
Index

adaptive equalization, 94, 119,
121, 130

addition, 351
algebraic field, 357
algorithm

BCJR, 250
frontward-backward, 245
two-way, 245
Viterbi, 103

alphabet, 36
biorthogonal, 51
channel, 8
modulation, 9
orthogonal, 49
simplex, 51

amplitude modulation, 5
amplitude spectrum, 12
amplitude-shift keying, 37
analog modulation, 4

amplitude, 5
frequency, 5
single-sideband, 6
vestigial-sideband, 6

analytic signal, 133
antiexploitation, 453
antijam, 453
antipodal signaling, 33, 54

bit error rate, 74
demodulator, 69

array factor, 52
asymptotic coding gain, 320, 372, 391
authentication, 453
autocorrelation function, 26, 53, 66,

152, 160
aperiodic, 291
complex random waveform, 152
periodic, 291
pulse, 66
random waveform, 53

autoregressive filter, 366
average energy per bit, 149
average energy per symbol, 148

bandedge timing recovery, 297
bandedge timing recovery filter, 283
bandwidth, 164, 167, 291

finite, 12
bandwidth expansion, 461
bandwidth-limited channel, 49
Barker pulse, 292
Barker sequence, 291, 297, 474
baseband channel, 32
baseband waveform, 32

complex, 139
Bayes formula, 241
Berrou code, 392
Bessel function

first kind, 434
modified, 214, 238

binary marker, 284
binary on–off keying, 35
binary orthogonal signaling, 48

demodulator, 69
binary phase-shift keying, 33, 144
binary symmetric channel, 394
biorthogonal alphabet, 51, 212
bit error rate, 58, 69, 209

amplitude shift keying, 80
antipodal signaling, 74
binary FSK, 77
convolutional code, 388
eight-ary PSK, 209
multilevel signaling, 79
on–off keying, 76
orthogonal signaling, 85
partial message jammer, 456
simplex signaling, 85

block code, 349
block synchronization, 252, 284
Boltzmann’s constant, 402
bound

nearest-neighbor, 109
union, 81, 109
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bounded-distance decoder, 368
bounded-distance demodulator, 108
branch distance, 231
broadcast system, 10

capacity
binary symmetric channel, 407
gaussian channel, 411
M-ary symmetric channel, 407
noisy channel, 405

carrier frequency, 5, 133
carrier phase, 220, 257
carrier synchronization, 252, 265

recursive, 270
catastrophic, 382
central limit theorem, 30, 477
channel

bandwidth-limited, 49
baseband, 32
binary symmetric, 394
communication, 1
complex baseband, 131
discrete, 404
fading multipath, 424
fixed-assignment multiaccess, 11
gaussian noise, 371
hard-decision, 349
jammer, 453
linear, 31
memoryless, 404
multiaccess, 11
multipath, 424
noiseless, 404
noiseless discrete, 404
noisy, 404
partially-coherent, 212, 295
passband, 32
power-limited, 49
rayleigh fading, 427
symmetric, 369
telephone, 54
virtual, 10
waveform, 31, 131, 408

channel alphabet, 8
channel capacity, 252, 403, 452

complex constellation, 415
real constellation, 415

channel codestream, 8
channel protocol, 11
channel waveform, 9
check bit, 351
check matrix, 352, 381

convolutional code, 381
polynomial, 327
trellis code, 323
Ungerboeck code, 327

check symbol, 349
chip, 161, 467
chip duration, 467
chirp pulse, 23
circuit switching, 10
circular property, 27
circular random process, 26, 257
code

Berrou, 392
block, 349
complementary, 293
convolutional, 375
data transmission, 349
Golay, 371
Gray, 37
Hamming, 350
Reed–Solomon, 354, 394
repetition, 461
tree, 374
trellis, 374
Ungerboeck, 318

code-shift keying, 50
codestream

channel, 8
source, 8

codeword, 349, 375
trellis, 375

coding gain, 340, 371, 465
block code, 372
convolutional code, 391
trellis code, 320

coherent demodulator, 176, 309
binary waveform, 178

coherent integration, 236
comb function, 23

finite, 21
communication channel, 1

broadcast, 10
point-to-point, 10

communication diversity, 477
compander, 444
complementary code, 293, 297

Golay, 293
complementary error function, 25
complex baseband channel, 131
complex baseband representation, 139
complex baseband waveform, 139, 183
complex signal constellation, 145
conditional probability distribution,

103, 241
constellation, 36
constraint length, 97, 229, 374, 380, 391

intersymbol interference, 97
contention-resolution algorithm, 11
continuous-phase modulation, 308, 347
continuous-phase waveform, 308
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controlled clock, 265, 278
controlled local oscillator, 259, 271
convolution, 16
convolution theorem, 16
convolutional code, 375, 381

castastrophic, 382
noncastastrophic, 382

correlation function, 26, 59, 160
auto, 26
cross, 26
phase noise, 261

correlator
local replica, 180

coset, 332
lattice, 332

Costas loop, 272, 295
extended, 275

covariance matrix
gaussian, 25

covariance-stationary, 26
cross-correlation function, 26, 160
cryptanalyst, 453

data
postdetected, 287
predetected, 287

data translation code, 296
data transmission code, 299, 349, 404
dataframe, 318, 374
decision feedback, 98, 102, 299
decision region, 78, 206
decision statistic, 69, 72
decision-directed estimation, 295

delay, 279
phase, 273

decision-feedback equalization, 98
decoder, 7

bounded-distance, 368
hard-decision, 371
incomplete, 395
locator, 367
minimum distance, 385
soft-decision, 371, 391

decoding, 1
decoding default, 385
decoding error, 368, 385
decoding failure, 368, 385, 388
default

demodulation, 105
synchronization, 286

default event, 388
delay estimation, 276

decision-directed, 279
delay theorem, 14
delay tracker, 278
delay-locked loop, 278

demand-assignment multiaccess signaling, 11
demodulation default, 105
demodulation error, 104
demodulator, 1, 7, 102

antipodal signaling, 69
baseband, 58
binary on–off keying, 69, 75
bounded-distance, 108
coherent, 176
decision-feedback, 98, 102, 118, 129, 304, 343
eight-ary PSK, 205
maximum-likelihood, 96, 229
maximum-posterior, 242
noncoherent, 183
on–off keying, 69, 75
orthogonal signaling, 69
passband, 176
sequence, 228
Viterbi, 127

detector
linear, 59

dicode, 307
differential modulation, 337
differential phase-shift keying, 196
differential QPSK, 344
differential trellis code, 337
differentiation property, 17
direct-sequence, 465
direct-sequence spread spectrum, 465
dirichlet function, 21
discrepancy, 104, 387
discrete channel, 404

noiseless, 404
noisy, 404

dispersion, 95, 224
distance, 350

branch, 231
code, 350
free euclidean, 390
minimum, 331
path, 231
signal space, 165

distance profile, 389
diversity, 234, 432, 449, 470, 477

unintentional, 425
Dolby modulation, 6
dominant error pattern, 116
dominant set, 113
down-conversion, 142, 180
dual lattice, 331
duobinary, 301, 307, 343

modified, 307
duobinary pulse, 301
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duty factor
jammer, 456

dynamic programming, 103

early-gate sample, 265
echo cancellation, 128, 344
element

field, 357
encoder, 1, 7

frequency-domain, 354
nonsystematic, 355, 376
systematic, 355, 376, 378
time-domain, 355

energy, 12
bit, 34, 37, 51, 149, 400
block, 38
complex pulse, 141
pulse, 34
symbol, 37, 148

energy budget, 399
energy per bit, 35, 371, 400

amplitude-shift keying, 38
antipodal signaling, 34
M-ary orthogonal signaling, 51
on–off keying, 35

energy theorem, 15
equalization, 94

adaptive, 94, 119, 121, 130
decision-feedback, 98, 118, 299
fractionally-spaced, 125, 130
least-mean-square-error, 123
linear, 118
symbol-space, 125
Viterbi, 118
write, 119
zero-forcing, 119

equalization filter, 118, 128
erasure, 105, 108, 213, 388, 461
erasure event, 388
error

decoding, 385
demodulation, 104
mean-square, 120
synchronization, 286

error event, 105, 107, 385, 388
error function, 25, 434

complementary, 25
error pattern

dominant, 116
hidden, 116

error propagation, 99, 299
error-control code, 404, 458
error-locator polynomial, 367
estimator

decision-aided, 295

delay, 276
phase, 273

euclidean algorithm
polynomial, 383

euclidean distance, 54, 101
minimum, 108

Euler’s formula, 154
event

default, 388
erasure, 388
error, 385, 388

exploiter
signal, 453

extended union bound, 113
eye diagram, 43

fading, 424
rayleigh, 429, 447, 450

fading multipath channel, 424
field

algebraic, 357
complex, 353, 363
finite, 351
Galois, 351

field element, 357
filter

autoregressive, 366
equalization, 118
finite-impulse-response, 97, 122, 375
linear, 31
linear finite-impulse-response, 120
matched, 60
noncausal, 66
Nyquist, 54
whitened matched, 64

finite bandwidth, 12
finite duration, 12
finite field, 351
finite-impulse-response filter, 120, 122, 378
fixed-assignment multiaccess channel, 11
four-dimensional trellis code, 341
Fourier transform, 12, 353

discrete, 353
finite field, 361
inverse, 13

fractionally-spaced equalization, 125
frame, 47, 374
free distance, 390

euclidean, 319
free euclidean distance, 108, 319, 345, 390
free hamming distance, 390, 391
frequency

carrier, 5
frequency modulation, 5
frequency-domain signal, 12
frequency-hopping, 470
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frequency-hopping spread spectrum, 465
frequency-shift keying, 49, 50, 77
frontward–backward algorithm, 245
FSK modulation rule, 156
full width, 401
function

autocorrelation, 160
Bessel, 434
complementary error, 25
cross-correlation, 160
likelihood, 220
log-likelihood, 220

function space, 164

gain
asymptotic coding, 372
coding, 371
processing, 463

Galois field, 351, 357, 375
game theory, 453
gaussian density function, 24

bivariate, 24, 188, 190
univariate, 188

gaussian noise, 69
gaussian pulse, 22
gaussian random variable, 73
gaussian-noise channel, 72, 408
generalized function, 20
generalized likelihood function, 267, 296
generator, 331
generator matrix, 352

block code, 352
convolutional code, 381
trellis code, 323

generator polynomial, 355, 378
convolutional code, 379
partial response, 343

Golay code, 371
Golay complementary code, 293
Gosset lattice, 332
gradient

stochastic, 125
Gray code, 37, 80, 211
greatest common divisor, 382

Hadamard matrix, 213
half width, 401
Hamming code, 350, 369, 395
Hamming distance, 287, 350, 389
hard-decision channel, 349
hard-decision decoder, 371
hardlimiter, 272, 415, 418, 432, 450, 473

passband, 170, 433
hidden sequence, 113
hidden set, 113

Hilbert transform, 133
hypothesis testing, 58, 218

I and Q modulation rule, 156
image, 135
imaginary modulation component, 140
impairment, 131, 417
impulse function, 13, 20

discrete, 124
impulse response, 31
in-phase modulation component, 140
incomplete decoder, 395
index

modulation, 5, 313
inequality

Schwarz, 62, 64, 165
triangle, 165, 174

inference
maximum-likelihood, 218
maximum-posterior, 240

information, 371
information theory, 3, 8, 416, 454
integration

log-Bessel, 238
noncoherent, 236

intermediate frequency, 179
intersymbol interdependence, 218
intersymbol interference, 39, 94
inverse Fourier transform, 13
irreducible polynomial, 358
iterative decoding, 246

jammer, 449, 453
partial-band, 470
partial-message, 455

jammer channel, 453
jammer saddle point, 454
jamming margin, 463
jitter

timing, 252

Kronecker product, 213

late-gate sample, 265
lattice

dual, 331
four-dimensional, 332
Gosset, 332
hexagonal, 331
Leech, 332
Schlafli, 332
square, 331
two-dimensional, 331
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least-mean-square-error equalizer, 123
Leech lattice, 332
length

constraint, 97, 374, 380
likelihood function, 220, 296

generalized, 267
likelihood statistic, 230
linear channel, 31
linear detector, 59
linear dispersion, 95
linear equalization, 96, 118
linear finite-impulse-response filter, 120
local oscillator, 180, 271

controlled, 266, 271
local replica correlator, 180
local replica sequence, 273
locator decoder, 367
log-Bessel function, 471
log-likelihood function, 220

gaussian noise, 222
log-likelihood ratio, 221
loop

Costas, 272, 295
delay-locked, 278
phase-locked, 259

lower sideband, 135

magnetic storage system, 7
Manchester signaling, 55
margin

jamming, 463
marginal probability distribution, 102, 241
marginalization, 242
marker, 284

Maury-Styles, 287
QPSK, 295
Turyn, 287

Markov process, 102
matched filter, 60, 65

passband, 176
whitened, 64

matrix
check-polynomial, 381
generator, 331, 352
Hadamard, 213

maximum-likelihood demodulator, 229
maximum-likelihood principle, 102, 220, 241
maximum-posterior demodulator, 242
maximum-posterior principle, 240
mean

gaussian, 25
mean-square error, 120
memoryless channel, 404
memoryless noise, 408
minimum distance, 149, 331

convolutional code, 389

euclidean, 108
lattice, 331
normalized, 149, 210
signal constellation, 149

minimum euclidean distance, 108, 299
trellis code, 318

minimum Hamming distance, 384
minimum-shift keying, 153, 308

I and Q modulation, 153, 169
FSK modulation, 153
MSK modulation, 153

mixer, 136, 179, 450
mixing, 28, 135
modem, 2, 4, 7
modem theory, 4
modified Bessel function, 190
modified duobinary, 307, 343
modulation, 1

amplitude, 5
continuous-phase, 308
four-dimensional, 295
frequency, 5
frequency-shift keying, 49
pulse-amplitude, 37
pulse-position, 50
single-sideband, 171

modulation alphabet, 9
modulation component

imaginary, 140
in-phase, 140
quadrature, 140
real, 140

modulation index, 5, 313
modulation signaling

trellis-coded, 318
modulation signaling waveform

trellis-coded, 318
modulation theorem, 14
modulation theory, 10
modulation waveform, 33

multilevel, 36
modulator, 7

Viterbi, 233
monic polynomial, 355
Morse code, 4
multiaccess channel, 11
multiaccess communication, 11
multiaccess network, 11
multiaccess signaling

demand-assignment, 11
frequency-division, 11
time-division, 11

multilevel signaling, 36, 44, 77
baseband, 35
passband, 147

multipath channel, 424
multiplication, 351
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nearest neighbor, 79, 109, 210, 373
nearest-neighbor bound, 109
neighbor, 206
network

multiaccess, 11
telephone, 10

noise, 59
bandlimited, 476
memoryless, 408
phase, 252
thermal, 402
white, 64

noise burst, 474
noise figure, 402
noiseless discrete channel, 404
noncatastrophic, 382
noncoherent demodulator, 183
noncoherent integration, 236
noncoherent signaling

error rate, 192
nonlinearity

smooth, 444
nonreturn-to-zero, 35

inverse, 45
nonsystematic encoder, 355, 376
norm

signal space, 165
normalized minimum distance, 149, 210
NRZ inverse, 45
nuisance parameter, 267
number, 357
Nyquist criterion, 40
Nyquist filter, 54
Nyquist pulse, 39, 54, 55, 91
Nyquist sample, 39, 232
Nyquist sampling theorem, 408

offset QPSK, 146, 153
on–off keying, 35

demodulator, 69
noncoherent demodulator, 186

optical storage system, 7
orthogonal, 47
orthogonal pulse alphabet, 49, 159, 167, 168

passband, 159
orthogonal signaling waveform, 47, 161

passband, 161
oscillator

controlled local, 259
local, 180

parallel concatenation, 392
parallel concatenation puncturing, 392
Parseval’s theorem, 16, 223
partial-message jammer, 455

partial-response signaling, 299, 343, 348
dicode, 307
duobinary, 301, 306, 343
modified duobinary, 306, 343

partially-coherent channel, 212, 295
partition, 332
passband channel, 32, 131
passband hardlimiter, 433
passband modulation, 140
passband pulse, 132
passband signaling pulse, 159
passband waveform, 131, 140, 183
path distance, 231
peak interference, 120
phase estimation

decision-directed, 273, 275
sequential, 271

phase noise, 252, 422
phase offset, 183
phase trajectory, 309
phase-locked loop, 258

Costas, 275
first-order, 259

phase-modulated waveform, 308
phase-shift keying

binary, 33, 144
differential, 196, 337
eight-ary, 148
four-ary, 145
quadrature, 144

phonography, 2
Poisson sum formula, 17, 281
polarization, 294, 295
polynomial

error-locator, 367
generator, 355, 378
irreducible, 358
monic, 355
reciprocal, 293

postcoder, 46, 156, 157, 306
postdetected data, 287
posterior probability, 242
power density spectrum, 26, 52

baseband, 52
complex baseband, 151
jammer, 461
noise, 400
passband, 151
self-noise, 443
white noise, 64, 72

power spectrum, 12
power-limited channel, 49
precoder, 46, 156, 304

partial response, 343
predetected data, 287
prior probability, 242
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probability
conditional, 241
marginal, 241
posterior, 242
prior, 242

probability density function
gaussian, 24, 188
rayleigh, 189
ricean, 190

probability of bit error, 69, 388
probability of symbol error

eight-ary PSK, 209
orthogonal signaling, 82
simplex family, 84

processing gain, 463, 468
protocol

channel, 11
pseudorandom sequence, 467
pulse, 12

chirp, 23
duobinary, 301
finite chirp, 23
gaussian, 22
Nyquist, 39
passband, 132
rectangular, 18, 27
sinc, 19
trapezoidal, 27
trianglular, 22

pulse alphabet
biorthogonal, 51
orthogonal, 49, 167
simplex, 49, 51, 54, 167

pulse-amplitude modulation, 37
pulse-position modulation, 50
pulse-shape factor, 52
pulselet, 161

QPSK, 144, 174
offset, 146
phase locking, 274

quadrature amplitude constellation, 419
quadrature modulation component, 140
quadrature phase-shift keying, 144

offset, 146
quadrature-amplitude modulation, 150, 172
quantization, 3
quasi-stationary approximation, 445

radio, 4
raised-cosine spectrum, 42, 55
rake receiver, 425, 451
random process, 26

circular, 27, 257

complex, 26
covariance-stationary, 26
cyclostationary, 52
stationary, 26, 52

random variable
gaussian, 24

range equation, 402
rate, 374, 404
ratio

log-likelihood, 221
rayleigh density function, 189, 237, 436
rayleigh fading channel, 427, 447
real modulation component, 140
received word, 9
receiver, 1, 7
reciprocal polynomial, 293
rectangular pulse, 18, 27
Reed–Jain theorem, 434
Reed–Solomon code, 354, 369, 395, 397, 474
reference frequency, 133
region

decision, 78, 206
Voronoi, 206

repetition code, 461
replica sequence

local, 273
representation

complex baseband, 139
passband, 139

ricean density function, 190, 196, 237

saddle point
jammer, 454

sample
early-gate, 265
late-gate, 265

sampling theorem, 409
satellite transponder, 450
Schlafli lattice, 332
Schwarz inequality, 62, 64, 165
self-noise, 442
senseword, 9, 352

hard, 384
soft, 9

separation principle, 3
sequence

Barker, 291, 474
signature, 467
synchronization, 291
training, 121, 274

sequence demodulation, 104
error bound, 107

sequence distance, 101
Shannon capacity, 346, 409
shift property, 14
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shift register
feedback, 376, 378
feedforward, 376

sideband, 135
signal

analytic, 133
frequency-domain, 12
time-domain, 12

signal constellation, 36, 77, 252, 317, 332
complex, 145, 148
eight-ary PSK, 345
four-ary, 36
four-ary PSK, 78, 79
four-dimensional, 332, 341
QAM, 148, 252, 419
QPSK, 145
real, 35, 36
two-dimensional, 148, 317

signal exploiter, 453
signal impairment, 417
signal space, 164
signaling waveform, 49

amplitude-shift keying, 37
antipodal, 33, 43
binary FSK, 49, 470
binary orthogonal, 48
biorthogonal, 51, 54
code-shift keying, 50
continuous-phase, 308
differential PSK, 57
frequency-shift keying, 49, 50
Manchester, 55
M-ary multilevel, 77
M-ary orthogonal, 49, 470
minimum-shift keying, 153
multilevel, 36, 44, 77
nonreturn-to-zero, 35
on–off keying, 35
orthogonal, 47
partial-response, 299, 348
phase-modulated, 308
phase-shift keying, 33
pulse-amplitude, 37
pulse-position, 50

signature sequence, 467, 476
signature verification, 453
simplex pulse alphabet, 49, 51, 54, 167, 475

passband, 159
probability of error, 84

sinc function, 19
sinc pulse, 19, 40
single-sideband, 6
single-sideband waveform, 171
smooth nonlinearity, 444
soft senseword, 9, 393
soft-decision decoder, 371
softlimiter, 444, 448

source codestream, 8
spectral bit rate density, 346, 410, 463
spectrum, 12

amplitude, 12
passband waveform, 132
power, 12

spoofer, 453
spread spectrum, 291, 455, 461, 470

direct sequence, 467
frequency-hopping, 465, 469

spreading sequence, 467
square lattice, 331
stationary baseband noise, 59
stationary noise, 59
stationary random process, 26
statistic, 221

decision, 69, 72
sufficient, 221

stochastic gradient, 125
sublattice, 332
sufficient statistic, 221, 224, 229, 248, 288,

303, 473
superposition principle, 31
support, 12
symbol, 404
symbol error rate, 58
symbol splitting, 234, 458
symbol synchronization, 252, 276
symbol-spaced equalization, 125
synchronization

block, 252, 284
carrier, 252, 265
symbol, 252, 276

synchronization default, 286
synchronization error, 286
synchronization marker, 285
synchronization pulse, 291
syndrome, 353
systematic, 381
systematic encoder, 355, 376, 377

convolutional code, 377, 382
systematic form, 323, 351
systematic generator matrix

block code, 352
convolutional code, 381
trellis code, 323, 324

telegraphy, 4
telephone, 4
telephone channel, 54, 168, 344
telephone line modem, 54
telephone network, 10
telephony, 2
television, 3, 4
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theorem
convolution, 16
delay, 14
energy, 15
modulation, 14
Nyquist sampling, 408
Parseval, 16
Reed–Jain, 434
Van Vleck–Middleton, 439

thermal noise, 402
threshold, 59
time slot, 11
time-division multiaccess signaling, 11
time-domain signal, 12
timewidth, 12, 164, 167, 291
timing jitter, 252, 283
timing recovery

bandedge, 297
Toeplitz matrix, 368
training sequence, 121, 274
transfer function, 31
transform

Fourier, 12
Hilbert, 133
inverse Fourier, 13

transmitter, 1, 7
transponder, 450
tree code, 374
trellis, 46

labeled, 47
trellis code, 325, 340, 374

differential, 337
four-dimensional, 341
two-dimensional, 341

trellis-coded modulation signaling, 318
triangle inequality, 165, 174
triangular pulse, 22
trigonometric identity, 134, 135
turbo code, 246
turbo equalization, 393
two-dimensional trellis code, 341
two-way algorithm, 245

Ungerboeck code, 318
union bound, 81, 111, 113

extended, 114
up-conversion, 142
upper sideband, 135

Van Vleck–Middleton theorem, 439, 445
variance

gaussian, 24
verification, 453

signature, 453
vestigial-sideband, 6
virtual channel, 10
Viterbi algorithm, 103, 229, 300, 308, 315
voltage-controlled oscillator, 259
volume, 331

lattice cell, 331
Voronoi region, 206, 331
voting system, 477

waveform
amplitude-shift keying, 37
antipodal signaling, 33
binary orthogonal, 48
complex baseband, 139
continuous-phase, 299, 308, 313
frequency hopping, 470
M-ary orthogonal, 49
minimum-shift keying, 153, 308
multilevel, 36
nonreturn-to-zero, 35
on–off keying, 35
partial-response, 299
passband, 131, 183
phase-modulated, 308
phase-shift keying, 33
pulse-amplitude, 37
single-sideband, 171
trellis-coded, 299

waveform channel, 31, 131, 408
weight, 114
white gaussian noise, 409
white noise, 64, 72
whitened matched filter, 64
whitening filter, 222
width

full, 401
half, 401

write equalization, 119

zero-forcing equalization, 119
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