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Entries in bold are primary references, usually a definition.

Absorption, 112, 298
coefficient, 113
cross section, 112, 316
infrared, 113
internal, 316
ultraviolet, 113

Adaptive bit loading, 712
Adaptive estimation, 599
Add–compare–select, 540
Additive-noise-limited channel, 19, 688
Additivity property of entropy, 279, 674, 862

product state, 786
Algebraic block code, 611, 612

binary, 617, 640
critical rate, 611, 635
generator matrix, 614
irregular, 647
matrix description, 613
performance, 623
properties, 613
Reed–Solomon, see Reed–Solomon code
regular, 647
weight profile, 628, 635

Algorithm
back-propagation, 564, 724
Bahl, 644
split-step Fourier method, 229
Viterbi, 540, 565, 626

Aliasing, 46, 399
Alphabet, 1, 609

q-ary, 609
binary, 609

Amplified spontaneous emission, 334, 337
Amplifier, see Lightwave amplifier
Amplify-and-forward, 5
Amplitude

peak, xxv
root-mean-squared, xxv, 39, 324

Amplitude modulation, 12
Amplitude-shift keying, 415, 467
Analytic signal, 32, 101
Ancilla embedding, 103, 810
Ancilla state, 789, 810

image mode, 795
unoccupied, 792

Angular frequency, 8, 30, 235, 518, 570
Anharmonic oscillator, 202
Anisotropic material, 81, 96
Annihilation operator, 770
Anomalous dispersion, 161
Antenna, 18, 298
Anti-Stokes scattering, 205
Antipodal modulation, 414, 466, 477

error rate, 423, 476
quantum optics, 775, 831

Approximation
gaussian, 453, 506
paraxial, 92, 120

Arrival process
photodetection, 309
photoelectron, 258, 285, 294
photon, 237, 257, 311

Arrival rate
constant, 259, 286, 428, 441
photoelectron, xxvi, 258, 270, 312, 692

constant, 331, 519
photon, 9, 122, 257, 265, 309, 311

time-varying, 257
Associative property, 29
Asymptotic

coding gain, 625, 659
energy efficiency, 474, 492, 689

Attenuation, 155
coefficient, 114
material absorption, 112
optical fiber, 112

Autocorrelation function, 68, 72, 106, 294
additive white gaussian noise, 344
circularly symmetric gaussian noise, 267
complex-baseband noise, 76
electrical, 98, 109
fourth-order, 267
frequency, 199
laser, 345
lightwave noise power, 267
lightwave power, 98
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noise, 74, 279
optical, 109
width, 70

Autocovariance function, see Covariance function
Avalanche photodiode, 290, 306, 515

absorption region, 306
characteristic function, 333
current loop, 307
gain, 306
multiplication region, 306
probability mass function, 332

Axial field component, 88, 124, 139
Axis

fast optic, 97, 183
optic, 97
polarization, 96
principal, 81
slow optic, 97, 183

Back propagation, 564, 724
Bahl algorithm, 644
Balanced modulator, 330
Balanced photodetection, 9, 19, 308, 378, 494, 574
Bandgap, 303, 319
Bandlimited

channel, 18, 21, 238, 271, 398, 522, 659
gaussian noise, 271, 274
gaussian random process, see Random process,

gaussian, bandlimited
information channel, 676, 706, 710
lightwave signal, 277, 294
lightwave source, 325
noise, 75
random process, see Random process,

bandlimited
signal, 12, 24, 34
system, 26, 74
waveform, 45, 109, 723
wavelength-multiplex channel, 726

Bandwidth, 12, 34
3-dB, 34, 355
effective, 70
half-power, 34, 74
ideal, 34
maximum, 45, 281
noise

circularly symmetric gaussian, 271
noise-equivalent

baseband, 74
complex-baseband, 77, 280
passband, 74, 77

root-mean-squared, 34, 100
Baseband

noise-equivalent bandwidth, 74
signal, 3, 12, 24

power, 11

waveform, 3, 45, 398
Basis, 41

change of, 48, 102, 745
countable, 39, 751
finite field, 613
Fourier, 45
gaussian distribution, 59
mode, 88
Nyquist, 45
orthonormal, 41, 50, 88, 100, 277
polarization mode, 96
principal polarization state, 370
spatial modes, 147
square-root, 840
uncountable, 751

Bayes’ rule, 55, 413, 545, 640, 651
Beamsplitter, 301, 789
Beer–Lambert law, 113
Belief propagation, 665
Bending loss, 151
Berrou code, 642

consensus, 644
constituent decoder, 644

prior, 644
error rate floor, 646
minimum Hamming distance, 646, 655
parallel concatenation, 646

Bessel differential equation, 134, 151
Bessel function

expansion
large-argument, 168
small-argument, 153

first kind, 132, 134, 406
identity, 141
modified, 62, 104, 518, 638
recursion relations, 136

Bias, 15, 513
current, 324, 327
forward voltage, 304
reverse voltage, 304, 305, 352

Binary asymmetric channel, 436, 439, 441
quantum, 831, 868

Binary block code, 617, 640
Binary entropy function, 636, 675, 701, 865
Binary phase-shift keying, 466, 475, 625

error rate, 476
error rate floor, 485
with phase noise, 484

Binary symmetric channel, 434, 439, 456, 701
capacity, 705
crossover probability, 434
quantum, 831

Binomial
coefficient, 590, 624
probability mass function, 260

Biorthogonal modulation, 499
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Birefringence, 81, 370
circular, 97, 183
fiber, 370
linear, 97
optical fiber, 183

intensity-dependent, 218
linear, 185

Bit, 1, 240
energy, 22, 423, 466
error, 6, 431
error rate, 6, 15, 25, 477

Bivariate
gaussian random variable, 106
probability density function, 54

gaussian, 58, 104, 251, 253
maximum-entropy, 252

Block
code, see Algebraic block code
detection, 401, 495, 573, 849

quantum-lightwave, 869
signal, 255, 373, 491, 554, 724, 732
synchronization, 573
transfer function, 373

Block-symbol state, 742, 778, 815, 819, 846, 848
construction, 850
detection, 849, 851, 852
detection operator, 816
entangled state, 781, 819, 861
partial trace, 858
product state, 781, 819

Blocklength, 614
Blue-shift, 213, 404
Boltzmann

constant, 240
entropy, 673
factor, 206, 245
probability density function, 250, 293

Bose–Einstein probability mass function, 244, 293
Bound

Shannon
bandlimited channel, 21, 711
single-letter capacity, 697, 699
spectral rate efficiency, 22, 719

union, 479, 541, 840, 842
von Neumann entropy, 868

Boundary
cladding/casing, 137
core/cladding, 127, 133, 138
planar, 115

Boundary conditions, 80, 88, 115, 121, 127, 151
step-index fiber, 138

Bounded-distance decoder, 622
Bra, 48, 751
Bra–ket notation, 750
Bragg diffraction grating, 207
Branch (mode)

characteristic equation, 130, 142
Branch (trellis), 537, 538, 626

metric, 539, 632
state-dependent, 560

label, 538, 656
trellis-coded modulation, 658

Brillouin scattering, 206
stimulated, 313

Burst error, 608

Campbell’s theorem, 286, 289, 296, 428, 458, 569
derivation, 290
modified form, 290

Campbell–Baker–Hausdorff identity, 772
Canonical commutation relationship, 764, 766
Canonical quantization, 751, 761
Capacity, see Channel capacity
Carrier, 12

coherent, 6, 13, 214, 560
frequency, 12, 31
noncoherent, 6, 13, 25, 172, 387, 392, 393, 467,

556, 566
wavelength autocorrelation function, 179

partially coherent, 471, 507, 510, 569
Causal impulse response, 73
Causality, 29
Central chi probability density function, 65

one degree of freedom, 65
Central chi random variable, 65
Central chi-square probability density function, 63,

372, 376
N degrees of freedom, 64, 274

Central chi-square random variable, 63
Central limit theorem, 66, 216, 256, 279, 286, 371,

553, 726
Centroid, 34
Centrosymmetric material, 203
Chain rule

entropy, 674, 731
Channel, 1, 17

additive white gaussian noise, 271, 281, 425, 530
discrete-time, 400

additive-noise-limited, 19, 688
bandlimited, 18, 21, 238, 271, 398, 522, 659, 671,

676, 710
binary asymmetric, 436, 439, 441

quantum, 831, 868
binary symmetric, 434, 439, 456, 701
“black box”, 672, 691, 843
capacity, see Channel capacity
classical

ideal, 854, 856
code, see Code, channel
coherence timewidth, 590
continuous-time

memoryless, 374
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discrete-time, 17, 18, 398, 411, 494, 671, 698
additive bandlimited gaussian noise channel,

634
additive white gaussian noise, 412
electrical, 397, 411
matrix, 602

electrical, see Electrical channel
gain, 709

noise, 872
signal, 872

“gray box”, 691, 843
impulse-response matrix, 373
information, see Information channel
interference-limited, 552
lightwave, see Lightwave channel
memoryless, 672

Kerr, 729
continuous-time, 374
discrete-time mimo, 707
photon-noise-limited, 446
space-time separable, 495

multi-input multi-output, 15, 372, 602
continuous-time, 374
mode-multiplex, 372

multiplex, see Multiplex channel
noiseless product-state, 858
noisy product-state, 860
nonlinear, 23, 559, 722

interference-limited, 726
Kerr, 722

phase-insensitive, 253, 799, 871
photon-noise-limited, 265, 402
photon-optics, see Photon optics
physical, 4, 17, 361
Poisson, 265, 311, 401, 692
product, 706
quantum-lightwave

gaussian, 871
reverse, 529
signal-dependent-noise, 20
space-multiplex, 15, 369
space-time separable, 376, 494
state, 536
state estimation, 590
state vector, 536
transfer-function matrix, 370, 373
transition matrix, 636, 672
transition probability matrix, 636, 672, 679, 817
wave-optics, see Wave optics, channel
waveform, 17, 397

bandlimited, 18
electrical, 17, 398
lightwave, 17

Z , 693
Channel capacity, 20, 237, 363, 669

additive-noise-limited channel, 688, 697

classical limit, 695
large-signal limit, 695

bandlimited, 21
discrete-time memoryless channel, 679
equal-energy signaling, 711
photon-optics, 21, 713
wave-optics, 21, 676, 710

binary-symmetric channel, 636, 705
classical, 859
continuous information channel, 710
dispersionless nonlinear lightwave channel, 724
ideal classical channel, 854
ideal photon-optics channel, 685

homodyne demodulation, 694
large-signal limit, 686
small-signal limit, 687
small-signal limit per photon, 687

information-theoretic, 21, 670
intensity modulation, 701
multi-user detection, 728
noiseless product-state channel, 858
noisy product-state channel, 860
nonlinear interference-limited channel, 726
phase modulation, 638, 703
Poisson channel, 692, 731, 867
product channel, 706
quantum-lightwave channel

additive-noise, 871, 876
block-symbol state, 869
classical, 843
component-symbol state, 867
phase-insensitive, 876
thermal-noise, 876

single-carrier nonlinear lightwave channel, 723
single-letter, 20, 676

photon-optics, 244, 680
wave-optics, 684, 696

Channel matrix, 373, 401, 707, 871
frequency domain, 373
nonhermitian, 189
normal, 495, 554
polarization, 370
time domain, 373

Characteristic equation, 128, 158
hybrid mode, 141
linearly polarized mode, 153
TE mode, 128
TM mode, 129

Characteristic function, 56, 275
conditional, 288
exponential probability density function, 282
noncentral chi-square probability density

function, 64, 275
Poisson probability distribution, 260, 264
Poisson transform, 263
probability mass function, 56
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quantum, 799
Check equations, 614, 649

Gallager code, 649
Tanner graph, 647

Check matrix, 614
regular, 617, 646
systematic, 616

Checkword, 642
Chi probability density function

central, 65
noncentral, 65

Chi-square probability density function
central, 63, 372, 376, 731

N degrees of freedom, 64, 274
two degrees of freedom, 64, 273

noncentral, 105, 347, 360, 805
N degrees of freedom, 64, 274, 284
two degrees of freedom, 63, 255, 273, 340, 561

Chirp, 213, 404
Chromatic dispersion, 161
Circular polarization, 94
Circularly symmetric

complex gaussian random variable, 60
complex gaussian random vector, 60
gaussian noise, 256, 271, 334, 390, 481, 573, 575,

724, 748, 872
gaussian prior, 697, 699, 877
gaussian probability density function, 58, 78, 254,

872
multivariate, 60, 707

gaussian random process, 255, 343, 574
bandlimited, 277, 283

gaussian random variable, 58, 78, 251, 254, 281,
483, 518, 553, 602, 696

with a bias, 255
gaussian random vector, 106
gaussian signal state, 748, 806, 873
gaussian smoothing function, 802

Classical
information, 679, 736, 815
optics, 6
signal state, 741

Clock phase, 473
estimation, 587
synchronization, 573, 586

Closure property, 774
Coaxial cable, 124
Code

algebraic, see Algebraic block code
Berrou, see Berrou code
binary block, 617, 640
channel, 2, 15, 534, 535, 608
check matrix, 614
composite, see Composite code
constrained, 660
convolutional, see Convolutional code

critical rate, 611, 635
cutoff rate, 611, 635
cyclic, 613, 620
data modulation, 609
data transmission, 608
DC-balanced, 663
DC-free, 663
dicode, 663
dual, 614
duobinary, 663

modified, 663
error control, 608
Gallager, see Gallager code
graphical description, 625
Gray, 451, 477, 515
Hamming, 615
heft, 616, 647
inner, 609
LDPC, see Gallager code
linear, 613
low-density parity-check, see Gallager code
maximum-distance, 613, 620
modulation, 659
Morse, 15
outer, 609, 612, 655
partial-response, 534, 663
precode, 534
punctured, 643
rate, 2, 534, 609
Reed–Solomon, see Reed–Solomon code
repetition, 615, 666
runlength-limited, 660
source, 15
spectral-notched, 663
stream, 628, 662
turbo, see Berrou code
Ungerboeck, 656

Codebit, 609, 617
convolutional code, 631
energy, 623, 646
Gallager code, 652

Codebook, 609, 780, 847
quantum, 847

Coded-modulation, xx, 3, 15, 22, 238, 413, 464,
534, 685, 741

Codeframe, 630
Codeword, 2, 5, 15, 413, 609

block error rate
hard-decision, 624
soft-decision, 625

error rate, 475, 610
sensed, 610

Coding gain, 475, 610, 659
asymptotic, 625, 659

Coherence, 6
function, 97, 105
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temporal, 68
interval, 70
partial, 13, 388, 470, 556, 569
quantum, 7, 782, 784, 805
region, 98, 374, 376
spatial, 98, 374
temporal, 97
time, 78
timewidth, 70, 98, 293, 294

Coherent carrier, 6, 12, 13, 214, 560
Coherent state, 737, 739, 761, 762, 772

P distribution, 797
binary detection, 831
binary error rate, 831
density matrix for a pure signal state, 802
displacement operator, 772, 836
in-phase component operator, 761
minimum-uncertainty, 749, 767, 802
nonorthogonality, 774, 775, 848, 867
operator, 762, 789
photon-number-state representation, 741, 773
quadrature component operator, 761
state detection, 789
symmetric, 840

Colored noise, 74
Commutation relationship, 810
Commutative property, 29
Commutator, 51, 102, 763
Commuting operator, 792
Complementary error function, 57, 437, 456
Complex-conjugate transpose, 42, 60, 107, 351, 751

coherent-state operator, 762
dispersion relationship, 165
gradient, 596, 606
random variable, 53

Complex-baseband
impulse response, 40, 364
noise

autocorrelation function, 76
bandwidth, 271
equivalent bandwidth, 77
power density spectrum, 76
probability density function, 250
random process, 75

signal, 12, 39, 53, 77, 101, 307, 362, 383
energy, 44

transfer function, 40
waveform, 399

Complex envelope
field, 88, 144, 387
power density spectrum, 179, 198
signal, 39, 144, 162, 361, 389, 724
spectrum, 364
vector form, 218

Component
in-phase, 39, 313

quadrature, 39, 313
Component maximum posterior, 544
Component-symbol state, 742, 759, 776, 778, 780,

815, 819, 844, 846, 869
marginalization to, 858

Componentwise maximum posterior, 544
Componentwise maximum-posterior decoding, 639
Composite code, 611, 639, 641

Berrou, 642
Gallager, 641
low-density parity-check, see Gallager code
turbo, see Berrou code

Composite signal
space, 742, 759
state, 742, 813

Concave function, 719
Conditional

entropy, 673, 854
probability, 54, 291, 545

density function, 54, 431
of a detection error, 437, 507

Conjugate symmetric signal, 32, 269
Conjugate variables, 767
Consensus, 644
Constant

Boltzmann, 240
Euler, 153, 731
free-space permeability, 80
free-space permittivity, 80
Planck’s, 8
reduced Planck’s, 8

Constant-modulus objective function, 598
Constellation, see Signal constellation
Constitutive relationships, 81, 83, 150
Constrained code, 660
Constraint length, 536, 543, 551

of a constituent code, 642
of a convolutional code, 629
of intersymbol interference, 536

Continuous information channel, 18, 634
gaussian, 698
memoryless, 634

Continuous-time
channel

memoryless, 374
multi-input multi-output channel, 374
system, 28
waveform, 17, 398, 414

Controlled local oscillator, 576
Convolution, 28

associative property, 29
commutative property, 29
distributive property, 29
Fourier transform of, 31

Convolutional code, 611, 628
binary, 629
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codebit, 631
codeframe, 630
constraint length, 629
dataframe, 630
decoding

sequential, 633
Viterbi, 629

encoder, 629, 630
generator polynomial, 630
performance, 634
trellis, 632
weight profile, 635

Correlation, 55
coefficient

random variable, 58
signal, 466

pseudocovariance
function, 268
matrix, 107

Correspondence principle, 762, 771, 792
Costas loop, 582
Counting soldiers, 667
Coupled-mode theory, 146, 299, 371
Coupler

180-degree hybrid, 300
3-dB, 301, 351
90-degree hybrid, 301
directional, 300

symmetric, 300
lightwave, 298
multimode interference, 301

Coupling
amplitude–phase, 405
coefficient, 147
efficiency, 117, 150
fiber, 150
matrix, 299
mode, see Mode coupling

Covariance, 56, 58
function, 68, 346
matrix, 59, 749

gaussian state, 806
noise, 255, 495
real, 57, 252, 593
signal, 707, 733
spatiotemporal, 375

Cramér-Rao bound, 593
Creation operator, 770
Critical

angle, 116, 130
rate, 611, 635, 636

Cross
-coherence function, 98
-phase modulation, 224, 227, 553

interference, 226
-polarization

modulation, 218
-power density, 89

Cross section, 315
absorption, 112, 316
scattering, 114
stimulated emission, 355

Crossover probability, 434
Crosstalk, 16, 368, 371, 373
Cumulative probability distribution function, 53
Curl, 79, 83
Cutoff condition, 130, 153, 158

hybrid mode, 143
linearly polarized mode, 137

Cutoff rate, 611, 635
figure, 636
phase-shift keying, 638

Cyclic code, 613, 620

Dark current, 306, 312, 358
noise, 331

Dataframe, 572, 630
Dataword, 2, 15, 609, 617
dBm, 25
Decision region, 430, 477, 478, 817

complex gaussian noise, 480
real gaussian noise, 436

Decision subspace region
classical, 497, 818
quantum-optics, 820, 839

Decision-feedback demodulation, 419, 533
combined with a linear equalizer, 533
error propagation, 533

Decoder, 5, 18, 361, 410
bounded-distance, 622
data modulation, 609
data transmission, 609
hard-decision, 545, 610
incomplete, 622
iterative, 611
message passing, 648
sequential, 611
soft-decision, 545, 610, 625
spherical, 611
Viterbi, 633

Decoding, 5, 523, 610, 691
error, 622, 622, 624
failure, 622
hard-decision, 698
maximum-likelihood, 629, 639
sequential, 629, 633, 637
sphere, 628
spherical, 621
trellis-based, 632
turbo, 643

Decoherence, 783
Delay
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group, see Group delay
ray, 156

Delay spread, 176
control, 180
distribution, 177
maximum, 178
minimum, 177
ray optics, 156, 191
root-mean-squared value, 182
step-index fiber

maximum, 156, 179
wavelength-dependent, 181, 214

Delay-line interferometer, 301
Delay-locked loop, 587, 606
Demodulation, 4

decision-feedback, 533
combined with a linear equalizer, 533
error propagation, 533

direct photodetection, 20
energy, 500, 509
envelope, 14, 24, 388
hard-decision, 5, 18
heterodyne, 13, 379, 381

quantum-lightwave, 792
homodyne, 13, 380, 383, 694

quantum-lightwave, 790
to a complex-baseband waveform, 380, 574
to a real-baseband waveform, 380
to quantum complex-baseband, 795

noncoherent, 500, 512
noncoherent binary, 518
partial-response decision-feedback, 419
partial-response maximum-likelihood, 664
phase-asynchronous, 14, 362, 388, 463, 500
phase-sensitive, 790
phase-synchronous, 13, 524
quantum-lightwave, 747
soft-decision, 5, 18

Demodulator, 307, 361
complex-baseband, 379
direct-photodetection, see Direct photodetection
dual-polarization, 493
heterodyne, 307, 381
homodyne, 309
phase-asynchronous, 14, 500, 502
phase-synchronous, 379, 476
quantum heterodyne, 792

Density function, see Probability density function
Density matrix, 679, 680, 746, 777

average, 780, 847
block-symbol state, 780, 858
component-symbol state, 780, 858

basis, 781
coherent ensemble, 783
marginalized, 779, 859
mixed signal state, see Mixed signal state

noncoherent state, 783
photon-number-state representation

additive noise, 803
bias plus noise, 804
thermal noise, 872

product state, 779, 786, 857
pure signal state, see Pure signal state
signal constellation, 780, 780
signal plus noise, 838
statistical ensemble, 783
vacuum state, 872

Density operator, 746
Depletion region, 305
Detection, 5, 8

hard-decision, 5, 18, 418, 610, 698, 700
photon-optics signal model, 692

maximum-likelihood, 433
maximum-posterior, 433
maximum-posterior sequence, 544
multi-user, 373, 728
optimal, 477
quantum, 747, 816, 846

coherent states, 831
sequence, 542
signal state, see Signal state, detection
single-user, 373, 726
soft-decision, 5, 18, 418, 610, 698
symbol-by-symbol, 5, 528, 545

Detection filter, 5, 390, 423
additive noise, 426
integrating, 425, 458
intersymbol interference, 556
linear, 424
matched, see Matched filter
minimum error, 529

Detection operator, 816, 820
antipodal coherent state modulation, 831
block-symbol state, 816, 849
component-symbol state, 816, 849, 867
displacement receiver, 835, 880
homodyne demodulation, 791, 835, 880
optimal, 832

relationship to matched filter, 834
orthogonal pure signal state, 829
quantum on–off keying, 834, 880
suboptimal, 835
table of, 832

Detection statistic, 395, 412, 419, 424, 525
complex sample, 477
photon-counting, 692
sufficient, 399, 412, 419, 420, 622

Detection threshold, 5, 433
binary symmetric channel, 439
dependence on prior probability, 439
direct-photodetection, 433
optimal, 436
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photon counting, 402
ideal, 441
nonideal, 442

Determinant, 48
Dielectric

material, 80, 84, 110, 151, 166, 202
waveguide, 87, 124

cylindrical, 132
Differential

delay, 191
group delay, 214

per unit length, 185
polarization-dependent, 185, 196

phase shift, 184
transit time, 156

Differential entropy, 240, 673, 696
conditional, 724

Differential equation
Bessel, 151
Helmholtz, 84
lightwave amplification, 316
nonlinear pulse propagation, 217
nonlinear Schrödinger, 202
phase-locked loop, 578

Differential-phase modulation, 469
binary, 469

bit error rate, 503
multilevel, 504

Differential-phase-shift keying (DPSK), see
Differential-phase modulation

Diffraction, 298
grating, 207

Digitize, 1
Dipole, 80
Dirac

impulse, 28, 89, 345
signal-state representation, 752

Direct photodetection, xxv, 9, 14, 310, 519
demodulation, 20
with intensity modulation, see Intensity

modulation
Directional coupler, 300

symmetric, 300
Discrete information channel, 18, 610, 672, 679, 691

memoryless, 634, 679
Discrete-time

additive white gaussian noise channel, 400, 412
channel, 17, 18, 398, 411, 494, 671, 698
channel matrix, 602
direct-photodetection channel, 401, 412
electrical channel, 397, 411
Poisson channel, 401, 412
sequence, 398

Discriminator, 311
Dispersion, 4, 126

anomalous, 161

chromatic, 161
-controlled optical fiber, 229
group-velocity, 161, 167
intermodal, 155, 163, 169, 176, 194
intramodal, 155, 169, 173, 194
length, 213, 216, 226, 235, 404, 563
linear, 4, 126, 155, 175
material, 82, 155, 163

coefficient, 164, 175, 180
zero wavelength, 164, 180

multiple sources, 181
narrowband, 159
nonlinear, 155
normal, 161
polarization-mode, 94, 97, 155, 182
ray optics, 156
-shifted optical fiber, 181
slab waveguide, 157
slope, 194
transit time, 156
waveguide, 194

coefficient, 174, 180
Dispersion relationship, 6, 86, 159, 167, 191, 364

complex, 165
graded-index optical fiber, 169
normalized, 158, 159
plane-wave, 86
power series approximation, 160
waveguide mode, 157

Dispersive material, 82
Displacement operator, 772, 836
Displacement receiver, 445, 488

binary error rate, 446
detection operator, 835, 880

Distance
euclidean, 44, 478, 539

maximum, 850
minimum, 414
squared, 44, 478, 774, 840

Hamming, 613
minimum, 613, 616

metric, 478
Distortion, 4, 155

intensity-dependent, 16
linear, 4

mode-dependent group delay, 175
multiple sources, 181
polarization-dependent delay, 187
polarization-dependent loss, 189
wavelength-dependent group delay, 179

nonlinear, 4, 216
single pulse, 219

Distributive property, 29
Divergence, 79
Diversity, 608

polarization, 491
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Doping, 303
Doppler shift, 207
Down-conversion, 304, 379
Dual

code, 614
space, 614

Dual-polarization keying, 491, 493
Dyadic product, 43

Effective
area, 211, 232
length, 213, 229, 234, 235, 563
power, 223, 233

Effective timewidth, 34
Eigenbasis, 49, 51, 741, 753, 758, 831

countable, 753
uncountable, 753

Eigenfunction, 33, 86, 88, 278
Eigenmode, 33, 86, 88, 121
Eigenstate, 742, 752, 754, 755

common set for observables, 748
homodyne demodulation, 835
of coherent-state operator, 768
photon-number operator, 754
polarization measurement, 756
sampling, 821, 836, 879
sampling operator, 823, 828, 834

Eigenvalue, 33, 47, 50, 86, 278
Eigenvector, 47

of a covariance matrix, 59
orthogonal, 185

Eikonal equation, 92, 105, 119
Elastic scattering, 114
Electric field, 79

complex representation, 84
cylindrical coordinates, 138

Electric flux density, 79
Electrical

bit energy, 423, 466
channel, 17, 361

discrete-time, 397, 411
intermodal-dispersion-limited, 392
intramodal-dispersion-limited, 393
nonlinear, 556
relationship to lightwave channel, 362

optical conversion, 9, 362
pulse, xxvii, 100, 391

energy, 365, 382, 423, 426, 466
signal-to-noise ratio (SNR), 75, 108, 268, 343

relationship to OSNR, 268
waveform, xxvii, 108

classification, 377
direct photodetection, 296
noiseless, 416
noisy, 430
phase-synchronous demodulation, 307

Electro-optic effect, 329
Electromagnetic

field, 79
complex-baseband, 87

wave, 83
Electron–hole pair, 303
Electrostrictive force, 207
Encoder, 2, 18, 241, 242, 361, 410

Berrou code, 642
classical, 844
convolutional code, 629, 630
inner, 612
optimal, 670
outer, 612
state, 658
systematic, 617
trellis description, 632

Energy
codebit, 623, 646
complex-baseband signal, 44
direct-photodetected lightwave, 336
electrical bit, 22, 423, 427, 466
electrical pulse, 365, 382, 423, 426, 466
level, 244
passband signal, 12, 25, 44
photon, 8
quanta, 203
redistribution, 4, 146

between subchannels, 373
linear, 155, 202, 395
multimode fiber, 155
nonlinear, 216, 221

thermal, 112, 206, 243
vacuum-state, 246, 770, 771
zero-point, 246, 771

Energy demodulation, 500, 509
Energy efficiency, 474

intensity modulation, 505
PSK, 474
QAM, 474

Ensemble, 68
Entangled state, see Signal state, entangled
Entropy, 239, 673

additivity property, 279, 674, 862
Boltzmann, 673
chain rule, 674, 731
classical, 673
conditional, 673, 854
differential, 240, 673, 696

conditional, 724
Gordon distribution, 685
joint, 673
noise, 682, 698, 731
Poisson distribution, 687, 692, 732
product distribution, 674
Shannon, 673, 785
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table of common distributions, 240
units, 240, 696
von Neumann, see von Neumann entropy, 880

Envelope, 12, 14
complex field, 88, 144, 387
complex signal, 12, 39, 144, 162, 361

vector, 218
demodulation, 14, 24, 388
passband signal, 162
root-mean-squared amplitude, 364

Envelope method, 700, 729
Equalization, 522, 527

linear, 527
with additive noise, 530

matched filter, 528
nonlinear, 559
optical fiber dispersion, 181
zero-forcing, 528

Equalizer
constant modulus, 598
minimum mean-squared error, 529
nonlinear minimum-error, 541
zero-forcing, 528, 533

multi-input multi-output channel, 554
Equivalence class, 496
Erbium, 313

-doped lightwave amplifier, see Lightwave
amplifier

Ergodic process, 69
Error

bit, 6, 431
block, 6
burst, 608
codeword, 6
decoding, 622
frame, 6
function, 57, 63, 347

complementary, 57, 437, 456
message, 6, 676
propagation, 533
random, 608
symbol, 5, 21, 451, 456

Error rate
antipodal modulation, 476
based on the union bound, 481
binary coherent state, 831
binary orthogonal modulation, 476
binary phase-shift keying, 476

with phase noise, 485
binary pure signal state, 830
bit, 6, 15, 25, 477
bit error vs. symbol error, 451
block, 6
codeword, 6, 15, 610
differential-phase-shift keying (DPSK), 503

equal-energy phase-asynchronous modulation,
503

floor, 485
frame, 6, 589
gaussian approximation, 506
heterodyne binary phase-shift keying, 487
homodyne binary phase-shift keying, 487

shot-noise limit, 487, 832
with matched local oscillator, 832

message, 6, 15, 676
multilevel modulation, 447
on–off keying, 438

quantum, 834
shot-noise limit, 506
with additive white gaussian lightwave noise,

453, 504
phase-shift keying, 483, 504
photon counting, 441, 832

binary keying, 441
multilevel keying, 451
with a matched local oscillator, 832
with noise photons, 441

quadrature amplitude modulation (QAM), 482
quantum antipodal modulation, 832
quantum on–off keying, 832
sequence detection, 540
shot-noise-limited, 487
symbol, 451

Estimation
adaptive, 599
carrier phase, 13, 574

decision-directed, 581
error, 577
maximum-likelihood, 574

channel matrix, 602
channel state, 590
clock phase, 587
detection filter, 595
impulse response, 591
joint carrier and clock phase, 588
nonlinear phase, 463
polarization-state, 553, 600, 606
spatial mode, 601
stochastic gradient decent, 600, 603

Étendue, 117
Euclidean distance, 44, 478, 539

maximum, 850
minimum, 414
squared, 44, 478, 774, 840

Euler’s constant, 153, 731
Evanescent

field, 131
mode, 131, 148

Evidence
extrinsic, 547, 641, 649
intrinsic, 545, 547, 641, 649, 655
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Evolution equation for pulse timewidth, 222, 232
Excess noise factor, 332, 515
Expectation, 53, 270

quantum, 754, 777
Expected number

of noise photons, 241, 490, 684, 695, 803, 838
of photons, 241
of signal photons, 241, 739, 805

Expected value, 53
Exponential

probability density function, 65, 103, 250, 273,
376, 702

random variable, 65
Extinction ratio, 327, 516
Extrinsic evidence, 545, 547, 641, 649

Berrou code, 645
Gallager code, 651

Eye diagram, 525

Fabry–Pérot resonator, 357
Fano inequality, 675
Fast optic axis, 97, 183
Fermat’s principle, 92
Few-mode fiber, 369, 372, 601
Fiber, see Optical fiber
Field

electric, 79
electromagnetic, 79
finite, see Finite field
magnetic, 79
monochromatic, 80, 83, 125, 151

complex, 125
narrowband, 87
plane-wave, 85

Filter
all-pass, 364
causal, 29
detection, 390, see Detection filter
estimation, 595
image-rejecting, 578
linear shift-invariant, 29
loop, 577, 580, 604
lorentzian, 295
noise-suppressing, 271, 293, 354, 381, 382, 396,

559
transversal, 531, 559
Wiener, 591, 598

Finite field, 612, 618
basis, 613
characteristic-two, 613
orthogonal vectors, 613

First moment, 53
Fluctuation–dissipation theorem, 335
Flux density, 79
Fock state, see Photon-number state
Forward error correction, 619

Forward–backward algorithm, see Bahl algorithm
Four-dimensional signal constellation, 491
Four-wave mixing, 205, 225, 228, 234

interference, 228
interchannel, 228, 553
intersymbol, 229

intrachannel, 229
Fourier series, 45, 355, 406, 516

cosine, 104
Fourier transform, 30, 38

convolution property, 31
differentiation property, 31
inverse, 30, 217, 261, 284, 570
modulation property, 31
properties, 30, 99
scaling property, 30
sign convention, xxv
spatial, 30
temporal, 30, 125, 162

Frame (data), 5
error rate, 6
synchronization, 573, 588, 590

Frame (trellis), 537, 634
Fraunhofer diffraction, 402
Free-space

impedance, 108, 140
permeability, 80
permittivity, 80
phase velocity, 86
wavelength, 84
wavenumber, 80, 84, 121, 165, 209

Frequency, 8
angular, 8, 30, 235, 518, 570
carrier, 12, 31
instantaneous, 212
mixer, 307, 578
modulation, 463
noise, 579
normalized, 128, 151, 157
spatial, 30, 120
translation, 3, 12

Frequency-shift keying, 468
coherent, 469
noncoherent, 469
orthogonality condition, 469
phase noise floor, 520

Full-rank matrix, 48, 189, 614
Function

Bessel
first kind, 132, 134, 406
identity, 141
modified, 134

coherence, 97
complementary error, 57, 437, 456
concave, 719
error, 57, 63, 347
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gamma, 64, 66, 233, 274
generalized, 28
Gordon, see Gordon function
Hermite polynomial, 145, 154
Laguerre polynomial, 66
log-likelihood, 477, 542, 583
lorentzian, 345, 356
modified Bessel, 62, 104, 518, 638
objective, 241, 530
pseudocovariance, 268
radial prolate spheroidal, 280
rect, 36
signum, 29
sinc, 37
smoothing, 801
triangular, 72
unit-step, 29

Gain
homogeneous, 320
inhomogeneous, 320
internal photodetector, see Photodetector, internal

gain
lightwave amplifier, see Lightwave amplifier, gain
modulation, 320
noise, 307
per unit length, 315
saturation, 316
small-signal per unit length, 316

Gallager code, 641, 646
check equations, 649
codebit, 652
irregular, 647
posterior probability ratio, 649
regular, 647

Gallager induction, 668
Galois field, 612, 618
Gamma

function, 64, 66, 233, 274
probability density function, 65, 405
random variable, 65

Gaussian
noise model, 727
probability density function, see Probability

density function, gaussian
pulse, 37

generalized, 233
quantum-lightwave channel, 871
random process, see Random process, gaussian
random variable, see Random variable, gaussian
signal state, see Signal state, gaussian

Generalized
angle, 826
function, 28
likelihood function, 583
likelihood principle, 583

measurement, 787, 792
rotation, 48, 753, 755, 823

Generator
matrix, 614, 630

systematic, 617
polynomial, 630

Geometric probability mass function, 242
Geometrical

optics, 6, 91, 119
wavefront, 92

Germanium, 111
Girth, 627, 647, 655
Glauber

number, 739, 762, 768, 791, 802
state, 739, 761

Gordon distribution, 242, 266, 292, 681, 697, 803,
804, 838, 873

entropy function, 242
variance, 266

Gordon formula, 22, 714
Gordon function, 242, 683, 696, 716, 863, 873, 877
Graded-index optical fiber, 110, 169

cladding, 121
maximum launch angle, 120, 150
mode, 144
mode-dependent group delay, 169
numerical aperture, 120
ray propagation, 119
ray trajectories, 120

Gradient
complex, 596, 606
spatial, 305

Gradient descent method
stochastic, 600, 603

Gram matrix, 49, 825
Gram–Schmidt procedure, 100
Graph

edge, 627
Tanner, 625, 647
trellis, 625

Gray code, 451, 477, 515
Grazing angle, 116
Group delay

figure, 174
mode-dependent, 155, 157, 161, 167, 171, 172,

349, 364, 366, 367
mode-group, 168, 170, 177
optimal index profile, 178
polarization-dependent, 184, 185, 368
relationship to group-velocity dispersion, 173
spread, 167
subcarrier, 224
wavelength-dependent, 155, 170, 173, 179, 199,

366, 367
weighted average, 176

Group index, 163, 170, 192, 195
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Group velocity, 161, 162
dispersion coefficient, 161, 173, 235, 364, 534,

569
total, 174, 180

dispersion compensation, 181
polarization-dependent, 183

Guard
band, 409
interval, 537, 591

Guided mode, see Mode, guided

Hadamard’s inequality, 48
Half-power bandwidth, 74
Hamiltonian, 762, 771
Hamming

code, 615
distance, 613

minimum, 613, 616
sphere, 621
weight, 613, 622

Hard-decision
decoder, 610
decoding, 698
detection, 18, 608, 610, 698, 700

Hardlimiter, 582
Harmonic oscillator, 202

classical, 82
quantum, 761

Hartley–Shannon theorem, 21
Heft, 616, 647
Heisenberg

representation, 752, 792
uncertainty relationship, 36, 767

Helmholtz equation, 80, 84
cylindrical coordinates, 139
scalar, 84, 105, 126, 133

boundary conditions, 127
vector, 80, 84, 121, 126, 138

boundary conditions, 121
Hermite polynomial, 145, 154, 809
Hermite-gaussian mode, 145
Hermitian matrix, 47, 49, 185, 752
Heterodyne demodulation, 13, 307, 379, 381

operator, 793
including an image mode, 794

quantum-lightwave, 792
shot-noise-limited, 385, 795, 796

Hilbert
space, 43, 752
transform, 32, 101

Hole, 303
Holevo information, 857, 862, 881
Homodyne demodulation, 13, 307, 380, 383

detection operator, 791, 835, 880
quantum optics

to complex-baseband, 795

quantum-lightwave, 790
shot-noise-limited, 487, 796, 831, 842, 866
to a complex-baseband waveform, 380, 574
to a real-baseband waveform, 380

Homogeneity, 27
Homogeneous

material, 81
system, 28

Husimi distribution, 801
Hybrid mode, 124, 138, 142

characteristic equation, 141
cutoff conditions, 143

Hypersphere, 491
Hypothesis testing, 418, 430

quantum-optics, 820
sequential, 633

Identity
matrix, 48
operator, 774

Image
frequency, 386
mode, 308, 386, 487

quantum-optics, 794
vacuum-state operator, 794

Image rejecting filter, 578
Impact ionization, 306, 332
Impairment, 4, 155

absorption, 112
attenuation, 112
cross-phase modulation, 205, 226

interchannel interference, 553
four-wave mixing, 205, 228

interchannel interference, 228, 553
intersymbol interference, 229

group-velocity dispersion, 161, 235, 569
interchannel interference, see Interference,

interchannel
interference, see Interference
nonlinear, 202
polarization-dependent loss, 189, 371, 553
polarization-mode dispersion, 182
scattering, see Scattering
self-phase modulation, 204

Impedance, 85
free-space, 108, 140
material, 210

Impulse
Dirac, 28, 89, 345
Kronecker, 28, 41, 89, 278, 498, 777
sifting property, 28

Impulse response, 27, 28, 101
causal, 73, 74
channel matrix, 373
complex-baseband, 40, 364
estimation, 591
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noncoherent lightwave channel, 393
passband, 40
ray optics, 191
right-sided, 29
shift-invariant, 28
symmetric, 561
time-varying, 28

In-phase
component operator, 761, 797
noise component, 75
signal component, 39, 313
signal representation, 761

Incomplete decoder, 622
Independent

increment, 257
random matrix, 375
random variable, 55, 388
random vector, 67

Index of refraction, 80, 83, 86, 170, 195
angularly dependent, 81
complex, 165
fiber core, 151
graded-index fiber, 110
group, 163
inhomogeneous medium, 91
power-law profile, see Power-law index profile
profile, parabolic, 119, 145, 153
silica glass, 192
step-index fiber, 110
time-varying, 328

Inelastic scattering, 114, 205
Inequality

Hadamard’s, 48
Schwarz, 43, 426
timewidth–bandwidth, 36, 767

Information, 1
classical, 679
Holevo, 857, 862, 881
mutual, 674, 690
rate, see Information rate
relationship to entropy, 673
side, 726

Information channel, 18, 361, 363, 410, 411
additive-noise-limited, 688
bandlimited, 706, 710

photon-optics, 688
binary asymmetric, 436, 439

quantum, 831, 868
binary symmetric, 434, 439, 456, 701

quantum, 831
classical, 679, 707
continuous, 18, 634, 672, 676

capacity, 710
gaussian, 698
memoryless, 634

discrete, 18, 610, 672, 679, 691

memoryless, 634, 671, 679, 848
gray box, 691
hard-decision, 672, 698
ideal photon, 685

bandlimited, 21, 713
Laguerre, 690
memoryless, 411, 610
multi-input multi-output, 707
probability model, 411
quantum-lightwave, 679

additive-noise-limited, 871, 876
block detection, 869
ideal, 862
phase-insensitive, 876
thermal-noise, 876

soft-decision, 672, 698
spectral rate efficiency, 718
waveform, 18, 672, 676, 679, 710

bandlimited, 676, 710
nonlinear, 671

Information rate, 2, 11, 474, 534, 573, 611, 710
bandlimited channel, 711
function of signal power, 734
maximum, 21, 433, 669
relationship to arrival rate, 714
relationship to bandwidth, 22, 715
relationship to channel capacity, 669
relationship to codeword error rate, 678
saturation with bandwidth, 716
using photon counting, 693

Information theory, 18, 240
quantum, 878

Inhomogeneous material, 81
Injection current, 323
Inner code, 609
Inner product, 42, 49, 100, 102, 147, 466, 595, 708

coherent state, 850
pure signal state, 781, 830, 863
signal state, 753, 830

Intensity, 9, 87
autocoherence function, 98
modulation, 15, 467

approximate forms using Q, 453
binary modulation error rate, 438
channel capacity, 701
error rate, 453
error rate with additive lightwave noise, 504
gaussian approximation, 506
intersymbol interference, 523
multilevel, 447, 451, 515
multiple fiber segments, 321
on–off keying, 467
shot-noise-limited error rate, 506
threshold, 433

noise, 346
probability density function, 347, 359
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Interchannel interference, see Interference,
interchannel

Interference, 4, 155
interchannel, 4, 16, 368, 373, 522, 556, 568

cross-phase modulation, 553
estimation, 555
four-wave mixing, 228, 553
gain modulation, 320
nonlinear, 16, 205

intermodal, 556
intersymbol, 395, 523, 569

equalization, 522
four-wave mixing, 229
nonlinear, 229
postdetection, 531, 533
power penalty, 515
predetection, 531

modal, 392
multipath, 302
nonlinear, 181, 202, 223, 559, 726

equalization, 559
Interferometer

delay-line, 301
Mach–Zehnder, 329

Intermediate frequency, 13, 308, 379, 577
Intermodal dispersion, 155, 163, 169, 176

electrical channel, 392
lightwave channel, 366

Internal gain noise, 331
Interpolation, 46, 399
Interstitial region, 622, 628
Intersymbol interference, see Interference,

intersymbol
Intramodal dispersion, 155, 169, 173, 194

electrical channel, 393
lightwave channel, 367

Intrinsic
evidence, 545, 547, 641, 649, 655

Berrou code, 645
Gallager code, 651

linewidth, 179, 326, 345
region, 305

Inverse
Fourier transform, 30, 217, 261, 284, 570
Poisson transform, 262, 698

Ionization
coefficient, 306
impact, 306
ratio, 332, 359

Irregular algebraic block code, 647
Isotropic material, 81, 91, 203
Isserlis theorem, 54, 267, 297

Jacobian matrix, 103
Jitter, 349
Joint

detection
classical, 495
quantum-lightwave, 846

estimation, 588
probability, 413
probability density function, 54
signal space, 742

Jointly orthogonal modulation, 474, 492
Jones

representation of polarization, 94, 183
vector, 94, 108, 186

Kerr
nonlinear fiber coefficient, 210, 235
nonlinear lightwave channel, 722

mimo, 728
multiplex, 726
single-carrier, 723

nonlinearity, 204, 229, 553
glass, 208
optical fiber, 208

Ket, 48, 751
Keying

antipodal, 466
quantum coherent-state, 775

ASK, 467
BPSK, 466, 625, 832
DPSK, 469
dual-polarization, 491
FSK, 468
MSK, 473
on–off, 467
OQPSK, 473
polarization-switched, 492
PSK, 472
pulse-position, 689
QAM, 472
QPSK, 472, 483

offset, 473
quantum-lightwave

antipodal, 831
on–off, 832
phase shift, 831

Kramers–Kronig transform, 32, 83, 102, 165
Kronecker

impulse, 28, 41, 89, 278, 498, 777, 809
product, 51, 779, 813

Lagrange multiplier, 241
Laguerre

information channel, 690
polynomial, 66, 805

generalized, 66
probability mass function, 66, 277, 444, 690, 805
random variable, 66, 276

Laplace recursion formula, 48
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Laser diode, 326, 356, 357
extinction ratio, 327
Fabry–Pérot resonator, 357
free spectral range, 357
intensity noise, 346, 358, 397
linewidth

intrinsic, 326, 345
modulated, 569

modulation response, 327
phase noise

power density spectrum, 347
probability density function, 511

relaxation oscillation frequency, 328
spectral width, see Intrinsic linewidth
threshold current, 326, 356

Length
dispersion, 213, 216, 226, 235, 404, 563
effective, 213, 229, 234, 235, 563
nonlinear, 213, 230, 235, 563
walk-off, 213, 214, 216, 234

Letter, 1, 411
Lifetime

charge carrier, 325
upper-state, 246, 314, 318

Light-emitting diode (LED), 323
modulation response, 325
noise statistics, 355
spectrum, 323

Lightwave
coupler, 298
envelope, 143
ergodic, 98
monochromatic, 94, 123, 143, 739
noise, see Noise
partially polarized, 94
power, see Power, lightwave
unpolarized, 94

Lightwave amplifier, 312
Brillouin, 313
distributed, 322
doped-fiber, 313, 317, 325, 396
gain, 312, 315

internal, 316
saturation, 316
small-signal, 316

gain site, 312
noise, 337
noise figure, 338
parametric, 313
phase-insensitive, 313, 388, 796, 813

quantum-noise limit, 336, 339, 796
phase-sensitive, 313
pump, 313
Raman, 313
semiconductor, 318

Lightwave channel, xix, 4, 17, 361, 361

impulse response, 393
intermodal dispersion, 366
intramodal dispersion, 367
linear, 110, 363
mode-multiplex, 372
nonlinear, 201
polarization-multiplex, 370
quantum, 862
relationship to electrical channel, 362
single-input single-output, 363
space-multiplex, 369
table of models, 393
transfer function, 364

Lightwave field, 143
complex, 98
complex envelope, 88, 144
random, 68, 97
spatially random, 98, 374
temporally random, 97
vacuum state, 249

Lightwave signal, 8, 364
bandlimited, 277, 294
direct-photodetected energy, xxv
expected number of photons, 241, 348
mean number of signal photons, 259
narrowband, 159
power, 4, 25, 87, 105
spectrum, 159

Lightwave source, 10, 323, 355
bandlimited, 325
coherence properties, 13
coupling efficiency, 118
étendue, 117
for a multimode fiber, 176
laser diode, see Laser diode
light-emitting diode, see Light-emitting diode
numerical aperture, 118, 151
spontaneous emission, 256

Likelihood
function, 432

generalized, 583
log, 477, 542, 583

ratio, 433, 461
log, 433, 652

Linear
causal media, 82
polarization, see Polarization, linear
polarizer, 301
shift-invariant filter, 29
time-invariant system, 33, 84, 363

Linearity, 28
Linearly independent set, 41, 613, 647
Linearly polarized mode, 133

cutoff condition, 137
dispersion relationship, 159

Linewidth, 179, 569
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intrinsic, 326, 345
Local oscillator, 13, 19, 308, 379, 384, 408, 446, 577

controlled, 576
Log-likelihood

function, 477, 542, 583
ratio, 433, 652

Loop filter, 577, 580, 604
Lorentzian

filter, 295
function, 345, 356
pulse, 38, 101

Low-density parity-check code, see Gallager code
Lowering operator, 771

Mach–Zehnder interferometer, 329
Magnetic

field, 79
complex representation, 84

flux density, 79
Manakov equation, 218
Manakov–PMD equation, 218
Marginal probability density function, 54
Marginalization, 54, 104, 544, 639, 677, 779

block, 546
quantum-lightwave product state, 858

Mark, 1
Marker detection, 589
Matched filter, 390, 408, 423, 424, 426, 854

bank, 390, 498, 542
coherent state, 834
optical, 421
whitened, 427, 458

Material
anisotropic, 81, 96
centrosymmetric, 203, 208
circular birefringent, 97, 183
crystalline, 114
dielectric, 80, 84, 110, 151, 166, 202
dispersion, 155, 163

zero-wavelength, 164, 180
dispersion coefficient, 164, 175, 180

silica glass, 192
dispersive, 82
homogeneous, 81
impedance, 107, 210
inhomogeneous, 81
isotropic, 81, 91
linear-birefringent, 97
noncrystalline, 112, 114
nondispersive, 82
polarization, 80, 148

Matrix
channel, 401, 707, 871
commuting, 47, 51
conjugate, 46
conjugate transpose, 46

covariance, see Covariance matrix, 252
density, 746, 777
exponentiation, 49, 102, 772
full-rank, 48, 189, 614
Gram, 49, 825
hermitian, 47, 49, 60, 185, 752, 825
identity, 48
logarithm, 102
nonhermitian, 49
nonnegative-definite, 47, 189, 371, 776, 819, 825
normal, 51, 190
outer product, 51
polarization-dependent loss, 189, 371, 553
positive-definite, 47, 819
product, 47
projection, 50, 753, 783
pseudocovariance, 60, 107
rank, 48
rank-one, 747, 782
singular-value decomposition, 49, 190, 554
square, 46
symmetric, 47, 59
trace, see Trace
transformation, 42, 50
transpose, 46
unitary, 48, 185, 196, 370

Maximum-distance code, 613, 620
Maximum-entropy distribution, 241, 803

continuous energy, 250
discrete energy, 242
photon-optics, 242, 684
thermal equilibrium, 244
wave-optics, 697
with a mean constraint, 242
without a mean constraint, 292

Maximum-entropy principle, 240
Maximum-likelihood

decoding, 629, 639
detection, 433
sequence detection, 535, 536, 542

Maximum-posterior
decision rule, 431
detection, 433
sequence, 544
sequence detection, 522, 535, 544

Maxwell’s equations, 6, 79
complex representation, 84

Maxwellian
probability density function, 188
random variable, 65

Mean, 53
Mean-squared value

frequency, 34
timewidth, 34, 222

Measurement operator, 742, 778
Memoryless
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additive white gaussian noise, 583
channel, 748
continuous-time channel, 374
discrete-time mimo channel, 707
Kerr channel, 729
photon-noise-limited channel, 446
space-time separable channel, 495
system, 30

Meridional ray, 116
Message

error rate, 6, 15, 676
passing decoder, 648

Mimo channel, see Multi-input multi-output channel
Minimal trellis, 631
Minimum distance, 414, 435

between sequences, 540
classical signal vs. quantum-lightwave signal, 842
codeword segment, 634
for a code, 611
for trellis-coded modulation, 658
quantum-lightwave coherent state, 842
sequence, 541
signal constellation, 464

four-dimensional, 492
Minimum Hamming

distance, 613, 616
relationship to euclidean distance, 625

weight, 613, 634
Minimum mean-squared error, 529

orthogonality condition, 597
Minimum phase, 165
minimum separation, 524, 567
Minimum-distance sequence detection, 538
Minimum-shift keying, 473
Mixed signal state, 746, 778, 808, 821, 837, 872

representation, 782
Mixer, see Frequency mixer, 576
Mixing, 313

efficiency, 408
four-wave, see Four-wave mixing
gain, 379, 382, 385, 578
mathematical identity, 307
noise–noise, 396
signal–carrier, 12
signal–local oscillator, 576
signal–noise, 337, 362, 396, 403, 435, 453, 460,

507
signal–signal, 201
square-law photodetection, 19
subchannel–subchannel, 726

Mobility, 352
Modal noise, see Noise, modal
Mode, 3, 4, 6, 88, 117, 121

azimuthally symmetric, 141
basis, 88
confinement factor, 153

coupling, 146, 176, 298
random, 375

cutoff condition, 130, 137, 153, 158
decay rate in the cladding, 128, 129, 158
delay for a mode-group, 168, 170, 177
-dependent group delay, 155, 157, 167, 171, 172,

349, 366, 367
estimation of, 601
evanescent, 148
even-transverse electric, 128
graded-index optical fiber, 144
group delay, 161
guided, 88, 111, 121, 123

relationship to ray theory, 130
hermite-gaussian, 145
hybrid, 124, 138, 142
image, 308, 386, 487
linearly polarized, 133
multiplex channel, 16, 369, 372, 555
odd-transverse electric, 128
of a linear system, 33
orthogonal, 88, 132, 137, 146, 152
orthogonality condition, 89, 90, 131, 148
partition noise, 348
power, 180
propagation constant, 127
radiation, 89, 131, 146
spatial frequency within the core, 128, 158
spatiotemporal, 239, 244, 250, 739, 761, 769
step-index fiber, 132
suppression ratio, 348
transverse electric (TE), 124, 151, 189
transverse electromagnetic (TEM), 85, 124
transverse magnetic (TM), 124, 151, 189
unguided, 88, 121, 143, 146, 162
well-guided, 130, 161, 211

Mode-group, 168, 173, 369
delay, 168, 170, 177
density, 192
graded-index fiber, 169
index, 168, 192

maximum value, 169
uniform distribution, 177

Modem, 5, 15, 361, 815
quantum, 742, 815, 848

Modified Bessel function, 62, 104, 134, 518, 638
Modified duobinary code, 663
Modulation, 3, 12

amplitude, 12
antipodal, 466, 477
binary, 463
biorthogonal, 499
code, 609, 659
coded, xx, 3, 22, 238, 413, 464, 534, 685, 741
direct current, 324
frequency, 463, 468
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index, 198, 406
intensity, see Intensity modulation
jointly orthogonal, 474, 492
layer, 1
multisymbol, 463
on–off, 414
orthogonal, 466
phase-synchronous, 12
quadrature amplitude, 472
quantum antipodal, 775, 831
symmetric, 703
trellis-coded, 656
unequal energy, 467

Modulator, 8, 361
amplitude/phase, 330
balanced, 330
complex-baseband, 330, 378
dual-polarization, 493
electro-absorption, 329
electro-optic, 329
lightwave-power response, 331
phase-asynchronous, 327
phase-synchronous, 378

Modulus, 32
Moment

nth, 53
first, 53

Momentum
operator, 765, 766
representation, 765

Monochromatic
field, 80, 83, 125, 151

complex, 125
lightwave, 94, 123, 143, 739
plane wave, 93

Morse code, 15
Multi-input multi-output channel, 15, 368, 372, 602

capacity, 707
continuous-time, 374
equalization

polarization modes, 553, 600
spatial modes, 601
zero-forcing, 554

frequency response, 373
impulse response, 373
mode-multiplex, 372
transfer function, 373

Multi-user detection, 373, 728
Multilevel modulation

error rate, 447
phase, 472
quadrature amplitude, 472

Multimode interference coupler, 301
Multipath interference, 302
Multiplex channel, 368

mode-division, 372, 555

polarization-division, 370
space-division, 371, 555

Multiplexing, 15
frequency-division, 16
mode-division, 16, 369
polarization-division, 16
space-division, 15, 369
time-division, 16, 368
wavelength-division, 16, 368, 568

Multivariant gaussian probability density function,
57, 707

Mutual coherence function, 98
Mutual information, 674, 690

binary symmetric channel, 731
classical channel, 845, 856
function of the prior, 693
quantum channel, 857
Z channel, 693

Narrowband
dispersion, 159
field, 87
signal, 12, 44

Nat, 240
Nearest neighbor, 414, 520, 541, 658
Negative binomial probability mass function, 276,

295, 325, 444
Node, 537, 552, 627
Noise, 155

additive, 19, 457
additive white gaussian, 21, 26, 73, 279, 287, 385
autocorrelation function, 74
bandlimited, 75
circularly symmetric gaussian, 254, 334, 481,

573, 748, 872
autocorrelation function, 267
bandwidth, 271

colored, 74
complex-baseband

autocorrelation function, 76
equivalent bandwidth, 77

correlated, 105
electrical power density spectrum

phase-synchronous demodulation, 381
energy per mode, 247
entropy, 682, 698, 731
equivalent bandwidth, 74, 461
figure, 78, 461

lightwave amplifier, 338
segment of an optical fiber, 354

gaussian
bandlimited, 271, 274

in-phase component, 75
lightwave power, 267, 346

power density spectrum, 267
probability density function, 347, 359
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modal, 376, 402
mode-partition, 348
nongaussian, 478, 530, 723
nonlinear phase, see Nonlinear phase noise
optical thermal, 256
passband, see Passband, noise
phase, see Phase noise
phase-insensitive, 253
photon, 7, 122, 257

power density spectrum, 269
probability mass function, 260

power, 73
passband, 77

power density spectrum, 22
pseudothermal, 256, 334
quadrature component, 76
quantum, 248, 334, 490, 794, 803, 838, 839
relative intensity, 346
shot, 9, 239, 305, 457

counting, 386, 486, 758
signal-dependent, 4, 20, 261, 429, 454, 458, 505
signal-independent, 4, 19, 448, 457, 458
signal-spontaneous emission, 337, 461
spontaneous emission, 256, 337
-suppressing filter, 271, 293, 354, 381, 396, 559
thermal, 78, 248, 360, 396, 403, 461
white, 73, 249, 271, 424, 528

Noisy channel coding theorem, 677
quantum optics, 860

Noncentral chi
probability density function, 65
random variable, 65

Noncentral chi-square
probability density function

N degrees of freedom, 64, 274, 284
characteristic function, 64
two degrees of freedom, 340, 347, 561

random variable, 63
Nonclassical signal state, 741, 749, 782
Noncoherent

carrier, 6, 12, 25, 172, 387, 392, 393, 467, 556,
566

direct photodetection, 387
wavelength autocorrelation function, 179

signal state, 783
Noncoherent demodulation, 500, 512
Noncrystalline material, 112
Nondispersive material, 82
Nongaussian

noise, 478, 530, 723
random process, 279

Nonlinear
channel, see Channel, nonlinear
distortion, 4, 202, 216, 226
fiber coefficient, 340
index coefficient, 210

interference, 16, 181, 202, 223, 559
interchannel, 205
interchannel cross-phase modulation, 553
interchannel four-wave mixing, 228, 553
intersymbol, 229

length, 213, 230, 235, 563
lightwave propagation, 210

governing equation, 217
nondispersive channel, 219
numerical methods, 229
vector channel, 218
weakly dispersive channel, 222

phase estimation, 463
phase modulation

cross, 205, 553
self, 204

phase noise, 222, 339, 341, 723
probability density function, 340
variance, 341

phase shift, 212, 220, 234
Nonlinear Schrödinger equation, 217, 553, 723

multichannel, 223
numerical solution, 229, 727
traveling timeframe, 218
vector channel, 218

Nonlinearity
Brillouin scattering, 206

stimulated, 207, 313
Kerr, 204, 229, 553

glass, 208
optical fiber, 208

Raman scattering, 205
stimulated, 206, 313

Nonnegative-definite matrix, see Matrix,
nonnegative-definite

Nonorthogonal
signal, 499, 818
signal state, 774, 778, 786, 824, 840
waveform, 391

Normal dispersion regime, 161
Normal matrix, 51, 190
Normal ordering, 763
Normalized

dispersion relationship, 158, 159
frequency, 128, 151, 152, 157
index difference, 117, 121, 129, 132
mode-group index, 170, 176, 181
propagation constant, 157

Nuemark extension, 789
Numerical aperture, 116, 129, 150, 376

graded-index optical fiber, 117, 120
step-index fiber, 117

Nyquist
pulse, 229, 388, 399, 416, 455, 465, 526, 566, 585

joint, 466, 469
joint property, 474
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rate, 46
Nyquist–Shannon sampling theorem, 45, 399, 672

Objective function, 241, 530
augmented, 241
constant-modulus, 598
mean-squared error, 596

Observable
operator, 742, 752, 755, 762, 782

matrix representation, 751
property, 754

Offset QPSK (OQPSK), 473
Operator, 751

annihilation, 770
coherent-state, 762, 789
commuting, 758, 792
convolution, 56
creation, 770
density, 746
detection, 816, see Detection operator
determinant, 48
differential, self-adjoint, 88
displacement, 772, 836
generalized measurement, 787
Hamiltonian, 762, 771
heterodyne demodulation, 793

including an image mode, 794
identity, 774
image mode vacuum-state, 794
in-phase component, 761, 797
lowering, 771
measurement, 742, 778
momentum, 765, 766
noncommuting, 792
observable, 742, 752, 755, 762, 782

matrix representation, 751
photon-number state, 754, 762, 764, 790
position, 765, 766
projection, 753, 777, 778, 789
quadrature component, 761, 797
raising, 770, 772
self-adjoint, 752, 768
trace, 47, 777, 829

Optic axis, 97
fast, 97, 183
slow, 97, 183, 187

Optical
cavity, 323
coupler, 313
electrical conversion, 8, 310, 362
filter, 302
isolator, 302
pump, 256, 313
signal-to-interference ratio (OSIR), 552, 727
signal-to-noise ratio (OSNR), 75, 108, 268, 341,

343

relationship to SNR, 268
signal-to-noise-plus-interference ratio (OSNIR),

552, 553, 571
thermal noise, see Noise, optical thermal

Optical fiber, 110
absorption, 112
attenuation, 112, 114
birefringence, 183, 185

intensity-dependent, 218
characteristic equation

hybrid mode, 141
cladding, 110
core, 110
cutoff condition

hybrid mode, 143
linearly polarized mode, 137

dispersion-controlled, 180, 229
dispersion relationship, 170
effective area, 211
effective length, 213
equalization, 181
few-mode, 369, 372, 601
graded-index, see Graded-index optical fiber
intermodal dispersion, 366
intramodal dispersion, 366
mode, power, 180
mode-confinement factor, 153
mode-group, 168, 173

density, 192
mode-group index, 168, 192
multimode, 111, 119, 155, 169, 194, 365

impulse response per mode, 365
mode-dependent group delay, 175

nonlinear propagation
governing equation, 217
nondispersive channel, 219
numerical methods, 229
vector channel, 218
weakly dispersive channel, 222

parabolic index of refraction, 119
segment, 4, 321
single-mode, 111, 137, 151

attenuation, 11
complex-baseband transfer function, 364
dispersion, 173, 194
impulse response, 364
nonlinear coefficient, 210

span, 4
step-index, see Step-index optical fiber
transfer function

complex-baseband, 406
weakly guiding, 133

Optical-matched filter, 421
Orthogonal

quantum signal states, 745, 747, 777, 823, 860,
879
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signals, 44, 390, 391, 425, 469, 498, 879
classical vs. quantum-optics, 774
equal-energy, 501
error rate, 476
noncoherent, 501

waveforms, 469
Orthogonality condition

frequency-shift keying, 469
minimum mean-squared error, 597
mode, 89, 90, 131, 148

Orthonormal
basis, 41, 50, 88, 100, 277
basis states, 759

OSNR, see Optical signal-to-noise ratio
Outer code, 609, 612
Outer product, 43, 47, 759, 777

basis functions, 759
matrix, 51
orthonormal basis vector, 50

P distribution, 797, 802
classical signal in noise, 798

Parabolic index profile, 119, 153
Parallel concatenation, 642
Parametric amplification, 313
Paraxial approximation, 92, 120
Pareto

index, 54
probability density function, 106, 634
random variable, see Random variable, Pareto

Parseval’s relationship, 31, 44, 70, 73
Partial-fraction expansion, 296
Partial-response

code, 534, 663
decision-feedback demodulation, 419
dicode, 419, 663
duobinary, 418, 663
maximum-likelihood demodulation, 664
maximum-likelihood detection, 419
pulse, 418

Partial trace, 779, 812, 858
Partially coherent carrier, 13, 388, 470, 556, 569
Passband

impulse response, 40
noise, 75

bandwidth, 271
power density spectrum, 76
probability density function, 250

noise-equivalent bandwidth, 74, 77
noise process, 75
signal, 3, 12, 39

energy, 44
envelope, 162

waveform, 3, 710
Path metric, 539, 542

summed, 540

Permeability, 80
Permittivity, 80, 82
Phase

ambiguity, 583
asynchronous demodulation, 14, 500
comparator, 576
estimation, see Estimation, phase
-insensitive

channel, 253, 799, 871
lightwave amplifier, 313, 388
noise, 253

-matching, 149, 203, 233
-mismatch, 228
-modulation, see Modulation, phase
probability density function, 104
reference, 13
-synchronous demodulation, 379

heterodyne, 381
velocity, 86, 92, 161, 162

polarization-dependent, 184
Phase-locked loop, 576

acquisition step, 577
Costas, 582
damping coefficient, 580
first-order, 578, 580
loop filter, 577, 580, 604
natural frequency, 580
nonlinear analysis, 605
second-order, 580, 604
tracking step, 577
transfer function, 579

first-order, 604
second-order, 604

transfer function for phase error, 604
Phase noise, 14, 484, 574

laser diode probability density function, 511
nonlinear, 339, 502
nonlinear probability density function, 340
probability density function, 63

Phase-shift keying, 472
binary, 466
error rate

heterodyne BPSK, 487
homodyne binary phase-shift keying, 487

multilevel, 472
QPSK, 483

offset, 473
Phase space, 739, 774
Photocharge, xxvi, 259, 382
Photocurrent, xxvi, 9, 259, 352
Photodetected

lightwave energy, xxv
lightwave power, xxvi

Photodetection, 8, 238
balanced, see Balanced photodetection
direct, see Direct photodetection
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event, 257, 305
square-law, see Square-law photodetection

Photodetector, 8
avalanche photodiode, 306
dark current, 312, 331
internal gain, 290, 306, 331

expected value, 359
PIN photodiode, 305
polarization-insensitive, 396
responsivity, 9
square-law, 100, 108, 249

Photodiode, 304
avalanche, 304
PIN, 305, 352

Photoelectron, xxvi, 257
arrival process, 258, 285, 294
arrival rate, xxvi, 258, 270, 692

constant, 331, 519
counting process, 258, 312
mean number, 259
primary, 257, 288, 311, 331
secondary, 257, 288, 291

Photon, 7, 205
arrival process, 237, 257, 311
arrival rate, 9, 122, 257, 309, 311, 401, 421, 440,

685
time-varying, 257

counting process, 312
mean number, 241, 348

in a coherence interval, 352
per bit, 503, 514, 690, 775, 831
per pulse, 440, 451

-noise-limited channel, 265, 402
number, 239, 311, 737

probability mass function, 338
energy, xxv, 8
lifetime, 326
momentum, 8
noise, see Noise, photon

Photon counting, 257, 402, 456, 689
binary, 440
classical, 832
conventional, 831, 836
multilevel, 451
random process, 257
threshold, 402
with a matched local oscillator, 832
with noise photons, 441

Photon optics, 6
bandlimited capacity, 21, 713

narrowband, 714
description of shot noise, 309
detection, 422, 428
discrete-energy property, 422
discrete-time channel, 401

memoryless, 682, 692

photon noise, 237, 257
relationship to quantum optics, 736, 773
relationship to wave optics, 250, 259
signal model, 7, 237, 246, 737
signal propagation, 122
single-letter capacity, 244, 680
spectral-rate efficiency, 719
treatment of photodetection, 238

Photon-number state, 741
basis, 764
operator, 754, 762, 764, 790
representation, 741, 838

of a classical state, 802
of a coherent state, 741, 773
of additive noise, 803

with zero photons, 771
Physical

channel, 4, 17, 361
layer, 1, 15

Pilot signal, 574
PIN photodiode, 305, 352
Planck’s constant, 8

reduced, 8
Plane wave, 85, 107

in slab waveguide, 130, 196
monochromatic, 93

Poincaré sphere, 95, 186, 188, 370, 601
latitude, 95
longitude, 95
transition along, 96, 601

Point process, 122, 331, 439, 740
maximum entropy, 439

Poisson
channel, 265, 311, 401, 692
counting process, 9, 257, 260, 312
probability mass function, 260, 773

mixed, 262
summation formula, 37
transform, 239, 262, 684, 737, 799

Dirac impulse, 265
exponential probability density function, 265
gamma probability density function, 275
inverse, 262, 698
noncentral chi-square probability density

function, 690
relationship to Gordon distribution, 266

Polarization (field), 3, 80, 93, 368
alignment, 495, 553, 600
axes, 190
beamsplitter, 301, 493, 744
circular, 94
combiner, 301
cross modulation, 218
decorrelation length, 187, 218
-dependent group delay, 184, 368
-dependent group velocity, 183
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-dependent loss, 189, 199, 371, 553
ellipse, 108
elliptical, 93
Jones representation, 94, 183
linear, 94, 183
mode dispersion, 94, 97, 155, 182

first-order, 199
governing equation, 184
Jones representation, 183
linear-birefringent material, 185
second-order, 183
Stokes representation, 186
vector, 186, 196

modulation, 493
multiplex channel, 16, 370, 491
optic axis

fast, 97, 183
slow, 97, 183, 187

orthogonal, 96
principal axes, 97, 183, 185, 190
principal states, 183, 188

basis, 370
interference, 190

sign convention, xxv
slab waveguide, 130
state estimation, 553, 600, 606
Stokes representation, 94, 186

Polarization (material), 80
nonlinear, 203, 208

Polarizer, linear, 301
Position

operator, 765, 766
representation, 765
vector, 85

Positive-operator-valued measure, 788
Posterior probability, 55, 412, 544, 547

component maximum, 544
componentwise maximum, 544
density function, 432
marginal, 545
ratio, 432, 461, 547, 643

Gallager code, 649
senseword, 649

sequence maximum, 544
Potential, 304
Power

baseband signal, 11
effective bandwidth, 70, 293
lightwave, 4, 25, 87, 105

autocorrelation function, 98
photodetected, xxvi, 4

penalty, 607
discrete lightwave amplifier, 322
intersymbol interference, 515

reactive, 131
splitter, 301, 386

Power density spectrum, 69, 105, 267, 269
arrival rate, 269
complex-baseband noise, 76
constant signal plus noise, 268
direct-photodetected electrical signal, 271, 395
electrical

per unit resistance, xxvi, 73
phase-synchronous demodulation, 381
relative intensity noise, 346
shot noise, 385

filtered electrical signal, 287
filtered shot noise, 287
lightwave noise power, 267
lightwave signal, 70
noise, 22, 247
one-sided, 69
passband noise, 76
quantum noise, 248
random binary waveform, 72
spontaneous emission, 257, 336

direct-photodetected, xxvi, 561
lightwave power, 267

thermal noise, 250
two-sided, 69, 279, 293

noise, 73
wavelength, 70

Power-law index profile, 145, 169, 171, 192
parameter, 145, 169, 176, 182

optimal, 177, 182, 196
Poynting vector, 86

complex, 87
Pre-equalization, 525, 534
Prefilter, 534
Primary photoelectron, 257, 288, 311, 331
Primitive element, 620
Principal

axis, 81
polarization axes, 97, 183, 185, 190
polarization states, 183, 188

basis, 370
interference, 190

Principle of stationary phase, 367
Prior probability, 18, 237, 412, 436, 672, 681

Berrou decoder, 644
capacity-achieving, 673
equiprobable, 433, 699
ratio, 548
unequal, 461

Probability density function, 53
bivariate, 54, 295

gaussian, 58, 104, 251, 253
maximum-entropy, 252

Boltzmann, 250, 293
central chi, 65
central chi-square, 63, 372, 376, 731

two degrees of freedom, 273
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complex gaussian, 60
circularly symmetric, 60

complex-baseband noise, 250
conditional, 54, 413, 431
exponential, 64, 65, 103, 250, 273, 376, 702
first-order, 68
gamma, 65, 376, 405
gaussian, 57

bivariate, 253
circularly symmetric, 58, 78, 254, 872
multivariate, 57, 60, 707
spherically symmetric, 188

inverse gaussian, 360
joint, 54
marginal, 54
maxwellian, 65, 188, 200
noncentral chi, 65
noncentral chi-square, 63, 105, 340, 347, 360,

561, 805
two degrees of freedom, 63, 255, 273

Pareto, 54, 106, 634, 636
passband noise, 250
phase, 63, 104
posterior, 432

ratio, 461
prior, see Prior probability
Rayleigh, 61, 62, 65, 103, 254, 273
ricean, 61, 62, 103, 273, 502, 507, 509, 724
second-order, 68
table of, for noise processes, 283

Probability distribution function, 53
posterior, 412
prior, 412
table for wave-optics and photon optics, 284

Probability mass function, 53
binomial, 260
Bose–Einstein, 244, 293
geometric, 242
Gordon, see Gordon distribution
inverse gaussian, 332
Laguerre, 66, 277, 444, 690, 805
maximum entropy, 241
negative binomial, 295
Poisson, 260, 325, 773

Product
channel, 706

capacity, 706
mimo, 707

distribution, 55, 253, 254, 554, 682, 742, 848
bandlimited gaussian random process, 278, 706
gaussian, 59, 253
mimo channel, 707
output posterior, 643
subblock, 678

state, 742, 760
density matrix, 779, 786, 857

expectation, 791
generation with a coupler, 790

Projection, 43, 100
matrix, 50, 753, 783
operator, 753, 777, 789

Propagation
constant, 85, 124, 157

along optic axes, 184
frequency-dependent, 157
mode, 127
mode-dependent, 157
normalized, 157

vector, 85
Pseudocovariance

function, 268
matrix, 60, 107

Pseudorandom sequence, 516, 594
Pseudothermal noise, 256
Pulse, 3

-amplitude modulation, 463, 517
multilevel, 464, 471
multilevel error rate, 477

chirp, 38
electrical, xxvii
gaussian, 37, 100

generalized, 233
lorentzian, 38, 101
non-return-to-zero, 467

inverse, 468
Nyquist, 229, 388, 399, 416, 455, 465, 526, 566,

585
joint, 469
joint property, 474

partial-response, 418
-position modulation, 689
quadratic phase, 38
raised-cosine, 468
rectangular, 36
sinc, 37
symmetric, 532
target, xxvii, 416, 465, 525
transmit, 415
triangular, 101

Puncturing, 643
Pure signal state, 746, 760, 776, 778

binary modulation error rate, 830
coherent

density matrix, 802
density matrix, 811
representation, 782
von Neumann entropy, 785

Q, 438
for an avalanche photodiode, 515
for intensity modulation, 453
for multiple fiber amplifiers, 462
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Quadratic-phase function, 367
Quadrature

-component operator, 761, 797
-noise component, 76
-signal component, 39, 313
-signal representation, 761, 762

Quadrature phase-shift keying, 472, 483
offset, 473

Quadrature-amplitude modulation, 464, 472
Quanta, 203
Quantization, 1
Quantum

coherence, 7, 782, 784, 805
correlation, 7
decoherence, 783
efficiency, xxvi, 258, 305, 338
entropy, see von Neumann entropy
expectation, 754, 777
information theory, 878
noise, see Noise, quantum, 249
noise regime, 249
phase, 782, 805
state, 750
uncertainty, 7, 262, 683, 685, 743, 776, 820, 824

Quantum optics, 6
channel capacity, 843
heterodyne demodulation, 792
homodyne demodulation, 790
information channel, 843
modulation

antipodal, 775, 831, 832
on–off keying, 832
using coherent states, 831

signal model, 6, 7, 246, 446, 736
statistical, 743, 776

Quantum wave function, 738, 745, 753, 765
continuous, 755
in-phase component, 761
in-phase representation, 765
momentum representation, 765
position representation, 765
quadrature component representation, 762
quadrature representation, 765

Quarter-square multiplier, 308
Quasi-linear approximation, 723
Quasi-probability distribution, 773, 797

P distribution, 797, 802
Husimi, 801
Wigner, 799, 802, 805

gaussian state, 806

Radial prolate spheroidal function, 280
Radiation mode, 89, 131, 146
Radiative-recombination lifetime, 319, 325
Raised-cosine pulse, 468
Raising operator, 770, 772

Raman scattering, 205
stimulated, 313

Random process, 52, 67
bandlimited, 251
circularly symmetric gaussian, 78, 254, 343, 574

bandlimited, 277, 283
complex-baseband noise, 75
ergodic, 69
gaussian, 68

bandlimited, 239, 273, 280, 284
circularly symmetric, 255
decorrelated, 278
product distribution, 278, 706

independent increment property, 257
nongaussian, 279
notation, xxv
passband, 252
photon counting, 9, 257, 260, 312
spatiotemporal, 284
stationary

strict sense, 68
wide sense, 68

Wiener, 343
Random telegraph signal, 70
Random variable, 52

nth moment, 53
additivity property, 253, 261
bivariate gaussian, 58, 255
central chi, 65
central chi-square, 63
complex, 53
complex gaussian, 60
correlation, 55
expectation, 53
exponential, 65
first moment, 53
gamma, 65
gaussian, 57

bivariate, 58, 251, 255
circularly symmetric, 58, 78, 281
multivariate, 57, 284
spherically symmetric, 188
uncorrelated, 59

independent, 55
Laguerre, 66, 276
maxwellian, 65
mean, 53
noncentral chi, 65
noncentral chi-square, 63
notation, xxv
Pareto, 666
phase, 511
Poisson, 260
Rayleigh, 62, 391, 507
realization, 53, 239
ricean, 62, 391, 507
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root-mean-squared value, 54
uncorrelated, 56
uniform, 70
variance, 54

Random vector
complex gaussian, 60

Random walk, 343
Rate

code, see Code, rate
information, see Information rate

Rate equations, 317, 328
Ray, 92

meridional, 116, 120
skew, 116
tracing, 91
trajectory, 92, 120, 150
transit time, 156

impulse response, 191
unguided, 117

Ray optics, 6, 110
dispersion, 156
governing equation, 92, 105

Rayleigh
probability density function, 61, 62, 103, 254, 273
random variable, 62, 391, 507
scattering, 114, 166, 193, 205

Reach, 4, 21
Reactive power, 131
Real-baseband

signal, 11, 77, 307, 362, 383, 386, 489, 694
waveform, 310, 380, 411, 581

Realization
channel, 709
random variable, 53, 239
sample function, 52

Receiver
displacement, 835, 880
frequency response, 287
impulse response, 292
lightwave, 304
phase-asynchronous, 14, 463, 500
phase-sensitive, 790
phase-synchronous, 13, 524
photon-counting, 311, 440, 456

multilevel, 451
polarization-sensitive, 368
quantum-lightwave, 837
sensitivity, 11, 25
suboptimal, 561

Recode-and-forward, 5
Reconfigurable add–drop multiplexer, 552
Rectangular pulse, 36
Rectifier, 14
Red-shift, 213, 404
Reduced Planck’s constant, 8
Reed–Solomon code, 619

primitive, 620
primitive element, 620

Reflection, 115
law of, 115

Refraction, 115
law of, 115

Regeneration, 5
Regular

algebraic block code, 647
check matrix, 617, 646

Relative intensity noise (RIN), 346, 358, 397
shot-noise limit, 346, 359

Relative permittivity, 82
Relaxation oscillation frequency, 328, 359, 397
Remodulate-and-forward, 5
Representation

Dirac, 752
Heisenberg, 752, 792
in-phase component, 765
in-phase signal component representation, 761
interaction, 752
momentum, 765
position, 765
quadrature component, 765
quadrature signal component, 761, 762
Schrödinger, 752

Resonator, 323
Fabry–Pérot, 357
free spectral range, 357
laser diode, 326
mode structure, 327
photon lifetime, 326

Responsivity, xxvi, 9, 259, 305
Reverse channel, 529
Ricean probability density function, 61, 62, 103,

273, 502, 507, 509, 724
Ricean random variable, 62, 391, 507
RIN, see Relative intensity noise
ROADM, see Reconfigurable add–drop multiplexer
Robust, 427, 519, 609
Root-mean-squared

bandwidth, 34, 100
position, 767
timewidth, 34, 100

Root-mean-squared amplitude, xxv, 39, 54, 324
Rotation

generalized, 48, 753, 755
joint probability distribution, 107
polarization axes, 187, 369
signal constellation, 576

Runlength-limited code, 660

Sample, 1, 45, 399
complex, 390
function, 52, 68
instantaneous, 420
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Sampling, 1
basis, symmetric, 830
eigenstate, 821, 836, 879
rate, 46, 235, 281, 692
theorem, 18, 44, 45, 281, 399, 672

Saturation power, 317
Scalar, 28
Scalar Helmholtz equation, 84, 126

boundary conditions, 127
Scattering, 113

anti-Stokes, 205
Brillouin, 206

stimulated, 207, 663
cross section, 114
direction-dependence, 114
elastic, 114
inelastic, 114, 205
linear, 113
Raman, 205

stimulated, 206
Rayleigh, 114, 166, 205
Stokes, 205

Schrödinger representation, 752
Schur–Horn theorem, 785
Schwarz inequality, 43, 426
Second law of thermodynamics, 243
Self-adjoint

differential operator, 88
operator, 752, 768
transformation, 49, 742, 752

Self-phase modulation, 204, 219, 223, 224
Sellmeier formula, 192
Semiclassical signal model, 7, 680, 748, 815
Semiconductor, 304

bandgap, 303, 319
conduction band, 303, 315
diode, 323
electron–hole recombination, 313
intrinsic, 305
-laser diode, see Laser diode
lightwave amplifier, see Lightwave amplifier
radiative recombination time, 319
valence band, 303, 315

Sensebit, 649
Senseword, 5, 610, 626

corrupted, 621
hard-valued, 5, 610
memoryless, 418
pictorial representation, 621
soft-valued, 5, 610
symbol, 412
uncorrectable, 622

Separation of variables, 126, 133, 139, 145, 151
Sequence detection, 522, 535

constraint length, 537
error rate, 540

maximum-likelihood, 535, 542
maximum-posterior, 522, 544
minimum-distance, 538
trellis, 537

Sequential
decoding, 629, 633

complexity, 639
hypothesis testing, 633

Shannon
bound

bandlimited channel, 21, 711
single-letter capacity, 697, 699
spectral rate efficiency, 22, 719

entropy, 673, 785
first coding theorem, 676
second coding theorem, 677

Shaping, gain, 472, 699
Shift-invariant system, 28
Shot noise, see Noise, shot
Shot-noise-limited

error rate, 487
heterodyne demodulation, 385, 795, 796
homodyne demodulation, 487, 796, 831, 842, 866
relative intensity noise, 346, 359
system, 286, 346, 359, 429, 455, 457, 559, 767

Side information, 726
Sideband, 205
Sifting property of an impulse, 28, 345
Signal, 27, 41

analytic, 32, 101
bandlimited, 12, 24, 34
baseband, 3, 12, 24
complex envelope, 39, 144, 162, 361

spectrum, 364
vector, 218

complex-baseband, 12, 39, 53, 77, 101, 307, 362,
383

conjugate symmetric, 32, 269
dual-polarization, 493
envelope, 12, 14

passband, 162
impairment, see Impairment
lightwave, see Lightwave signal
narrowband, 12, 44
noise, see Noise
nonorthogonal, see Nonorthogonal signal
orthogonal, see Orthogonal signal
passband, 3, 12, 39
periodic, 12
polarization-multiplex, 491
quantum-lightwave, 7
real-baseband, 11, 77, 307, 362, 383, 386, 489,

694
rectified, 14
regeneration, 5
right-sided, 29
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spectrum, 30
square-integrable, 30
timewidth-limited, 34
vector, 42, 788, 881

basis, 100
euclidean distance, 44

waveform, 3
Signal constellation, 414, 480

antipodal, 414, 466
complex, 464
four-dimensional, 491
matrix, 497, 818, 851

quantum, 825, 832
on–off intensity modulation, 414, 467
phase-shift modulation

binary, 466
eight-level, 472
multilevel, 472

pulse-amplitude modulation, 471
quadrature-amplitude modulation, 464, 497

nonsquare, 472
quantum-lightwave, 780

average state, 780, 788, 847
coherent-state components, 819
nonorthogonal components, 815
pure-state components, 826, 844
symmetric, 840

real, 414
signal space, 496

Signal model, 6
geometrical-optics, 6, 119
photon-optics, 7, 11, 237, 246, 737

relationship to quantum optics, 736
quantum-optics, xxv, 6, 7, 246, 446, 736
ray-optics, 6, 110
semiclassical, 7, 680, 748, 815
wave-optics, xxv, 6, 20, 83, 115, 122, 239, 361,

737
relationship to quantum optics, 741

Signal space, 41
basis, 41, 759
composite, 742, 759
definition of distance, 44
for a classical signal constellation, 496
for a quantum-lightwave signal constellation, 742
generalized measurement, 789
higher-dimensional, 536
Hilbert, 752
infinite-dimensional, 736

Signal state, 736, 738, 750
block-symbol, 742, 778, 815, 819, 846, 848

entangled state, 781
product state, 781, 819

cat, 833
classical, 741, 800
coherent, see Coherent state, 762

component-symbol, 742, 759, 776, 778, 780, 815,
819, 844, 846, 869

marginalization to, 858
composite, 742, 813
detection, 738, 739, 747, 815, 816, 818, 820, 843

block-symbol, 846
coherent-state, 789
component-symbol state, 845

entangled, 760, 811, 819, 861
Fock, see Photon-number state
gaussian, 748, 800, 806

circularly symmetric, 748, 749, 806, 807, 873
Glauber, 739, 761
image quantum-optics, 794
measurement, 742, 776
mixed, see Mixed signal state, 778, 837
nonclassical, 741, 749, 782
noncoherent, 783
nongaussian, 749, 800
nonorthogonal, 774, 778, 786, 824, 840
orthogonal, 745, 747, 777, 823, 860, 879
photon-number, see Photon-number state
preparation, 738, 741, 815, 843
product, see Product state
pure, see Pure signal state, 760, 776, 778
sampling, 823, 834
symmetric, 840
vacuum, see Vacuum state

Signal state, detection, 738
Signal-spontaneous emission noise, 337, 461
Signal-to-noise ratio, 21, 22, 26, 75, 108

electrical (SNR), 75, 108, 343
optical (OSNR), 75, 108, 268, 341, 343
relationship between SNR and OSNR, 339
sample, 420, 424, 426, 435

effective, 424, 438
matched filter, 426, 435

Signum function, 29
Silica glass, 83, 111, 112, 166, 203, 210

material dispersion curve, 164
Sinc pulse, 37
Single

-input single-output channel, 363
-letter channel capacity, see Channel capacity,

single-letter
-mode optical fiber, see Optical fiber
-user detection, 373, 726

Singular value, 49, 554, 555
Singular-value decomposition, 49, 190, 554
Skew ray, 116
Slab waveguide, 125

dispersion, 157
power density, 130
TE characteristic equation, 128
TE mode pattern, 131
TM characteristic equation, 129
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Slow optic axis, 97, 183
Smoothing function, 801
Snell’s law, 115
SNR, see Signal-to-noise ratio
Soft-decision

decoder, 610
decoding, 625
detection, 18, 418, 608, 610, 698

Solid angle, 117
Space

-invariant system, 28
-multiplex channel, 15, 369, 371, 555

Space–time separable channel, 376, 494
Span, 41
Spatial

Fourier transform, 30
coherence

function, 98
region, 374

frequency, 30, 120, 127
Spatiotemporal covariance matrix, 375
Spatiotemporal mode, 239, 244, 250, 739, 761, 769
Speckle, 374
Spectral

–notched codes, 663
shaping, 664
susceptibility, 83, 165
width, see Linewidth

Spectral rate efficiency, 156, 474, 475, 718
arbitrary modulation, 718
for several modulation formats, 720
maximum, 22
phase modulation, 720
photon-optics, 719
wave-optics, 718
wideband regime, 719

Spectrum, 30
Speed of light

material, 83
vacuum, 83

Spherical decoding, 621
Split-step Fourier method, 229, 564
Spontaneous emission, 246, 256

amplified, 334, 337
noise factor, 335
nonlinear mixing with signal, 339
power density spectrum, 257, 336

phase-synchronous demodulation, 381
Spontaneous–spontaneous emission noise, 337
Square-integrable signal, 30
Square-law photodetection, 19
Square matrix, 46
Square-root detection basis, 840, 851
Standard deviation, 54
State, see Signal state
State preparation, see Signal state, preparation

Statebook, 780, 847, 875
Stationarity

strict sense, 68
wide sense, 68

Stationary
point, 530
random process, 68

Statistic, 52
sufficient detection, 399, 419, 420, 622

Statistical
quantum optics, 743, 776
uncertainty, 7, 262, 683, 743, 776, 820

Step-index optical fiber, 110, 132, 133, 179
multiple-layer, 180

Stimulated
Brillouin scattering, 207, 313, 663
Raman scattering, 206, 313
emission, 246, 312

cross section, 315, 355
laser diode, 326

Stochastic
differential equation, 347
gradient descent method, 600, 603
process, 52

Stokes
parameters, 94
representation of polarization, 94, 186
scattering, 205
vector, 108

Subcarrier, 16, 201, 225, 368
interchannel interference, 551
nonlinear interference, 224
walk-off length, 215

Subchannel, 15, 551
channel capacity, 706
degrees of freedom, 368
energy redistribution, 373
independent, 285, 706
multimode fiber, 369
polarization, 368
time, 368
uncorrelated, 709
wavelength, 368, 553

Subcode, 640
Submatrix, 48, 615
Sufficient detection statistic, 399, 412, 419, 420, 622
Sum–product algorithm, see Bahl algorithm
Superposition, 27

integral, 28
Surviving path, 540
Susceptibility, 81

nonlinear coefficient, 203
spectral, 83, 165
temporal, 82, 165
tensor, 81

Symbol, 1
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clock, 586
energy, 365, 382, 423, 426, 466, 471, 514
error, 5, 21, 451, 456
mapping, 451
pulse, 3
state, 451

Symbol state
block-symbol, see Signal state, block-symbol
component-symbol, see Signal state,

component-symbol
Symbol-by-symbol detection, see Detection,

symbol-by-symbol
Symmetric matrix, 47
Symptom, 648
Synchronization

carrier phase, 574
block, 573
clock phase, 573, 586
frame (data), 573, 588, 590
marker, 588

detection, 589
preamble, 588

Syncword, 588
Syndrome, 622, 648
System, 1, 27

additive, 28
bandlimited, 26, 74
causal, 29
continuous time, 28
homogeneous, 28
linear, 27, 28, 560
linear time-invariant, 33, 84, 363
memoryless, 30
shift-invariant, 28
shot-noise-limited, 286, 429, 455, 457, 559, 767
space-invariant, 28
spatially local, 30
time-invariant, 28

Tangential field component, 139
Tanner graph, 625, 647

girth, 627
Target pulse, xxvii, 416, 465, 525
Temporal

coherence, 97
coherence function, 98
defocusing, 367
Fourier transform, 30, 125, 162
susceptibility, 165

Tensor product, 43, 759
Theorem

Campbell’s, see Campbell’s theorem
central limit, see Central limit theorem
fluctuation–dissipation, 335
Hartley–Shannon, 21
Isserlis, 54, 267, 297

noisy channel coding, 677
quantum optics, 860

sampling, see Sampling theorem
Wiener–Khintchine, 69

Thermal
energy, xx, 112, 206, 243
equilibrium, 206, 243, 244

maximum-entropy distribution, 250
noise, 78, 237, 248, 250, 358, 360, 396, 403, 461

channel, 872
floor, 249
optical, 256
power density spectrum, 249, 250, 396

noise regime, 248
radiation, 113

Thermodynamics, 243
second law of, 243

Three-dB coupler, 301
Threshold

detection, see Detection threshold
lasing, see Laser diode, threshold current

Time-division multiplexing, 16, 368
Time-invariant system, 28
Timeframe, traveling, 167, 218, 220, 224
Timewidth, 34, 82

effective, 34
-limited signal, 34
root-mean-squared, 34, 100

Timewidth–bandwidth
inequality, 36, 767
product, 35, 688, 707, 711

Total harmonic distortion, 355
Total internal reflection, 116
Trace, 47, 776, 777, 829

outer product, 102
partal, 779, 812, 858

Training sequence, 372, 574, 590
Transfer function, 33, 73

baseband noise-equivalent bandwidth, 75
block, 373
channel matrix, 373
complex-baseband, 40, 364, 371, 406

lightwave noise-suppressing filter, 293
electrical, 395
matrix, 370
multi-input multi-output channel, 373
passband, 40

noise-equivalent bandwidth, 75
phase-locked loop, 579

first-order, 604
second-order, 604

polarization-dependent, 370
receiver, 287

Transform
Fourier, see Fourier transform
Hilbert, 32, 101
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Kramers–Kronig, 32, 83, 102, 165
Poisson, 262, 799

Transformation
matrix, 42, 50
self-adjoint, 49, 742, 752
unitary, 48, 370

Transit-time dispersion, 156
Transition probability, 636, 672, 691, 700, 729, 848
Transmittance, 114, 321, 364
Transparency region, 112
Transversal filter, 531, 559
Transverse

electric mode (TE), 124, 151
characteristic equation, 128, 158
even, 128
mode pattern, 131
odd, 128
step-index fiber, 143

electromagnetic mode (TEM), 85, 124
field component, 88
magnetic mode (TM), 124, 151

characteristic equation, 129
step-index fiber, 143

Trellis, 537
branch, 537, 538, 626
code, 656
-coded modulation, 656

branch, 658
for a convolution code, 632
graph, 625
minimal, 631
node, 537
surviving path, 540

Triangular pulse, 101
Turbo code, see Berrou code
Turning point, 809

Uncertainty
quantum, 7, 262, 685, 743, 750, 820, 824
statistical, 7, 262, 685, 743, 820

Ungerboeck code, 656
Unguided mode, see Mode, unguided, 162
Union bound, 479, 541, 840, 842

quantum, 842
superfluous term, 479, 541

Unit-step function, 29
Unitary

matrix, 48, 185, 196, 370
transformation, 48, 370, 753

Up-conversion, 378
Upper-state lifetime, 246, 314, 318

V parameter, 128, 151, 157
Vπ , 329
Vacuum state, 246, 248, 771, 772, 794, 800

energy, 246, 764, 770, 771

fluctuations, 249, 487
operator, image mode, 794
Wigner distribution, 800

Variance, 54
Variational calculus, 241, 252, 429, 530
Vector

field, 84, 89, 126
axial component, 88, 124, 139
normalized, 88
tangential component, 139
transverse component, 88

Helmholtz equation, 126
notation, xxv

Vector space, 41
Velocity

group, see Group velocity
phase, see Phase velocity

Viterbi
algorithm, 540, 565, 626
decoding, 629

von Neumann entropy, 784, 881
antipodal coherent-state modulation, 865
nonorthogonal signal states, 785, 864
orthogonal signal states, 864
pure signal state, 785

Voronoi regions, 478, 497

Walk-off
length, 213, 214, 216, 234
time, 215

Water filling, 706, 735
spatial subchannel, 706

Wave equation, 83, 108, 114
optical fiber, 132

Wave optics, 6, 115
bandlimited capacity, 710
relationship to photon optics, 250, 259
relationship to quantum optics, 741
signal model, 6, 20, 83, 122, 239, 361, 737
signal rate, 735
single-letter capacity, 696, 698
spectral-rate efficiency, 718

Waveform, 3
bandlimited, 45, 109, 723
baseband, 3, 45, 398
channel, 17, 397

bandlimited, 18
electrical, 17, 398
lightwave, 17

complex-baseband, 399
continuous-time, 398, 414
data-modulated, 214, 573
information channel, 18, 679

bandlimited, 676, 710
nonlinear, 671

modulated, 179
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noncoherent, 500
nonorthogonal, 391
passband, 3, 39, 710
power, 467
pulse, 570
random binary, 71
real-baseband, 310, 380, 411, 581

Wavefront, geometrical, 92
Waveguide, 6, 88, 121

dielectric, 87, 124
cylindrical, 132

dispersion, see Dispersion
dispersion coefficient, 180
optical fiber, see Optical fiber
slab, 110, 125

Wavelength, 7, 85
-dependent group delay, 155, 170, 173, 179, 199,

see group delay, wavelength-dependent
-division multiplexing, 16, 368, 568

bandlimited channel, 726
free-space, 84

Wavenumber, 8, 84, 86
free-space, 80, 84, 91, 121, 165, 209

Wavevector, 85
local, 92

Weakly guiding fiber, 133
Weight, Hamming, 613, 622

minimum, 613, 634
Weight profile, 628, 635
Well-guided mode, 130, 161, 211
White noise, 73, 249, 271, 424, 528
Whitened matched filter, 427, 458
Wideband regime

photon-optics capacity, 715
wave-optics capacity, 719

Wiener
filter, 591, 598
process, 343

Wiener–Hopf equations, 598
Wiener–Khintchine theorem, 69
Wigner distribution, 799, 802, 805

gaussian state, 806
relationship to other distributions, 802
vacuum state, 800

Z channel, 693
mutual information, 693

Zero-forcing
equalizer, 528, 533

multi-input multi-output channel, 554
polarization alignment, 554

Zero-material dispersion wavelength, 164
Zero-point energy, 246, 771
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