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PREFACE

This book is about RF system analysis and design at the level that requires an
understanding of the interaction between the modules of a system so the ultimate
performance can be predicted. It describes concepts that are advanced, that is,
beyond those that are more commonly taught, because these are necessary to the
understanding of effects encountered in practice. It is about answering questions
such as:

• How will the gain of a cascade (a group of modules in series) be affected
by the standing-wave ratio (SWR) specifications of its modules?

• How will noise on a local oscillator affect receiver noise figure and desen-
sitization?

• How does the effective noise figure of a mixer depend on the filtering that
precedes it?

• How can we determine the linearity of a cascade from specifications on
its modules?

• How do we expect intermodulation products (IMs) to change with signal
amplitude and why do they sometimes change differently?

• How can modules be combined to reduce certain intermodulation products
or to turn bad impedance matches into good matches?

• How can the spurious responses in a conversion scheme be visualized and
how can the magnitudes of the spurs be determined? How can this picture
be used to ascertain filter requirements?

xvii



xviii PREFACE

• How does phase noise affect system performance; what are its sources and
how can the effects be predicted?

I will explain methods learned over many years of RF module and system design,
with emphasis on those that do not seem to be well understood. Some are avail-
able in the literature, some were published in reviewed journals, some have
developed with little exposure to peer review, but all have been found to be
important in some aspect of RF system engineering.

I would like to thank Eric Unruh and Bill Bearden for reviewing parts of
the manuscript. I have also benefited greatly from the opportunity to work with
many knowledgeable colleagues during my years at Sylvania-GTE Government
Systems and at ESL-TRW in the Santa Clara (Silicon) Valley and would like
to thank them, and those excellent companies for which we worked, for that
opportunity. I am also grateful for the education that I received at Santa Clara
and Stanford Universities, often with the help of those same companies. However,
only I bear the blame for errors and imperfections in this work.

WILLIAM F. EGAN

Cupertino, California
February, 2003



GETTING FILES FROM THE WILEY ftp
AND INTERNET SITES

To download spreadsheets that are the bases for figures in this book, use an ftp
program or a Web browser.

FTP ACCESS

If you are using an ftp program, type the following at your ftp prompt:

ftp://ftp.wiley.com

Some programs may provide the first “ftp” for you, in which case type

ftp.wiley.com

Log in as anonymous (e.g., User ID: anonymous). Leave password blank. After
you have connected to the Wiley ftp site, navigate through the directory path of:

/public/sci_tech_med/rf_system

WEB ACCESS

If you are using a standard Web browser, type URL address of:

xix
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ftp://ftp.wiley.com

Navigate through the directory path of:

/public/sci_tech_med/rf_system

If you need further information about downloading the files, you can call Wiley’s
technical support at 201-748-6753.



SYMBOLS LIST AND GLOSSARY

The following is a list of terms and symbols used throughout the book. Special
meanings that have been assigned to the symbols are given, although the same
symbols sometimes have other meanings, which should be apparent from the
context of their usage. (For example, A and B can be used for amplitudes of sine
waves, in addition to the special meanings given below.)

≡ is identically equal to, rather than being equal only under
some particular condition

�= is defined as
∼ (superscript) indicates rms
X|y variable X with the condition y or referring to y

X|y2
y1 variable X with y between yl and y2

� x angle or phase of x
�∼ low-pass filter
�∼
�

band-pass filter
acceptance band band of frequencies beyond the passband where rejection

is not required; used to indicate the region between
the passband and a rejection band

contaminant undesired RF power
passband band of frequencies that pass through a filter with

minimal attenuation or with less than a specified
attenuation

xxi



xxii SYMBOLS LIST AND GLOSSARY

rejection band band of frequencies that are rejected or receive a
specified attenuation (rejection)

sideband signal in relation to a larger signal

Generic Symbols (applied to other symbols)

* complex conjugate
|x| magnitude or absolute value of x

x̆ x is an equivalent noise factor or gain that can be used in standard
equations to represent cascades with extreme mismatches (see
Section 3.10.4)

Particular Symbols

A voltage gain in dB. Note that G can as well be used if
impedances are the same or the voltage is normalized to R0.

a voltage transfer ratio.
|a| voltage gain (not in dB)
AM amplitude modulation
an nth-order transfer coefficient [see Eq. (4.1)]
aRT round-trip voltage transfer ratio
B noise bandwidth
Br RF bandwidth
Bv video, or postdetection, bandwidth
BW bandwidth
c(n, j ) j th binomial coefficient for (a + b)n (Abromowitz and

Stegun, 1964, p. 10)
cas subscript referring to cascade
CATV cable television
cbl subscript referring to cable
CSO composite second-order distortion (Section 5.2)
CTB composite triple-beat distortion (Section 5.2)
dB decibels
DBM doubly balanced mixer
dBm decibels referenced to 1 mW
dBc decibels referenced to carrier
dBV decibels referenced to 1 V
dBW decibels referenced to 1 W
e voltage from an internal generator
F noise figure, F = 10 dB log10 f or fundamental (as opposed

to harmonic or IM).
f noise factor (not in dB) or standard noise factor (measured

with standard impedances) or frequency
f̂ theoretical noise factor (measured with specified driving

impedance) (see Sections 3.1, N.1)
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FDM frequency division multiplex
fc center frequency
fosc oscillator center frequency
fI or fIF intermediate frequency, frequency at a mixer’s output
fL or fLO local oscillator frequency
FM frequency modulation
fm modulation frequency
fR or fRF radio frequency, the frequency at a mixer’s input
G power gain, sometimes gain in general, in dB.
gk power gain of module k, sometimes gain in general, not in dB.
gpk power gain preceding module k

H subscript referring to harmonic
I , IF intermediate frequency, the result of converting RF using a

local oscillator
i subscript indicating a signal traveling in the direction of the

system input
IF intermediate frequency, frequency at a mixer’s output
IIP input intercept point (IP referred to input levels)
IM intermodulation product (intermod)
IMn nth-order intermod or IM for module n

in subscript indicating a signal entering a module (1) at the port
of concern or (2) at the input port

int(x) integer part of x

IP intercept point
IPn intercept point for nth-order nonlinearity or for module n

ISFDR instantaneous spur-free dynamic range (see Section 5.3)
k Boltzmann’s constant
kT0 approximately 4 × 10−21 W/Hz
L single-sideband relative power density
L, LO local oscillator, the generally relatively high-powered,

controllable, frequency in a frequency conversion or the
oscillator that provides it

Lϕ single-sideband relative power density due to phase noise
M a matrix (bold format indicates a vector or matrix)
m modulation index (see Section 8.1)
m̃ rms phase deviation in radians
ma subscript for “maximum available”
MAX{a, b} the larger of a or b

m × n m refers to the exponent of the LO voltage and n refers to the
exponent of the RF voltage in the expression for a spurious
product; if written, for example, 3 × 4, m is 3 and n is 4

N0 noise power spectral density
NT available thermal noise power spectral density at 290 K, kT0

o subscript indicating a signal traveling in the direction of the
system output.
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OIP output intercept point (IP referred to output levels)
out subscript indicating a signal exiting a module (1) at the port

of concern or (2) at the output port
P power in dB.
p power (not in dB).
pavail,j available power at interface j (preceding module j )
PM phase modulation
pout,j output power at interface j (preceding module j )
PPSD phase power spectral density
PSD power spectral density
R, RF radio frequency, the frequency at a mixer’s input
R0 agreed-upon interface impedance, a standard impedance (e.g.,

50 �); characteristic impedance of a transmission line
RT subscript for “round trip”
S power spectral density or S parameter (see Section 2.2.1)
Ŝ sensitivity (see Section 2.5)
Sijk S parameter of row i and column j in the parameter matrix

for module (or element) number k

SF shape factor, ratio of bandwidth where an attenuation is
specified to passband width

SFDR spur-free dynamic range (see Section 5.3.1)
S/N signal-to-noise power ratio
SSB single-sideband; refers to a single signal in relation to a larger

signal
SWR standing wave ratio (see Section F.2)
T absolute temperature or subscript referring to conditions

during test
T0 temperature of 290 K (16.85◦C)
Tijk T parameter (see Section 2.2.3) of row i and column j in the

parameter matrix for module (or element) number k

Tk noise temperature of module k (see Section 3.2)
UUT unit under test
V a vector (bold format indicates a vector or matrix)
v normalized wave voltage (see Section 2.2.2) or voltage (not in

dB.)
V voltage in dB
v̂ phasor representing the wave voltage (see Section 2.2.2)
ṽ phasor whose magnitude is the rms value of the voltage

ṽ = v̂/
√

2 (see Section 2.2.2)
vi , vin, vo, vout see Fig. 2.2 and Section 2.2.1
�± maximum ± deviation in dB of cable gain Acbl, from the mean
�f peak frequency deviation or frequency offset from spectral

center
ρ reflection coefficient (see Section F.2)
σ standard deviation



382 INDEX

frequency
bands in spur plot, Appendix B, 279
conversion, 165

calculator, 170
design method, 170
effect on IM addition, 111
example of, 171

Appendix E, 293
higher values of m, 209
in feedback path, 217
in receivers, 167
in synthesizers and exciters, 170
operating regions, 203

frequency dividers
effect on contaminants, 240
internal noise, 242
sampling in, 241

frequency multipliers, effect on contaminants,
242

frequency, functions of, 7

gain, 7
actual, 315
available, 313

ratio to transducer gain, 64
average, 19
cable, 18

variance, 22
cascade of nonstandard modules, 365
controls, 84
effective, 19
insertion, 315
maximum available, 313

nonstandard module, 366
mean cable, 20
module, 15

nonstandard relative to tested, 363
round-trip, 18
simple, 8
summary of Ch. 2, 43
tolerance, 8
transducer, 314

ratio to available gain, 64
types of power, Appendix G, 313
variance of a cascade, 25
variation due to SWR, 21
with parallel combining, 155

getting files, xix
glossary, xxi

hard limiting, 223
harmonic

formulas for, Appendix H, 317
second, 93

third, 100
with feedforward, 160

heterodyning, 165
homodyne, 195
HRC CATV system, 133
hybrid

180◦, 152
90◦, 150

i (direction of propagation), 9
IF

Filter Requirements, 200
Example 7.11, 201

mixer output, 165
range, conversion to, Example 7.6, 192

IIP, 94
image

frequency, parameters differing at, 72
noise, 65, 67

standard cascade, 74
rejection filter, 66

impedance
match, 8

with hybrid, 151
nonstandard, 8
transformations in cables, 310

IMs
adding

coherently, 106
randomly, 108

anomalous, 115
formulas for, Appendix H, 317
in cascade, spreadsheet for, 111
in mixers, Appendix P, 345
measuring, 116
relative phases at modules, Table 4.1, 108
second order, 93
that do not add, 109
third-order terms at input frequency,

Appendix T, 353
two-signal in mixer, 176
with feedforward, 160

in (direction of propagation), 9
insertion gain, 315
instantaneous SFDR, 137
integration of phase noise, 258

limits for, 252
intercept point

effect of mismatch on, 110
second order, 93
third-order, 99

interconnect
in nonstandard cascade, 367
noise factor, 56, 334
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with mismatch, 335
reflection at, 39
transmission line, 16

intermediate frequency, 165. See IF
intermods. See IMs
intermodulation of noise, 123
internal spur, 168
introduction, 1
IRC CATV system, 133
isolation, mixer, 167

jitter, 248, 269
Johnson noise, 48

leakage
LO-to-IF on spur plot, 184
LO-to-RF on spur plot, 184

level control, 86
limiting

distortion in, 225
hard, 223
soft, 223

limits of integration in computing phase
variance, 259

linearity, architectures that improve, 149
literature, use of technical, 5
LO

components, mixing between, 228
contamination, effect on noise figure, 236
filtering, 238
mixer input, 165
summary of troublesome frequency ranges

in, 236
transfer from, of

AM, 225
FM, 226
phase noise, 255
single sideband, 226

troublesome frequency ranges in, 228
load, power delivered to, 23

Appendix L, 325
local oscillator, 165. See LO
look-up tables, 146
lossy interconnections, 32

m, high values in frequency conversion, 209
matching impedance with hybrid, 151
matrix multiplication, Appendix M, 327
maximum available gain, 313

finding for a nonstandard module, 366
maximum SWR from multiple reflections, 306
mean cable gain, 20
measurement of

IMs, 116

NPR, 131
S parameter, 10
T parameter, 13

minimum SWR, multiple reflections, 306
mismatch, effect

of, 16
Example 2.2, 22

on intercept points, 110
on interconnect noise factor, 335

mixer, 165
doubly balanced, 166
IF output, 165
IMs in, Appendix P, 345
LO input, 165
noise factor

due to LO contamination, 236
effective, 66

parameters, 166
RF input, 165
singly balanced, 166
terminations, 174
transfer from LO, 225

mixing between LO components, 228
modules

bilateral in cascade, 24
nonstandard, Appendix Z, 363
unilateral, 8

multiband downconverter, Example 7.15, 212

noise
additive, effect of loop on, 262
and nonlinearity, 123

summary of Ch. 5, 147
bandwidth, 48, 49, 246
density, 49, 126
effect of loop on additive, 262
factor, 47. See also noise figure

attenuator, 55
cascade, 50

module contribution, 50
effect from LO contamination, 236
effect of source impedance on, 341
equivalent for voltage amplifier, 79
impedance dependent, 59

representation, 59
implication re phase noise, 255
mixer, due to LO contamination, 236
of interconnect, 56, 334
of mixer, effective, 66
Op-Amp calculations, Appendix A, 273
parallel combining, 156
single-sideband, 66
standard, 54, 331

relation to theoretical, 62
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standard and theoretical, Appendix N, 329
summary of Ch. 3, 88
summary of relationships, 53
theoretical, 54, 329

relation to standard, 62
using, 64

summary, 65
two-element cascade, 51
voltage amplifier, 74

with unilateral modules, 79
with extreme mismatch, 74

figure, 47. See also noise factor
expected value, 58
sensitivity, 79
sensitivity, Appendix V, 355
spot, 49
variance, 58
variance, Appendix V, 355

flicker, 48
image, 65, 67
intermodulation of, 123
Johnson, 48
phase, 245
power ratio, 131
products

DC term, 126
second-order, 125
third order, 130

sidebands, oscillator, 238
source, isolated, 59
temperature, 47, 48

cascade, 51
in operational environment, 52
system, 51
with operational source, 52

thermal, 48
nonideal effects

in parallel combining, 162
other, 121

nonlinear products
frequency dependence, 102
general cascade, 105
in cascade, 102, 103
relationship between, 102
two-module cascade, 104

nonlinearity
and noise, 123
in signal path, 91

summary of Ch. 4, 121
representing, 91

nonstandard
impedances, 40
interface impedance, 8
modules, Appendix Z, 363

normalized waves, 11
notes, end, 5
NPR, 131

Measurement, 131

o (direction of propagation), 9
odd-order terms, other, 101
OIP2, 93
Op-Amp noise factor, Appendix A, 273
operating regions, frequency conversion, 203
optimizing cascades, 139
organization of the book, 2
oscillator

noise sidebands, 238
phase noise representations, 252

out (direction of propagation), 9

parallel combining, 149
gain with, 155
noise factor, 156
nonideal performance in, 162

parameters
mixer characterized by, 166
range in composite modules, 39
S, 9
scattering, 9
T, 12
two-port, 9

passband in spur plot, 279
performance, deviations from desired, 4
phase

noise, 245
adverse effects, 247
effect of carrier recovery loop on, 260
effect on data, 258
effect on data errors, 263
implication of noise figure, 255
integration of, 258
low frequency, 268
measures of, 269
oscillator spectrum, 250
sources of, 250
transfer from LO, 255

power spectral density, 246
shift of a cascade, 27
variance, limits of integration, 259
variation, 24

PLLs, filtering of phase noise by, 253
plotting filter requirements, Example 7.10, 200
power

delivered to load, 23
Appendix L, 325

gain, 8
ratio for two noise factors, 342
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in a traveling wave, 12
spectral density, 125

PPSD, 246
predictable spur levels, power range for, 177
preface, xvii
processing phase noise in a cascade, 252
propagation direction subscript, 9
PSD, 125
push–pull, simple, 154

random-walk FM, 251
range of parameters in composite modules, 39
ratio of power gains, standard and theoretical

noise factors, 342
receiver

calculator, 289
crystal video, 129
desensitization, 249

references, 5, 371
reflection coefficient, 8, 304
reflections

at interconnects, 39
other, 82

relative sideband
amplitude, 245
density, 246

response, standard cascade, 25
return loss, 8
RF mixer input, 165
round-trip gain, 18

S parameters, 9
composite, Appendix S, 349
measurement, 10
nonstandard

cascade, 368
module, 367

relative to T parameters, 13
sampling in frequency dividers, 241
scattering parameters, 9
second harmonic, Example 4.1, 94
second-order

IMs in CATV, 134
products

mathematical representation, 95
of noise, 125

terms, 92
sensitivity

noise figure, 79
Appendix V, 355
using, 82

use of to find variations, 40
severe nonlinearities, 219
SFDR, instantaneous, 137

shape factor
definitions, 197
filter, 184, 196

sideband
amplitude, relative, 245
density, relative, 246

signal with noise, effect of, 128
simple push–pull, 154
simulation, 3
single

frequency spur, 168
IF, conversion to, Example 7.5, 186
sideband

decomposition of, 220
density, 246
transfer from LO, 226

Smith Chart, 310
soft limiting, 223
source impedance, effect on noise factor, 341
source resistance, effect on Op-Amp noise

factor, 274
specifications, creating and using, 1
spectrum, oscillator, 250
spot noise figure, 49
spreadsheet

enhancements, 146
getting from Wiley site, xix
spur plot, 180
use of, 2, 3

spur(ious), 168
crossover, 170, 182

Appendix X, 359
free dynamic range, 137
internal, 168
level

chart, 168
in DBM from balance parameters, 217
in mixer, 168, 171

dependence on signal strength, 171
estimating, 173

m-by-n, 168
plot

IF reference, 186
LO reference, 180
normalized to LO, 184
representation of bands, Appendix B, 279
spreadsheet, 180

single-frequency, 168
standard

cascade, 16
overall response, 25

CATV system, 133
impedance, 8

changing, Appendix I, 321


