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Preface

The first edition of The Electronics Handbook was published in 1996. Between then and now, tremendous
changes have occurred in electronics engineering. During this same period, the value of The Electronics
Handbook has been recognized by thousands of readers all over the world, for which the editor and authors
are very grateful.

The numerous changes in technology over the past few years have led to the publication of a second
edition of The Electronics Handbook. This new edition builds upon the solid foundation of fundamental
theory and practical applications of the original work. All chapters have been reviewed and updated as
needed, and many new chapters have been added to explain new developments in electronics engineering.

The Electronics Handbook is intended for engineers and technicians involved in the design, production,
installation, operation, and maintenance of electronic devices and systems. This publication covers a broad
range of technologies with emphasis on practical applications. In general, the level of detail provided
is limited to that necessary to design electronic systems based on the interconnection of operational
elements and devices. References are provided throughout the handbook to direct readers to more detailed
information on important subjects.

The purpose of The Electronics Handbook is to provide in a single volume a comprehensive reference
for the practicing engineer in industry, government, and academia. The book is divided into 23 chapters
that encompass the field of electronics. The goal is to provide the most up-to-date reference on subjects
ranging from classical devices and circuits to emerging technologies and applications.

The fundamentals of electronics have evolved to include a wide range of knowledge, empirical data,
and a broad range of practice. The focus of this handbook is on the key concepts, models, and equations
that enable the engineer to analyze, design, and predict the behavior of complex electrical devices, circuits,
instruments, and systems. The reader will find the key concepts of each subject defined, described, and
illustrated; where appropriate, practical applications are given as well.

The level of conceptual development of each topic is challenging, but tutorial and relatively fundamental.
Each chapter is written to enlighten the expert, refresh the knowledge of the experienced engineer, and
educate the novice.

The information contained in this work is organized into 23 chapters, building a foundation from
theory to materials to components to circuits to applications. The Handbook concludes with important
chapters on reliability, safety, and engineering management.

At the conclusion of most chapters of the Handbook are three important entries of particular interest
to readers:

* Defining Terms, which identifies key terms applicable to the field and their most common definitions
* References, which lists the papers and other resources used in the development of the chapter

* Further Information, which directs the reader to additional sources of in-depth information on the
subject matter

These features, a trademark of the CRC Press Electrical Engineering Handbook Series, are a valuable
aid to both experienced and novice engineers.

vii
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In a publication as large as this, locating the information desired in a rapid manner is important.
Numerous aids are provided in this regard. A complete table of contents is given at the beginning of the
book. In addition, an individual table of contents precedes each of the 23 chapters. A comprehensive
subject index is also provided.

The Electronics Handbook is designed to provide answers to most inquiries and to direct the reader
to further sources and references as needed. It is our hope that this publication will continue to serve
you—the reader—with important, useful information for years to come.

Jerry C. Whitaker
Editor-in-Chief

viii
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Editor-in-Chief

Jerry C. Whitaker is Vice President of Standards Development at the Advanced Television Systems
Committee (ATSC). Whitaker supports the work of the various ATSC technology and implementation
committees and assists in the development of ATSC standards, recommended practices, and related doc-
uments. The ATSC is an international, nonprofit organization developing voluntary standards for digital
television.

Whitaker is a Fellow of the Society of Broadcast Engineers and a Fellow of the Society of Motion Picture
and Television Engineers. He is also the author and editor of more than 30 books on technical topics. His
current CRC titles include:

* The RF Transmission Systems Handbook

* The Electronic Systems Maintaining Handbook
* AC Power Systems Handbook, 2nd edition

* The Power Vacuum Tubes Handbook

Whitaker is the former editorial director and associate publisher of Broadcast Engineering and Video
Systems magazines.
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1.1 Electromagnetic Spectrum

John Norgard

1.1.1 Introduction

The electromagnetic (EM) spectrum consists of all forms of EM radiation, for example, EM waves
propagating through space, from direct current (DC) to light to gamma rays. The EM spectrum can be
arranged in order of frequency or wavelength into a number of regions, usually wide in extent, within which
the EM waves have some specified common characteristics, for example, those characteristics relating to
the production or detection of radiation. Note that in this section, specific frequency ranges are called
bands; several contiguous frequency bands are called spectrums; and subfrequency ranges within a band
are called segments. A common example is the spectrum of the radiant energy in white light, as dispersed
by a prism, to produce a rainbow of its constituent colors.

The EM spectrum can be displayed as a function of frequency (or wavelength), as shown schematically
in Fig. 1.1. In air, frequency and wavelength are inversely proportional ( f = ¢/A). The meter-kilogram-
second (MKS) unit of frequency is the hertz (1 Hz = 1 cycle per second); the MKS unit of wavelength is
the meter.

Frequency is also measured in the following subunits.

kilohertz [1kHz = 10° Hz]

megahertz  [1 MHz = 10° Hz]
gigahertz  [1 GHz = 10° Hz]
terahertz [1 THz = 10'2 Hz]

or, for very high frequencies,
electron volt [l eV ~ 2.41 x 10" Hz]

Note that & = hf = gV where h = 6.63 x 107%* Js (Plancks constant) and g = 1.602 x 10~ C.
Wavelength is also measured in the following subunits.

centimeters [l cm = 1072 m]

millimeters [l mm = 1073 m]
micrometers  [1 pum = 10~° m] (microns)
nanometers [1nm = 107° m)]
Angstroms [1A=10"1m]

picometers  [1 pm = 1072 m]
femtometers [1fm = 107" m]
attometers [1am = 107'¥ m]

1.1.2 Spectral Subregions

In this section, the EM spectrum is divided for convenience into three main subregions: (1) the optical
spectrum, (2) the DC to light spectrum, and (3) the light to gamma ray spectrum.

The main subregions of the EM spectrum are now discussed, starting with the optical spectrum and
continuing with the DC to light and the light to gamma ray spectrums. Note that the boundaries between
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some of the spectral regions are somewhat arbitrary. Some spectral bands have no sharp edges and merge
into each other, and some spectral sequences overlap each other slightly.

Optical Spectrum

The optical spectrum is the middle frequency/wavelength region of the EM spectrum. It is defined here as
the visible and near-visible regions of the EM spectrum and includes the following.

The infrared (IR) spectrum: 1 mm-0.7 um (300 GHz—429 THz)
The visible light spectrum: 0.7 pm-0.4 um (429 THz-750 THz)
The ultraviolet (UV) spectrum: 0.4 um-—circa 3 nm (750 THz—circa 300 eV)

These regions of the EM spectrum are usually described in terms of their wavelengths.

Atomic and molecular radiation produce radiant light energy. Molecular radiation and radiation from
hot bodies produce EM waves in the IR band. Atomic radiation (outer shell electrons) and radiation from
arcs/sparks produce EM waves in the UV band.

Visible Light Spectrum
In the middle of the optical spectrum is the visible light spectrum, extending approximately from 0.4 um
(violet) up to 0.7 um (red), that is, from 750 THz down to 429 THz. EM radiation in this region of the EM
spectrum, when entering the eye, gives rise to visual sensations (colors), according to the spectral response
of the eye [the spectral response of the eye is sometimes quoted as extending from 0.38 ;m (violet) up to
0.75 or 0.78 um (red), that is, from 790 THz down to 400 or 385 THz)], which responds only to radiant
energy in the visible light band extending from the extreme long wavelength edge of red to the extreme
short wavelength edge of violet.

This visible light spectrum is further subdivided into the various colors of the rainbow, namely (in
decreasing wavelength/increasing frequency):

red a primary color; peak intensity at 700.0 nm (429 THz)
orange

yellow

green a primary color; peak intensity at 546.1 nm (549 THz)
cyan

blue a primary color; peak intensity at 435.8 nm (688 THz)
indigo

violet

IR Spectrum

The IR spectrum is the region of the EM spectrum lying immediately below the visible light spectrum. The

IR spectrum consists of EM radiation with wavelengths extending between the longest visible red (circa

0.7 um) and the shortest microwaves (circa 300-1000 pm, i.e., from 400 THz down to 1 THz-300 GHz).
The IR spectrum is further subdivided into the near, intermediate,* and far IR bands as follows:

1. Near IR band: 0.7 um up to 3 um (429 THz down to 100 THz)
2. Intermediate IR band: 3 um up to 10 um (100 THz down to 30 THz)
3. Far IR band: 10 yum up to 100 um (30 THz down to 3 THz)
The submillimeter region of wavelengths is sometimes included in the very far region of the IR band.
4. Submillimeter: 100 um up to 1 mm (3 THz down to 300 GHz)

EM radiation is produced by oscillating and rotating molecules and atoms. Therefore, all objects at
temperatures above absolute zero emit EM radiation by virtue of their thermal motion (warmth) alone.

*Note some reference texts use 2.5 um (120 THz) as the breakpoint between the near and the intermediate IR bands.
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Objects near room temperature emit most of their radiation in the IR band. Even relatively cool ob-
jects, however, emit some IR radiation; hot objects, such as incandescent filaments, emit strong IR
radiation.

IR radiation is sometimes incorrectly called radiant heat, because warm bodies emit IR radiation and
bodies that absorb IR radiation are warmed. However, IR radiation is not itself heat. This EM radiation is
called black body radiation. Such waves are emitted by all material objects. For example, the background
cosmic radiation (2.7 K) emits microwaves; room temperature objects (295 K) emit IR rays; the sun
(6000 K) emits yellow light; the solar corona 10° K emits X rays.

IR astronomy uses the 1 um—1 mm part of the IR band to study celestial objects by their IR emissions.
IR detectors are used in night vision systems, intruder alarm systems, weather forecasting, and missile
guidance systems. IR photography uses multilayered color film, with an IR sensitive emulsion in the
wavelengths between 700 and 900 nm, for medical and forensic applications and for aerial surveying.

UV Spectrum
The UV spectrum is the region of the EM spectrum lying immediately above the visible light spectrum.
The UV spectrum consists of EM radiation with wavelengths extending between the shortest visible violet
(circa 0.4 um) and the longest X rays (circa 3 nm), that is, from 750 THz (circa 3 eV) up to 125 eV (some
reference texts use 4, 5, or 10 nm as the upper edge of the UV band.)

The UV spectrum is further subdivided into the near and the far UV bands as follows:

Near UV band: 0.4 um down to 100 nm (3eVuptol0eV)
Far UV band: 100 nm down to circa3nm (10 eV up to circa 300 eV)

The far UV band is also referred to as the vacuum UV band, since air is opaque to all UV radiation in this
region.

UV radiation is produced by electron transitions in atoms and molecules, as in a mercury discharge
lamp. UV radiation from the sun causes tanning of the skin. Radiation in the UV range can cause florescence
in some substances, can produce photographic and ionizing effects, and is easily detected.

In UV astronomy, the emissions of celestial bodies in the wavelength band between 50 and 320 nm are
detected and analyzed to study the heavens. The hottest stars emit most of their radiation in the UV band.

DC to Light Spectrum

Below the IR spectrum are the lower frequency (longer wavelength) regions of the EM spectrum, subdivided
generally into the following spectral regions (by frequency/wavelength).

Microwave spectrum: 300 GHz down to 300 MHz (1 mm up to 1 m)
Radio frequency (RF) spectrum: 300 MHz down to 10kHz (1 m up to 30 km)
Power/telephony spectrum: 10 kHz down to DC (30 km up to 00)

Note that some reference works define the lower edge of the microwave spectrum at 1 GHz. The three
regions of the EM spectrum are usually described in terms of their frequencies.

Radiations having wavelengths of the order of millimeters and centimeters are called microwaves; those
still longer are called radio waves (or Hertzian waves).

Radiation from electronic devices produces EM waves in both the microwave and RF bands. Power
frequency energy is generated by rotating machinery. Direct current is produced by batteries or rectified
alternating current (AC).

Microwave Spectrum

The microwave spectrum is the region of wavelengths lying between the far IR/submillimeter regions and
the conventional RF region. The boundaries of the microwave spectrum have not been definitely fixed,
but it is commonly regarded as the region of the EM spectrum extending from about 1 mm to 1 m in
wavelengths, that is, 300 GHz down to 300 MHz.
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The microwave spectrum is further subdivided into the following segments.

Millimeter waves: 300 GHz down to 30 GHz (1 mm up to 1 cm) extremely high-frequency
(EHF) band

Centimeter waves: 30 GHz down to 3 GHz (1 cm up to 10 cm) super high-frequency
(SHF) band

Note that some reference articles consider the top edge of the millimeter region to stop at 100 GHz. The
microwave spectrum usually includes the ultra high-frequency (UHF) band from 3 GHz down to 300 MHz
(10 cm up to 1 m).

Microwaves are used in radar, in communication links spanning moderate distances, as radio carrier
waves in radio broadcasting, for mechanical heating, and cooking in microwave ovens.

Radio Frequency Spectrum

The RF range of the EM spectrum is the wavelength band suitable for utilization in radio communications
extending from 10 kHz to 300 MHz (some authors consider the RF band as extending from 10 kHz to
300 GHz, with the microwave band as a subset of the RF band from 300 MHz to 300 GHz.) Some of
the radio waves serve as the carriers of the low-frequency audio signals; other radio waves are modulated
by video and digital information. The amplitude modulated (AM) broadcasting band uses waves with
frequencies between 550 and 1640 kHz; the frequency modulated (FM) broadcasting band uses waves
with frequencies between 88 and 108 MHz.

In the U.S., the Federal Communications Commission (FCC) is responsible for assigning a range of
frequencies, for example, a frequency band in the RF spectrum, to a broadcasting station or service. The
International Telecommunications Union (ITU) coordinates frequency band allocation and cooperation
on a worldwide basis.

Radio astronomy uses a radio telescope to receive and study radio waves naturally emitted by objects
in space. Radio waves are emitted from hot gases (thermal radiation), from charged particles spiraling in
magnetic fields (synchrotron radiation), and from excited atoms and molecules in space (spectral lines),
such as the 21-cm line emitted by hydrogen gas.

Power Frequency/Telephone Spectrum

The power frequency (PF) range of the EM spectrum is the wavelength band suitable for generating,
transmitting, and consuming low-frequency power, extending from 10 kHz down to DC (zero frequency).
In the U.S., most power is generated at 60 Hz (some military applications use 400 Hz); in other countries,
for example, in Europe, power is generated at 50 Hz.

Frequency Bands
The combined microwave, RF (Hertzian waves), and power/telephone spectra are subdivided into the
following specific bands.

Extremely low-frequency (ELF) band: 30 Hz up to 300 Hz (10 Mm down to 1 Mm)
Voice-frequency (VF) band: 300 Hz up to 3 kHz (1 Mm down to 100 km)
Very low-frequency (VLF) band: 3 kHz up to 30 kHz (100 km down to 10 km)
Low-frequency (LF) band: 30 kHz up to 300 kHz (10 km down to 1 km)
Medium-frequency (MF) band: 300 kHz up to 3 MHz (1 km down to 100 m)
High-frequency (HF) band: 3 MHz up to 30 MHz (100 m down to 10 m)
Very high-frequency (VHF) band: 30 MHz up to 300 MHz (10 m down to 1 m)
Ultra high-frequency (UHF) band: 300 MHzup to 3GHz (1 m down to 10 cm)
Super high-frequency (SHF) band: 3 GHz up to 30 GHz (1 cm down to 1 cm)

Extremely high-frequency (EHF) band: 30 GHz up to 300 GHz (1 cm down to 1 mm)

The upper portion of the UHF band, the SHF band, and the lower part of the EHF band are further
subdivided into the following bands.
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Lband: 1GHzupto2 GHz
Sband: 2 GHzupto4 GHz
Cband: 4 GHz up to 8 GHz
Xband: 8 GHzupto 12 GHz
Kuband: 12 GHz up to 18 GHz
Kband: 18 GHz up to 26.5 GHz
Kaband: 26.5 GHz up to 40 GHz
Qband: 32 GHz up to 50 GHz
Uband: 40 GHz up to 60 GHz
Vband: 50 GHzup to 75 GHz
W band: 75 GHz up to 100 GHz

(30 cm down to 15 cm)
(15 cm down to 7.5 ¢cm)
(7.5 cm down to 3.75 ¢cm)
(3.75cm down to 2.5 cm )
(2.5 cm down to 1.67 cm)
(1.67 cm down to 1.13 cm)
(1.13 cm down to 7.5 mm)
(9.38 mm down to 6 mm)
(7.5 mm down to 5 mm)
(6 mm down to 4 mm)

(4 mm down to 3.33 mm)

An alternate and more detailed subdivision of the UHF, SHF, and EHF bands is as follows:

L band: 1.12 GHz up to 1.7 GHz
LS band: 1.7 GHz up to 2.6 GHz

S band: 2.6 GHz up to 3.95 GHz
C(G) band: 3.95 GHz up to 5.85 GHz

XN(J, XC) band:
XB(H, BL) band:

5.85 GHz up to 8.2 GHz
7.05 GHz up to 10 GHz

X band: 8.2 GHz up to 12.4 GHz
Ku(P) band: 12.4 GHz up to 18 GHz
K band: 18 GHz up to 26.5 GHz
V(R, Ka) band: 26.5 GHz up to 40 GHz
Q(V) band: 33 GHz up to 50 GHz
M(W) band: 50 GHz up to 75 GHz
E(Y) band: 60 GHz up to 90 GHz
F(N) band: 90 GHz up to 140 GHz
G(A) band: 140 GHz up to 220 GHz
R band: 220 GHz up to 325 GHz

(26.8 cm down to 17.6 cm)
(17.6 cm down to 11.5 cm)
(11.5 cm down to 7.59 cm)
(7.59 cm down to 5.13 cm)
(5.13 cm down to 3.66 cm)
(4.26 cm down to 3 cm)
(3.66 cm down to 2.42 cm
(2.42 cm down to 1.67 cm
(1.67 cm down to 1.13 cm
(1.13 cm down to 7.5 mm
(9.09 mm down to 6 mm)
(6 mm down to 4 mm)

(5 mm down to 3.33 mm)
(3.33 mm down to 2.14 mm)
(2.14 mm down to 1.36 mm)
(1.36 mm down to 0.923 mm)

)
)
)
)

The upper portion of the VHF band, the UHF and SHF bands, and the lower part of the EHF band have
been more recently divided into the following bands.

Aband: 100 MHz up to 250 MHz
Bband: 250 MHz up to 500 MHz
Cband: 500 MHz up to 1 GHz
Dband: 1GHzupto2 GHz
Eband: 2 GHzup to3 GHz
Fband: 3 GHzupto4 GHz
Gband: 4 GHzupto6 GHz
Hband: 6 GHzupto 8 GHz
Iband: 8 GHzup to 10 GHz
Jband: 10 GHz up to 20 GHz
Kband: 20 GHz up to 40 GHz
Lband: 40 GHz up to 60 GHz
Mband: 60 GHz up to 100 GHz

(3mdownto 1.2 m)
(1.2 m down to 60 cm)
(60 cm down to 30 ¢cm)
(30 cm down to 15 cm)
(15 cm down to 10 cm)
(10 cm down to 7.5 cm)
(7.5 cm down to 5 cm)
(5 cm down to 3.75 cm)
(3.75 cm down to 3 cm)
(3 cm down to 1.5 cm)
(1.5 cm down to 7.5 mm)
(7.5 mm down to 5 mm)
(5 mm down to 3 mm)

Several other frequency bands of interest (not exclusive) are now listed.

In the power spectrum:

Audio band: 10 Hz-10 kHz
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In the RF spectrum:

Longwave broadcasting band: 150-290 kHz

AM broadcasting band: 550-1640 kHz (1.640 MHz) (107 Channels, 10-kHz separation)

International broadcasting band:  3-30 MHz

Shortwave broadcasting band: 5.95-26.1 MHz (8 bands)

VHE television (channels 2—4): 54-72 MHz
VHE television (channels 5-6): 76-88 MHz
FM broadcasting band: 88-108 MHz
VHEF television (channels 7-13):  174-216 MHz
UHEF television (channels 14-83): 470-890 MHz

In the Microwave spectrum (up to 40 GHz):

Aeronavigation:

Global positioning system (GPS) down link:
Military communications (COM)/radar:
Miscellaneous COM/radar:

L-band telemetry:

GPS downlink:

Military COM (troposcatter/telemetry):
Commercial COM and private line of sight (LOS):
Microwave ovens:

Commercial COM/radar:

Instructional television:

Military radar (airport surveillance):
Maritime navigation radar:

Miscellaneous radars:

Commercial C-band satellite (SAT) COM downlink:

Radar altimeter:

Military COM (troposcatter):
Commercial microwave landing system:
Miscellaneous radars:

C-band weather radar:

Commercial C-band SAT COM uplink:
Commercial COM:

Mobile television links:

Military LOS COM:

Military SAT COM downlink:

Military LOS COM:

Military SAT COM uplink:
Miscellaneous radars:

Precision approach radar:

X-band weather radar (and maritime navigation radar):

Police radar:

Commercial mobile COM [LOS and electronic news gathering (ENG)]:

Common carrier LOS COM:
Commercial COM:
Commercial Ku-band SAT COM downlink:

Direct broadcast satellite (DBS) downlink and private LOS COM:

ENG and LOS COM:
Miscellaneous radars and SAT COM:
Commercial Ku-band SAT COM uplink:
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0.96-1.215 GHz
1.2276 GHz
1.35-1.40 GHz
1.40-1.71 GHz
1.435-1.535 GHz
1.57 GHz
1.71-1.85 GHz
1.85-2.20 GHz
2.45 GHz
2.45-2.69 GHz
2.50-2.69 GHz
2.70-2.90 GHz
2.90-3.10 GHz
2.90-3.70 GHz
3.70-4.20 GHz
4.20-4.40 GHz
4.40-4.99 GHz
5.00-5.25 GHz
5.25-5.925 GHz
5.35-5.47 GHz
5.925-6.425 GHz
6.425-7.125 GHz
6.875-7.125 GHz
7.125-7.25 GHz
7.25-7.75 GHz
7.75-7.9 GHz
7.90-8.40 GHz
8.50-10.55 GHz
9.00-9.20 GHz
9.30-9.50 GHz
10.525 GHz
10.55-10.68 GHz
10.70-11.70 GHz
10.70-13.25 GHz
11.70-12.20 GHz
12.20-12.70 GHz
12.75-13.25 GHz
13.25-14.00 GHz
14.00-14.50 GHz
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Military COM (LOS, mobile, and Tactical):  14.50-15.35 GHz

Aeronavigation: 15.40-15.70 GHz
Miscellaneous radars: 15.70-17.70 GHz
DBS uplink: 17.30-17.80 GHz
Common carrier LOS COM: 17.70-19.70 GHz
Commercial COM (SAT COM and LOS): 17.70-20.20 GHz
Private LOS COM: 18.36-19.04 GHz
Military SAT COM: 20.20-21.20 GHz
Miscellaneous COM: 21.20-24.00 GHz
Police radar: 24.15 GHz

Navigation radar: 24.25-25.25 GHz
Military COM: 25.25-27.50 GHz
Commercial COM: 27.50-30.00 GHz
Military SAT COM: 30.00-31.00 GHz
Commercial COM: 31.00-31.20 GHz
Navigation radar: 31.80-33.40 GHz
Miscellaneous radars: 33.40-36.00 GHz
Military COM: 36.00-38.60 GHz
Commercial COM: 38.60—40.00 GHz

Light to Gamma Ray Spectrum

Above the UV spectrum are the higher frequency (shorter wavelength) regions of the EM spectrum,
subdivided generally into the following spectral regions (by frequency/wavelength)

X-ray spectrum: circa 300 eV up to (circa 3 nm down to circa (circa 1 x 10" Hz up to
circa 30 keV 30 pm) 1 x 10" Hz)
Gamma ray spectrum: circa 30 keV up toco (30 pm down to 0 m) (1 x 10" Hz up to c0)

These regions of the EM spectrum are usually described in terms of their photon energies in electron
volts.

Note that cosmic rays (from astronomical sources) are not EM waves (rays) and, therefore, are not
part of the EM spectrum. Cosmic rays are high-energy-charged particles (electrons, protons, and ions)
of extraterrestrial origin moving through space that may have energies as high as 102° eV. Cosmic rays
have been traced to cataclysmic astrophysical/cosmological events, such as exploding stars and black holes.
Cosmic rays are emitted by supernova remnants, pulsars, quasars, and radio galaxies. Cosmic rays collide
with molecules in the Earth’s upper atmosphere producing secondary cosmic rays and gamma rays of
high energy. These gamma rays are sometimes called cosmic or secondary gamma rays. Cosmic rays are
a useful source of high-energy particles for experiments. They also contribute to the natural background
radiation.

Radiation from atomic inner shell excitations produces EM waves in the X-ray spectrum. Radiation
from naturally radioactive nuclei produces EM waves in the gamma ray spectrum.

X-Ray Spectrum
The X-ray spectrum is further subdivided into the following segments.

Soft X rays:  circa 300 eV up to 10keV  (circa 3 nm down to 10 nm)  (circa 1 x 107 Hzup to
3 x 108 Hz)

Hard X rays: 10 keV up to circa 30 keV (10 nm down to circa 30 pm) (3 x 10'® Hz up to
circa 3 x 10" Hz)

Because the physical nature of these rays was first unknown, this radiation was called X rays. The more
powerful X rays are called hard X rays and are of high frequencies and, therefore, are more energetic; less
powerful X rays are called soft X rays and have lower energies.
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X rays are produced by transitions of electrons in the inner levels of excited atoms or by rapid deceleration
of charged particles—Brehmsstrahlung breaking radiation. An important source of X rays is synchrotron
radiation. X rays can also be produced when high-energy electrons from a heated filament cathode strike
the surface of a target anode (usually tungsten) between which a high alternating voltage (approximately
100 kV) is applied.

X rays are a highly penetrating form of EM radiation and applications of X rays are based on their short
wavelengths and their ability to easily pass through matter. X rays are very useful in crystallography for
determining crystalline structure and in medicine for photographing the body. Since different parts of the
body absorb X rays to a different extent, X rays passing through the body provide a visual image of its
interior structure when striking a photographic plate. X rays are dangerous and can destroy living tissue
and can cause severe skin burns; however, X rays are useful in the diagnosis and nondestructive testing of
products for defects.

Gamma Ray Spectrum
The gamma ray spectrum is subdivided into the following segments.

Primary gamma rays: circa 30 keV up  (circa 30 pm down to 300 fm) (circa 1 x 10" Hz up
to 3 MeV to 1 x 10?! Hz)
Secondary gamma rays: 3 MeV up tooo (300 fm down to 0 m) (1 x 10*! Hz up to 00)

The primary gamma rays are further subdivided into the following segments.

Soft gamma rays:  circa30keVupto  (circa 30 pm down to (circa 1 x 10 Hz up
circa 300 keV circa 3 pm) to circa 1 x 10%° Hz)
Hard gamma rays: circa 300 keV up to  (circa 3 pm down to 300 fm) (circa 1 x 10%° Hz
3 MeV up to 1 x 102! Hz)

Secondary gamma rays are created from collisions of high-energy cosmic rays with particles in the
Earth’s upper atmosphere.

Gamma rays are essentially very energetic X rays. The distinction between the two is based on their
origin. X rays are emitted during atomic processes involving energetic electrons; gamma rays are emitted
by excited nuclei or other processes involving subatomic particles.

Gamma rays are emitted by the nucleus of radioactive material during the process of natural radioactive
decay as a result of transitions from high-energy excited states to low-energy states in atomic nuclei.
Cobalt 90 is a common gamma ray source (with a half-life of 5.26 years). Gamma rays are also produced
by the interaction of high-energy electrons with matter. Cosmic gamma rays cannot penetrate the Earth’s
atmosphere.

Applications of gamma rays are used both in medicine and in industry. In medicine, gamma rays are
used for cancer treatment, diagnoses, and prevention. Gamma ray emitting radioisotopes are used as
tracers. In industry, gamma rays are used in the inspection of castings, seams, and welds.

Defining Terms

Cosmic rays: Highly penetrating particle rays from outer space. Primary cosmic rays that enter the Earth’s
upper atmosphere consist mainly of protons. Cosmic rays of low energy have their origin in the sun,
those of high energy in galactic or extragalactic space, possibly as a result of supernova explosions.
Collisions with atmospheric particles result in secondary cosmic rays (particles) and secondary
gamma rays (EM waves).

Electromagnetic spectrum: EM radiant energy arranged in order of frequency or wavelength and divided
into regions within which the waves have some common specified characteristics, for example, the
waves are generated, received, detected, or recorded in a similar way.

Gamma rays: Electromagnetic radiation of very high energy (greater than 30 keV) emitted after nuclear
reactions or by a radioactive atom when its nucleus is left in an excited state after emission of alpha
or beta particles.
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Infrared (IR) radiation: Electromagnetic radiations having wavelengths in the range, 0.7 nm (the long-
wavelength limit of visible red light) to 1 mm (the shortest microwaves). A convenient subdivision
is as follows: near, 0.7 um to 2—5 pm; intermediate, 2—5 pum to 10 um; far, 10 um to 1 mm.

Light: White light, when split into a spectrum of colors, is composed of a continuous range of merging
colors: red, orange, yellow, green, cyan, blue, indigo, and violet.

Microwaves: An electromagnetic wave that hasa wavelength between approximately 0.3 cm (or 1 mm) and
30 (or 10) cm, corresponding to frequencies between 1 GHz (or 300 MHz) and 100 (or 300) GHz.
Note that there are no well-defined boundaries distinguishing microwaves from infrared and radio
and waves.

Radio waves: Electromagnetic radiation suitable for radio transmission in the range of frequencies from
about 10 kHz to about 300 MHz.

Ultraviolet (UV) radiation: Electromagnetic radiations having wavelengths in the range from 0.4 nm
(the shortest wavelength limit of visible violet light) to 3 nm (the longest X rays). A convenient
subdivision is as follows: near, 0.4 um to 100 nm; far, 100 nm to 3 nm.

Xrays: Electromagnetic radiation of short wavelengths (circa 3 nm to 30 pm) produced when cathode
rays impinge on matter.
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1.2 Resonance

Michael D. Ciletti

1.2.1 Introduction

Resonant circuits play an important role in filters and tuning circuits for communications, radar, and many
other electronics systems. In a typical application a resonant circuit is used to tune a radio or television
to a particular station while blocking the signals that it receives simultaneously from other stations and
sources of signals. Resonant circuits effect a frequency-dependent attenuation of signals, thus passing
certain signals and rejecting others, including noise. Widespread use of resonant circuits in consumer,
industrial, and defense electronics warrants their study. We will examine resonant circuits from the point
of view of their frequency-domain and time-domain properties.
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1.2.2 Frequency-Domain Description of Resonance

When a sinusoidal source is applied to a stable linear circuit all of the steady-state node voltages and branch
currents in the circuit will be sinusoids having the same frequency as the input. A sinusoidal input signal
produces a sinusoidal steady-state output (response). The steady-state response of a given node voltage or
branch current, however, may have different ampli-
tude and phase than those of the input signal. This
relationship is illustrated by the block diagram in
Fig. 1.2, in which the input signal A;, sin(wt + ¢y,)
produces a steady-state output signal (i.e., a voltage  pIGURE 1.2 Input—output relationship for linear cir-
or current) ye(t) = Aoy sin(@t + ¢our). cuits in sinusoidal steady state.
In general, when a linear circuit’s input signal is

the sinusoid v, (t) = Aj, sin(wt + ¢y,) for t > 0, the steady-state output signal will be a sinusoid described
by yss(f) = Aoue Sin(wt + @oue). The magnitude and phase of the steady-state output signal are related to
the magnitude and phase of the circuit’s input sinusoidal signal by

Ainsin(ot + ¢j) == CIRCUIT f— A .sin(of + Poy)

Aout = AmlH(]a))|
and
¢out = ¢in + angH(]a))

where |H(jw)| denotes the magnitude of the
complex-valued s-domain input-output transfer — e —ang H (jo)lo
function H(s), and ang H(jw) denotes the an- Ain - Vin ()
gle of H(s), with both quantities evaluated at s =
jo in the complex plane. It is important to re-
alize that the steady-state output signal will be a fss
scaled and time-shifted copy of the input ~Agut
signal, as depicted in Fig. 1.3. The time t, denotes
the time at which the circuit is considered to be in
the steady state. The magnitude of the steady-state
output signal y () is created by scaling the magni- FIGURE 1.3 Input-output signal relationships.
tude of the input signal by | H(jw)|; the phase angle
of the steady-state output signal is created by adding the phase angle increment 6 (jw) = ang H(jw) to the
phase angle of the input signal. The steady-state output signal is translated relative to the input signal on
the time axis by an amount t = —angH (jw)/w.

The relationship between a circuit’s sinusoidal R
input signal and its steady-state output signal can +
be represented in the frequency domain by the Bode
magnitude and phase responses of the circuit
[DeCarlo and Lin, 1995; Irwin 1995]. For exam-
ple, the capacitor voltage in the simple RC circuit
shown in Fig. 1.4 has the Bode magnitude |H(jw)| FIGURE1.4 Three series RC circuit.
and Bode phase response, 6(jw) shown in Fig. 1.5.

The s-domain input-output transfer function H(s) relating the output (capacitor voltage) to the input
source voltage in Fig. 1.4 is obtained by using voltage division with the generalized impedances (Ciletti,
1988) in the series RC circuit

Ys (1)

H(s) = Zc(s)/[Zr(s) + Zc(s)]
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where Z¢(s) = 1/(sC) and Zg(s) = R. Making these substitutions leads to

H(s) = 1/(1 + sRC)

and
H(jw) =1/(1+ joRC)
with
|H(jw)l = 1//(1 + ’R*C?)
and

0(jw) = ang[H(jw)] = —tan " (wRC)

(Note: Generalized (s-domain) impedances Z(s) and admittances Y (s) obey the same algebraic laws of
series and parallel combination as do resistors, thereby simplifying circuit analysis.)
The Bode magnitude response shown in

Fig. 1.5 for the response of the capacitor voltage [H(joo)
. o . . 14__BODE MAGNITUDE RESPONSE
in the RC circuit in Fig. 1.4 said to be a low-pass re-

sponse, indicating that sinusoidal sources with low
frequencies will be less attenuated in steady state

than those with relatively high frequency. In fact, 1 ol
the graph of |H(jw)| is considered to be relatively oja) 0 1 ol
flat for o < w,, with w, the so-called cutoff fre- BODE PHASE RESPONSE
quency of the filter. 4577

The cutoff frequency of a filter is determined -90°

by the value of the circuit’s components; here,
. = 1/(RC). The cutoff frequency of a low-pass
filter has the significance that a sinusoid signal the
frequency of which is outside of the passband of the
filter contributes less than 50% of the power to the output than would a DC signal having the same input

FIGURE 1.5 Bode magnitude and phase responses for a
simple RC lowpass filter.

amplitude. At low frequencies the output signal’s amplitude will be a close approximation to that of the
input. We note that |H(j0)| =1 and |H(jw,)| =0.707 for this circuit.

1.2.3 Series-Parallel RLC Resonant Filter

A circuit’s ability to selectively attenuate signals at certain frequencies is determined by its topology and
by the value of its physical components. For certain values of its components, a circuit’s Bode magnitude
response might be much sharper in shape than for other choices of components. When a circuit’s Bode
magnitude response exhibits a sharp characteristic
the circuit is said to be in resonance.

The Bode magnitude response of the simple RC
circuit will always have the shape shown in Fig. 1.5
and can never exhibit resonance. On the other hand,
the capacitor voltage in the series or parallel RLC
circuit shown in Fig. 1.6 has the sharp Bode mag-
nitude response shown in Fig. 1.7 when R = 10 2, FIGURE 1.6 Series-parallel resonant RLC circuit.
L = 1H, and C=1 F (frequency scaling can be

used to obtain more realistic component values for a given cutoff frequency). This circuit is distin-
guished by its sharp Bode magnitude response and is said to be a resonant circuit. We note, however, that
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for other choices of its component values the same IH(je)l
circuit might not exhibit the sharp Bode magnitude 1
response that is characteristic of resonance (e.g.,
R=1Q,L =1H, C = 1F). The resonant fre-
quency of this circuit, wg, can be shown to be given
by wg = 1//(LC). 1 wlay

The transfer function relating the output voltage
(across L and C) to the input voltage of the series/ FIGURE 1.7 Bode magnitude response for a resonant
parallel RLC circuit is obtained as follows: series-parallel RLC circuit.

H(s)=Zrc(s)/[R+ Zrc(s)]
={Z1()Zc(5)/1Z0(s) + Ze()NAR + Z1(5) Zc(5)/[Z1(s) + Ze(s)])
={(L)[1/(sO)/[sL +1/(SCNAR+ (sL)[1/(sC)]/[sL +1/(sC)]}
=[s/(RO)]/[s* +s/(RC) + 1/(LC)]

The utility of the resonant series-parallel circuit is demonstrated by considering the circuit’s steady-state
response to the signal vi, (t) = A; sin(0.5wrt 4+ ¢1) + Az sin(wrt + ¢,) + As sin(2wrt + ¢3). The steady-
state output signal will be y(#) = A1|H(j0.5wg)| sin[0.5wrt + @1 + 61 (jor)] + Az H(jog)| sin[ogt +
@2 + 0 (jwr)] + A3|H(j2wg)| sin[2wgrt + ¢3 + 05(jwr)], which can be approximated by

Vss(t) = Ayl H(jog)| sin[wrt + ¢y 4 6:(jwr)]

The steady-state output signal is approximately a scaled and time-translated (phase-shifted) copy of
the sinusoidal input signal; it consists primarily of a sinusoidal signal having frequency v = wg. The
components of the input signal at frequencies 0.5wg rad/s and 2wy rad/s will be effectively filtered by the
circuit and make minimal contribution to the output voltage.

1.2.4 The Pole-Zero Pattern Description of Resonance

The pole-zero pattern of the input/output transfer x |/
function, H(s), of a circuit is formed by plotting
the location of the roots of the polynomials com-
prising the numerator and denominator of H(s),

when H(s) is expressed as a ratio of two polyno- O =
mials. The roots of the numerator polynomial are

called the zeros of H(s), and those of the denomina-

tor are called the poles of H(s). The key relationship %

is that the location of the poles and zeros in the s

plane determine the shape of the Bode magnitude
FIGURE 1.8 Pole-zero pattern of a resonant series-

and phase responses of the circuit. Figure 1.8 shows
parallel RLC circuit.

the pole-zero pattern of the resonant series-parallel
RLC circuit. The Bode magnitude response is obtained by evaluating H(s) at points s = jw on the imag-
inary axis in the complex plane. The circuit’s Bode response will be resonant if it has a pair of complex
conjugate poles located relatively close to the imaginary axis in comparison to their distance from the real
axis. The presence of the associated pole factors in the denominator of | H(jw)| gives rise to the sharp
resonant peak feature in the Bode magnitude response. (The distance of the complex poles from the real
axis determines the frequency of the circuit’s damped frequency of oscillation, and the distance of the
pole pair determines the decay factor of the oscillation. The same is true of higher-order circuits having
multiple repeated poles located near the j axis.
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1.2.5 Time-Domain Description of Resonance

Time-domain methods are often used to characterize linear circuits, and can also be used to describe
resonance. When an electrical circuit exhibits an undamped oscillatory or slightly damped behavior it
is said to be in resonance, and the waveforms of the voltages and currents in the circuit can oscillate
indefinitely.

The response y(¢) of a linear circuit to an input signal u;,(¢) comprises the sum of two parts. The zero-
input response yzr(t) is that part of y(t) due solely to the energy that was stored in the circuit’s capacitors
and inductors before the input signal was applied. The zero-state response yzsg(t) is the response that the
circuit exhibits to the input signal when no energy is initially stored in the circuit. When a circuit has no
initial stored energy it is said to be initially relaxed. For a linear circuit, y(t) = yzr(t) + yzsr(f), and y(t)
is called the initial state response of the circuit, denoted by yisg (¢). That is, the response of a linear circuit
to an input signal is the sum of its response to its initial stored energy with the circuit’s input signal set to
zero and its response to the input signal when the circuit is initially relaxed.

The time-domain behavior of the zero-input response of a circuit is related to the frequency-domain
property of resonance. In the case of a second-order circuit, its zero-input response will be overdamped,
critically damped, or underdamped, depending on the value of the circuit’s components. If the components
are such that the response is highly underdamped, the circuit is said to be in resonance, and its zero-input
response will be oscillatory in nature and will not decay rapidly. The relative proximity of the poles of the
circuit’s transfer function H(s) to the j axis accounts for this oscillatory behavior. To see this, note that
each distinct pair of complex poles in H(s) contributes to yzg(t) a term having the following form:

y(t) = Ke ™ sin(wgt + ¥).

[If H (s ) has repeated (multiple) complex poles at the same location, the expression for y(t) also includes a
polynomial factor in the variable t.] The damping factor & determines the time constant of the decay of y(¢),
with T = 1/|e|, and the damped frequency of oscillation w,; determines the frequency of the oscillation.
When w; > |a| the circuit is said to be resonant, and the period of oscillation is small compared to the
time constant of decay. The time-domain waveform of the response is said to exhibit ringing. The complex
poles associated with ringing are relatively closer to the j axis than to the real axis.

1.2.6 Resonance and Energy Storage in Inductors and Capacitors

The physical phenomena of resonance is due to an exchange of energy between electric and magnetic
fields. In passive RLC circuits, the energy can be stored in the electrical field of a capacitor and transferred
to the magnetic field of an inductor, and vice versa. In an active circuit, such as an op-amp bandpass filter
with no inductors, energy can be exchanged between capacitors.

The energy stored in a capacitor when charged to a voltage v is W, = 1/2Cv?; the energy stored in an
inductor carrying a current i is W; = 1/2Li2. In a passive RLC circuit, resonance involves an alternating
exchange between the inductor current and the capacitor voltage, with inductor current decreasing from
a maximum value to a minimum value and capacitor voltage increasing from a minimum value to a maxi-
mum value. When this exchange occurs with relatively little dissipation of energy, the circuit is in resonance.

The Ideal Parallel LC Resonant Circuit

The ideal (lossless) LC circuit shown in Fig. 1.9 il-
lustrates the physical nature of resonance in circuits.
The circuit is assumed to consist of an ideal inductor i - ic
and capacitor, that is, the inductor has no associated l l
series resistance and the capacitor has no associated
shunt leakage conductance.

In the configuration shown in Fig. 1.9, the ca-
pacitor and inductor share a common current and FIGURE 1.9 Ideal LC resonant circuit.
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have the same voltage across their terminals. The capacitor current is described by ic = Cdv/dt, and the
inductor voltage is described by v = Ldi /dt. The circuit topology imposes the condition thati; = —ic.
These three relationships lead to the following differential equation model of the time-domain behavior
of the circuit:

d*v 1

— +

=0
i T 1c’

The solution to this equation is a sinusoidal waveform having the parametric description
v(t) = K sin(wt + ¢)

This can be verified by substituting the expression for v(¢) into the differential equation model and
performing the indicated operations. The fact that v(¢) can be shown to have this form indicates that
it is possible for this circuit to sustain oscillatory voltage and current waveforms indefinitely. When the
parametric expression for v(t) is substituted into the differential equation model the value of w that is
compatible with the solution of the equation is revealed to be w = 1/,/(LC). This is an example of the
important fact that the frequency at which an electrical circuit exhibits resonance is determined by the
physical value of its components. The remaining parameters of v(t), K, and ¢ are determined by the initial
energy stored in the circuit (i.e., the boundary conditions for the solution to the differential equation
model of the behavior of the circuit’s voltage).

Let vy and iy be the initial capacitor voltage and inductor current, respectively, and consider t = 0.
Then the solution for v(¢) evaluated at t = 0% gives

y(0*") = vy = Ksing
and the capacitor current gives
ic(0%) = Cdv(0%)/dt = —i  (01) = —iy = C[Kwcos(¢)]

These two conditions must be satisfied simultaneously. The values of K and ¢ can be determined by
considering three cases of the values of vy and ip. Case 1: If vo = 0 then K must be nonzero for a
nontrivial solution, and ¢ can be 0 or 7. We choose ¢ =0 to satisfy the physical condition that iy >
0= Cdv(0%)/dt < 0. Also, K = — iy/(Cw). Thus, for this case, v¢(t) = —iy/(wC) sin(wt) and i (t) =
ip cos(wt). The capacitor voltage and the inductor current are 90° out of phase. Case 2: Similarly, if ip = 0
then v¢(t) = vosin(wt + 7/2) and ip (t) — Cdv/dt = —Cvow cos(wt + 7/2) = Cvow sin wt. Case 3:
When vy # 0 and iy # 0, we get

¢ = —tan " (wCvy /i)
and
K =vy/sin¢

Two values of ¢ satisfy the first equation; the value for which the sign of Cdv(0")/dt is compatible with
the sign of 7, must be chosen. This leads to the solution for v (t)

v(t) = \/[vg + ig/(a)zCz)] sin (a)t — tanfl(a)Cvo/io))

withw = 1//(LC).

The solution for the waveform of v(¢) depends on the initial capacitor voltage and inductor current, that
is, the initial energy stored in the circuit’s electric and magnetic fields. The exchange of energy between the
circuit’s electricand magnetic fields is evident from the phase relationship between the capacitor voltage and
the inductor current. When the capacitor voltage is at a maximum or minimum value the inductor current
is ata minimum or maximum value, and vice versa. When the energy stored in the capacitor’s electric field
is a maximum or minimum, the energy stored in the inductor’s magnetic field is a zero, and vice versa.
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The Ideal Series LC Resonant Circuit

The ideal (lossless) series LC section shown in + Vie -
Fig. 1.10 can exhibit resonance when imbedded in —N e |
a circuit operating at the frequency w = 1/,/(LC). B
To see this, we question whether it is possible for
the inductor and capacitor voltages to exactly FIGURE1.10 Ideal series LC section.
cancel each other. Consider

0=vp(t) +vc(t)
= Ldi/dt + vc(t)

Taking the derivative and multiplying the terms by the factor C gives

0= LCd?/dt + Cdv./dt
0= LCd?*/dt + Cdv./dt
0=LCd%*/dt +i(t)

The parametric form of the solution of this second-order differential equation is i(t) = K sin(wt + ¢),
which is the same form that was found for the parallel resonant LC section. Substituting this expression
into the equation and canceling terms gives > = 1/(LC), or @ = 1/,/(LC), the frequency at which
the cancellation of v}, by v occurs. When the series LC section is imbedded in a circuit whose sinusoidal
source has the frequency w = 1/,/(LC), the steady-state voltage across the section v ¢ (¢) will be zero. The
resonant series L C section appears to be a short circuit. This feature can be exploited in a filter whose output
voltage is measured as v} ¢ (¢) and which must reject a signal at or very near the frequency = 1/,/(LC).

Parallel LC Section Impedance

The utility of the parallel resonant LC section shown —}ic
in Fig. 1.11 can be understood by examining the
impedance that the circuit presents to the circuit in 1
which it is imbedded. We have Z;¢(s) = Z; Z./ Zic(® = ¢ 1
(Zi + Ze) = (5/C)/[s* + 1/(LO)]. Zic(s) has e}
a pair of poles on the j axis in the s plane. In
resonance, the circuit presents infinite impedance
(i.e., an open circuit) to the external circuit in which FIGURE 111 Impedance of a parallel LC section.

it is imbedded, that is, when the source frequency

is w = 1/[s/(LC)]. The physical consequence of this is that i, c must be zero in the sinusoidal steady

state.

When the resonant LC section isimbedded within v
the circuit shown in Fig. 1.12, and the source fre- *
quency is the same as the resonant frequency of the Uin LE CT= RS Y
section, the circuit looks like the voltage source is _

connected to a series circuit consisting of R; in series
with Rgy. All of the current from the source is de-
livered to the output resistor. At other frequencies,
the impedance of the LC section provides a path for
current to bypass Ry. From this we can conclude, without formal proof, that the circuit implements a
bandpass Bode magnitude characteristic like that in Fig. 1.7, but with its peak value scaled by voltage
division to be Ry/(R; 4+ Ry).

FIGURE 1.12 Bandpass filter circuit using a resonant
LC section.

Copyright 2005 by Taylor & Francis Group



18 Electronics Handbook

Parallel LC Bandstop Filter

The parallel LC section has widespread application
in a variety of filters. The second-order (i.e., two in-
dependent energy storage elements) bandstop filter
in Fig. 1.13 exploits the fact that the LC section is
capable of blocking all current through it from the

external circuit when it is operating at its resonant
frequency. FIGURE 1.13 Bandstop filter using a resonant parallel
When the frequency of the sinusoidal source, vin,  resonant LC section.

is the same frequency as the resonant frequency

of the circuit, the LC section effectively blocks the steady-state flow of current to the load resistor Ry. This
can be confirmed by examining the s-domain transfer function between the source and the load. Using
s-domain models for inductor impedance [Z} (s) = s L] and capacitor impedance [ Z¢(s) = 1/(sC), we
apply Kirchhoft’s current and voltage laws to the circuit and, using series/parallel reduction as we would
for resistors, find the following expression for H(s):

1
2
Ry St ic
(5) = V(o) Vi) = - .

TR +r)C T IC

which fits the generic form of the transfer function for a second-order bandstop filter [Ciletti, 1988]

st w%

st swp + 0k
with w, = 1/[(R; + Ry)C] and wp = 1//(LC). jo
The sharpness of the filter’s Bode plot can be de-
scribed in terms of the resonant quality factor Q = -
wgr/wyp. Alarge value of Q implies a highly resonant
circuit. The pole-zero pattern of the generic second-
order bandstop filter with R; = 10 Q,L = 1 H,
C = 1F and Ry = 1 Q is shown in Fig. 1.14; it
has a pair of zeros located on the j axis in the s do-
main at £ jwg. The poles of the generic bandstop
filter are located ats =1/2 —wj, + j /(0] — 40%).
When Q is high, the poles are very close to the zeros IFfe)
of H(s) and the filter sharply rejects signals with
frequencies near wg. A sinusoidal input signal at \ F
this frequency is ideally blocked by the filter in the
sense that its steady-state output signal will be zero.

The Bode magnitude response of the bandstop
filter for R; = 10w, L = 1H,C = 1E and Ry =
1 € is shown in Fig. 1.15. It is evident that careful

H(s)

FIGURE 1.14 Pole-zero pattern of a second order band-
stop filter.

ZII. wlog

FIGURE 1.15 Bode magnitude response ofasecond-order
bandstop filter.

selection of the circuit’s component values will result in a selective bandstop filter, one that rejects signals
in a very narrowband of frequencies.

The Lossy Parallel LC Bandpass Filter

The circuit shown in Fig. 1.16 is a bandpass filter. It has a physical inductor, that is, one that has a resistance
in series with an ideal inductor. The inductor in a physical circuit will always have a resistance in series
with an ideal inductor. The presence of the series resistor has the effect of moving the poles of H(s)
away from the j axis, thereby preventing the transfer function from exhibiting a perfect open circuit at
resonance.
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This can be verified by deriving the impedance of
the lossy parallel LC section: Z;¢(s) = (1/C)(s +
r/L)/[s*4sr/L+1/(LC)]. Note that the denom-
inator of Zy¢(s) cannot have poles on the j axis
unless 7 = 0. The physical implication of this con-
dition is that Z;¢(s) will always have a nonzero
value of I} ¢ in steady state, and Z ¢ (s) cannot be-
have like an ideal open circuit. In practice, when r ~ FIGURE 1.16 Lossy parallel LC filter.
is very small the circuit behaves for all practical
purposes as an ideal LC section.

Active Resonant Bandpass Filter

The op-amp circuit in Fig. 1.17 implements a band-
pass filter without inductors. The input-output
transfer function of this circuit can be obtained by
using Kirchhoff’s current law at the node common
to Ry, R, Cy, and C,, and by noting that C, and
R;3 share a common current. Furthermore, the out-
put voltage appears across Rs. The transfer function
H(s), between the input voltage source and the out-
put node of the filter is given by

FIGURE 1.17 Op-amp bandpass filter.

—s/(R,C
H(s) = . s/(R, 1)2
s —i—sa)b—i-wp

where w, = (C; + C3)/(R3C,C;) and a)?, = (R; + Ry)/(R{RyR;C,C3). The bandwidth of the filter is
wy, and the resonant frequency is w,,. The design of a sharply resonant (high- Q) active bandpass filter will
have Q > 1.

1.2.7 Physical Hazards with Resonant Circuits

The voltages and currents in a resonant circuit can be very high, and therefore warrant caution. Under the
condition of resonance, the circuit in Fig. 1.11 (parallel LC) is such that the LC section looks like an open
circuit to the circuit in which it is imbedded. However, the current that circulates between the inductor and
the capacitor in the LC section itself can be quite large. This has implications for the size of the conductor
that must conduct the resonant current and dissipate heat. Likewise, when the operating conditions of the
series LC circuit in Fig. 1.10 place the circuit in resonance, the voltage v; ¢ must be zero, but v and v¢ can
be very large, especially in high-Q circuits, thereby posing a hazard to the careless handler of the circuit.

Defining Terms

Generalized impedance: An s-domain transfer function in which the input signal is current source and
the output signal is a voltage in the circuit.

Resonance: A condition in which a circuit exhibits a highly selective frequency-dependent attenuation of
sinusoidal input signals.

Steady-state response: The response of a circuit after a sufficient time has elapsed to allow the value of
the transient response to become insignificant.

Transfer function: An s-domain function that determines the relationship between an exponential forc-
ing function and the particular solution of a circuit’s differential equation model. It also describes
a relationship between the Laplace transform s-domain spectral representation of a circuit’s input
signal and the Laplace transform s-domain spectral description of its output signal when the circuit
is initially at rest (no stored energy in its capacitors and inductors) and excited by the source.
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Further Information

For further information on the basic concepts of resonance in linear circuits, see Circuits, Devices, and
Systems by R.J. Smith and R.C. Dorf. For an introductory discussion of the design of active filters see the
above-cited reference Introduction to Circuit Analysis and Design by Ciletti.

1.3 Electroacoustics

Eugene T. Patronis, Jr.
1.3.1 Introduction

The laws of physics when applied to electrical, mechanical, acoustical, or other systems amount to expres-
sions of ordinary or partial differential equations. The work of solving these equations can be tedious, and
techniques have been developed over a period of time to both shorten and simplify the procedure in certain
classes of problems. In particular, the area of electrical circuit analysis, early on the concept of lumped
circuit elements each possessing an impedance property was introduced. This impedance property is the
voltage-to-current ratio of the circuit element in question and was identifiable with a corresponding differ-
ential operator in the governing differential equation. The representation of each lumped circuit element
by its associated impedance in effect converts the differential equation into a simpler algebraic equation. In
electroacoustics this electrical circuit analysis technique is extended to include mechanical as well as acous-
tical circuit elements. There remain, however, certain situations in which this approach is not viable such as
extended or distributed systems whose dimensions are comparable to or exceed the sound wavelength and
those systems involving distant radiation phenomena. These systems must be handled by a more traditional
approach. Some of the more important results of the most basic of these systems will be presented, firstin a
form that leads naturally to a completion of the description employing the techniques of electroacoustics.

1.3.2 Linear Acoustics

The equations of linear acoustics stem from Euler’s equations for a perfect compressible fluid.
Newton’s second law

du
Poss Tt Vp=20
Conservation of mass
d
a—/; + pOV cu=0
from which we find the wave equations

Fp_ s
PR
Pp _ s
g P
iR 22
g VY

where

dp
u=—-Vop 2= <>
dp
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When the fluid medium is air, the dependent variables in these equations are:

acoustic pressure, which is the variation above or below static atmospheric pressure, Pa
= air density where py is the static air density, kgm/m’

air particle velocity, m/s

scalar potential function from which the vector particle velocity is derivable, m?/s
sound phase velocity, m/s

o8 T
Il

1.3.3 Radiation Models

The classic starting point for treating acoustic radiation is the pulsating sphere of nominal radius a and
surface area S that is alternately expanding and contracting such that the velocity of the spherical surface
is directed along radial lines and has a sinusoidal dependence on the time such that u = u,, cos(wt), where
u is the instantaneous surface velocity (m/s), u,, the surface velocity amplitude (m/s), and w the angular
frequency (rad/s). The wave equation can be solved quite readily for this simple geometry. Additionally,
if the nominal radius of the sphere, a, is small compared with the wavelength, a < [, and the observation
point is very distant from the center of the sphere, r > I, the radiation is isotropic with the acoustic
pressure varying inversely with the radial distance r, as depicted in Fig. 1.18. In Fig. 1.18, p represents
the acoustic pressure phasor at the observation point, except that the phase lag associated with wave
propagation along the path from the source has been omitted. In addition to the pulsating sphere, Fig. 1.18
displays the results for an acoustic dipole composed of two identical pulsating spheres arranged so that

_ JPo wSu
4rr

(@)

_ —Po w2 Sud

= cos (6
9 4nrc ©
r

(b)

s

-

acts as a dipole with
r &2
S=nr—
ﬁe 2

Q

©

—

acts as a monopole with
2

d
(d) / S=7-

FIGURE 1.18 Radiation models: (a) pulsating sphere [acoustic monopole], (b) two out of polarity pulsation spheres
[acoustic dipole], (c) bare loudspeaker, (d) back enclosed loudspeaker.
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when one sphere expands the other contracts by an equal amount. Two practical sound sources and their
properties at low frequencies are also displayed in Fig. 1.18. In each instance it is found that the acoustic
pressure is directly proportional to the surface velocity of the radiator whether it be a theoretical sphere
or a loudspeaker diaphragm. Attention will now be turned to a determination of this surface velocity for
a typical loudspeaker structure.

1.3.4 Dynamic Low-Frequency Loudspeaker

Analysis will be made of a low-frequency transducer of the conventional type that consists of a piston in
the form of a truncated cone of some lightweight but hopefully rigid material flush mounted in a sealed
cabinet and arranged to radiate into a half-space. Half-space radiation doubles the acoustic pressure for a
given velocity and is assumed because such devices are usually positioned close to at least one large plane
surface such as a floor. To describe the piston motion and its subsequent radiation, knowledge is required
not only of the acoustical behavior of the device but also of its purely mechanical and electrical properties
as well. Figure 1.19 illustrates in a simplified form the features of the device construction that impact on
its motional behavior.

The voice coil is a helical spiral of wire wound on a hollow cylinder with the entire assembly attached
to the cone, which acts as a piston. The magnetic structure is arranged such that the magnetic flux
passes radially through the cylindrical surface about which the voice coil is wound. This is achieved by
having a permanent magnet attached to a cylindrical pole piece that is placed within and concentric
with the voice coil former. A cylindrically symmetric magnetic return path straddles the outer surface of
the voice coil such that the voice coil resides symmetrically in the magnetic air gap. The spider centers
the voice coil within the magnetic gap whereas the surround centers the base of the cone in the overall
supporting frame. Both the spider and the surround constitute the system suspension and behave as
linear springs by supplying mechanical restoring force whenever the cone is displaced from its equilibrium
position. Each of these elements contribute to the overall moving mass of the system and the suspension
components additionally contribute mechanical friction that is dependent on the velocity of the moving
system.

It is convenient to collect the pertinent factors and symbols together for ready reference, and this is done
in Table 1.1.

The driving force experienced by the cone results from the interaction of the current in the voice coil
conductor with the magnetic induction in the gap where the voice coil resides. This is an axially directed

VOICE
colL s

MAGNETIC =——>-
STRUCTURE

/— CONE
SPIDER —/ ™

a SURROUND

™

FIGURE 1.19  Simplified loudspeaker construction.
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TABLE 1.1 Loudspeaker Descriptive Factors

Factor Description Symbol Typical Value
Piston radius, m a 0.10
Piston area, m?> S = ma? 0.0314
Mechanical moving mass, kgm M 0.03
Suspension stiffness, N/m K 3000
Suspension resistance, kgm/s Ry, 2.5
Flectrical voice coil resistance, R, 6
Electrical voice coil inductance, H L, 0.001
Magnetic induction in gap, T B 1
Length of conductor in gap, m 1 10
Instantaneous voice coil current, A i

Enclosure interior air volume, m> Vo 0.045

force given by Bli. A restriction to sinusoidal time-dependent currents will greatly simplify the analysis
without loss of generality. In this way time will enter as e/**, actually as the real part of e/“!, and because the
system is linear, differentiation with respect to time is replaced by multiplication by jw and integration with
respect to time is replaced by division by jw. Newton’s second law of motion, which equates acceleration
to the totality of forces divided by the moving mass, can now be written

jou = F,/M

where
u = piston velocity, m/s
F, = total force acting on piston, N
M = total moving mass, kgm

It is necessary at this point to delineate the individual forces acting on the piston.

Aside from the applied force F, of the voice coil current, the piston experiences a restoring force F;
from the suspension whenever the piston is displaced from its equilibrium position, a frictional force F s
resulting from flexure of the spider and surround whenever the piston is in motion, a restoring force Fj,
resulting from compression or rarefaction of the air trapped in the sealed cabinet behind the loudspeaker
cone whenever the piston is displaced from its equilibrium position, and a force of radiation F, exerted
by the air in front of the piston whenever the piston is moving so as to generate sound waves in the air.
Table 1.2 collects all of these forces and indicates their relationship to the piston velocity which is to be
considered the dependent variable in the following analysis.

TABLE 1.2 Forces Acting on Loudspeaker Cone

Force Origin Value
F, Applied Bli
. —Ku
F Suspension -
I
—poc”S-u
Fy Air in box L
Vo jo
Fy Motional friction —R,u
L 2wa X 2wa
F, Radiation —pocS {Rl (—) + i X (—)]u
c c

Source: Kinsler, L.E. and Frey, A.R. 1962. Fundamentals of Acoustics. Wiley,

New York.
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FIGURE 1.20 Equivalent circuit for an acoustical system.

It is now possible to write the equation of motion as a statement of Newton’s second law in the
form

. . Ku  poc?Stu 2wa , 2wa
Mjou=Bli — 22 P20 p eS| R 222 ) 4 ix (222w (1.1)
c c

The negative terms in this equation are forces that are oppositely directed to the piston velocity and, hence,
oppose the motion. The term representing the force on the piston resulting from radiation is obscure and
will be discussed later. For the moment, it is necessary to solve this equation for the piston velocity to

obtain
Bli
"= ! — (1.2)
2wa . 2wa K poc”S
Ru+pocSRI| — | +j|oM+ ppcSXy)| — | — — —
c c w Vow
or
Bli
= 1.3
= (1.3)

At this point it is possible to draw an analogy with an electrical system. In the electrical case the current
is the ratio of the applied voltage to the complex circuit impedance. In this instance, if the velocity is
identified with electrical current and the applied force with the applied voltage, the denominator of the
velocity equation should be identified as a complex mechanical impedance. Additionally, in an electrical
circuit consisting of several elements connected in series, the current is common to all elements and the
applied voltage exists across series combination. In this mechanical circuit the velocity is the same for
the voice coil, suspension, cone, and the air, and the force F, exists across the combination. A possible
analogous mechanical circuit thus appears as given in Fig. 1.20.

In Fig. 1.20 the positive mechanical reactances are symbolized by inductors and negative mechani-
cal reactances are symbolized by capacitors as would be true in the analogous electrical situation. The
constant applied force generator is symbolized as a voltage source. Also in Fig. 1.20, R, is identified as
poc SR (2wa/c), whereas K, is identified as pyc? S?/V, and M, as pyc SXI(Z“’T“)/w. Unlike the common
electrical situation, however, those elements that stem from radiation phenomena, such as R, and M, are
themselves frequency dependent. This complication will be dealt with after the model has been more fully
developed. The circuit of Fig. 1.20, though useful, can only be an intermediate result as it does not involve
any of the purely electrical properties of the loudspeaker such as the voice coil resistance or self-inductance.
In addition, whenever the voice coil is in motion it has induced in it a back electromotive force (emf) of
size Blu that opposes the current in the voice coil. This situation is represented schematically in Fig. 1.21.

The current in the circuit of Fig. 1.21 is given by

i (E — Blu)
N (Re + ije)
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2
3

E Blu

FIGURE 1.21 Equivalent circuit of a voice coil in motion.

whereas from the former equation of motion we have the piston velocity [Equation (1.2)]. When i is
eliminated from these two equations the result becomes

Ebl
R, + joL,
B?I*(R, — jowL,)
R2 + @?L2

u =
Zy +

In this result all of the electrical as well as acoustical properties have been transformed into equivalent
mechanical terms, and the appropriate circuit appears as Fig. 1.22. In Fig. 1.22 all of the system properties
have been expressed in mechanical terms. The generator on theleft is a force generator supplying the driving
force expressed in Newtons. All of the impedances, whether from electrical, mechanical, or acoustical origin,
have been transformed to equivalent mechanical ohms, that is, kilograms/second. To proceed further it is
necessary to finally address the complicated frequency-dependent behavior of the radiation impedance.
The real part of the radiation impedance accounts for the fact that some mechanical energy is removed
from the loudspeaker cone and is carried away by subsequent wave propagation in the surrounding air. The
imaginary part of the radiation impedance accounts for the fact that there exists a cyclic lossless exchange
of energy between the loudspeaker cone and the air in the immediate vicinity of the loudspeaker. The
radiation resistance, in mechanical ohms, can be expressed as

2wa
R, = pocSR; (>
C

whereas the radiation reactance can be expressed as
2wa
X, = pocSX1 | —
¢

The details of the behavior of the functions R, and X, are presented in Fig. 1.23.

ELECTRICAL SPEAKER MECHANICAL BOX RADIATION

EBI
Re+ jolLg

FIGURE 1.22 Overall equivalent circuit of a loudspeaker.
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FIGURE 1.23  Piston impedance functions: (a) resistance function, (b) reactance function.

From Fig. 1.23, R at low frequencies has a parabolic dependence on the frequency and, thus, grows as
the square of the frequency, whereas at low frequencies X; has a linear dependence on the frequency. At
high frequencies R; becomes constant at a value of 1, whereas X, slowly approaches 0. As a consequence,
regardless of the frequency, both R, = pocSR; and X, = pocSX; will have a magnitude of pycS or very
much lower.

1.3.5 Radiated Power

The model that has been developed can now usefully be employed to calculate the acoustical power ra-
diated by the loudspeaker over a wide range of frequencies. The average radiated acoustical power can be
expressed as

P = EufnR,
where
P = average power, W
u,, = velocity amplitude, m/s
R, = radiation resistance, kgm/s

An examination will be made at very low frequencies, at the system low-frequency resonance frequency
where the net series reactance becomes zero, at intermediate frequencies above resonance, and at high
frequencies. For these frequencies the general model of Fig. 1.22 can be specialized into four cases as
shown in Fig. 1.24. For very low frequencies, typically 20 Hz or less, the dominating series impedance is
that associated with the combined stiffness of the suspension and the air in the sealed box. This presents an
overall mechanical impedance whose magnitude is (K + K})/w, thus the velocity, which is proportional
to the reciprocal of this quantity, increases directly as the frequency increases. The radiated power, however,
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FIGURE 1.24 Specialized classes of the general model: (a) very low frequencies, (b) low frequency system resonance,
(c) intermediate frequencies above resonance, (d) high frequency.

depends on the product of the velocity squared with the radiation resistance. The radiation resistance itself
grows as the square of the frequency in this frequency range and, hence, the radiated power increases
with the fourth power of the frequency or 12 dB per octave. In the Fig. 1.24(b) the operating frequency
is such that the positive reactances of the moving mass and that contributed by radiation reactance are
just annulled by the negative reactances of the suspension and the air in the box. For the typical values in
Table 1.1 this occurs at about 70 Hz. The Fig. 1.24(c) describes a broad frequency range above resonance
where the mass and radiation reactances dominate the circuit behavior. Both of these reactances are
increasing linearly with frequency and, hence, the cone velocity decreases inversely with the frequency.
The radiation resistance still increases as the square of the frequency in this range and, hence, the product
u2 R, will be a constant independent of frequency, as consequently will be the radiated power. This range
extends from just above the resonance frequency to a few thousand hertz, that is, more for small pistons
and less for large ones. Finally, in the high-frequency range of the Fig. 1.24(d), the radiation resistance has
become the constant poc S while the output of the force generator falls inversely with the frequency and
the mass reactance increases directly with the frequency. As a consequence, the velocity decreases as the
square of the frequency and the radiated power falls as the fourth power of the frequency or —12 dB per
octave. These results are shown in Fig. 1.25. In Fig. 1.25 the ordinate has been taken as 10 dB log P/Ppid,
where P4 is the power radiated at the midband of the device.
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FIGURE 1.25 Loudspeaker power response by circuit analysis.
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1.3.6 Acoustic Impedance

In the analysis of the purely acoustic parts of electromechanical acoustic systems the product of velocity
with area is a commonly encountered quantity. This product uS = U is termed the volume velocity
and its dimensions are in cubic meter per second. The acoustic variable of principal interest is acoustic
pressure and, hence, acoustic impedance is defined to be the complex ratio of acoustic pressure to volume
velocity. An acoustic ohm, therefore, has the dimensions kgm/(m* sec). The circuit of Fig. 1.22 in which
the impedances are expressed in mechanical ohms and the generator is a force generator could as well
have been described as employing a pressure generator with all impedances expressed in acoustic ohm
equivalents. The value given in the figure for the generator simply needs to be divided by the piston area
S whereas all of the impedance magnitudes given in the figure are to be divided by S? to accomplish the
conversion to acoustic ohms.

1.3.7 Circuit Duals and Mobility Models

Two networks or circuits are termed duals if the loop equations of the one have the same mathematical
form as the node equations of the other. In the electrical case, in going from a given circuit to its dual, series
connections are replaced by parallel connections, resistance by conductance, inductance by capacitance,
voltage by current, impedance by admittance, and voltage source by current source. Duality also applies to
analogous circuit models because the basis for the construction of the circuit model is the mathematical
form of the governing equation of the physical system being represented by the model in analogous
form.

The mechanical and acoustic parts of the loudspeaker circuit of Fig. 1.22 can be represented by its
dual as displayed in Fig. 1.26(a). In this circuit the applied force Bli flows in the circuit and the piston
velocity u appears across the circuit. The complex ratio of the piston velocity to the applied force is the
mechanical admittance or mobility, which is just the reciprocal of the former mechanical impedance, as

Bli
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FIGURE 1.26 Mechanical and acoustical parts of the loudspeaker: (a) representation by dual, (b) addition of an ideal
transformer, (c) incorporation of electrical aspects.

Copyright 2005 by Taylor & Francis Group



Fundamental Electrical Theory 29

will be shown shortly. It should be observed that all former inductors have been replaced by capacitors,
all former capacitors by inductors, and all former resistances by conductances of equal value, that is, G,
is R,,, etc.

In Fig. 1.26(a) the flow in each element is the quantity applied across the element multiplied by the
admittance of the element. Hence, the total flow Bli is given by

. . jK Ky .
Bli=u|Gy+ joM—|— | —|— |+ G, + joM,
15} w

When the appropriate values are substituted for G,, and G, and when K, and M, are replaced by the
identifications given earlier, this equation becomes

. 2wa . 2wa K poc?S?
Bli=u{ Ry + pocSRy| — | +j|oM+ pcSXy| — | — — —
c c w Vow

which when solved for u yields the former equation of motion (1.1) from which

u 1

Bli 7,

The advantage of this approach becomes apparent on examining Fig. 1.26(b) and Fig. 1.26(c). In
Fig. 1.26(b) ahypothetical ideal transformer has been added thathas a turns ratio of BI : 1. With asecondary
current of Bli, the primary current of such a transformer will be the secondary current divided by the turns
ratio or
Bli
371 =1
This allows the natural incorporation of the purely electrical aspects of the loudspeaker system, as shown
in Fig. 1.26(c). In Fig. 1.26(c) the voltage generator of emf E supplies the normal actual voice coil current .
The electrical impedance as viewed from the vantage point of this generator is the series combination of the
voice coil impedance, R, + jwL,, with the impedance presented by the primary of the ideal transformer.
This latter impedance is the square of the turns ratio multiplied by the impedance connected to the
secondary of the transformer. This product is

(BI)?
Zp

Therefore, the electrical generator sees a total electrical impedance given by

BI)?
Ze:Re—}—ja)Le—l—( )

m

Recall from Fig. 1.21, Equation (1.3) and from the original equation of motion, Equation (1.2). When u
is eliminated from these two equations, i is found to be

E

(B1)?
Zm

R, + joL, +

The conclusion to be drawn is that the models of Fig. 1.22, as well as Fig. 1.26(c), both accurately de-
scribe the physical loudspeaker system, though in different terms. The choice of which model to employ
in a given situation is really a matter of preference as they both yield the same results. Scientists with
electrical backgrounds will probably prefer that of Fig. 1.26(c), however, as the terminology is more
familiar.

Copyright 2005 by Taylor & Francis Group



30 Electronics Handbook

Defining Terms

Acoustic impedance: The complex ratio of acoustic pressure to volume velocity.
Acoustic pressure: The pressure variation above or below static atmospheric pressure.
Mechanical impedance: The complex ratio of applied force to resulting velocity.
Mechanical mobility: The complex ratio of velocity to applied force.

Volume velocity: The product of surface area with surface velocity.
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1.4 Thermal Noise and Other Circuit Noise

Barry G. Douglass
1.4.1 Introduction

All electronic circuits are affected by many factors, which cause their performance to be degraded from
the ideal assumed in simple component models, in ways that can be controlled but not eliminated entirely.
One limitation is the failure of the model to properly account for the real behavior of the components,
either due to the oversimplified model description or variations in manufacture. Usually by careful design
the engineer can work around the limitations of the model and produce a circuit the operation of which
is very close to predictions. One source of performance degradation, which cannot be easily overcome,
however, is called noise. When vacuum tubes first came into use in the early part of the 20th century, they
were extensively used in radios as signal amplifiers and for other related signal conditioning functions.
Thus, the measure of performance that was of greatest importance to electronic circuit designers was the
quality of the sound produced at the radio speaker. It was immediately noticed that the sound coming
from speakers not only consisted of the transmitted signal but also of popping, crackling, and hissing
noises, which seemed to have no pattern and were distinctly different than the sounds that resulted from
other interfering signal sources such as other radio stations using neighboring frequencies. This patternless
or random signal was immediately labeled noise. This has become the standard term for signals that are
random and that are combined with the circuit signal to affect the overall performance of the system.

As electronic engineers worked to discover the sources of this new phenomenon, they realized that
part of it seems to come from the airwaves, in other words, it is part of the signal arriving at the receiver
antenna, and part of it seems to be created internally by the circuit itself. The first type of internally
generated noise to be detected is called thermal noise. This was discovered in vacuum tube triodes which
were being used as signal amplifiers. Vacuum tube triodes have three filaments or plates in a single glass
vacuum tube similar to a light bulb, and one of these filaments is purposely heated to a high temperature
(several thousand degrees Fahrenheit) by passing a current through it just like the filament in a light
bulb. This is necessary for proper conduction of electrons from the heated surface to either of the other
two plates in the tube. In studying the noise problem, engineers discovered that as the element is heated,
the noise level increases, even though the level of the incoming signal (the one being amplified) does
not. If the noise were part of the incoming signal, it could only change as the amplified signal changed;
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therefore, it must be created by the circuit itself. Since it is dependent on temperature, it is called thermal
noise.

As the study of noise has progressed engineers have come to realize that there are many sources of noise
in circuits, and not all of these are temperature dependent. The term thermal noise has come to mean
any source of noise generated within a circuit that depends on temperature. More recently as digital logic
circuits have acquired great importance in a wide variety of circuit applications, many of them well beyond
the traditional field of data processing computers, some new manifestations of the noise phenomenon
have appeared. In analyzing digital circuits it is often common to talk about error as opposed to noise.
The distinction between error and noise is one of perspective. Traditional computer applications involve
a large amount of processing of electronically stored data, with a very high standard of accuracy required
in the results. Just as in other circuits occasional failures in the circuits occur; these being neither due to
damage to the components, nor due to poor circuit design, but rather to the presence of noise in the circuit.
Since a very high degree of accuracy is both required and achieved in computers, individual instances of
error are notable and various techniques to detect and correct for such errors have been developed. Indeed,
one of the reasons computerized circuits are coming into greater use in applications where other circuits
have previously been used is the fact that these error correction techniques, which can only be practically
implemented in digital logic systems, have become so sophisticated as to allow a much higher level of
circuit performance in the presence of noise than is possible with other circuits.

In the following sections, we will study each type of internally generated noise in circuits and see how
this noise impacts the performance of both digital and other (analog) circuits. Much of the analysis of noise
is equally applicable to noise that originates before the input to a circuit; however, we are only interested
here in noise that originates within a circuit and the way in which various circuit components alter the
noise as it passes through the system.

1.4.2 Thermal Noise

By definition thermal noise is internally generated noise, which is temperature-dependent. Although first
observed in vacuum tube devices because their amplifying capabilities tend to bring out thermal noise,
it is also observed in semiconductor devices. It is a phenomenon due to the ohmic resistance of devices,
which dissipate the energy lost in them as heat. Heat consists of random motion of molecules, which are
more energetic as temperature increases. Since the motion is random, it is to be expected that as electrons
pass through the ohmic device incurring resistance, there should be some random deviations in the rate
of energy loss. This fluctuation has the effect of causing variation in the resulting current, which is noise.
As the temperature of the device increases, the random motion of the molecules increases, and so does
the corresponding noise level; therefore, it is known as thermal noise. In semiconductor diodes, bipolar
junction transistors (BJTs), and field effect transistors (FETs), this noise is evident whenever the device is
turned on and conducting current. Note that these devices also have their noiseless performance dependent
on temperature; noise is strictly due to the variance in the current, which occurs at any given temperature.

From quantum mechanics it is found that an ohmic resistance R operating at absolute temperature T
(in degrees kelvin) has a noise power spectral density G( f) (in volts squared per hertz), which can be
expressed as a function of frequency f (in hertz) as

2Rhf
G(f) = KT 1 (1.4)

where e is the Euler number, k is Boltzmann’s constant = 1.37 x 10723 J/K, h is Planck’s constant
= 6.62 x 107%*Js. If room temperature, 295 K, is inserted for the operating temperature in Equation (1.4),
it is found that until the infrared frequency range, which is well beyond the operating capacity of ordinary
electronic circuit components, the noise power G( f) remains nearly independent of frequency and can
be adequately approximated as

G(f) = 2RkT (1.5)
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Note that G( f) has units of volts squared per hertz. When delivered at a matched load with resistance R,
the available noise power spectral density G, ( f) becomes

2RKT kT

G“(f)zﬂ EY (1.6)

This noise power spectral density expressed in Equation (1.5) and Equation (1.6) increases linearly with
absolute temperature, and is independent of frequency. By solving Equation (1.6) for the temperature T,
it is possible to determine it from the available noise spectral density. This can be extended to define a
noise temperature Ty for any source of white noise, even nonthermal noise, in order to allow convenient
calculations

2G4 (f)

Iy = =7

(1.7)

This noise temperature may not correspond to any physical temperature, since a source of nonthermal
white noise may produce far more white noise than would correspond to the thermal noise at its actual
operating temperature. The fact that Equation (1.6) and Equation (1.7) are independent of resistance
makes them easily extendable to transistors and diodes, which have varying resistances depending on the
current they carry. Since source and load devices would be carrying the same current the formulas can be
applied.

1.4.3 Shot Noise

Semiconductor devices display a type of noise that is temperature independent and is due to the fact
that the current carrying mechanizm involves randomly distributed doping impurities creating either
excess electrons or positive charge-carrying holes in the n-doped or p-doped semiconductor. Because of
the random distribution of the impurities, and even more because of the random way in which the carriers
are swept across a p-n junction and then recombine, there is a variance in the operation of the junctions,
which is called shot noise. It is similar to thermal white noise except that it is independent of temperature,
and tends to fall off at frequencies above 1/¢, which is the reciprocal of the charge carrier lifetime ¢
before recombining. Bipolar junction transistors and diodes tend to produce this kind of noise because
of the fact that both devices have active p-n junctions while carrying current. In contrast, field effect
transistors, which have either alternating p-n- p regions or n- p-n regions, are activated by converting the
middle region between the two junctions from # to p or p to n by adding charge through a capacitor plate
next to the region. In this way the junctions dis-
appear and the random recombination does not
take place; thus, FETs are relatively immune to shot NOISE POWER
noise.

In low-frequency applications, typically below
a few kilohertz, some transistors exhibit so-called FREQUENCY DEPENDENT NOISE
burst noise and flicker noise, which tend to fall off [T .
quickly with increasing frequency. These are not k
significant in applications above a few kilohertz, =~ fr========smmmmmmmmmeoes Srmmmmmmme
whereas at very high frequencies, transmission line ‘.
effects and capacitive coupling noise begins to be- .
come very significant, especially in digital logic | ~~~~ Tmeee
circuits, as will be discussed subsequently. The re- FREQUENCY
lationship between white noise and frequency-
dependent burst and flicker noise is illustrated in ~ FIGURE 1.27 A plot of signal power against frequency
Fig. 1.27. for white noise and frequency limited noise.
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FIGURE 1.28 A block diagram modeling how noise is introduced to a signal during amplification.

1.4.4 Noise in Systems of Cascaded Stages

The noise level produced by thermal noise sources is not necessarily large; however, since source signal
power may also be low it is usually necessary to amplify the source signal. Since noise is combined with the
source signal, and both are then amplified, with more noise added at each successive stage of amplification,
noise can become a very noticeable phenomenon. Consider a system as illustrated in Fig. 1.28, having a
source signal power S, with source noise power spectral density #n,( f) = kT; as input to an amplifier
with gain g (the ratio of the amplified output to the input), and internal amplifier noise spectral density
n;(f), operating over frequency bandwidth B. The effective noise temperature T, of the amplifier is
given as

1 o0

= %5 /, ni(f)df (1.8)

e
Thus, the output noise power is
N, = gkB(T; + T,) (1.9)

Now an amplifier with gain g and input signal power S; will produce an output signal power S, = gS;.
Hence, the output signal-to-noise ratio will be

S S
== (1.10)
N, kB(TL+T.)
The signal-to-noise ratio of the source within the same bandwidth is
Ss Ss
— = 1.11
N~ kBT, (1.11)

The noise factor nyp is defined as the ratio of the source signal-to-noise ratio divided by the output
signal-to-noise ratio, when the source noise temperature is set to ambient temperature Ty. Combining
Equation (1.10) and Equation (1.11) we get

T,
0

or

T. = To(np — 1) (1.13)

Figure 1.29 illustrates a system of cascaded amplifier stages. In analog systems amplifiers with fixed
bandwidth are a good model for all of the components in a cascaded system of C stages, so the pre-
ceding analysis for a single filtering amplifier stage can be easily extended so that Equation (1.12) and
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FIGURE 1.29 A block diagram showing multiple stages of noisy components in a cascaded system.

Equation (1.13) become

T T
np=1+ — + — <
Ty s1To gc1Ty
npy — 1 npy; — 1
= np, + £2 4oy (1.14)
81 g1 8c-1
and
T T:
L=Ti+2+  +—— (1.15)
81 81 -8c—1

Equation (1.15), which is called Frii’s formula, combined with Equation (1.6) allows calculation of the
internally generated noise power at the output to a system of cascaded stages. Note that this analysis applies
only to analog systems; digital systems do not pass noise from one stage to the next in the same way as
analog circuits. Typical values of effective noise temperature T, in amplifiers range from 400 K up to 2000 K
in integrated circuit amplifiers.

1.4.5 Noise-Induced Error in Digital Circuits

As described in the Introduction, digital logic circuits respond differently from analog circuits to the
presence of noise, since any noise signal that falls below the threshold necessary to alter a single discreet bit
of information to another (erroneous) discreet level will be completely rejected by the circuit. This provides
the possibility of extremely high noise immunity for digital logic circuits. Furthermore, the extraordinary
ease with which complex digital circuits can be constructed to perform a wide variety of functions has made
them increasingly popular replacements for analog systems. In applications where the inputs and outputs
of the system are to be analog, the digital logic circuits are preceded by an analog-to-digital converter
(ADC) and followed by a digital-to-analog converter (DAC). The ADC encodes the analog signal values
(usually voltage) as binary numbers and the DAC uses the binary numerical outputs of the digital system
to create analog signal values.

To design complex circuits, which favor the digital approach, it is necessary to mount many extremely
small devices on a single semiconductor chip substrate. These devices are closely packed together and,
further, because of their size are extremely sensitive to small stray currents. Because of the dense packing
and the associated network of interlaced wires, the circuits are susceptible to crosstalk between the various
components. This crosstalk is primarily due to capacitive coupling between adjacent wires, since at the
dimensions of chip circuitry inductance is normally too small to be significant. At the board level inductive
coupling can be a problem; boards must be carefully designed so as to minimize the effects of inductance,
such as by providing a ground plane next to the wires. At the board level, as circuit switching speed increases
into the gigahertz range, the length of wires on boards approaches the wavelength of the electromagnetic
waves of the switching pulses (as a rule of thumb, an electromagnetic wave travels about 6 in/ns in a
wire, corresponding to a 1-GHz pulse duration). Therefore, line reflections from chip input terminations
and sharp bends in wire runs can cause false pulses to become a problem. Care in terminating wires and
rounding corners in wires is necessary to minimize this problem.

All of these concerns about capacitive coupling, inductive coupling, and transmission line effects can
be managed in order to ensure that they do not become a major problem in operating digital logic.
Nevertheless, their random nature, which results from the unpredictability of extremely complex systems,
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FIGURE 1.30 A depiction of a noisy input signal to a digital circuit and the noiseless equivalent input as interpreted
by the circuit.

means that it is never possible to guarantee that occasional errors due to these effects will not occur. These
effects, in addition to the random thermal and other noise associated with semiconductor devices, conspire
to create significant levels of noise at the inputs to logic circuit components. For this reason logic circuits
must have noise margins built into their operating characteristics. For binary systems, where there are two
logic levels, high and low, the devices have associated output voltages for each logiclevel or state. Vi is the
output voltage corresponding to a logic high state, and V| is the output voltage corresponding to a logic
low state. At the input to each device is a component that measures the voltage and determines whether
this is to be interpreted as a logic low input or a logic high input. The minimum voltage that is recognized
by the device as a logic high input is called V;, whereas V; is the maximum voltage recognized as a logic
low. These are depicted in Fig. 1.30. Obviously V;; < V; . For the region of voltage in between these two
voltages, that is to say if the input voltage V; is Vi < V; < V; g, then the circuit will behave erratically and
produce erroneous output values. It is said that in this region the logic value is indeterminate. The noise
margin high NMp and noise margin low N M| are determined as

NMy = Vou — Vin (1.16)
and
NMp =V, — Vor (1.17)

and the overall noise margin N M is the minimum of NMy and N M, since this will determine the noise
level where an error can occur. This noise margin allows a certain level of noise to exist on the inputs to
logic circuits without the noise affecting the correctness of the outputs of the devices, and so errors do
not occur. However, it is important to note that noise, because it is a random process, has a distribution
that because of the central limit theorem can be assumed, in general, to be Gaussian. Thus, regardless
of how large a noise margin is designed into a digital logic device, some noise will occasionally create
error; the noise margin can only be increased in order to reduce the error rate. Nevertheless, the fact that
a mechanism exists to reduce the level of noise passing through the system represents a powerful tool
for noise reduction, which is not available to the analog circuit designer. Note in Equation (1.9) that in
an analog amplifier the noise is passed to the output amplified along with the input signal. In a digital
logic circuit as long as the signal has a magnitude predictably larger than that of the noise, then it can be
separated from the noise by the choice of a noise margin.

We have seen that noise on the input to a logic circuit can create errors in the output of the device.
Individual errors may or may not be significant in a system, but given a continuous error rate passing to
the system output the impact on the overall system performance will be similar to an equivalent output
noise level in an analog system. The error rate (number of erroneous bits per unit time) as a fraction of
the data rate (total number of data bits per unit time) gives a good indication of the impact of errors in a
digital logic system.
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There is another significant way in which errors can crop up in digital systems, which is very sig-
nificant in systems that rely heavily on memory in processing information. When a large amount of
digital information is to be stored, the cost of the storage circuits becomes important and, therefore, a
choice is made to use the smallest, least expensive, and most densely compacted memory device available,
which is the dynamic random access memory (DRAM). In this memory digital information is stored as
a charge on a capacitor, by simply charging the capacitor to either one of the two logic voltages. Since
this offers a very space-efficient way of dealing with logic information it is also being used in some
more complex logic circuits, which are called dynamic logic circuits. Since the capacitors are accessed
through transistors, the preceding discussion about noise in logic devices applies here as well. In addi-
tion, however, very small capacitors can be discharged by a single strike from an energetic alpha particle,
which can originate externally to the system from cosmic rays and, also, which can occur naturally as
a small amount of radiation in packaging and even

the semiconductor substrate itself. Figure 1.31 illus- ALPHA PARTICLE

trates how an alpha particle can penetrate through a PATH

charged surface region on a silicon chip, which can \

be the bottom plate of a semiconductor capacitor, v K I j :
. ) » \ - CHARGEDA-REGION -_-/ /}

and by charging the substrate directly below the sur- | R K

face region can cause the capacitor to lose its charge *s.....DEPLETIONREGION ___. -

into the substrate. Since this discharging does not - : -

significantly damage the device, only causing loss Tl

of information, it is termed a soft error. Since this -

type of alpha particle occurs due to radioactivity in P DOPED SUBSTRATE

materials, care must be taken to use packaging with

a minimum amount of radioactive material. Nev-

ertheless, some radioactivity is unavoidable, and FIGURE1.31 A depiction of an alpha particle crossing
even with special techniques to avoid the effects of =~ a MOSFET circuit component into the chip substrate.
alpha particle impacts some soft errors will occur.

As stated previously, any single bit of information can be used repeatedly, having a large impact on
the overall error level in the system, and so the fact that such errors may be relatively uncommon can
nevertheless not be counted on to make such errors insignificant.

The solution to dealing with errors in digital logic systems after they have occurred is to employ error-
correcting coding techniques. Although the subject of error-correcting coding is well beyond the scope of
this chapter, it is worth pointing out that these techniques are extremely powerful in reducing the impact
of errors in overall system performance, and since they can be incorporated as software operations in
a digital processing unit, they lend themselves very well to digital logic implementation. The strategy in
error-correcting coding is to use extra information within the data stream to pin down errors by comparing
copies of the data, which should be consistent for inconsistencies due to error. If, for example, two identical
copies of a data stream become different, then one is in error. Note that if an error can be detected in
transmission, it may be possible to request a retransmission, or if the error location can be pinned down
exactly, then in a binary system an erroneous bit can be corrected since it can only have one other value
besides the incorrect one. The references contain further reading on the subject.

1.4.6 Noise in Mixed Signal Systems

In the previous section it was shown how a noisy input signal can affect a digital logic circuit to become
errors. Since in some applications the final output of an electronic circuit may be in digital form, these
errors may be of great importance in themselves. It is also common, however, as stated earlier, for electronic
systems to begin and end as analog circuits, but in between have digital logic subsections. Such a system
is called a mixed signal system, and noise is a concern both at the input to the system and at the output.
Noise at the input is converted into errors within the digital logic circuit; the data then picks up further
errors as it is processed within the digital logic circuits, and when the conversion from the digital to the
analog domain is finally made, these accumulated errors become noise once again at the digital logic
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circuit’s output. There are some mixed signal systems that combine digital and analog circuits on a single
semiconductor chip substrate, and these can produce crosstalk, which originates within the digital logic
circuits and creates noise within the analog circuit section. The most common of these are power supply
noise and ground bounce.

When analog and digital circuits are closely linked to common ground and power supplies, it is possible
to have temporary spikes occur in the power supply or even shifts in the grounding level through the chip
substrate due to large power draw during switching of the digital portion of the circuit. Digital circuits are
normally designed to switch in response to timing signals called clock pulses, and since the switching of
digital circuits is random there is a probability in many cases that a large portion of the components will
be switching state between high and low outputs, all in response to the same clock pulse. This can cause
sudden temporary drain on the power supply and disturb the grounding of the substrate, to the point
where neighboring analog components will pick up these disturbances as noise.

Further noise problems can occur due to errors in converting analog inputs into digital form. The
circuits that perform these functions, called quantizing, rely on a process of comparing the analog input
to a reference value created by the digital circuit and then converted back to analog. By such successive
comparisons the digital circuit determines which digital value most closely matches the analog input.
But digital-to-analog converters used in this process are subject to all of the noise problems of analog
circuits since they are themselves analog devices, and rely on resistive components, which have thermal
noise limitations; thus, the digital information necessarily enters the digital system with noise present.
The quantizer merely converts the noisy signal to binary numbers, including the noise values unless
they are below the quantizer precision. When the outputs are converted back to analog, they once again
are subjected to noise from the digital-to-analog converter, so more noise is introduced. This places a
limitation on the accuracy of digital-to-analog as well as analog-to-digital systems, and contributes to
the overall noise level of mixed signal systems. This is distinct from quantization error, which is caused
by the limited precision of the quantization process, which converts the continuous analog stream into
discrete levels of digitally represented signal strength. There is a connection between the two, in that
noise affects the accuracy of the digital-analog conversion processes and therefore dictates the highest
level of meaningful precision that can be obtained, thereby establishing the number of digital data bits
that will be used and the precision of the quantizer. Once the digital data is converted back to analog
form, the quantization error becomes quantization noise, since the noise level cannot be less than the
precision of the quantized data stream from which the analog output is generated. The total quanti-
zation noise level is determined as the greater of the quantized data precision and the inaccuracy due
to the noise level occurring at the quantizer. Since there is no benefit in using quantization which is
more precise than accurate, in general the quantization noise is determined by the quantizing preci-
sion. Thus, quantization noise is the noise level which equals the limit of precision of the digital data
representation.

Determining the error rate of an individual digital circuit component can be straightforward once
the noise distribution and noise margin of the component are known. The error probability for each
input value is taken from the distribution of noise that exceeds the noise margin. Computing the effect of
individual errors in a complex digital system on the overall output error rate is extremely difficult and can
be intractable, so that designers normally rely on general estimates based on experience and testing. This
results in a paradox that although digital systems offer unique capability to reduce the effect of noise in
degrading the performance of electronic systems, one of their weakest points is the extreme difficulty of
properly characterizing the level of noise.

1.4.7 Conclusions

This chapter has dealt exclusively with internally generated noise and its effects on electronic circuits,
both digital and analog. This covers a large portion of the sources of circuit noise, though another equally
important source is external natural phenomena such as cosmic rays, the solar wind, and lightning dis-
charges. Fortunately the methods for analyzing the effects of these noise sources on the operation of
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circuits is largely the same as for internal noise, once the extent of these sources has been characterized.
To some degree all electronic circuits can be viewed as open systems with the environment forming either
an integral part of the system as in the case of radio communication systems, or a peripheral influence in
the case of nominally closed systems such as embedded controllers.

The treatment of the very important and extensive field of noise in electronic circuits has necessarily been
introductory, and readers are urged to consult the suggestions for further reading to fill in the gaps left by
this chapter. The areas of error-correcting coding and optical data transmission, while highly specialized,
are fast increasing in importance, and they present their own unique challenges. Readers interested in
acquiring a greater understanding of noise in the field of communications systems are urged to follow
developments in these important areas.

Defining Terms

Alpha particle noise: This type of noise occurs exclusively in small semiconductor capacitors, when an
energetic alpha particle, either from cosmic rays or from the packaging or substrate itself, traverses
the capacitor, discharging it, thereby creating an error in the stored charge. Such an accumulation
of errors in a digital system has the effect of creating a noise signal.

Analog circuits: These are circuits that process the input signal as a continuous range of values from
some minimum to some maximum extremes. Active components (those with their own power
source) in such circuits usually are used to amplify input signals without altering their shape (i.e.,
linear amplification). Thus noise at the input is faithfully reproduced at the output except amplified.
Other components in analog circuits, usually involving capacitors and inductors, are used to filter
out unwanted frequency ranges.

Capacitive coupling noise: In digital systems most circuit components consist of very small elements,
which are very sensitive to correspondingly small voltage and current pulses such as those caused by
crosstalk between neighboring wires, which are capacitively coupled. Although this can be regarded
as a type of interference, typically the larger number of crisscrossing wires in a large system, in
conjunction with independence of the various signals on the lines, results in a completely unpre-
dictable crosstalk having all the characteristics of noise. It is generated internally within the circuit
and is temperature independent. Analog circuits suffer much less from this type of noise because
each component is normally handling much larger signals, and so small capacitive couplings are
relatively insignificant.

Digital circuits: These are circuits that only allow a limited number of fixed signal levels at their inputs to
be recognized as valid, and produce the same fixed signal levels at their outputs. The most common
of these by far are binary circuits, which allow only two levels, such as a high voltage (e.g., 5 V) and
a low voltage (e.g., 0 V). All other voltages are truncated to the nearest valid voltage level. Thus,
noise at an input will be suppressed unless it is sufficient to move the signal from one valid level to
another.

Error: A single error refers to a single event of a degraded signal propagating through a digital circuit
as an incorrect voltage level. The collective noun error is sometimes used to refer to a pattern of
repeated errors occurring in a digital circuit, in much the same way as noise occurs.

Ground bounce noise: Groundbounce occurs when alarge number of semiconductor circuit components
are mounted on a common semiconductor chip substrate, so that they are imperfectly insulated
from each other. In normal operation the substrate should act as an insulator; however, during
certain unusual fluctuations in signal levels the system power and ground connections can experi-
ence fluctuations, which affect the performance of each component in a random way that has the
characteristics of noise, much like capacitive coupling.

Interference: This is the name given to any predictable, periodic signal that occurs in an electronic circuit
in addition to the signal that the circuit is designed to process. This is distinguished from a noise
signal by the fact that it occupies a relatively small frequency range, and since it is predictable it
can often be filtered out. Usually interference comes from another electronic system such as an
interfering radio source.
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Noise: This is the name given to any random (i.e., without pattern) signal that occurs in an electronic
circuit in addition to the signal that the circuit is designed to process.

Noise margin: In digital circuits this is the difference between the nominal noiseless signal value for a
given allowable level and the threshold signal value, which will just barely be distinguishable from
the next allowable signal level. For example, a typical MOSFET transistor-based logic device might
have a nominal input voltage of 4.5 V for a logic high value, and a 3.5 V minimum voltage, which
is still recognized as a logic high. Thus the logic high noise marginis 4.5 —3.5=1V.

Quantization noise: This is a type of noise that occurs when an analog signal is converted into digital form
by measuring and encoding the range of analog input signal values as a set of numbers, usually in
the binary system, for manipulation in digital circuits, possibly followed by reconversion to analog
form. Quantization noise is an example of how noise such as thermal noise can become part of a
digital signal.

Shot noise: This is a type of circuit noise, which is not temperature dependent, and which is not white
noise in the sense that it tends to diminish at higher frequencies. This usually occurs in components
whose operation depends on a mean particle residence time for the active electrons within the
device. The cutoff frequency above which noise disappears is closely related to the inverse of this
characteristic particle residence time. It is called shot noise because in a radio it can make a sound
similar to buckshot hitting a drum, as opposed to white noise, which tends to sound more like
hissing (due to the higher-frequency content).

Thermal noise: This is any noise that is generated within a circuit and that is temperature dependent.
It usually is due to the influence of temperature directly on the operating characteristics of circuit
components, which because of the random motion of molecules as a result of temperature, in turn
creates a random fluctuation of the signal being processed.

White noise: This is noise that has its energy evenly distributed over the entire frequency spectrum, within
the frequency range of interest (typically below frequencies in the infrared range). Because noise
is totally random it may seem inappropriate to refer to its frequency range, it is not really periodic
in the ordinary sense. Nevertheless, by examining an oscilloscope trace for white noise, one can
verify that every trace is different, as the noise never repeats itself, and yet each trace looks the same.
Similarly, a television set, which is tuned to a dead frequency, displays never-ending snow, which
always looks the same, yet clearly is always changing. There is a strong theoretical foundation to
represent the frequency content of such signals as covering the frequency spectrum evenly. In this
way the impact on other periodic signals can be analyzed. The term white noise arises from the fact
that, similar to white light which has equal amounts of all light frequencies, white noise has equal
amounts of noise at all frequencies within circuit operating ranges.
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Further Information

Readers who wish to study the subject of circuit noise in more depth will find excellent coverage of this exten-
sive topic in Buckingham: Noise in Electronic Devices and Systems and Engberg and Larsen: Noise Theory of
Linear and Non-Linear Circuits, including thorough discussions of thermal noise, shot noise, and other types
of internal noise. For in-depth discussions of methods for designing circuits to reduce the effects of noise
readers are referred to Motchenbacher and Connelly: Low Noise Electronic Systems Design and Mardiguian:
Controlling Radiated Emissions by Design. Readers who are interested in exploring methods for measuring
noise in circuits should consult Smith: High Frequency Measurement and Noise in Electronic Circuits. For a
thorough discussion of circuit noise in the newest form of electronic circuit components, namely, digital
optical devices and circuits, readers are directed to Jacobsen: Noise in Digital Optical Transmission Systems. A
very complete (though technically advanced) introduction to the extensive field of error correcting coding
theory is found in Rhee: Error Correcting Coding Theory. Readers who are just interested in a text that cov-
ers the field of communications theory, including the study of noise, should consult Shwartz: Information
Transmission, Modulation, and Noise: A Unified Approach to Communications Systems or Carlson: Commu-
nication Systems, An Introduction to Signals and Noise in Electrical Communication. For descriptions of noise
sources in digital circuits including alpha particle noise, capacitive coupling crosstalk, and other digital
effects, readers are directed to Weste and Eshraghian: Principles of CMOS VLSI Design, A Systems Perspec-
tive, Fabricius: Introduction to VLSI Design, Bakoglu: Circuits, Interconnections, and Packaging for VLSI,
and Glasser and Doberpuhl: The Design and Analysis of VLSI Circuits. Recent developments in the study
of noise and errors are reported in the IEEE Journal of Solid State Circuits and the IEEE Transactions on
Communications, both published through the Institute of Electrical and Electronic Engineers (IEEE).

1.5 Logic Concepts and Design

George I. Cohn
1.5.1 Introduction

Digital logic deals with the representation, transmission, manipulation, and storage of digital information.
A digital quantity has only certain discrete values in contrast with an analog quantity, which can have any
value in an allowed continuum. The enormous advantage digital has over analog is its immunity to
degradation by noise, if that noise does not exceed a tolerance threshold.

1.5.2 Digital Information Representation

Information can be characterized as qualitative or quantiative. Quantitative information requires a number
system for its representation. Qualitative does not. In either case, however, digitalized information is
represented by a finite set of different characters. Each character is a discrete quanta of information. The
set of characters used constitutes the alphabet.

1.5.3 Number Systems

Quantitative information is represented by a number system. A character that represents quantitative infor-
mation is called a digit. The number of different values which a digit may have is called the radix, designated
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TABLE 1.3 Notation for Numbers

Juxtaposition Polynomial
n—1
Integer N=N,_Nys--- N Np N= Z N R
k=0
—1
Fraction F=-F F_y - FopmirFom F= Z Fy R
k=—m
n—1
Real X = Xpo1Xnz - X1 Xo - X1 X2 Xmp1 X X = Z X, R
k=—m

by R. The symbols that designate the different values a digit can have are called numeric characters. The most
conventionally used numeric charactersare0, 1,2,. . ., etc., with O representing the smallest value. The largest
value that a digit may have in a number system is the reduced radix, r = R — 1. Different radix values char-
acterize different number systems: with R different numeric character values the number system is Rnary,
with 2 it is binary, with 3 it is ternary, with 8 it is octal, with 10 it is decimal, and with 16 it is hexadecimal.

Any value that can be expressed solely in terms of digits is an integer. A negative integer is any integer ob-
tained by subtracting a positive integer from a smaller integer. Any number obtained by dividing a number
byalarger numberis a fraction. A number that has both an integer part and a fraction part is a realnumber.

All of the digits in a number system have the same radix. The radix is the base of the number system.
Presumably, the possession of 10 fingers has made the decimal number system the most convenient for
humans to use. The characters representing the 10 values a decimal digit can have are: 0, 1, 2, 3,4, 5,6, 7, 8,
and 9. The binary number system is most natural for digital electronic systems because a desired reliability
for a system can be most economically achieved using elements with two stable states. The characters
normally used to represent the two values a binary digit may have are 0 and 1. The hexadecimal number
system (0,1,2,3,4,5,6,7,8,9, A, B,C, D, E,and F; R = 16) is of importance because it shortens by a factor
offour the string of digits representing the binary information stored and manipulated in digital computers.

1.5.4 Number Representation

Numbers that require more than one digit can be represented in different formats, as shown in Table 1.3.
Different formats facilitate execution of different procedures. Arithmetic is most conveniently done with
the juxtaposition format. Theoretical developments are facilitated by the polynomial format.

1.5.5 Arithmetic

The most common arithmetic processes, addition, subtraction, multiplication, and division are conve-
niently implemented using juxtaposition notation. Development of formulation procedure is facilitated
using the polynomial notation. Since the numbers are digital representations, the logic used to maniputate
the numbers is digital logic. However, this is different than the logic of boolean algebra, which is what is
usually meant by the term digital logic. The logic of the former is implemented in hardware by using the
logic of the latter. The four basic arithmetic operations can be represented as functional procedures in
equation form or in arithmetic manipulation form, as shown in Table 1.4.

The arithmetic processes in the binary system are based on the binary addition and multiplication tables
given in Table 1.5.

Table 1.6 gives binary examples for each of the basic arithmetic operations.

1.5.6 Number Conversion from One Base to Another

The method of using series polynomial expansions for converting numbers from one base to another is
illustrated in Table 1.7.
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TABLE 1.4  Arithmetic Operations

Algebraic Form Arithmetic Form

Augend
Addition Sum = Augend + Addend + Addend
Sum
Minuend
Subtraction Difference = Minuend — Subtrahend — Subtrahend
Difference
Multiplicand
x Multiplier

Multiplication Product = Multiplicand x Multiplier
Product

Quotient Remainder

Division Dividend/Divisor = Quotient —
+ Remainder/Divisor Divisor |Dividend

TABLE 1.5 Single Digit Binary Arithmetic Tables

(a) Addition (b) Multiplication
0 1 0 1

oo 1 o0 0

1)1 10 1o 1

TABLE 1.6  Binary Arithmetic Operation Examples

Addition: Mult