–671

logic circuit synthesis, 672–673
logic gate, 660
NAND gate, 664–665
NOR gate, 661–663
NOT gate/logic inverter, 660–661
OR gate, 663–664
universal property, NAND gates, 669–670

Digital to analog converter (DAC)
binary-weighted-input, 707–708
equation, 711

math voltage, 708–709
operations, 707
output voltage range, 711
PWM, 716
quantization levels, 711
R/2R ladder, 714–716
relative accuracy, 712–714,
resolution, 712
resolution voltage, 709–710
Thévenin equivalent, 715–716

Digital voltage
ADC, 691–692
vs. analog voltage, 692
ASCII codes and binary words, 702
binary numbers, 692, 693, 698–700
bit rate, 695–696
clock frequency, 696–697
hexadecimal numbers, 700–702
parallel vs. serial representation, 693, 694
timing diagram, 697, 698
tri-state, 704–705

Digital-to-analog converter (DAC), 207, 247
Diode, 20

bridge rectifier, 820, 821
clamper circuit, 827–828, 847
electronic (see Electronic diode)
voltage

doubler, 847
multiplier, 847
quadrupler circuit, 829

Discrete-circuit transistor amplifiers
base-emitter loop, 874
four-resistor bias circuit, 876
integrated-circuit transistor amplifiers, 876
Thévenin equivalent, 876, 877
voltage supply, 876

Discrete Fourier transform (DFT)
applications, 464
definition, 462–463
FFT, 461
fundamental frequency, 461
IFFT, 461
implementation, 479–480
sampling interval, 461
sampling points, 461
spectrum, 463

Dotted terminals, 582, 587, 600, 612, 635
Double clipper, 831
DRAM See Dynamic random-access memory

(DRAM)
DSP See Digital signal processing (DSP)
Dual in-line (DIP-N) package, 191
Dual-polarity power supply, 101
Dynamic circuit elements

capacitance (see Capacitance)
instantaneous energy and power, 283–284
inductance (see Inductance)

Dynamic random-access memory (DRAM), 317
Dynamic resistance, 49
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E
Earth ground, 71, 72
EAS See Electronic article surveillance (EAS)
Electric circuit, 39, 53, 57, 69, 70, 71, 84
Electric current density, 11
Electric field intensity, 3
Electric network

description, 92
topology, 92–95

Electric permittivity, 9
Electric transformer

AC power transfer, 579
Ampere’s law, 583–584
application, 634–635
autotransformer, 598–599
center-tapped, 600–602, 636
current, 602–603, 636
fixed load voltage, 595–596
fixed source voltage, 596–597
function, 579, 580
high-frequency transformer model, 609–610
magnetic circuit, 579
mechanical analogies, 589
multiwinding, 599–600
phasor form, 590, 591, 633
referred load impedance, primary side, 592–593, 633
referred source network, secondary side, 590–592, 633
transformer currents, 583
transformer efficiency, 610, 637
usage, 579
voltage regulation, 609–610, 637

Electromagnetic material processing
electromagnetic forming, 316–317
self-induced Lorentz force, 317

Electronic article surveillance (EAS), 506
Electronic diode

anode and cathode, 797
automotive battery-charging system

application, 845
delta/wye connection, 821
diode circuit transformation, 822
three-phase diode rectifier, 822–823
vehicle, 821

breakdown region, 797
constant-voltage-drop-diode model, 815, 830
diode clipper circuits, 830
diode limiter circuits, 830
double diode clipper circuit, 831
envelope/peak detector circuit

amplitude-modulated signal, 824
demodulation, 823
and operation, 824–826
square-law region, 826

ESD protection, 831
forward-bias region, 797, 809
forward-bias voltage regulator, 814
iterative method, 811, 842–843
LED, 802

load voltage and diode current, 814
load-line analysis, 810, 842
mechanical analogy, 798
negative diode clipper circuit, 831
1N4148 Si switching diode, 797, 798
photodiode, 802
PIN diode, 802
positive diode clipper circuit, 830
power electronics, 814
rectifiers and regulators, 814
reverse-bias region, 797
room temperature, 798–800
Schottky diode, 801–802
Shockley’s ideal-diode equation, 798–799
shunt voltage regulator, 814
switching diode, 797
symbol, 797
terminal voltage, 797
thermal voltage, 799, 800
varactor diode, 937, 977
voltage reference circuit, 814
voltage regulator, 814
wave-shaping circuits

clamper and multiplier circuit operation, 827
diode clamper circuit/DC restorer, 827–828

diode voltage doubler and multiplier, 828–830
positive, negative and double clipper, 830–832
power electronics, 827
transfer characteristics, 832–833

Zener breakdown voltage, 797
Zener diode, 801

Electronic ignition system, 324, 328
Electronic switch, 50–51, 643, 645
Electrostatic discharge (ESD)

ESDS device, 263
ICs, 263
prediction of, 263

Electrostatics, 3–10
conductor, 7–8
Coulomb’s Law, 9–10
electric charge, 3
electric field

definition, 3
laboratory power source, 4

electric voltage
and electric potential, 4–5
vs. ground, 5–7

Element’s polarity, 81
Encapsulation, 767
Energy spectral density, 479
Energy stored in capacitance, 261
Energy stored in inductance, 282, 283
Envelope detector circuit, 823
Equipotential lines, 6
Equipotential surface, 6, 8
Equivalent circuit element, 103–104
Equivalent electric circuits, 99
Equivalent electric networks, 99

Index 978



Equivalent resistance, 102–104, 120
Error signal, 230–232
Essential mesh, 92
Exciting current, 581
Exponential diode model, 809

F
Faraday’s law

current and inductance, 581
dot convention, 582
ideal open-circuited transformer, 630–631
induction, 59, 60, 276
primary winding, 580
single lossless inductor, 580
transformer analysis, 579
transformer voltages, 581–582

Fast Fourier transform (FFT)
digital signal processing, 464
input sinusoidal signal, 464
inverse Fourier transform, 465
monotonic frequency data, 465
numerical differentiation, 465–466, 480

Feedback factor, 230
Feedback gain, 230
Feedback loop, 192, 199
Fermi potential, 927
Filter circuits

Bode plot, 441–445, 474–476
decibel (dB), 441–444, 474–476
first-order filters, 435
high-pass, 440–441
low-pass, 440
phase transfer function, 444–445, 475–476
roll-off, 441–444, 474–476

Filter termination, 439
First-order high-pass filter, 441, 448, 466, 480
First-order low-pass filter, 443, 448, 449, 455, 480
First summing-point constraint, 197–198
Fixed resistors, 41–42
Flash ADC

circuit, 724, 725
operation, 725

Flash memory, 756
Flat-band voltage, 928
Fluid analogies SeeHydraulic analogiesFor loop, 774–776
Forbidden state, 655, 670, 672
Forced beta, 860
Forced current gain, 861
Forward current, 71
Fourier transform

bandlimited, 459
converting computational electromagnetic solution,

467–472
definition, 478–479
DFT, 461–462
direct, 458
Fourier spectrum, 458
input pulse signal, 466–467, 480

inverse, 458
mathematical properties, 460–461, 479
rectangular pulse, 459
reversal property, 458
sampling theorem, 463–464
voltage/current signal, 458

Four-resistor bias configuration, 894
Four-terminal NMOS transistor

BJT, 922
integrated circuits, 922

Frequency band
bandwidth, 451
bode plot, 447
passband, 443

Full H-bridge
DC motor, 655–656, 681–682
transistor switch, 655

Full-scale output voltage range, 711
Full-wave rectifier, 819–820
Functions, Arduino language, 765–767
Function header, 766
Fundamental frequency, 461

G
Gain tolerance, amplifier, 210–211
Gauge factor (GF), 44
Gauss’ theorem, 7
Generic solar cell

application, 170–171, 179, 188
maximum power extraction, 185–187
nonlinear circuits, 167–168, 187–188
solar panels, 179

Ground reference, 5–6
Ground-side switch, 644–646, 651, 660, 679

H
Half H-bridge

DC motor, 653–654
motor functions, 654
switching states, NMOS transistors, 682

Half-power bandwidth, 491, 492, 497, 503, 520
Half-power frequency See Filter circuits
Half-wave rectifier

AC power supply, sinusoidal voltage, 817
current-limiting resistor, 818
diode rectifier, 818
dual supply, 845
electronic DC power supplies, 817
ideal-diode rectifier, 817, 818
plot source and load voltage, 818–819
rectified voltage vs. source voltage, 819, 820

Hard limiter, 832
Hardware description language (HDL), 672
Harmonic voltage and current

AC power supplies, 391
AC voltage, 391
angular frequency, 391–392
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Harmonic voltage and current (cont.)
benefit, 391
complex exponent, 404
definition, phasor, 396–398
electric circuit, 410
electrode, 410
frequency, phase and amplitude, 391
impedance, 405–407
leading and lagging

AC signal, 395
amplitude and phase, 395
frequency, 394
phase-shifted AC voltages, 394
power electronics, 393
zero-phase cosine, 393

magnitude
impedance, 408–410
human body, 410

Maxwell’s theory, 392
measurements, 396
operations, phasors and phasor diagram, 401–404
and parameters, 391, 392
phasors to real signals, 399
polar and rectangular forms, 399–401
real signals to phasors, 398–399
resistance, 405
signals, 391
steady-state AC circuits, 391
steady-state AC voltage, 391
steady-state alternating current, 391

Hexadecimal numbers, 700–702
High-voltage side, 587
Howland current source (Howland current pump), 255
Hydraulic analogies

AC circuits, 19
DC steady state, 18, 19
semiconductor circuit components, 20

I
υ-i characteristics

circuit elements, 31
current source, 55
definition, 31
c—plot, 53
ideal (Shockley) diode, 47
ideal diode, 48
ideal switch, 35
inverse slop, 49
Ohm’s law, 47
ohmic conductor, 47
passive circuit elements, 47–48
practical current source, 58
practical voltage source, 55
resistances 34–35
solid line, 58
static resistance, 48
transfer characteristic, 66–67

two-terminal switch, 50
voltage source, 52–53

Ideal ammeter, 69
Ideal-amplifier model, 197–198, 217, 252
Ideal-diode model, 31, 47, 79

assumed states, 804, 805, 838–840
forward-bias region, 804
OFF-diode, 804–806
ON-diode, 804–806
OR logic gate, 806–807
output voltage, 807
v–i characteristics, 804

Ideal loaded transformer
circuit symbol, 585
contour, 584
linear interface, 585
power conservation, 585
power rating, 587–588
vs. real transformer, 586–587, 631–632
stored energy, 586
terminologies, 587

Ideal MOS capacitor model, 925
Ideal open-circuited transformer See Faraday’s Law
Ideal transformer equations, 579, 602
Ideal voltmeter and ammeter, 69–70, 85
IDFT See Inverse discrete Fourier transform (IDFT)
Impedance matching, 545
Increment operator, 775
Incremental resistance, 49
Independent ideal current source

active reference configuration, 55
definition, 55
symbols, 56–57
υ-i characteristic, 56

Independent ideal voltage source, 52–55
Inductance

dynamic behavior, 281–283
self-inductance, 272–273
series and parallel, 275–276
solenoid with and without magnetic core, 273–275

Inductor
choke, 289
fringing effect, 274
ideal, 275
1-mH, 276–277
physical, 272

Input and output (I/O) devices, 750
Input bias current, 219–220
Instantaneous generator voltage, 60
Instruction set, 748
Instrumentation amplifier, 222–229
Instrumentation transformers, 579, 603
Integrated circuit (IC), 191, 229
Integrated development environment (IDE)

edit menu, 759
features, 758
file menu, 759
installation, 758
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license agreement, 758
sketch menu, 758
tools menu, 759
USB connection, 757
visual representation, 757
windows, 758

Interface
analogRead function, 769
Arduino programs, 770
IO pins, 769
pinMode function, 769
PWM signal, 770

Internal compensation, 451
Internal source resistance, 54, 57
Interrupt service routine (ISR), 781
Interrupts

debounced, 781
ISR, 781
microprocessor, 781
polling, 780
queue, 781
trigger state, 781
volatile, 782

Inverse discrete Fourier transform (IDFT), 461
Inversion layer of MOS capacitor, 928, 935, 936
Inverting amplifier, 203–204
Inverting input, 191, 201, 207
Inverting Schmitt trigger, 332, 376
Isolation transformers, 579
ISR See Interrupt service routine (ISR)
Iterative method for nonlinear circuits

definition of, 169
explicit iterative scheme, 169
implicit iterative scheme, 169

J
Junction FET (JFET), 931

K
Karnaugh maps, 673
Kirchhoff’s current law (KCL), 93–95
Kirchhoff’s voltage law (KVL), 14, 95–98

L
Lagging power factor, 536
Large-signal BJT circuit model, 866
Large-signal circuit model

base-bias transistor circuit, 866
equivalent circuit model, 866
first-order circuit, 866
linear current-controlled current source, 866
nonlinear voltage-controlled current source, 866

Large-signal MOSFET model in saturation
digital switching circuits, 939

transconductance curve, 940
Latch

inverters, 673
SRAM, 688
stable states, 673

Laws of Boolean algebra, 668
Leading power factor, 537
Least significant bit (LSB), 707
LED See Light-emitting diode (LED)
Lenz’s law, 630
Library, 767
Light-emitting diode (LED), 802
Line currents, 553
Line integral, 5
Linear circuit (definition of homogeneity additivity

superposition), 116
Linear feedback system, 230
Linear load, 47, 607
Linear oscillators, 330
Linear passive circuit element

components, 31
fixed resistors, 41–42
Ohm’s law, 33
Ohmic conductors, 36–39
passive reference configuration, 32–33
power delivered, 35–36
resistive sensors, 42–45
symbols and terminals, 31–32
variable resistors (potentiometers), 42
voltage across, 32
υ-i characteristic (see υ-i characteristic)

Lines of force, 4
Line-to-line voltages, 552
Line-to-neutral voltages, 547, 552, 557, 575
Load cell, 229
Load impedances per phase, 549, 573
Load line (definition, method of), 167–168
Load reflections, 592
Load-line analysis

actuator device, 951, 952
amplifier (see MOSFET amplifier) current

mirror, 950
diode-connected, 950
lumped process parameter, 950
Ohm’s law, 948
quadratic equation, 949

Load-line method, 810–811, 842
Logic inverter, 660–661, 683
Loops

electric network, 92–93
for loop, 774–776
while loop, 776, 777

Lorentz force, 59, 60, 315, 317
Low-frequency asymptotes, 444, 449
Low-voltage side, 588, 632
LSB See Least significant bit (LSB)
Lumped process parameter, 934
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M
Magnetic field, 271, 272, 299
Magnetic flux density, 272, 273, 299, 315
Magnetic induction, 272, 299
Magnetic permeability of vacuum, 274
Magnetic radiators

application, 638
coil array, 622
tuned radiators, 623–624
two identical, 622–623
uncoupled inductors, 623
wireless inductive power transfer, 622, 638

Magnetizing inductance, 581
Magnetizing reactance, 606, 637
Magnetostatics

Ampere’s law, 14–16
current-carrying conductor, 12–13
current flow model vs. electrostatics, 11–12
electric circuit, 13–14
electric current, 11
electric power transfer, 16–17

Matched load, 161
Matched switching transistors, 646
Matching circuit

arbitrary complex impedances, 595
real-valued impedances, 593–594
transformer, 634

Material conductivity, 37, 44
Material resistivity, 37
Maximum available source current, 54
Maximum available source power, 54
Maximum operating frequency, 800
Maximum power efficiency, 162–163, 184–185
Maximum power theorem (principle of maximum

power transfer), 161, 171
Maximum power transfer for AC circuits,

principle of, 544–545, 572
Maximum sensitivity of voltage divider circuit, 108–109
Mechanical analogy, 332
Memory

binary representation, 754
bytes, 749
data storage methods, 754–755
flash, 756
organization, 753–755
program execution, 749
storage, 881
types, 755–756

Mesh analysis (mesh-current analysis), 142
linear circuits, 146–147

Meshes of electric network, 91–93
Metal-oxide-semiconductor (MOS) transistors

complementary MOS circuits, 645
ground-side switch, 645
power-side switch, 645

Metal–semiconductor FET (MESFET), 931
1-mH inductor, 276–277
mho, 33

Microcontrollers
architecture, 747, 748
buses, 850–851
CPU, 748–749
feature, 747
hierarchy, 748
I/O devices, 747, 850
memory, 747, 849
timers, 850
USART, 851–852

Miller integrator
amplifier circuits, dynamic elements, 290–291
compensated, 291–292

Mobility of charge carriers, 37
Modulation depth, 824
MOS field effect transistor (MOSFET)

amplifier
linear small-signal, 956–957
Q-point, 955–956
transconductance, 957–958
voltage transfer characteristic, 953–954

channel, 924
CMOS process, 930
common-source amplifier (see Common-source

MOSFET amplifier)
DC circuit, 947
JFET, 931
linear/ohmic subregion, 932
load-line method (see Load-line analysis)
MESFET, 931
n and p-channel, 921
NMOS

capacitor, 924–925
and PMOS transistor, 932

on-state resistance, 944
oxide layer

pn-junction depletion layer, 926
SiO2, 926

parameter extraction, 943–944,
PMOS transistor, 929–930, 939
process transconductance parameter, 934
resistor-switch model, 944
saturation current, 936
saturation region, 935–937
semiconductor body

Fermi potential, 927
inversion layer, 927, 928
mass-action law, 927

simplifier transistor circuit, 933
terminal voltages and currents

drain-source voltage, 923
gate-drain voltage, 923
gate-source voltage, 923

threshold voltage, , 921–933
transconductance parameter

curve, 940
lumped process parameter, 934

transistors, 646
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turn-on resistance, 934, 942–944, 968
v-i dependencies, 937–938
work function difference, 928, 929

Motor control states (forward mode), 650, 652
Motor speed controller, 650
Motor switching

forward mode, 650
free run to stop, 650
motor brake, 650
reverse mode, 650

Multiwinding transformer, 599–600, 636
Mutual inductance, 272–273

N
NAND gate

vs. input voltages, 662
symbol, 663
three inputs, 664

n-channel metal-oxide-semiconductor field-effect
(NMOS) transistor, 20

n-channel MOSFET, 653
Near-field communication (NFC), 506
Near-field wireless link, 506, 510–511, 522
Negative clipper, 831
Negative equivalent (Thévenin) resistance, 182

construction and use, 158
dependent source, 158
voltage-controlled voltage source, 158

Negative feedback
amplifier’s stability, 199
idea of, 199
summing-point constraints, 199–201

Negative phase sequence, 524, 573
Negative temperature coefficient (NTC), 43
Neper (Np), 348, 358
Neutral wire, 553–555, 573–576
NFC See Near-field communication (NFC)
NMOS transistor

channel inversion, 924
threshold voltage, 928

Nodal analysis, 142, 176–177
circuit current I, 176
linear circuits, 146–148
supply current I, 176

Nodes of electric network, 92–94
Noise signals, 530
Nonideal low-frequency transformer, 617
Nonideal transformer model

harmonic source and linear load, 607
impedance load, 607
input voltage, 609
load current, 607
load voltage, 607
power factor, 609
rms values, 606

Non-inverting amplifier, 201–203

Non-inverting input, 192, 193
Non-inverting Schmitt trigger, 332, 376
Nonlinear circuits, 167–168

definition of linearization dynamic/small-signal
resistance, 116

Nonlinear passive circuit elements, load, 46
Non-ohmic circuit elements, 46
Non-reference, 141
Nonvolatile memory, 755
NOR gate, 661

vs. input voltages, 660
three inputs, 664

NOT gate, 660–661, 663, 665, 666
n-type/n-channel MOS transistor (NMOS)

control voltage, 646
ground-side switch, 645
intrinsic threshold voltage, 648
load current, 647
metal electrodes, 647
threshold voltage, 647

Nyquist rate
minimum acceptable sampling rate, 723
modulation theory, 723
Nyquist-Shannon sampling theorem, 723
oversampling and undersampling, 723
sampling frequency, 723

Nyquist-Shannon sampling theorem, 723

O
Objects, 768, 769
Octave, 443, 474
Offset-null terminals, 192, 218
Ohm’s law, 35, 36, 39, 47, 49, 67

resistance and conductance, 33
Ohmic conductor, 36–39
One-port network, 99
Open-circuit, 34

small-signal voltage gain, 956, 958
source voltage, 54, 57, 60, 65, 67, 83
voltage gain, 192, 232, 889, 891, 895

Open-loop AC gain, 453–454, 477
Open-loop configuration, 192, 199
Open-loop voltage gain, 192
Operating point, 49, 50
Operational amplifier

application, 194–195
bandwidth, 455–456, 477–478
closed-loop AC gain, 454–455, 477
definition, 191
frequency bandwidth, 451, 456–457, 478
open-circuit/open-loop voltage gain, 192
open-loop AC gain, 453–454, 477
open-loop amplifier gain, 451, 477
open-loop gain behavior, 451–452
power rails and voltage transfer characteristic, 193, 194
symbol and terminals, 191–192
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Operational amplifier (cont.)
unity-gain bandwidth vs. gain-bandwidth product,

452–453, 477
OR gate, 661–662, 669
Output resistance, 863, 873, 889, 891, 895, 896
Output terminal, 192, 196

P
Parallel battery bank, 101
Parallel connection, 103
Parallel data transmission, 751
Parallel digital output voltage, 693
Parallel-plate capacitor

application, 267–269
capacitive touchscreens, 270–271
capacitor marking, 269–270
ceramic capacitors, 269
circuit symbol, 266–267, 275–276
dielectric permittivity of vacuum, 265
electrolytic capacitors, 269
fringing effect, 265
inductor marking, 277
mutual-capacitance method, 271–273
opposite charge–Q, 264
self-capacitance method, 270–271
solenoid with and without magnetic core, 273–275
static capacitance, 266
total charge +Q, 264
touch screens, 265

Parallel resonant RLC circuit
amplitude, 493
circuit voltage, 494
duality, 495, 519, 520
parallel RLC tank circuit, 493
partial time constants, 493
phasor representation, 493
Q-factor, 494
resonance condition, 493
resonant frequency, 493–494
resonant phasor currents, 495
second-order RLC filters, 504–505

Parallel vs. serial representation, 693, 694
Parseval’s theorem, 479
Passive linear circuit elements, 278
Passive reference configuration, 32–33
p-channel MOSFET, 929, 944
Peak detector circuit, 823
Peltier-Seebeck effect, 44
Peripherals, 750
Per-phase solution, 553
PFC capacitor, 539–541, 543
Phase impedances, 549, 557, 575
Phase voltages, 547–549, 572, 573
Photocell, 43
Photoresistor, 44, 45
Piecewise-linear diode model, 801, 816, 817

PMOS transistor, 929–930
Polarity

AC source, 67
active reference configuration, 52, 56
independent, 52
voltage, 32, 34

Polling, 780
Positive feedback, 330, 335, 372
Positive phase sequence, 548, 549, 551, 556, 560
Postfilter, 710
Potential transformers, 603
Potentiometer, 42
Potentiometric position sensor, 44–45
Power angle, 531–532, 569
Power conservation law for electric networks, 99
Power factor correction

application, 542
average load power, 541
capacitance value, 540
capacitor, 539
current amplitude, 541
impedance, 540
load impedance, 542
modified load, 539
power angle, 539
reactive load power, 540
RLC circuit, 539
shunt capacitor, 539, 540

Power rails, 193
Power-related networking theorems, 98–99
Power-side switch, 644–646, 679, 884
Power switching circuits

DC motor, 651–652
full H-bridge, 655–657
half H-bridge, 653–654
one-quadrant switch, 652–653

PWM motor controller, 657–659
resistive load, 651
switching quadrants, 650–651

Power terminals, 230
Power triangle, 570–571

inductive and capacitive load, 535, 536
whip antenna, 537

Poynting vector, 17
Practical current source

definition, 58
open-circuit voltage, 57
short-circuit current, 57
υ-i characteristic, 58

Practical voltage source, 54–55
Primitive data types, 762
Process transconductance parameter, 934
Product-of-sums approach, 672–673
Proximity sensors, 511–516, 520, 521
P-type/p-channel MOS transistor (PMOS), 646

control voltage, 646
intrinsic threshold voltage, 648
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output voltages, 648–649
power-side, 653
power-side switch, 679
threshold voltage, 646

Pull-down switch See Ground-side switch
Pull-up switch See Power-side switch
Pulse-width modulation (PWM), 716, 768, 782, 783

average supply voltage, 657
commercial controllers, 658
duty cycle, 657
motor controller, 657–659, 682
realization, 658, 659
supply voltage, motor, 657
voltage form, 657–659

PWM See Pulse-width modulation (PWM)

Q
Quality factor

constant, 489
definition, resonant frequency, 488
inductor and capacitor, 489
maximum amplitude, 489
mechanical resonator, 489
series resonant LC circuit, 490
series resonant RLC circuit, 491

Quality factor of series resonant RLC circuit, 488
Quantization error, 727
Quiescent-point (Q-point), 49, 810, 812

NMOS amplifier, 955
parameters, 891

R
Radiation resistance, 47
Radio-frequency (RF)

inductor choke, 289
power, 823

Rail-to-rail amplifiers, 194
Reactive power, 535
Real transformer, 604

equivalent circuit values, 606
model parameters and extraction, 604–606
nonideal low-frequency

core loss resistance, 604
leakage resistance, 604
leakage inductance, 604
ohmic resistance, 604
Steinmetz model, 604

Receiver circuit, 522
Faraday’s law, 508
open-circuit voltage, 509, 510
operating frequency, 510
quality factor, nonideal inductor, 510
voltage multiplier, 510

Reconstruction filter, 710
Rectangle rule, 461
Reduction of resistive networks, 104–105

Relative magnetic permeability, 275
Replacing a node by a loop, 120
Resistive sensors, 42–45
Resistor, 40

ECE laboratory kit, 77
fixed, 41–42
photoresistor, 44
thermal, 42
variable, 42

Resolution voltage, 708–710
Return current and ground, 71
Reversal property, 458, 479
Riemann sum approximation, 461
RL filter circuits, 448–450, 476
rms voltage

AC signals, 567
application, 567
DC voltage, 530
root-mean-square value, 530
sawtooth/triangular wave, 530
single-frequency voltage signals, 530

Rotating magnetic field, 550
Rotor, 550
R/2R ladder DAC, 714–715
R-2R ladder network, 157

T
T and Π networks, 121–122
Telephone hybrid circuit, 600
Tellegen’s theorem, 98
Thermistor constant, 43
Thermistor equation, 43
Thermocouple, 43
Thévenin equivalent, 153, 155, 158, 162, 167, 181
Thévenin’s and Norton’s theorems, 153–182
Three-terminal MOSFET, 922, 923, 932
Three-terminal networks, 119
Threshold voltages, 332
Timing diagram, 697, 698
T network, 122, 132
T pad, 122
Transconductance, 66, 67

amplifier, 65, 233
curve, 940

Transfer characteristic, 66–67
Transfer resistor, 854, 862
Transient circuit, 284
Transient RC circuit

capacitor, 310
digital memory cell, 317–318
electromagnetic railgun, 314–316, 369
energy-accumulating capacitor circuit

forced response, 319
resistor voltage, 319
source voltage, 320
Thévenin resistance, 318

energy consideration, 313
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Transient RC circuit (cont.)
energy-release capacitor circuit

electromagnetic material processing, 312
load resistor, 310
time/relaxation constant, 311

fluid mechanics analogy, 314
static/dynamic circuit, 310
time constant, 312–313

Transient RL circuit
energy-accumulating capacitor circuit

charging, 325
inductor/resistor voltages, 326
inhomogeneous, 325
mH inductor, 326
supply current, 327
voltages and currents, 321
zero inductor current, 326

energy-release inductor circuit
charged, 321
current source, 321
dynamic circuit, 321
inductor, 321, 322
magnetic-field energy, 321
supply current, 322
time/relaxation constant, 322

inductor current
continuous function, 324
finite magnetic-field energy, 324
fluid mechanics analogy, 324, 325
independent function, 324
inductor inertia, 324

laboratory ignition circuit, 328–329
static/dynamic circuit, 321
voltage supply, 327

Transistor circuit analysis
collector and base resistances, 871
current-controlled current source model, 872, 873

Transistor test circuits, 856, 866, 871
Transistor threshold voltage

digital circuits, 647
switching behavior, 646

Transmission line, 14
Transmitter circuit, 522

magnetic field, 507
operation frequency, 507
phasor method, 507
quality factor, 507
series capacitor, 507

Transmitting antenna, 163
Transresistance amplifier, 65, 233
Triode region, MOSFET

electron surface mobility, 934
lumped process parameter, 934
process transconductance parameter, 934
turn-on resistance, 934

Tri-state buffer, 704–705
Tri-state digital voltage

buffer, 704
components, 705

True power, 544
Truth table

AND gate, 666
logic circuit, 661, 670–671
NAND gate, 665
OR gate, 666

Tuning diode, 800
Two coupled inductors

circuit analysis, 607
circuit symbol, 613

Two-port networks, 121–122
Two-terminal network (definition of input port

output port), 119
Two-terminal switch, 50
Typecasting, 764

U
Undamped resonant frequency, 348, 352, 381, 384, 385
Underdamped circuit, 357, 360
Unidirectional switch, 50
Unity common-mode gain stage, 227
Universal synchronous/asynchronous receiver/

transmitter (USART)
CPU and external serial devices, 752
parallel data transmission, 751
serial data transmission, 751

USART See Universal synchronous/asynchronous
receiver/transmitter (USART)

V
Variable resistor, 42
Velocity saturation region, 936
Very high frequencies, 285
Virtual-ground circuit, 220–221
Virtual ground of dual-polarity power supply, 101
Virtual-ground (integrated) circuit, 221
Volatile memory, 755
Voltage amplifier, 65
Voltage-controlled current source, 65–66
Voltage-controlled voltage source, 65
Voltage difference, 5, 32, 52, 61
Voltage divider circuit, 105–107
Voltage division rule, 107
Voltage drop, 5, 32, 37, 56

absolute voltage, 72–74
Voltage follower (buffer) amplifier, 204–205
Voltage polarity, 31, 32, 55, 582, 613
Voltage transfer characteristic, 193, 953, 954
Volt-amperes (VA), 535
Volt-amperes reactive (VAR), 535

W
Wattmeter, 538
Wattmeter current coil, 538
Wheatstone bridge (definition of difference signal

difference voltage balanced), 113–115
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While loop, 776, 777
Wireless inductive power transfer

coaxial coupled inductors, 619
coil configuration, 618
data transfer, 618
finite magnetic core, 621
magnetic near-field calculations, 620
MATLAB script, 621
mutual inductance, 620
RFID, 619
transmission frequency, 620

Work function difference, 928
wye-connected load, 549, 560
Wye-connected source, 549, 560, 561
Wye-wye distribution system, 552
Wye/Y configuration, 549

X
XOR gate, 670

Y
Y and Δ Networks, 119, 121
Y to Δ transformation, 121

Z
Zener diode

piecewise-linear, 816–817
shunt voltage regulator, 815–817
voltage regulator, 843, 844

Zero-level detector, 195, 240
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