
Symbols
2-D (two-dimensional) Gaussian distribution,

119
3-D BER function, 127

A
advanced link signaling, receiver testing,

329-330
advanced serial link signaling, transmitter

testing, 321-323
AM (amplitude modulation), 8
amplitude deviation, 3
amplitude modulation (AM), 8

for receiver driver voltage noise, LTI,
305-306

for receiver reference voltage noise,
LTI, 305

amplitude noise, 122. See also noise
amplitude noise PDF, 114-115

convolution, 116
eye diagrams, 116-118

arbitrary DJ PDF, deconvolution simulations,
143-144

architecture
clock recovery architecture, 254
link system architecture, 254

channel, 259
channel material and characteristics,

260-272

jitter budget, 276-278
performance factors, 259
subsystem architecture, 258
reference clock, 272-276
transmitter, 256

associative property, LTI properties, 66
asynchronized systems, clock jitter, 190-191
autocorrelation function, statistical estimators

for LTI systems, 68-69
averaged PWS and DDJ, 179
averages, statistical estimates, 39-40

B
band-pass filter function, 343
BER (bit error rate), 4-5

historical overview of, 20-21
jitter and, 119-122, 124-128
noise and, 119, 122-128
TJ, comparing, 158

BER CDF
DJ variation error, 159-160

jitter separation, 144
DJ PDF estimation, 151

tailfit method, 145-148
TJ estimation, 151-152

straightforward dual-Dirac method, 154-155
variation given DJ PDFs, 156-159

bit error mechanisms, 3-4
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bit error rate, 4-5
historical overview of, 20-21
jitter and, 119-122, 124-128
noise and, 119, 122-128
TJ, comparing, 158

bit errors, 109
bode plots, PLLs, 216-217
bounded uncorrelated jitter (BUJ), 15, 95

PDF, 95-96
spectrum, 96

budgets, jitter budget (link systems), 276-278
BUJ (bounded uncorrelated jitter), 15, 95

PDF, 95-96
spectrum, 96

BUJ separation, 172
Fourier spectrum, 173-174
PSD, 174-175
time-domain variance function, 175-177

C
cascading property, LTI properties, 67
Cauchy-Schwartz inequality, 45
CD (chromatic dispersion), 10
CDF (Cumulative Distribution Function),

distribution
independent variables, 35-36
multidimensional CDF, 34-35
random variables, 31-34
statistical random processes, 51-52

central limiting theory, 49-51
challenges, future challenges, 350-352
channel

LTI, 288
channel LTI modeling, 288-289
channel transfer functions, 290-294
generic channel models, 294-299
testing, 324

reference transmitters, 326-327
s-parameter-based channel testing, 324-326

channel (link system architecture), 259
channel material and characteristics, 260
copper-based channels, 261-263
crosstalk, 265-268
optical fiber-based channels, 263-265
reflection, 268-272

channel LTI modeling, 288-289
channel transfer functions, LTI, 290

impulse responses, 290
s-parameters, 291-294
unit step responses, 291

characteristic parameters
second-order PLL analysis, 228-230
third-order PLL analysis, 240

characteristics
channel characteristics, 260
copper-based channels, 261-263
crosstalk, 265-268
optical fiber-based channels, 263-265
reflection, 268-272

characterization, jitter, 132
Chebyshev Inequality, statistical estimates,

42-43
chromatic dispersion, optical fiber-based

channels, 264
chromatic dispersion (CD), 10
clock jitter, 185

asynchronized systems, 190-191
defined, 186-187
synchronized systems, 187-189

clock recovery (CR), 17
JTF (Jitter Transfer Function), 310-311

clock recovery architecture, 254
clock recovery circuit (CRC), 310
communication systems, 1-2
commutative property, TI properties, 66
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comparing
conventional PLL analysis methods,

248-249
time and frequency domain jitter separation

methods, 181-182
components

jitter, 15-16
noise, 15-16

conditional probability, random variables,
29-30

continuous variables, 31
convergence

of estimator, 49
sampling and estimation, 46-49

conversion
phase jitter to phase noise, 203-204
phase noise to phase jitter, 204-207

convolution
amplitude noise PDFs, 116
for jitter PDFs, 112-113

copper-based channels, 261
dielectric loss, 262-263
skin effect, 261-262

copper-based communication, 2
copper-based crosstalk, 11-12
correlation, statistical estimates, 44-46
CR (clock recovery), 17
CRC (clock recovery circuit), 310
cross-phase modulation (XPM), 268
crosstalk, 11

channels, 265
electrical crosstalk, 265-267
optical crosstalk, 267-268
copper-based crosstalk, 11-12
fiber-based crosstalk, 13

cycle-to-cycle jitter, 193-195
interrelationships, 195
frequency domain, 198-199
time domain, 195-198

D
data-dependent jitter (DDJ), 15, 76-78

averaged PWS and, 179
DCD (duty cycle distortion), 83-85
estimation for RC LTI systems, 79
model for, 85-86
simulations, 79-82

DCD (duty cycle distortion), 7-9
DDJ separation, 170-172

DCD (duty cycle distortion) jitter, DDJ (data-
dependent jitter), 83-85

DDJ (data-dependent jitter), 15, 76-78
averaged PWS and, 179
DCD (duty cycle distortion), 83-85
estimation for RC LTI systems, 79
model for, 85-86
simulations, 79-82

DDJ separation, 167
DCD and ISI separation, 170-172
Fourier spectrum, 169-170
jitter time function, 167-169

debugging jitter, 132
decision feedback equalizations (DFEs),

258, 314
deconvolution

DJ PDF determination
jitter separation PDFs, 140-142

simulations, 142
arbitrary DJ PDF, 143-144
triangular DJ PDF, 142-143

theory, 141-142
deterministic jitter (DJ), 15, 76-78

DDJ (data-dependent jitter), 76-78
DCD (duty cycle distortion), 83-85
estimation for RC LTI systems, 79
model for, 85-86
simulations, 79-80, 82
variation error, BER CDF, 159-160

deterministic noise (DN), 114
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device under test (DUT), 232
DFEs (decision feedback equalizations),

258, 314
DFT (Discrete Fourier Transformation), 164
diagnostics, jitter, 132
dielectric loss, copper-based channels, 262-263
direct FT spectrum, jitter as a function of

frequency, 164-166
direct observables, jitter separation, 132
Discrete Fourier Transformation (DFT), 164
discrete variables, 31
distribution, random variables, 31

CDF (Cumulative Distribution Function),
31-33

CDF versus PDF, 33-34
multidimensional PDF (Probability Density

Function), 34-35
PDF (Probability Density Function), 31, 34

distributive property, LTI properties, 66
DJ (deterministic jitter), 15, 76

DDJ (data-dependent jitter), 76-78
DCD (duty cycle distortion), 83-85
estimation for RC LTI systems, 79
model for, 85-86
simulations, 79-82
variation error, BER CDF, 159-160

DJ model, straightforward dual-Dirac
method, 156, 158-160

DN (deterministic noise), 114
Domains, statistical domains (jitter

separation), 133
DUT (device under test), 232
duty cycle distortion (DCD), 7-9
duty cycle distortion (DCD) jitter, 83-85

E
electrical crosstalk, channels, 265-267
electrical reflection, channels, 270-271

EMI (electromagnetic interference), 7
reducing in reference clock, 273

ergodic random processes, 55-57
estimating jitter energy within certain

frequency bands, 166
estimation, 46

central limiting theory, 49-51
peak-to-peak estimations, 47-48
PWS, 180
sample estimators and convergence, 46-49

estimator, convergence of, 49
expectation, statistical estimates, 39-40
eye diagrams, 110

amplitude noise PDFs, 116-118
for jitter PDFs, 113-114

F
f–2 jitter, 101-104
PSD, 104
FEXT, 266-267
fiber-based communication, 2
fiber-based crosstalk, 13
filter coefficients, 285
first-order analytical model, generic channel

models, 295-297
flick noise, 6
FM (frequency modulation), 8
four-wave mixing (FWM), 268
Fourier spectrum

DDJ separation, 169-170
PJ, RJ, and BUJ separation, 173-174

Fourier Transformation (FT), 136
frequency, time-frequency domain jitter

separation
jitter as a function of frequency, 164

direct FT spectrum, 164-166
jitter PSD, 166-167

jitter as a function of time, 164
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frequency domain, interrelationships (cycle-
to-cycle jitter), 198-199

frequency-domain analysis, LTI systems,
63-65

frequency-domain modeling, PLLs, 212-213
frequency-domain PSD-based methodology,

third-order PLL analysis, 241
frequency modulation (FM), 8
FT (Fourier Transformation), 136
functional analysis, PLLs, 214

bode plots, 216-217
impulse/step responses, 216
phase and magnitude responses, 214-215
poles and zeros, 218

future challenges, 350-352
FWM (four-wave mixing), 268

G
Gaussian distribution, 134
Gaussian jitter, 97

PDF, 98-99
PSD, 100-101

generic channel models, 294-295
first-order analytical model, 295-297
second-order analytical model, 297-299

generic two-dimensional PDFs, 118-119
GM (multiple Gaussian), 15

H
higher-order jitter processes, f–2

PDF, 101-104
PSD, 104

historical overview of jitter, noise, BER and
signal integrity, 20-21

I
IC (integrated circuit), 132
IFT (inverse Fourier Transformation), 136
implementation algorithm

total jitter PDF, 136
tail PDF identification, 136-137
tailfitting, 137

impulse responses, channel transfer functions
LTI, 290
PLLs, 216

independent variables
CDF, 35-36
PDF, 35-36

integrated circuit (IC), 132
internal jitter testing, receiver testing, 330-333
interrelationships

cycle-to-cycle jitter, 195
frequency domain, 198-199
time domain, 195-198

intersymbol interference (ISI), 7-10, 84
intrinsic jitter, 5
intrinsic noise, 5

flick noise, 6
shot noise, 6
thermal noise, 5

inverse FT (IFT), 136
ISI (intersymbol interference), 7-10, 84
ISI separation, DDJ separation, 170-172

J
jitter, 3

BER and, 119-122, 124-128
BUJ. See BUJ (bounded uncorrelated 

jitter)
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clock jitter, 185
asynchronized systems, 190-191
defined, 186-187
synchronized systems, 187-189

components, 15-16
cycle-to-cycle jitter, 193-195
interrelationships, 195-199

DCD (duty cycle distortion), 83-85
DJ (deterministic jitter), 76
DDJ (data-dependent jitter), 76-86
Gaussian jitter, 97
historical overview of, 20-21
PDF, 98-99
PSD, 100-101

overall jitter PDFs, 110-112
convolution for, 112-113
eye diagrams, 113-114

PDF, 105-106
periodic jitter, 8, 193
phase jitter, 191-192
PJ. See PJ (periodic jitter)
PLLs, 220
phase jitter PSD, 221-223
variance and PSD, 223-225
PSD, 106
RJ (random jitter), 15, 97

f–2 jitter,
101-104

Gaussian jitter, 97
PDF, 98-99
PSD, 100-101

second-order PLL analysis, 230-232,
235-236

sources of, 5
intrinsic jitter, 5
nonintrinsic jitter, 7-13

transfer function in serial data
communication, 17-20

translation from noise, 6-7
jitter and transfer function analysis, third-

order PLL analysis, 241-247
jitter budget, link systems, 276-278
jitter energy, estimating within certain

frequency bands, 166
jitter PDF

convolution for, 112-113
eye diagrams, 113-114

jitter PSD, jitter as a function of frequency,
166-167

jitter separation
BER CDF, 144
DJ PDF estimation, 151

tailfit method, 145-148
TJ estimation, 151-152

direct observables, 132
PDFs, 133

DJ PDF determination through
deconvolution, 140-144

tailfit method, 133-140
BER CDF, 145-148
Monte Carlo simulations, 137
PDF with statistical noise, 138
results, 138-140
theory for total jitter PDF, 134-135
“transformed” BER CDF, 148-150

statistical domain, 133
straightforward dual-Dirac method, 153

accuracy, 156, 158-160
BER CDF, 154-155
total jitter PDF, 153-154

time-frequency domain jitter separation. See
time-frequency domain jitter separation
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“transformed” BER CDF
tailfit method, 148-150

jitter time function, DDJ separation, 167-169
joint probability, random variables, 29
JTF (Jitter Transfer Function)

clock recovery, 310-311
link testing, 312-314

K
kurtosis, 42

L
Laplace Transformation. See LT, 164
law of larger numbers, 48-49
linear system theory, 61

LTI properties, 66
associative property, 66
cascading property, 67
commutative property, 66
distributive property, 66

LTI systems, 61
frequency-domain analysis, 63-65
time-domain analysis, 61-63

linear time-invariant (LTI) theory
channel, 288
channel LTI modeling, 288-289
channel transfer functions, 290-294
generic channel models, 294-299
receiver, 299-301

amplitude modulation for receiver
driver voltage noise, 305-306

amplitude modulation for receiver
reference voltage noise, 305

clock recovery, 301-303
drivers, 306
equalization, 303-304
loss, 301

transmitter, 282-283
digital data bits, 283
drivers, 287
equalization, 283-285
jitter phase modulation, 285
loss, 286
noise amplitude modulation, 286

link signaling
loopback testing, 339-341
PLLs, 337
non-stimulus-based method, PLL testing,

337-338
receiver

advanced link signaling, 329-330
internal jitter testing, 330-333
nominal link signaling, 328-329

receiver equalization, 322-323
reference clock testing, 333-337
stimulus-based method, PLL testing, 338
testing, 310

advanced link signaling, 314-319
nominal link signaling, 310-314

transmitter equalization, 321-322
link system architecture, 253-255

channel, 259
channel material and characteristics,

260-272
jitter budget, 276-278
performance factors, 259
receiver (Rx), 257
reference clock, 272-276
subsystem architecture, 258
transmitter, 256

performance factors, 257
subsystem architecture, 256-257

link testing, JTF (Jitter Transfer Function),
312-314

loopback testing, 339-341
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LT (Laplace Transformation), 164
LTI (linear time-invariant), 281

channel, 288
channel LTI modeling, 288-289
channel transfer functions, 290-294
generic channel models, 294-299
receiver, 299-301

amplitude modulation for receiver
driver voltage noise, 305-306

amplitude modulation for receiver
reference voltage noise, 305

clock recovery, 301-303
drivers, 306
equalization, 303-304
loss, 301

transmitter, 282-283
digital data bits, 283
drivers, 287
equalization, 283-285
jitter phase modulation, 285
loss, 286
noise amplitude modulation, 286

LTI properties, 66
associative property, 66
cascading property, 67
commutative property, 66
distributive property, 66

LTI systems, 61
frequency-domain analysis, 63-65
output autocorrelation function, 72
output PSD, 71-72
PSD (power spectrum density), 71
statistical estimators, 68

autocorrelation function, 68-69
mean, 68
square-mean, 69-71

time-domain analysis, 61-63

M
magnitude responses, PLLs, 214-215
mean, 47-48

statistical estimators, for LTI systems, 68
medium. See channel
models

DDJ (data-dependent jitter), 85-86
first-order analytical model, 295-297
generic channel models, 294-295
second-order analytical model, 297-299

moderately damped PLLs, 235-236
moments, statistical estimates, 41-42
Monte Carlo simulations, tailfit method, 137

PDF with statistical noise, 138
results, 138-140

multidimensional CDF, 34-35
multidimensional PDF (Probability Density

Function), distribution (random variables),
34-35

multiple-Gaussian (MG), 15

N
NEXT, 266-267
noise. See also amplitude noise

BER and, 119, 122-128
components, 15-16
defined, 2
historical overview of, 20-21
intrinsic noise

flick noise, 6
shot noise, 6
thermal noise, 5

overall amplitude noise PDF, 114-115
convolution, 116
eye diagrams, 116-118

periodic noise, 8
phase noise, 200-203

9616xix.qxd  10/23/07  7:21 PM  Page 360



sources of, 5
intrinsic noise, 5
nonintrinsic noise, 7-13

translating to timing jitter, 6-7
noise analysis

PLLs, 220
phase jitter PSD, 221-223
variance and PSD, 223-225

nominal link signaling
receiver testing, 328-329
testing, 310-314

nominal serial link signaling, transmitter
testing, 320-321

nonintrinsic jitter, 7-13
nonintrinsic noise, 7

crosstalk, 11
copper-based crosstalk, 11-12
fiber-based crosstalk, 13

DCD (duty cycle distortion), 8-9
ISI (intersymbol interference), 9-10

O
observables, direct observables (jitter

separation), 132
optical crosstalk, channels, 267-268
optical fiber-based channels, 263

chromatic dispersion, 264
polarization mode dispersion, 264-265

optical reflection, channels, 271-272
output autocorrelation function, LTI 

systems, 72
output PSD, LTI systems, 71-72
overall jitter PDF, 111-112
overdamped PLLs, 233

parametric analysis, 234

P
parametric analysis

moderately damped PLLs, 236
overdamped PLLs, 234
PLLs, 219-220
underdamped PLLs, 232

pattern generator (PG), 328
PDF (Probability Density Function)

amplitude noise PDF, 114-115
convolution, 116
eye diagrams, 116-118

BER CDF variation, 156-159
generic two-dimensional PDFs,

118-119
jitter separation, 133

for BUJ, 95-96
versus CDF, 33-34
convolution for, 112-113
Distribution, random variables, 31, 34
DJ PDF determination through

deconvolution, 140-144
tailfit method. See tailfit method
overall jitter PDF, 111-112

eye diagrams, 113-114
f–2 jitter, 101-104
for Gaussian jitter, 98-99
independent variables, 35-36
jitter, 105-106
multidimensional PDF, 34-35
for multiple PJs (periodic jitter), 93-94
for single PJ (periodic jitter), 86-87
statistical random processes, 51-52
sum of two statistical variables, 36-38
TJ PDFs, 113
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total jitter PDF, straightforward dual-Dirac
method, 153-154

for two PJs (periodic jitter), 88-92
peak-to-peak estimations, 47-48
peak-to-peak value, 13-14
performance factors

receiver (Rx), 259
transmitter, 257

period jitter, 193
periodic jitter (PJ), 15, 86

PDF for multiple PJs, 93-94
PDF for single PJ, 86-87
PDF for two PJs, 88-92
spectrum for multiple PJs, 94-95
spectrum for single PJ, 88
spectrum for two PJs, 92-93

periodic noise and jitter, 8
PG (pattern generator), 328
phase interpolator (PI), 191
phase jitter, 191-192

from phase noise conversion, 204-207
to phase noise conversion, 203-204

phase jitter PSD, PLLs, 221-223
phase-locked loops. See PLLs
phase modulation (PM), 8
phase noise, 200-203

from phase jitter conversion, 203-204
to phase jitter converion, 204-207

phase responses, PLLs, 214-215
PI (phase interpolator), 191
PJ (periodic jitter), 15, 86

PDF for multiple PJs, 93-94
PDF for single PJ, 86-87
PDF for two PJs, 88-92
spectrum for multiple PJs, 94-95
spectrum for single PJ, 88
spectrum for two PJs, 92-93

PJ separation, 172
Fourier spectrum, 173-174
PSD, 174-175
time-domain variance function, 175-177

PLLs (phase-locked loops), 17, 209
bode plots, 216-217
comparison with conventional PLL analysis

methods, 248-249
frequency-domain modeling, 212-213
functional analysis, 214
impulse/step responses, 216

phase and magnitude responses,
214-215

poles and zeros, 218
jitter, 220

variance and PSD, 223-225
moderately damped PLL, 235
noise analysis, 220

phase jitter PSD, 221-223
variance and PSD, 223-225

overdamped PLLs, 233
parametric analysis, 219-220, 234

overview, 209-210
phase jitter PSD, 221-223
second-order analysis, 225

characteristic parameters, 228-230
jitter and transfer function analysis,

230-236
system transfer function, 225-228
testing, 337

non-stimulus-based method, 337-338
stimulus-based method, 338

third-order PLL analysis, 236
characteristic parameters, 240
jitter and transfer function analysis,

241-247
system transfer function, 237-238
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time-domain modeling, 211-212
underdamped PLLs, parametric 

analysis, 232
PM (phase modulation), 8
PMD (polarization mode dispersion), 10

optical fiber-based channels, 264-265
poles, PLLs, 218
power spectrum density (PSD), 27

BUJ separation, 174-175
DDJ separation, 169-170
f–2 jitter, 104
for Gaussian jitter, 100-101
jitter, 106
LTI systems, 71
output autocorrelation function, 72
output PSD, 71-72
PJ separation, 174-175
RJ spectrum, 174-175
statistical random processes, 58-59
variance, PLLs jitter and noise analysis,

223-225
Wiener-Kinchine theorem, 59-61

probability
conditional probability, 29-30
joint probability, 29
random variables, 28
statistical independence, 30-31

properties
associative property, 66
cascading property, 67
commutative property, 66
distributive property, 66
LTI properties, 66

PSD (power spectrum density), 27
BUJ separation, 174-175
DDJ separation, 169-170
f–2 jitter, 104
for Gaussian jitter, 100-101

jitter, 106
LTI systems, 71
output autocorrelation function, 72
output PSD, 71-72
PJ separation, 174-175
RJ spectrum, 174-175
statistical random processes, 58-59
variance, PLLs jitter and noise analysis,

223-225
Wiener-Kinchine theorem, 59-61

PWS (pulse width shrinkage), 178
averaged PWS and DDJ, 179
defined, 178-179
estimation, 180

Q
Q-factor

BER, 152
DJ PDF estimation, 151

R
radio frequency (RF), 3, 200
random Gaussian jitter (RGJ), 111
random Gaussian noise (RGN), 115
random high-order jitter (RHJ), 111
random higher-order noise (RHN), 115
random jitter (RJ), 15, 97

f–2 jitter
PDF, 101-104
PSD, 104

Gaussian jitter, 97
PDF, 98-99
PSD, 100-101

random noise (RN), 114
random processes

relationships between, 57-58
statistical estimators for, 52-54
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statistical random processes
CDF, 51-52
ergodic random processes, 55-57
PDF, 51-52
single power and power spectrum

density (PSD), 58-61
SSS (strict-sense stationary), 55
WSS (wide-sense stationary), 54-55

random variables
continuous variables, 31
discrete variables, 31
distribution functions, 31

CDF (Cumulative Distribution
Function), 31-33

CDF versus PDF, 33-34
multidimensional PDF (Probability Density

Function), 34-35
PDF (Probability Density Function), 31-34
probability and, 28

conditional probability, 29-30
joint probability, 29
statistical independence, 30-31

RC LTI systems, DDJ estimation, 79
receiver

LTI, 299-301
amplitude modulation for receiver

driver voltage noise, 305-306
amplitude modulation for receiver

reference voltage noise, 305
receiver clock recovery, 301-303
receiver drivers, 306
receiver equalization, 303-304
receiver loss, 301
testing, 327

receiver (Rx), testing
advanced link signaling, 329-330
internal jitter testing, 330-333
nominal link signaling, 328-329

receiver (Rx) (link system architecture), 257
performance factors, 259
subsystem architecture, 258

receiver clock recovery, LTI, 301-303
receiver drivers, LTI, 306
receiver equalization

link signaling, 322-323
LTI, 303-304
testing, 317-319

receiver loss, LTI, 301
reducing EMI, reference clock, 273
reference clock, 272-276

testing, 333-337
reference transmitters, channel testing,

326-327
references, 16-17
reflection

channels, 268-270
electrical reflection, 270-271
optical reflection, 271-272

reflection coefficient, channel transfer
functions, 293

relationships between random processes,
57-58

RF (radio frequency), 3, 200
RGJ (random Gaussian jitter), 111
RGN (random Gaussian noise), 115
RHJ (random high-order jitter), 111
RHN (random higher-order noise), 115
RJ (random jitter), 15, 97

f–2 jitter
PDF, 101-104
PSD, 104

Gaussian jitter, 97
PDF, 98-99
PSD, 100-101
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RJ (random jitter) separation, 172
Fourier spectrum, 173-174
PSD, 174-175
time-domain variance function, 175-177

RMS (root-mean-square), 14-15
RN (random noise), 114
RSS, jitter budgets, 278

S
s-parameter-based channel testing, 324-326
s-parameters, channel transfer functions

(LTI), 291-294
SA (spectrum analyzer), 187, 338
sampling, 46

central limiting theory, 49-51
sample estimators and convergence, 46-49

SBS (stimultated Brillouin scattering), 268
second-order analytical model, generic

channel models, 297-299
second-order PLL analysis, 225

characteristic parameters, 228-230
jitter and transfer function analysis, 230-236
system transfer function, 225-228

separation
ISI separation, from DDJ, 170-172
jitter separation. See jitter separation
RJ (random jitter) separation, 172

Fourier spectrum, 173-174
PSD, 174-175
time-domain variance function,

175-177
serial data communication, jitter transfer

function, 17-20
SG (single-Gaussian), 15
Shannon, Claude, 1
shot noise, 6

signal integrity, 3
historical overview of, 20-21

signal-to-noise-ratio (SNR), 219
signaling

advanced serial link signaling, transmitter
testing, 321-323

nominal serial link signaling, transmitter
testing, 320-321

simulations
DDJ (data-dependent jitter), 79-82
jitter and transfer function analysis, third-

order PLL analysis, 243
single-Gaussian (SG), 15
single power, statistical random processes,

58-61
skewness, 42
skin effect, copper-based channels, 261-262
slicers, 303
SNR (signal-to-noise-ratio), 219
sources

of jitter, 5
intrinsic jitter, 5
nonintrinsic jitter, 7-13

of noise, 5
intrinsic noise, 5
nonintrinsic noise, 7-13

spectral analysis, 51
CDF, 51-52
PDF, 51-52

spectrum
for BUJ, 96
direct FT spectrum, jitter as a function of

frequency, 164-166
Fourier spectrum
for multiple PJs (periodic jitter), 94-95
PJ, RJ, and BUJ spectrum, 173-174
for single PJ (periodic jitter), 88
for two PJs (periodic jitter), 92-93
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spectrum analyzer (SA), 187, 338
square-mean, statistical estimators for LTI

systems, 69-71
SRS (stimulated Raman scattering), 268
SSS (strict-sense stationary), 55
standard deviation, 47-48
static timing reference, 16
statistical domain, jitter separation, 133
statistical estimates, 38

Chebyshev Inequality, 42-43
correlation, 44-46
expectation or average, 39-40
moments, 41-42
variance, 40

statistical estimators
LTI systems, 68

autocorrelation function, 68-69
mean, 68
square-mean, 69-71

for random processes, 52-54
statistical independence, random variables,

30-31
statistical noise, PDFs (Monte Carlo

simulations), 138
statistical random processes, 51-54

CDF, 51-52
ergodic random processes, 55-57
PDF, 51-52
single power and power spectrum density

(PSD), 58-61
SSS (strict-sense stationary), 55
WSS (wide-sense stationary), 54-55

statistical variables, PDF (sum of), 36-38
step responses, PLLs, 216
stimulated Brillouin scattering (SBS), 268
stimulated Raman scattering (SRS), 268

straightforward dual-Dirac method, jitter
separation, 153

accuracy, 156-160
BER CDF, 154-155
total jitter PDF, 153-154

strict-sense stationary (SSS) random 
process, 55

subsystem architecture
receiver (Rx), 258
transmitter, 256-257

synchronized systems, clock jitter, 187-189
system transfer function

second-order PLL analysis, 225-228
third-order PLL analysis, 237-238

T
tail PDF identification, 136-137
tailfit method, 133-134

BER CDF, 145-148
implementation algorithm, 136
tail PDF identification, 136-137
tailfitting, 137

Monte Carlo simulations, 137
PDF with statistical noise, 138
results, 138-140
theory for total jitter PDF, 134-135
“transformed” BER CDF, 148-150

tailfitting, 137
taps, 285
testing

channels, 324
reference transmitters, 326-327
s-parameter-based channel texting,

324-326
link signaling, 310

advanced link signaling, 314-319
nominal link signaling, 310-314
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loopback testing, 339-341
PLLs, 337

non-stimulus-based method, 337-338
stimulus-based method, 338

receiver, 327
advanced link signaling, 329-330
internal jitter testing, 330-333
nominal link signaling, 328-329

receiver equalization, 317-319
reference clock testing, 333-337
transmitter equalization, 315-317
transmitter output testing, 319

advanced serial link signaling, 321-323
nominal serial link signaling, 320-321

thermal noise, 5
third-order PLL analysis, 236

characteristic parameters, 240
jitter and transfer function analysis, 241-247
system transfer function, 237-238

TIA (time interval analyzer), 133
time and frequency domain jitter separation

methods, comparing, 181-182
time domain, interrelationships (cycle-to-cycle

jitter), 195-198
time-domain analysis, LTI systems, 61-63
time-domain measurements, jitter, 132
time-domain modeling, PLLs, 211-212
time-domain variance function-based

methodology, PLLs, 230
time-domain variance functions

BUJ separation, 175-177
PJ separation, 175-177
RJ spectrum, 175-177

time-frequency domain jitter separation
jitter as a function of frequency, 164

direct FT spectrum, 164-166
jitter PSD, 166-167

jitter as a function of time, 164
time interval analyzer (TIA), 133

timing deviation, 3
timing jitter. See jitter
TJ, BER (comparing), 158
TJ estimation, BER CDF, 151-152
TJ PDF, 113
TN (total noise), 114
total jitter PDF

implementation algorithm, 136
tail PDF identification, 136-137
tailfitting, 137

straightforward dual-Dirac method, 153-154
theory for, 134-135

total noise (TN), 114
transfer function analysis, second-order PLL

analysis, 230-236
“transformed” BER CDF, jitter separation

(tailfit method), 148-150
translation of noise to timing jitter, 6-7
transmitter

LTI, 282-283
transmitter digital data bits, 283
transmitter drivers, 287
transmitter equalization, 283-285
transmitter jitter phase modulation, 285
transmitter loss, 286
transmitter noise amplitude modulation, 286

transmitter (link system architecture), 256
performance factors, 257
subsystem architecture, 256-257

transmitter digital data bits, LTI, 283
transmitter drivers, LTI, 287
transmitter equalization

link signaling, 321-322
LTI, 283-285
testing, 315-317

transmitter jitter phase modulation, LTI, 285
transmitter loss, LTI, 286
transmitter noise amplitude modulation,

LTI, 286
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transmitter output testing, 319
advanced serial link signaling, 321-323
nominal serial link signaling, 320-321

triangular DJ PDF, deconvolution simulations,
142-143

two-dimensional (2-D) Gaussian 
distribution, 119

U
underdamped PLLs, parametric analysis, 232
unit step responses, channel transfer functions

(LTI), 291

V
variables

independent variables, PDF and CDF, 35-36
random variables, probability and, 28-31

variance, PSD
PLLs jitter and noise analysis, 223-225
statistical estimates, 40

variation error, BER CDF (DJ PDFs), 156,
158-159

vector network analyzer (VNA), 293
verification, jitter and transfer function

analysis (third-order PLL analysis), 243
VNA (vector network analyzer), 293

W
wavelength division multiplexing (WDM), 267
WDM (wavelength division multiplexing), 267
wide-sense stationary (WSS) random process,

54-55
Wiener-Kinchine theorem, 59-61
WSS (wide-sense stationary), 54-55

X-Y-Z
XPM (cross-phase modulation), 268

zeros, PLLs, 218

368 Index

9616xix.qxd  10/24/07  9:09 AM  Page 368


