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Preface

Wireless personal mobile and cellular communications are expected to be one of the
hottest growth areas of the 2000s and beyond. They have enjoyed the fastest growth
rate in the telecommunications industry—adding customers at a rate of 20-30% a
year. Presently, at least six satellite systems are being developed so that wireless
personal voice and data communications can be transmitted from any part of the
earth to another using a simple, hand-held device. These future systems will provide
data and voice communications to anywhere in the world, using a combination of
wireless telephones, wireless modems, terrestrial cellular telephones and satellites.
The use of wireless remote sensing, remote identification, direct broadcast, global
navigation, and compact sensors has also gained popularity in the past decade.
Wireless communications and sensors have become a part of a consumer’s daily life.
All of these wireless systems consist of a radio frequency (RF) or microwave front
end.

Although many new wireless courses have been offered at universities and in
industry, there is yet to be a textbook written on RF and microwave wireless systems.
The purpose of this book is to introduce students and beginners to the general
hardware components, system parameters, and architectures of RF and microwave
wireless systems. Practical examples of components and system configurations are
emphasized. Both communication and radar/sensor systems are covered. Many
other systems, such as, the global positioning system (GPS), RF identification
(RFID), direct broadcast system (DBS), surveillance, smart highways, and smart
automobiles are introduced. It is hoped that this book will bridge the gap between
RF/microwave engineers and communication system engineers.

The materials covered in this book have been taught successfully at Texas A&M
University to a senior class for the past few years. Half of the students are from RF
and microwave areas, and half are from communications, signal processing, solid-
state, optics, or other areas. The book is intended to be taught for one semester to an
undergraduate senior class or first-year graduate class with some sections assigned to

xi



xii PREFACE

students for self-study. The end-of-chapter problems will strengthen the reader’s
knowledge of the subject. The reference sections list the principal references for
further reading.

Although this book was written as a textbook, it can also be used as a reference
book for practical engineers and technicians. Throughout the book, the emphasis is
on the basic operating principles. Many practical examples and design information
have been included.

I would like to thank all of my former students who used my notes in class for
their useful comments and suggestions. I would also like to thank Mingyi Li, Paola
Zepeda, Chris Rodenbeck, Matt Coutant and James McSpadden for critical review of
the manuscript. Michelle Rubin has done an excellent job in editing and preparing
the manuscript. Tachan Bae has helped to prepared some of the art work. Finally, I
wish to express my deep appreciation to my wife, Suh-jan, and my children, Peter
and Nancy, for their patience and support.

KAl CHANG
February 2000
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Bit error rate (continued)

versus carrier-to-noise ratio, 287
Blackbody, 317
Brightness temperature, 317, 320
Broadcasting, applications, 7

Carrier signal, 275
Carrier-to-noise ratio, versus bit error rate,
287
Cascaded amplifiers, gain and noise figure,
156-157
Cascaded circuit
equivalent noise temperature, 157-158
noise factor, 155-156
Cavities, 118
Cavity model, 92
Cellular phone services, analog and digital,
262, 264-265
Center-driven dipole, radiation patterns, 81,
83
Circulators, 128-130
Coaxial lines, 41-43
equivalent circuit, 1718
transverse electromagnetic mode, 42
Code division multiple access, 298-303
Colpitts crystall oscillators, 185
Comparator, monopulse tracking, 226, 228—
229
Components, symbols, 113
Compression points, 158—160
Conductor, fields inside, 1011
Conical scan, 224
Continuity of flux, 14
Continuous-wave radar, see Doppler radar;
Frequency-modulated continuous-wave
radar
Cordless phone services, analog and digital,
262, 264-265
Cosmos 1500 SBR, parameters and
performance, 234, 236
Couplers, 114-119
directional, 114-115
hybrid, 115-116
Wilkinson, 116, 118-119
Coupling factor, 114
Cross-polarization, antennas, 78
Crystal reference oscillators, 184185
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as absolute unit, 31-32
conversion to and from power ratios,
28-29
definition, 27

gain or loss representations, 29-30
voltage definition, 27
Demodulation, 274-275
amplitude, 275-279
Detectors, 130-134
current sensitivity, 132
flicker noise, 132
nonlinear /-V characteristics, 131
Dicke radiometer, 320-321
Dielectric constant, relative, 14
Digital shift-keying modulation, 280-286
Diode control devices, ferrite and p—i—n, 135
Dipole antennas, 80-86
Direct broadcast satellite systems, 313-314
Directivity
antennas, 77-78
couplers, 114
Direct-sequence spread spectrum system,
299-300
Dominant mode, rectangular waveguide, 54
Doppler radar, 212-216
block diagram, 213-214
frequency response characteristics, filter
bank, 214
output power, 216
relative speed calculation, 212-213
using superheterodyne technique, 215
Doppler shift, 212
Downconverter, 132—133
conversion loss, 134
Driven tags, 316
Duplexer, separating transmitting and
receiving ports, 211
Duty cycle, 209
Dynamic range, receivers, 158-160
spurious-free, 166—168

Earth station terminal, 258, 260
Effective area
antennas, 78-79
parabolic dish antennas, 88
Effective isotropic radiated power, 252-254
Efficiency, antennas, 77-78
Electric potential, Laplace equation, 42
Electromagnetic spectrum, 3—4
Electronic counter-countermeasures, 322—
323
Electronic countermeasures, 322-323,
325-328
Electronic support measure, 322-325
Electronic warfare systems, 320, 322-328
applications, 7
Equivalent noise temperature, 157-158



Far-field region, antennas, 71-72
Fast frequency hopping spread spectrum,
300-301
Feedforward amplifier system, block
diagram, 181-182
Feed methods
antenna arrays, 102—103
microstrip patch antennas, 96-97
monopulse tracking, 225
Filter bank, frequency response
characteristics, Doppler radar, 214
Filters, 123127
low-pass, DC current, 131
microstrip bandpass, 126-127
microstrip structures, 126
prototype circuits, 125-126
response, 124-125
types, 123-124
First resonator mode, voltage distribution,
122-123
Flicker noise
detectors, 132
receivers, 154
Frequency divider, 144
Frequency division multiple access, 257,
294-296
Frequency division multiplexing, 294-296
receiver block diagram, 296
transmitter system, frequency spectrum,
294-295
Frequency-modulated continuous-wave
radar, 216-222
altimeter, 220-221
block diagram, 216-217
frequency variation rate, 217-218
moving-target case, 218-222
stationary-target case, 216-218
waveform for moving target, 219
Frequency modulation, 279-280
Frequency multiplier, 143—144
Frequency shift keying, 282
Frequency spectrums, 3—6
higher
advantages, 3, 5
disadvantages, 6
Frequency synthesizers, 144, 188-191
with improved resolution, 189-190
multiple-loop, 190-191
Frequency tuning, 178
Friis transmission equation, 244-247, 326
received power, 248

Gain
antennas, 77-78

INDEX 335

representations, 29—30
Galactic noise, 152
Gaussian minimum shift keying, 283
Global positioning systems, 307-309
Gold sequences, 300, 302-303
Green’s function, free-space, 74
Ground-to-satellite communication uplink,

248-249

G/T parameters, 252-254
Gunn oscillator, 179

Half-power beamwidth, antennas, 77
Half-wave dipole, 81
Helmholtz equation, 15

antennas, 69-70

inhomogeneous, antennas, 73—74
Hertz, Heinrich Rudolf, 1
Highway applications, 7, 309-312
Hollow-pipe waveguides, 50
Horn antennas, 86—89
Hybrids, 115-116

Impedance
input, antennas, 75
intrinsic, free space, 70
microstrip lines, 38
normalized, definition, 33
radiation, microstrip patch antennas, 94
transmission line
terminated, 21
Smith charts, see Smith charts
Impedance matching networks, 55, 57-63
adding series reactance to load, 60, 62
adding shunt reactance to load, 60, 62
lumped elements, 60—63
matching stubs, 55, 58
single-section quarter-wavelength
transformer, 59-60
two-port, 55, 58
In-phase/quadrature-phase modulators,
284-285
Insertion loss, 30, 32-33
definition, 32
S-parameters, 41
Intelligent Vehicle and Highway System, 310
Intermodulation
receivers, 161-165
transmitters, 180—183
Intermodulation distortion
two-tone test
linearized, 183
nonlinearized, 181, 183
products, 180
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Inverted F- and L-antennas, 83, 85
Isolation, 114

Isolators, 128—-130

Isotropic radiator, plane waves, 69-71

Johnson noise, 153

K-band satellite link, 258-259
Kirchhoff’s current and voltage laws, 18

Laplace equation, electric potential, 42
Line-of-sight, 243
Link budget, 251
Link equation, 248-252
Local-area networks, wireless, frequency
bands, 270
Loss, representations, 29-30
Low-noise amplifier, 7
Lumped elements, 54-57
impedance matching networks, 60—63

Magit-T, 115, 117
Marconi, Guglielmo, 1
Maxwell, James Clerk, 1
Maxwell equation, 14
antennas, 70
magnetic field, coaxial line, 43
Medical applications, 7
Microstrip bandpass filter, 126-127
Microstrip circuits, resonators, 122—124
Microstrip filter structures, 126
Microstrip lines, 43—49
analysis formulas, 4546
characteristic impedance, 38
equivalent circuit, 49
graphical method, 4749
guide wavelength, 49
quasi-static analysis, 45
quasi-TEM mode, 45
synthesis formulas, 4647
Microstrip patch antennas, 9098
cavity model, 92
feed methods, 96-97
input admittance, 94
radiation
conductance, 92
impedance, 94
patterns, 97-98
susceptance, 92-93
rectangular, 91-92
transmission line model, 91-94
Microwave dielectric substrates, properties,
44

Microwave frequency spectrum, 3
Microwave relay systems, 254, 256
Microwave subsystem design, user
requirement impact, 233
Microwave systems, motor vehicle and
highway applications, 309-310
Millimeter-wave band designation, 5
Millimeter-wave spectrum, 3
Minimum detectable signal, receivers,
158-160
Miteq amplifier, performance, 142
Mixers, 130-134
intercept point, 162—163
multiplication of input signals, 132—133
spurious reponses, 166
system response, 159
Mobile communication systems, 258-260,
262-265
frequency allocations, 260
Modulation, 274-275. See also specific types
amplitude, 275-279
degress, 276277
frequency, 279-280
pulse code, 289-292
Modulation index, 279
Monopole antennas, 80-86
Monopulse tracking, 224-228
comparator, 226, 228-229
feed arrangements, 225
receiver, 228, 230
sum and difference patterns, 225-226
Motor vehicle applications, 7, 309-312
Moving target indicator, 228, 230-231
Multiplexer, 127-128

Navigation, applications, 6
Navistar global positioning system satellite,
307-308
Noise
frequencymodulated, 173-175
receiver, natural sources, 152—-154
transmitters, 173—-176
Noise figure, receivers, 154—157, 201
Noise floor, due to match resistor load, 158
N-port network, 3940
Nyquist noise, 153

Omega transmitters, 307
Oscillating frequency, 177-178
Oscillators, 139-142

circuit, 139

crystal reference, 184—185



frequency stability, 176-177
output power spectrum, 175
phase-locked, 186—188
simplified circuit, 177-178
spurious signals, 177
varactor-tuned, 178

PAMELA, 311
Parabolic dish antennas, 88-91
Passive tags, 316
Pattern multiplication, 99
Permeability, relative, 14
Personal communication systems, 262-263,
266-270. See also Satellite personal
communication systems
frequency allocations, 266
ultimate vision, 266, 269
Phase-locked loops, 144
Phase-locked oscillators, 186188
Phase noise, measurement, 175-176
Phase shift, S-parameters, 41
Phase shifters, 136139
Phase shift keying, bandwidth efficiency,
288-289
8-Phase shift keying
bandwidth efficiency, 288-289
constellation diagram, 285
16-Phase shift keying
bandwidth efficiency, 288-289
constellation diagram, 285
Plane waves, isotropic radiator, 69-71
Polarization, antennas, 78
Power added efficiency, 141
Power amplifier, 191
intermodulation, 180-181
nonlinear characteristics, 180182
Power density
directive antenna, 244
radar, 199
time-averaged, antennas, 70
Power radiation patterns, antennas, 75-77
Power ratios, conversion to and from decibel,
28-29
Pseudonoise code, 300
Pulse code modulation, 289-292
advantages, 289
block diagram, 290
Pulse doppler radar, 228, 230-231
Pulse integration, 203
Pulse radar, 209-212
block diagram, 210-211

Quadrature amplitude modulator
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bandwidth efficiency, 288-289

block diagram, 286

constellation diagram, 285
Quadriphase shift keying, 283284

variations, 286
Quality factor, resonators, 119—121
Quantizing steps, 291-292
Quarter-wavelength whip antenna, 81, 83
Quasi-TEM mode, microstrip lines, 45

Radar, 2, 196-235
applications, 6
back-reradiation, 196-197
basic system, 198
classification, 197
cross-section, 199, 205-209
calculation for simple targets, 207
as function of frequency, 206
incident and reflected waves, 205-206
microwave frequencies, 207-209
sphere, 207-208
direction finding and tracking, 222-228
conical scan, 224
monopulse tracking, 224-228
sequential lobing, 223-224
examples, 233-236
power backscattered to, 199—200
power density, 199
pulse, 209-212
pulse doppler, 228, 230-231
synthetic aperture, 232
tracking, types, 222
Radar equation, 198-201
including pulse integration and system
losses, 202-205
Radiation conductance, microstrip patch
antennas, 92
Radiation curves, different temperatures, 318
Radiation patterns
center-driven dipole, 81, 83
microstrip patch antennas, 97-98
Radiation susceptance, microstrip patch
antennas, 92-93
Radio astronomy, applications, 7
Radio detection and ranging, see Radar
Radio frequency spectrum, 3
Radio frequency identification systems,
313-316
applications, 7
comparison of systems with different
freqeuncies, 315
simplified systems, 315
Radiometers, see Remote sensing systems
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Radio/microwave links, 254-255
Radio navigation, 304-309
active system, 304-305
comparison of systems, 306
passive system, 305
Receivers, 141-142, 149-168
channelized, 324-325
compression points, 158—160
dual-conversion, 150-151
dynamic range, 158-160
equivalent noise temperature, 157158
flicker noise, 154
intermodulation, 161-165
minimum detectable signal, 158-160
monopulse tracking, 228, 230
noise, natural sources, 152—-154
noise figure, 154-157, 201
selectivity, 152
sensitivity, 150
SNR ratio, 201
spurious-free dynamic range, 166—168
spurious reponses, 166
system considerations, 150-152
system response, 159
TDMA, 298
third-order intercept point, 161-165
wide-band, electronic support measures
surveillance, 324
Rectangular waveguides, 50-54
properties, 5153
Reflection coefficient, 34
terminated transmission line, 21
Regenerative frequency divider, 144
Remote sensing systems, 317-321
applications, 7
block diagram, 319
generating pictures, 320-322
Resonant frequency, 119
Resonators, 118-125
equivalent circuits, 119—120
frequency response, 121-122
microstrip circuits, 122—124
quality factor, 119-121
Return loss, 32-33
definition, 32
S-parameters, 41
Sampling, pulse code modulation, 289-290
Satellite communication systems, 255-258
frequencies, 257-258
Satellite earth station, 258, 261
Satellite personal communication systems,
262-263, 266-270
system parameters, 268

under development, 267
Satellites, 2
direct broadcast systems, 313-314
Navistar global positioning system, 307—
308
remote sensing, 320
Satellite transponder, block diagram, 258,
260
Self-screening jammer, 325-326
Sensors, applications, 7
Sequential lobing, 223-224
Sidelobe level, antennas, 77
Signal-to-noise ratio
Friis transmission equation, 245-246
output, 250
Skin depth, 10
Sleeve antenna, 83—84
S-matrix, 3940
SMILER, 311-312
Smith charts, 33-39
different, 37
features, 34-35
impedance matching networks, 60, 62—63
Smith, P. H., 33
Space exploration, applications, 7
Space loss, 247248
S-parameters, 3943
definition, 41
properties, 3940
two-port network, 40—41
Spread spectrum, 298-303
features, 298
second modulation, 298-299
Spread spectrum-code division multiple
access, 300, 303
Spurious reponses, receivers, 166
Spurious signals, oscillators, 177
Stability, frequency, 176177
Stand-off jammer, 325-326
Stub, impedance matching, 55, 58
Substrate materials, microware, properties,
44
Surveillance systems, 320, 322-328
applications, 7
Switches, 134137
applications, 136
biphase, 283
on and off positions, 135, 137
output ports, 135, 137
Switch-line phase shifter, 136, 138
Symbols, components, 113
Synthesizers, frequency, 188—191
Synthetic aperture radar, 232



Thermal noise, 153
Thin-wire dipole, 82
Third-order intercept point, receivers,
161-165
Threeway power divider, 32-33
Time division multiple access, 257, 295,
297-298
receiver, 298
transmitting system, block diagram, 297
Time division multiplexing, 295, 297-298
Toll debiting systems, 311
Transceiver, block diagram, 151
Transistor amplifier, circuit, 141
Transistor oscillator, 140
Transmission line
characteristic impedance, 19-20
coaxial, 42
compared to waveguides, 13
connected to shorted load, 26
equivalent circuit, 17
impedance, Smith charts, see Smith charts
lossless, voltage, 22
microstrip, see Microstrip lines
quasistatic analysis, 45
structures, 10—12
terminated, 20-22
voltage standingwave ratio formulas, 25
Transmission line equation, 17-20
Transmission line model, microstrip patch
antennas, 91-94
Transmitters
block diagram, 172
DC-to-RF conversion efficiency, 179
intermodulation, 180183
noise, 173-176
Omega, 307
parameters, 172—174
Transoceanic communications, 2
Transverse electromagnetic mode, coaxial
lines, 42
Tropospheric scattering, 254, 256
Two-bit phase shifter, 138-139
Two-port network
impedance matching, 55, 58
noise factor, 154
S-parameters, 40—41

Upconverter, 132—133

V-band communication chips, 312
Voltage, lossless line, 22
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Voltage-controlled oscillators
characteristics, 174
frequency modulation, 279
Voltage standing-wave ratio, 22—28
definition, 23
formulas for transmission lines, 25
input, antennas, 74
monograph, 24

Wave equation, 14-15, 19
Waveguides, 50-54
compared to transmission lines, 13
structures, 11
Wave propagation, 12, 14-17
cylindrical coordinates, 16
Helmbholtz equations, 15
Maxwell equations, 14
speed, 17
variation in time and space domains,
16-17
Wave propagation constant, 19
Waves, incident and reflected, 205-206
Wilkinson coupler, 116, 118-119
Wire, operating at different frequencies,
10-11
Wireless cellular phones, 258-260, 262-265
Wireless communication systems, 243-270
applications, 6
cellular phones, 258-260, 262265
effective isotropic radiated power and G/T
parameters, 252-254
Friis transmission equation, 244-247
link equation and link budget, 248-252
mobile communication systems, 258-260,
262-265
personal communication systems,
262-263, 266-270
radio/microwave links, 254-255
satellite communication systems, 255-258
space loss, 247-248
Wireless power transmission, 7
Wireless systems
applications, 67
example, 7-8
history, 13
World War II, radio communications, 2

¥charts, see Smith charts

Z-charts, see Smith charts



