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Preface

The hallmark of the CRC Press “Electronics Engineering Series” of books is their
depth of coverage on targeted subjects. Even the more general-interest publication of
the series—The Electronics Handbook—covers the entire realm of electronics in ex-
ceptional detail.

This book is a departure from those that have gone before it. The Resource Hand-
book of Electronics is intended to provide quick access to basic information, mostly
through figures and tables. For each of the 20-plus chapters, a broad-brush overview is
given, followed in most cases by extensive tabular data. The Resource Handbook of
Electronics is intended for readers who need specific data at their fingertips, accessible
in a convenient format.

This book is intended for engineers, technicians, operators, and technical managers
involved in the specification, design, installation, operation, maintenance, and man-
agement of electronics facilities. The book is designed to be a hands-on pocket guide
that holds solutions to specific problems. In this regard, it is a companion publication to
The Electronics Handbook and the other books in the series. For readers who need ex-
tensive background on a given subject, The Electronics Handbook and its related works
provide the necessary level of detail. For readers who need a broad overview of the sub-
ject and essential data relating to it, The Resource Handbook of Electronics is the ideal
publication.

This book is organized in a logical sequence that begins with fundamental electrical
properties and builds to higher levels of sophistication from one chapter to the next.
Chapters are devoted to all of the most common components and devices, in addition to
higher-level applications of those components.

Among the extensive data contained in The Resource Handbook of Electronics are

« Frequency assignments—A complete and up-to-date listing of frequencies used
by various services in the U.S. and elsewhere

 Glossary of terms—An extensive dictionary of electronic terms, including ab-
breviations and acronyms

« Conversion factors—Detailed tables covering all types of conversion require-
ments in the field of electronics

The Resource Handbook of Electronics is the most detailed publication of its kind. I
trust you will find it useful on the job, day in and day out.

Jerry C. Whitaker
Morgan Hill, California
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For updated information on this and other engineering books, visit the author’s
Internet site
www.technicalpress.com
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Chapter

Fundamental Electrical Properties

1.1 Introduction

The atomic theory of matter specifies that each of the many chemical elements is
composed of unique and identifiable particles called atoms. In ancient times only 10
were known in their pure, uncombined form; these were carbon, sulfur, copper, anti-
mony, iron, tin, gold, silver, mercury, and lead. Of the several hundred now identified,
less than 50 are found in an uncombined, or chemically free, form on earth.

Each atom consists of a compact nucleus of positively and negatively charged parti-
cles (protons and electrons, respectively). Additional electrons travel in well-defined
orbits around the nucleus. The electron orbits are grouped in regions called skells, and
the number of electrons in each orbit increases with the increase in orbit diameter in ac-
cordance with quantum-theory laws of physics. The diameter of the outer orbiting path
of electrons in an atom is in the order of one-millionth (10 ‘) millimeter, and the nu-
cleus, one-millionth of that. These typical figures emphasize the minute size of the
atom.

1.2 Electrical Fundamentals

The nucleus and the free electrons for an iron atom are shown in the schematic dia-
gram in Figure 1.1. Note that the electrons are spinning in different directions. This
rotation creates a magnetic field surrounding each electron. If the number of electrons
with positive spins is equal to the number with negative spins, then the net field is
zero and the atom exhibits no magnetic field.

In the diagram, although the electrons in the first, second, and fourth shells balance
each other, in the third shell five electrons have clockwise positive spins, and one a
counterclockwise negative spin, which gives the iron atom in this particular electron
configuration a cumulative magnetic effect.

The parallel alignment of the electron spins over regions, known as domains, con-
taining a large number of atoms. When a magnetic material is in a demagnetized state,
the direction of magnetization in the domain is in a random order. Magnetization by an
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2" shell 3" shell 4™ shell

external field takes place by a change or displacement in the isolation of the domains,
with the result that a large number of the atoms are aligned with their charged electrons
in parallel.

1% shell

Electron spins
on its own axis

—

Electron
orbit

Figure 1.1 Schematic of the iron (Fe) atom.

1.2.1 Conductors and Insulators

In some elements, such as copper, the electrons in the outer shells of the atom are so
weakly bound to the nucleus that they can be released by a small electrical force, or
voltage. A voltage applied between two points on a length of a metallic conductor
produces the flow of an electric current, and an electric field is established around the
conductor. The conductivity is a constant for each metal that is unaffected by the cur-
rent through or the intensity of any external electric field.

In some nonmetallic materials, the free electrons are so tightly bound by forces in
the atom that, upon the application of an external voltage, they will not separate from
their atom except by an electrical force strong enough to destroy the insulating proper-
ties of the material. However, the charges will realign within the structure of their atom.
This condition occurs in the insulating material (dielectric) of a capacitor when a volt-
age is applied to the two conductors encasing the dielectric.

Semiconductors are electronic conducting materials wherein the conductivity is de-
pendent primarily upon impurities in the material. In addition to negative mobile
charges of electrons, positive mobile charges are present. These positive charges are
called holes because each exists as an absence of electrons. Holes (+) and electrons (),
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because they are oppositely charged, move in opposite directions in an electric field.
The conductivity of semiconductors is highly sensitive to, and increases with, tempera-
ture.

1.2.2 Direct Current (dc)

Direct current is defined as a unidirectional current in which there are no significant
changes in the current flow. In practice, the term frequently is used to identify a volt-
age source, in which case variations in the load can result in fluctuations in the current
but not in the direction.

Direct current was used in the first systems to distribute electricity for household
and industrial power. For safety reasons, and the voltage requirements of lamps and
motors, distribution was at the low nominal voltage of 110. The losses in distribution
circuits at this voltage seriously restricted the length of transmission lines and the size
of the areas that could be covered. Consequently, only a relatively small area could be
served by a single generating plant. It was not until the development of alternating-cur-
rent systems and the voltage transformer that it was feasible to transport high levels of
power at relatively low current over long distances for subsequent low-voltage distribu-
tion to consumers.

1.2.3 Alternating Current (ac)

Alternating current is defined as a current that reverses direction at a periodic rate.
The average value of alternating current over a period of one cycle is equal to zero.
The effective value of an alternating current in the supply of energy is measured in
terms of the root mean square (rms) value. The rms is the square root of the square of
all the values, positive and negative, during a complete cycle, usually a sine wave. Be-
cause rms values cannot be added directly, it is necessary to perform an rms addition
as shown in the equation:

y

rms total

=\/Vrm.Y12+V iy, (1.1

rms 2 rms n

As in the definition of direct current, in practice the term frequently is used to iden-
tify a voltage source.

The level of a sine-wave alternating current or voltage can be specified by two other
methods of measurement in addition to rms. These are average and peak. A sine-wave
signal and the rms and average levels are shown in Figure 1.2. The levels of complex,
symmetrical ac signals are specified as the peak level from the axis, as shown in the fig-
ure.

1.2.4 Static Electricity

The phenomenon of static electricity and related potential differences concerns con-
figurations of conductors and insulators where no current flows and all electrical
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Absolute value of signal

N\ ¥

Sign-wave signal

Figure 1.2 Root mean square (rms) measurements. The relationship of rms and aver-
age values is shown.

forces are unchanging; hence the term static. Nevertheless, static forces are present
because of the number of excess electrons or protons in an object. A static charge can
be induced by the application of a voltage to an object. A flow of current to or from
the object can result from either a breakdown of the surrounding nonconducting ma-
terial or by the connection of a conductor to the object.

Two basic laws regarding electrons and protons are:

« Like charges exert a repelling force on each other; electrons repel other electrons
and protons repel other protons

« Opposite charges attract each other; electrons and protons are attracted to each
other

Therefore, if two objects each contain exactly as many electrons as protons in each
atom, there is no electrostatic force between the two. On the other hand, if one object
is charged with an excess of protons (deficiency of electrons) and the other an excess
of electrons, there will be a relatively weak attraction that diminishes rapidly with dis-
tance. An attraction also will occur between a neutral and a charged object.

Another fundamental law, developed by Faraday, governing static electricity is that
all of the charge of any conductor not carrying a current lies in the surface of the con-
ductor. Thus, any electric fields external to a completely enclosed metal box will not
penetrate beyond the surface. Conversely, fields within the box will not exert any force
on objects outside the box. The box need not be a solid surface; a conduction cage or
grid will suffice. This type of isolation frequently is referred to as a Faraday shield.

1.2.5 Noise in Electronic Circuits

Noise has become the standard term for signals that are random and that are com-
bined with the circuit signal to affect the overall performance of a system. As the
study of noise has progressed, engineers have come to realize that there are many
sources of noise in circuits. The following definitions are commonly used in discus-
sions of circuit noise:
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« White noise: a signal that has its energy evenly distributed over the entire fre-
quency spectrum, within the frequency range of interest (typically below fre-
quencies in the infrared range). Because white noise is totally random, it may
seem inappropriate to refer to its frequency range, because it is not really periodic
in the ordinary sense. Nevertheless, by examining an oscilloscope trace of white
noise, it can be verified that every trace is different, as the noise never repeats it-
self, and yet each trace looks the same. There is a strong theoretical foundation to
represent the frequency content of such signals as covering the frequency spec-
trum 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 fre-
quencies within circuit operating ranges.

« Interference: the name given to any predictable, periodic signal that occurs in an
electronic circuit in addition to the signal the circuit is designed to process. This is
distinguished from a noise signal by the fact that it occupies a relatively small fre-
quency range, and because it is predictable it can often be filtered out. Usually, in-
terference comes from another electronic system such as an interfering radio
source.

« Thermal noise: any noise that is generated within a circuit and is temperature-de-
pendent. This signal usually is the result of the influence of temperature directly
on the operating characteristics of circuit components, which because of the ran-
dom motion of molecules as a result of temperature, in turn creates a random fluc-
tuation of the signal being processed.

 Shot noise: a type of circuit noise that is not temperature-dependent, and is not
white noise in the sense that it tends to diminish at higher frequencies. This noise
usually occurs in components whose operation depends on a mean particle resi-
dence time for the active electrons within the device. The cutoff frequency above
which noise disappears is closely related to the inverse of this characteristic parti-
cle residence time.

1.3 References

1. Whitaker, Jerry C. (ed.), The Electronics Handbook, CRC Press, Boca Raton, FL,
1996.

1.4 Bibliography

Benson, K. Blair, and Jerry C. Whitaker, Television and Audio Handbook for Techni-
cians and Engineers, McGraw-Hill, New York, NY, 1990.

Benson, K. Blair, Audio Engineering Handbook, McGraw-Hill, New York, NY, 1988.

Whitaker, Jerry C., Television Engineers’ Field Manual, McGraw-Hill, New York,
NY, 2000.
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1.5 Tabular Data

Table 1.1 Symbols and Terminology for Physical and Chemical Quantities: Classical
Mechanics (From [1]. Used with permission.)

Name Symbol Definition SI unit
mass m kg
reduced mass I w=mmz/(my + m2) kg
density, mass density o0 p=m/V kgm™>
relative density d d=p/p° 1
surface density PAs PS pa=m/A kg m™?
specific volume v v=V/M=1/p m? kg~!
momentum 4 p=mv kg ms~!
angular momentum, action L L=rxp Js
moment of inertia 1,J =3 mjr? kg m?
force F F=dp/dt = ma N
torque, moment of a force T, (M) T=rxF Nm
energy E J
potential energy E, V,® E,=—[F-ds )
kinetic energy Ex,T,K Ex = (1/2)mv? J
work W, w W= [F-ds ]
Hamilton function H H(q, p) ]
=T(q.p)+ V(g
Lagrange function L L(g,q) )
=T@q.9) -V
pressure p, P p=F/A Pa, N m™2
surface tension v, 0 y =dW/dA Nm™},Jm™?
weight G, (W, P) G =mg N
gravitational constant G F = Gmim;/r? N m? kg2
normal stress o o=F/A Pa
shear stress T t=F/A Pa
linear strain, g, e e—Al/l 1
relative elongation
modulus of elasticity, E E=o0/¢ Pa
Young’s modulus
shear strain y y = Ax/d 1
shear modulus G G=rt/y Pa
volume strain, bulk strain [ 0=AV/Vy 1
bulk modulus, K K = —Vy(dp/dV) Pa
compression modulus n, 1 T, = N(dvy/dz) Pas
viscosity, dynamic viscosity
fluidity ) ¢=1/n mkg~!s
kinematic viscosity v v=n/p m?s !
friction coefficient u, () Feiict = Fnorm 1
power P P =dW/dt w
sound energy flux P, P, P =dE/dt W
acoustic factors
reflection factor p p=P/P 1
acoustic absorption factor o, (@) a=1-p 1
transmission factor T T=Py/P 1
dissipation factor 8 S=a,—1T 1
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Table 1.2 Symbols and Terminology for Physical and Chemical Quantities: Electricity
and Magnetism (From [1]. Used with permission.)

Name Symbol Definition SI unit
quantity of electricity, o C
electric charge
charge density P p=0Q/V Cm™3
surface charge density o o=Q0/A Cm™?
electric potential V,¢ V=dW/dQ V,JCc!
electric potential difference U, AV, A¢ U=V,-V \%
electromotive force E E = [(F/Q)-ds
electric field strength E E=F/Q = —gradV
electric flux v ¥ =/[D-dA
electric displacement D D=¢E Cm™
capacitance c C=90/U ECVv~!
permittivity € D=¢E Fm™!
permittivity of vacuum ) g0 = Ko ! cy 2 Fm™!
relative permittivity & & =¢€/g 1
dielectric polarization P P=D - gE Cm™2
(dipole moment per volume)
electric susceptibility Xe Xe =6 —1 1
electric dipole moment ) p=0r Cm
electric current 1 I =dQ/dt A
electric current density Iy I = f j-dA Am™?
magnetic flux density, B F=QuxB T
magnetic induction
magnetic flux P ®=[B-dA Wb
magnetic field strength H B=uH AM™!
permeability m B=puH NA2,Hm™!
permeability of vacuum o Hm™}
relative permeability r Wr = [/ Io 1
magnetization (magnetic M M=B/uy,—H Am™!
dipole moment per volume)
magnetic susceptibility X ks (Xm) X =ur—1 1
molar magnetic Xm Xm = Vmx m?> mol™!
susceptibility
magnetic dipole moment m E,=-m-B Am?,JT!
electrical resistance R R=U/I Q
conductance G G =1/R S
loss angle 8 §=(/2) + ¢1 — du 1, rad
reactance X X = (U/I)siné Q
impedance z Z=R+iX Q
(complex impedance)
admittance Y Y=1/Z S
(complex admittance)
susceptance B Y=G+iB S
resistivity P p=E/j Qm
conductivity KV, 0 k=1/p Sm~!
self-inductance L E =—L(dI/dt) H
mutual inductance M, L, E, = L;,(d1,/dt) H
magnetic vector potential A B=VxA Wb m™!
Poynting vector ) S=ExH W m™?
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Table 1.3 Symbols and Terminology for Physical and Chemical Quantities: Electromag-
netic Radiation (From [1]. Used with permission.)

Name Symbol Definition SI unit
wavelength A m
speed of light in vacuum o ms~!
in a medium c c=co/n ms™!
wavenumber in vacuum b} U= v/co =1/nA m~!
wavenumber (in a medium) o o=1/A m~!
frequency v v=c/A Hz
circular frequency, ® =21V s7!, rads™!
pulsatance
refractive index n n=cy/c 1
Planck constant h s
Planck constant/2w h h=h/2n Js
radiant energy oW ]
radiant energy density o, w p=Q/V Jm™3
spectral radiant energy density
in terms of frequency Dys Wy oy =dp/dv Jm~*Hz!
in terms of wavenumber 05, W5 p; = dp/dv Jm™?
in terms of wavelength P, Wi py =dp/dr Jm™*
Einstein transition probabilities
spontaneous emission Anm dN,/dt = —Apm N, s71
stimulated emission Bum dNp/dt = —p;(Upm) X BumNn skg!
stimulated absorption By dN,/dt = p5(Onm)Bmn Nm skg™!
radiant power, d, P ¢ =dQ/dt w
radiant energy per time
radiant intensity I I =dd/dQ Wsr™!
radiant exitance M M =dd/dAsource W m™2
(emitted radiant flux)
irradiance E,(I) E=dd/dA Wm™2
(radiant flux received)
emittance € &= M/My, 1
Stefan-Boltzman constant o My, =oT* Wm2K™*
first radiation constant a c1 = 2mhc} W m?
second radiation constant 2 ¢, = heo/k Km
transmittance, . T T =®y/ D 1
transmission factor
absorptance, o a = D/ Do 1
absorption factor
reflectance, o p = Pre/ Po 1
reflection factor
(decadic) absorbance A A=lg(l —a;) 1
napierian absorbance B B=In(1-q;) 1
absorption coefficient
(linear) decadic a, K a=A/l m™!
(linear) napierian « a =B/l m™!
molar (decadic) £ e=ajc=A/cl m? mol~!
molar napierian K Kk =ajc=B/cl m? mol~!
absorption index k k=a/4nd 1
complex refractive index A A=n+ik 1
2
molar refraction R, R R= nz -1 Vin m> mol™!
n-+2
angle of optical rotation a 1, rad
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Table 1.4 Symbols and Terminology for Physical and Chemical Quantities: Solid State
(From [1]. Used with permission.)

Name Symbol Definition SI unit
lattice vector R Ry m
fundamental translation ay; ay; a3, R =nia; +nya; +nsas m
vectors for the crystal a b;c
lattice
(circular) reciprocal G G-R=2mm m~!
lattice vector
(circular) fundamental by; by; b, a; - by =218 m™!
translation vectors for a*; b*; ¢
the reciprocal lattice
lattice plane spacing d m
Bragg angle 4 ni = 2dsin@ 1, rad
order of reflection n 1
order parameters
short range o 1
long range s 1
Burgers vector b m
particle position vector nR; m
equilibrium position Ry m
vector of an ion
equilibrium position Ry m
vector of an ion
displacement vector of an ion u u=R—-Ry m
Debye—Waller factor B,D 1
Debye circular wavenumber qp m™!
Debye circular frequency wp s
Griineisen parameter y,. [ y =aV/kCy 1
2
Madelung constant a, M Ecou = M 1
4meg Ry
density of states Ng Ng =dN(E)/dE J'm™3
(spectral) density of Ny, g Ny =dN(w)/dw sm™>
vibrational modes
resistivity tensor Pik E=p-j Qm
conductivity tensor Oik o=p! Sm~!
thermal conductivity tensor Aik Jg =—A-gradT WmK!
residual resistivity PR Qm
relaxation time T T =1/vp s
Lorenz coefficient L L=AA/oT V2 K2
Hall coefficient Ay, Ry E=p-j+Ry(Bxj) m’> C!
thermoelectric force E \4
Peltier coefficient n \4
Thomson coefficient w, (t) VK!
work function [} ®=E, —EF ]
number density, n, (p) m—3
number concentration
gap energy E, ]
donor ionization energy Ey ]
acceptor ionization energy E, J
Fermi energy Ep,er ]
circular wave vector, kq k=2m/A m™!
propagation vector
Bloch function ug(r) ¥ (r) = ur(r)exp(ik - r) m~/2

charge density of electrons P p(r) = —ey*(r)Y(r) Cm™

effective mass m

mobility I 1= vgrie/ E m?V-ls!

mobility ratio b b= pun/ip

diffusion coefficient D

diffusion length L

characteristic (Weiss) b, dw
temperature

Curie temperature Tc

Néel temperature Tn

1
dN/dt = —DA(dn/dx) m
L =+/Dt m

K
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Table 1.5 Total Elongation at Failure of Selected Polymers (From[1]. Used with permis-

sion.)

Polymer Elongation
ABS 5-20
Acrylic 2-7
Epoxy 4.4
HDPE 700-1000
Nylon, type 6 30-100
Nylon 6/6 15-300
Phenolic 0.4-0.8
Polyacetal 25
Polycarbonate 110
Polyester 300
Polypropylene 100-600
PTFE 250-350

Table 1.6 Tensile Strength of Selected Wrought Aluminum Alloys (From [1]. Used with

permission.)

Alloy Temper TS (MPa)
1050 0 76
1050 H16 130
2024 0 185
2024 T361 495
3003 0 110
3003 H16 180
5050 0 145
5050 H34 195
6061 0 125
6061 T6, T651 310
7075 0 230
7075 T6, T651 570
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Table 1.7 Density of Selected Materials, Mg/m® (From [1]. Used with permission.)

Metal Ceramic Glass Polymer

Ag 10.50 Al O3 3.97-3.986 Si0; 2.20 ABS 1.05-1.07
Al 2.7 BN (cub) 3.49 Si0; 10 wt% Na, O 2.291 Acrylic 1.17-1.19
Au 19.28 BeO 3.01-3.03 SiO; 19.55 wt% Na, O 2.383 Epoxy 1.80-2.00
Co 8.8 MgO 3.581 Si0; 29.20 wt% Na, O 2.459 HDPE 0.96

Cr 7.19 SiC(hex) 3.217 Si0; 39.66 wt% Na, O 2.521 Nylon, type 6 1.12-1.14
Cu 8.93 Si3Ny () 3.184 Si0; 39.0 wt% CaO 2.746 Nylon 6/6 1.13-1.15
Fe 7.87 SizNy (B) 3.187 Phenolic 1.32-1.46
Ni 8.91 TiO; (rutile) 4.25 Polyacetal 1.425

Pb 11.34 U0, 10.949-10.97 Polycarbonate 1.2

Pt 21.44 ZrO, (Ca0) 5.5 Polyester 1.31

Ti 4.51 Al,O3 MgO 3.580 Polystyrene 1.04

W 1925  3AL,0;25i0,  2.6-3.26 PTFE 2.1-2.3
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Table 1.8 Dielectric Constants of Ceramics (From [1]. Used with permission.)

Dielectric con-

Dielectric strength ~ Volume resistivity

Material stant, 10° Hz  V/mil Q- cm (23°C) Loss factor®
Alumina 4.5-8.4 40-160 1010 0.0002-0.01
Corderite 4.5-5.4 40-250 101210 0.004-0.012
Forsterite 6.2 240 1014 0.0004
Porcelain (dry process) 6.0-8.0 40-240 10'2-10" 0.0003-0.02
Porcelain (wet process) 6.0-7.0 90400 101210 0.006-0.01
Porcelain, zircon 7.1-10.5 250-400 1013-10"° 0.0002-0.008
Steatite 5.5-7.5 200-400 1013-10" 0.0002-0.004
Titanates (Ba, St, Ca, Mg, and Pb)  15-12.000 50-300 108-10" 0.0001-0.02
Titanium dioxide 14-110 100-210 103-10'® 0.0002-0.005

2Power factor x dielectric constant equals loss factor.

Table 1.9 Dielectric Constants of Glass (From [1]. Used with permission.)

Type

Dielectric constant
at 100 MHz (20°C)

Volume resistivity
(350°CM Q - cm)

Loss factor®

Corning 0010
Corning 0080
Corning 0120
Pyrex 1710
Pyrex 3320
Pyrex 7040
Pyrex 7050
Pyrex 7052
Pyrex 7060
Pyrex 7070
Vycor 7230
Pyrex 7720
Pyrex 7740
Pyrex 7750
Pyrex 7760

Vycor 7900

Vycor 7910

Vycor 7911

Corning 8870

G.E. Clear (silica glass)
Quartz (fused)

6.32
6.75
6.65
6.00
4.71
4.65
4.77
5.07
4.70
4.00
3.83
4.50
5.00
4.28
4.50
3.9

3.8

3.8

9.5

3.81

3.75-4.1 (1 MHz)

10
0.13
100
2,500
80

16

25

50

130

1,600
4,000
5,000

4,000-30,000

0.015
0.058
0.012
0.025
0.019
0.013
0.017
0.019
0.018
0.0048
0.0061
0.014
0.040
0.011
0.0081
0.0023
0.00091
0.00072
0.0085
0.00038
0.0002 1 MHz

#Power factor x dielectric constant equals loss factor.
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Table 1.10 Dielectric Constants of Solids in the Temperature Range 17-22°C (From[1].
Used with permission.)

Dielectric Dielectric

Material Freq., Hz constant Material Freq., Hz Constant
Acetamide 4x10% 40 Phenanthrene 4x 108 280
Acetanilide - 2.9 Phenol (10°C) 4x10% 43
Acetic acid (2°C) 4 x 108 4.1 Phosphorus, red 108 4.1
Aluminum oleate 4x100 240 Phosphorus, yellow 108 3.6
Ammonium bromide 108 7.1 Potassium aluminum
Ammonium chloride 108 7.0 sulfate 108 3.8
Antimony trichloride 108 5.34 Potassium carbonate
Apatite | optic axis 3x108  9.50 (15°C) 108 5.6
Apatite || optic axis 3x 108 741 Potassium chlorate 6x107 5.1
Asphalt <3 x10% 268 Potassium chloride 10* 5.03
Barium chloride (anhyd.) 6 x 107  11.4 Potassium chromate 6x107 7.3
Barium chloride (2H,0) 6 x 107 9.4 Potassium iodide 6x107 5.6
Barium nitrate 6 x 107 5.9 Potassium nitrate 6x107 5.0
Barium sulfate(15°C) 108 11.4 Potassium sulfate 6x107 59
Beryl L optic axis 10* 7.02 Quartz L optic axis 3x 107 434
Beryl || optic axis 10% 6.08 Quartz || optic axis 3x107 427
Calcite L optic axis 10* 8.5 Resorcinol 4x 108 32
Calcite || optic axis 10 8.0 Ruby_L optic axis 10 13.27
Calcium carbonate 106 6.14 Ruby || optic axis 10% 11.28
Calcium fluoride 10 7.36 Rutile L optic axis 108 86
Calcium sulfate (2H,0) 10* 5.66 Rutile || optic axis 108 170
Cassiterite L opticaxis ~ 10'? 234 Selenium 108 6.6
Cassiterite || optic axis 1012 24 Silver bromide 106 12.2
d-Cocaine 5 x 108 3.10 Silver chloride 106 11.2
Cupric oleate 4x10% 280 Silver cyanide 106 5.6
Cupric oxide (15°C) 108 18.1 Smithsonite L optic 1012 9.3

axis
Cupric sulfate (anhyd.) 6 x 107 10.3
Cupric sulfate (5H,0) 6x107 7.8 Smithsonite || optic 1010 9.4
Diamond 108 5.5 axis
Diphenylymethane 4% 108 2.7 Sodium carbonate (anhvd.) 6 x 107 8.4
Dolomite L optic axis 108 8.0 Sodium carbonate 6x107 53
Dolomite || optic axis 108 6.8 (10H,0)
Ferrous oxide (15°C) 108 14.2 Sodium chloride 104 6.12
Iodine 108 4 Sodium nitrate - 5.2
Lead acetate 10° 2.6 Sodium oleate 4x 108 275
Lead carbonate (15°C) 108 18.6 Sodium perchlorate 6x107 54
Lead chloride 10° 4.2 Sucrose (mean) 3x 108 3.32
Lead monoxide (15°C) 108 25.9 Sulfur (mean) - 4.0
Lead nitrate 6 x 107 37.7 Thallium chloride 10° 46.9
Lead oleate 4% 108 3.27 p-Toluidine 4 %108 3.0
Lead sulfate 10° 14.3 Tourmaline L optic 104 7.10
Lead sulfide (15°) 10° 17.9 axis
Malachite (mean) 102 7.2 Tourmaline || optic 10* 6.3
Mercuric chloride 10° 3.2 axis
Mercurous chloride 100 9.4 Urea 4x108 35
Naphthalene 4 x 108 2.52 Zircon L, || 108 12
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Chapter

International Standards and
Constants

2.1 Introduction

Standardization usually starts within a company as a way to reduce costs associated
with parts stocking, design drawings, training, and retraining of personnel. The next
level might be a cooperative agreement between firms making similar equipment to
use standardized dimensions, parts, and components. Competition, trade secrets, and
the NIH factor (not invented here) often generate an atmosphere that prevents such an
understanding. Enter the professional engineering society, which promises a forum
for discussion between users and engineers while downplaying the commercial and
business aspects.

2.2 The History of Modern Standards

In 1836, the U.S. Congress authorized the Office of Weights and Measures (OWM)
for the primary purpose of ensuring uniformity in custom house dealings. The Trea-
sury Department was charged with its operation. As advancements in science and
technology fueled the industrial revolution, it was apparent that standardization of
hardware and test methods was necessary to promote commercial development and to
compete successfully with the rest of the world. The industrial revolution in the 1830s
introduced the need for interchangeable parts and hardware. Economical manufacture
of transportation equipment, tools, weapons, and other machinery was possible only
with mechanical standardization.

By the late 1800s professional organizations of mechanical, electrical, chemical,
and other engineers were founded with this aim in mind. The Institute of Electrical En-
gineers developed standards between 1890 and 1910 based on the practices of the ma-
jor electrical manufacturers of the time. Such activities were not within the purview of
the OWM, so there was no government involvement during this period. It took the pres-
sures of war production in 1918 to cause the formation of the American Engineering

© 2001 by CRCPRESSLLC



Standards Committee (AESC) to coordinate the activities of various industry and engi-
neering societies. This group became the American Standards Association (ASA) in
1928.

Parallel developments would occur worldwide. The International Bureau of
Weights and Measures was founded in 1875, the International Electrotechnical Com-
mission (IEC) in 1904, and the International Federation of Standardizing Bodies (ISA)
in 1926. Following World War I1 (1946) this group was reorganized as the International
Standards Organization (ISO) comprised of the ASA and the standardizing bodies of
25 other countries. Present participation is approximately 55 countries and 145 techni-
cal committees. The stated mission of the ISO is fo facilitate the internationalization
and unification of industrial standards.

The International Telecommunications Union (ITU) was founded in 1865 for the
purpose of coordinating and interfacing telegraphic communications worldwide. To-
day, its member countries develop regulations and voluntary recommendations, and
provide coordination of telecommunications development. A sub-group, the Interna-
tional Radio Consultative Committee (CCIR) (which no longer exists under this name),
is concerned with certain transmission standards and the compatible use of the fre-
quency spectrum, including geostationary satellite orbit assignments. Standardized
transmission formats to allow interchange of communications over national bound-
aries are the purview of this committee. Because these standards involve international
treaties, negotiations are channeled through the U.S. State Department.

2.2.1 American National Standards Institute (ANSI)

ANSI coordinates policies to promote procedures, guidelines, and the consistency of
standards development. Due process procedures ensure that participation is open to
all persons who are materially affected by the activities without domination by a par-
ticular group. Written procedures are available to ensure that consistent methods are
used for standards developments and appeals. Today, there are more than 1000 mem-
bers who support the U.S. voluntary standardization system as members of the ANSI
federation. This support keeps the Institute financially sound and the system free of
government control.

The functions of ANSI include: (1) serving as a clearinghouse on standards devel-
opment and supplying standards-related publications and information, and (2) the fol-
lowing business development issues:

 Provides national and international standards information necessary to market
products worldwide.

 Offers American National Standards that assist companies in reducing operating
and purchasing costs, thereby assuring product quality and safety.

« Offers an opportunity to voice opinion through representation on numerous tech-
nical advisory groups, councils, and boards.

 Furnishes national and international recognition of standards for credibility and
force in domestic commerce and world trade.
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+ Provides a path to influence and comment on the development of standards in the
international arena.

Prospective standards must be submitted by an ANSI accredited standards devel-
oper. There are three methods which may be used:

« Accredited organization method. This approach is most often used by associa-
tions and societies having an interest in developing standards. Participation is
open to all interested parties as well as members of the association or society. The
standards developer must fashion its own operating procedures, which must meet
the general requirements of the ANSI procedures.

« Accredited standards committee method. Standing committees of directly and
materially affected interests develop documents and establish consensus in sup-
port of the document. This method is most often used when a standard affects a
broad range of diverse interests or where multiple associations or societies with
similar interests exist. These committees are administered by a secretariat, an or-
ganization that assumes the responsibility for providing compliance with the per-
tinent operating procedures. The committee can develop its own operating proce-
dures consistent with ANSI requirements, or it can adopt standard ANSI proce-
dures.

« Accredited canvass method. This approach is used by smaller trade associations
or societies that have documented current industry practices and desire that these
standards be recognized nationally. Generally, these developers are responsible
for less than five standards. The developer identifies those who are directly and
materially affected by the activity in question and conducts a letter ballot canvass
of those interests to determine consensus. Developers must use standard ANSI
procedures.

Note that all methods must fulfill the basic requirements of public review, voting,
consideration, and disposition of all views and objections, and an appeals mechanism.

The introduction of new technologies or changes in the direction of industry groups
or engineering societies may require a mediating body to assign responsibility for a de-
veloping standard to the proper group. The Joint Committee for Intersociety Coordina-
tion (JCIC) operates under ANSI to fulfill this need.

2.2.2 Professional Society Engineering Committees

The engineering groups that collate and coordinate activities that are eventually pre-
sented to standardization bodies encourage participation from all concerned parties.
Meetings are often scheduled in connection with technical conferences to promote
greater participation. Other necessary meetings are usually scheduled in geographical
locations of the greatest activity in the field. There are no charges or dues to be a
member or to attend the meetings. An interest in these activities can still be served by
reading the reports from these groups in the appropriate professional journals. These
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wheels may seem to grind exceedingly slowly at times, but the adoption of standards
that may have to endure for 50 years or more should not be taken lightly.

2.3 References

1. Whitaker, Jerry C. (ed.), The Electronics Handbook, CRC Press, Boca Raton, FL,

1996.

2.4 Bibliography

Whitaker, Jerry C., and K. Blair Benson (eds.), Standard Handbook of Video and Tele-
vision Engineering, McGraw-Hill, New York, NY, 2000.

2.5 Tabhular Data

Table 2.1 Common Standard Units

Name Symbol Quantity

ampere A electric current

ampere per meter A/m magnetic field strength
ampere per square meter A/m’ current density

becquerel Bg activity (of a radionuclide)
candela cd luminous intensity

coulomb C electric charge

coulomb per kilogram C/kg exposure (x and gamma rays)
coulomb per sq. meter C/m? electric flux density

cubic meter m° volume

cubic meter per kilogram ms/kg specific volume

degree Celsius °C Celsius temperature

farad F capacitance

farad per meter F/m permittivity

henry H inductance

henry per meter H/m permeability

hertz Hz frequency

joule J energy, work, quantity of heat
joule per cubic meter Jim® energy density

joule per kelvin JIK heat capacity

joule per kilogram K J/(kgeK) specific heat capacity

joule per mole J/mol molar energy

kelvin K thermodynamic temperature
kilogram kg mass

kilogram per cubic meter kg/m3 density, mass density

lumen Im luminous flux

lux Ix luminance
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Table 2.1 Common Standard Units (continued)

Name Symbol Quantity

meter m length

meter per second m/s speed, velocity
meter per second sq. m/s’ acceleration

mole mol amount of substance
newton N force

newton per meter N/m surface tension

ohm Q electrical resistance
pascal Pa pressure, stress
pascal second Paes dynamic viscosity
radian rad plane angle

radian per second rad/s angular velocity
radian per second squared rad/s’® angular acceleration
second s time

siemens S electrical conductance
square meter m’ area

steradian sr solid angle

tesla T magnetic flux density
volt \Y electrical potential
volt per meter V/m electric field strength
watt w power, radiant flux
watt per meter kelvin W/(meK) thermal conductivity
watt per square meter W/m? heat (power) flux density
weber Wb magnetic flux

Table 2.2 Standard Prefixes

Multiple Prefix Symbol
10" exa E
10" peta P
10" tera T
1 0: giga G
10 mega M
10° kilo k
10° hecto h
10 deka da
10" deci d
10° centi c
10° milli m
10° micro u
10° nano n
10 pico P
107 femto f
107 atto a
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Table 2.3 Common Standard Units for Electrical Work

Unit Symbol
centimeter cm
cubic centimeter cm’
cubic meter per second m%s
gigahertz GHz
gram g
kilohertz kHz
kilohm kQ
kilojoule kJ
kilometer km
kilovolt kV
kilovoltampere kVA
kilowatt kW
megahertz MHz
megavolt MV
megawatt MW
megohm MQ
microampere HA
microfarad uF
microgram ug
microhenry uH
microsecond us
microwatt uw
milliampere mA
milligram mg
millihenry mH
millimeter mm
millisecond ms
millivolt mV
milliwatt mW
nanoampere nA
nanofarad nF
nanometer nm
nanosecond ns
nanowatt nW
picoampere pA
picofarad pF
picosecond ps
picowatt pW
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Table 2.4 Names and Symbols for the S| Base Units (From [1]. Used Used with permission.)

Physical quantity Name of SI unit Symbol for SI unit
length meter m

mass kilogram kg

time second s

electric current ampere A
thermodynamic temperature kelvin K

amount of substance mole mol

luminous intensity candela cd
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Table 2.5 Units in Use Together with the SI (These units are not part of the Sl, but it is recognized that
they will continue to be used in appropriate contexts. From [1]. Used with permission.)

Physical quantity Name of unit Symbol for unit Value in SI units
time minute min 60 s

time hour h 3600 s

time day d 86 400 s

plane angle degree ° (/180) rad

plane angle minute 1 (7r/10 800) rad
plane angle second " (7r/648 000) rad
length ingstrom® 10719 m

area barn b 10728 m?

volume litre LL dm? = 1073m?
mass tonne t Mg = 10> kg
pressure bar? bar 10° Pa= 10° Nm™2
energy electronvolt® eV(=exV) ~1.60218 x 10717
mass unified atomic mass unit® u (= mg(12C)/12) ~1.66054 x 1072 kg

#The dngstrom and the bar are approved by CIPM for temporary use with SI units, until CIPM makes a further recommendation.
However, they should not be introduced where they are not used at present.

bThe values of these units in terms of the corresponding SI units are not exact, since they depend on the values of the physical
constants e (for the electronvolt) and N, (for the unified atomic mass unit), which are determined by experiment.

“The unified atomic mass unit is also sometimes called the dalton, with symbol Da, although the name and symbol have not been
approved by CGPM.
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Table 2.6 Derived Units with Special Names and Symbols (From [1]. Used with permission.)

Name of Symbol for Expression in terms
Physical quantity SI unit SI unit of SI base units
frequency® hertz Hz 571
force newton N mkgs™2
pressure, stress pascal Pa Nm™2? =m™! kgs?
energy, work, heat joule J Nm = m? kgs™2
power, radiant flux watt w Js7! =m?kgs™?
electric charge coulomb C As
electric potential, electromotive force volt \'% JC ' =m? kg s3A!
electric resistance ohm Q VAl =m?kgs3 A2
electric conductance siemens S Q l=m2kg™!' s> A2
electric capacitance farad F CV™! =m 2 kg™!s* A2
magnetic flux density tesla T Vsm™2 =kgs 2 A~}
magnetic flux weber Wb Vs=m’kgs 2 A"}
inductance henry H VA™ls=m?kgs 2 A2
Celsius temperature? degree Celsius °C K
luminous flux lumen Im cdsr
illuminance lux Ix cd srm~2
activity (radioactive) becquerel Bq 57!
absorbed dose (of radiation) gray Gy Jkg™! = m?s™2
dose equivalent (dose equivalent index) sievert Sv Jkg™! = m?s2
plane angle radian rad l=mm™!
solid angle steradian sr 1=m?>m™2

aFor radial (circular) frequency and for angular velocity the unit rad s™!, or simply s ™!, should be used, and this may not be

simplified to Hz. The unit Hz should be used only for frequency in the sense of cycles per second.

YThe Celsius temperature 6 is defined by the equation:

6/°C=T/K—273.15

The SI unit of Celsius temperature interval is the degree Celsius, °C , which is equal to the kelvin, K. °C should be treated as a
single symbol, with no space between the ° sign and the letter C. (The symbol °K and the symbol ° should no longer be used.)
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Table 2.7 The Greek Alphabet (From [1]. Used with permission.)

Greek Greek English Greek Greek English
letter name equivalent letter name equivalent

A a Alpha a N v Nu n

B B Beta b E & Xi X

r y Gamma g (¢} o Omicron o

A 8 Delta d n b4 Pi p

E € Epsilon é P p Rho r

Z ¢ Zeta z z o < Sigma s

H n Eta é T T Tau t

(C] 6 v Theta th T v Upsilon u

I [ Iota i P ¢ o Phi ph

K K Kappa k X X Chi ch

A A Lambda 1 v Y Psi ps

M 7 Mu m Q 3} Omega 0




Table 2.8 Constants (From [1]. Used with permission.)

7 Constants

7
1/

72

log, ™
log,o 7
logyo v/27

Constants Involving e

log,,M

Numerical Constants

V2 =
V2 =
log,2 =
log,p2 =
V3 =
Y3 =
log, 3 =
log;p3 =

= 3.14159
= 0.31830
9.8690
= 1.14472
= 0.49714
= 0.39908

26535 89793
98861 83790
44010 89358

98858 49400
98726 94133

99341 79057

e = 271828 18284
1/e = 0.36787 94411
e? = 7.38905 60989

M =logy e = 0.43429 44819
1/M =log,10 = 2.30258 50929

9.63778 43113

1.41421 35623 73095

1.25992

10498 94873

0.69314 71805 59945
0.30102 99956 63981
1.73205 08075 68877
1.44224 95703 07408
1.09861 22886 68109

0.47712

12547 19662

59045
71442
30650
03251
94045
00536

04880
16476
30941
19521
29352
38232
69139
43729

23846
67153
61883
17414
85435
52478

23536
32159
22723
82765
68401
78912

16887
72106
72321
37388
74463
16383
52452
50279

26433
77675
44909
34273
12682
25035

02874
55237
04274
11289
79914
29674

83279
26745
99876
51353
88290
91507

71352
70161
60575
18916
54684
98645

24209
07278
21458
94724
41505
10780
36922
03255

50288
02872
15113
05871
89887
69595

66249
46086
00781
60508
36420
-10

69807
22835
17656
49302
87236
10958
52570
11530

41971
40689
53136
16472
36516
02099

77572
74458
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Chapter

Electromagnetic Spectrum

3.1 Introduction

The usable spectrum of electromagnetic-radiation frequencies extends over a range
from below 100 Hz for power distribution to 1020 for the shortest X-rays. The lower
frequencies are used primarily for terrestrial broadcasting and communications. The
higher frequencies include visible and near-visible infrared and ultraviolet light, and
X-rays.

3.1.1 Operating Frequency Bands

The standard frequency band designations are listed in Tables 3.1 and 3.2. Alternate
and more detailed subdivision of the VHF, UHF, SHF, and EHF bands are given in Ta-
bles 3.3 and 3.4.

Low-End Spectrum Frequencies (1 to 1000 Hz)

Electric power is transmitted by wire but not by radiation at 50 and 60 Hz, and in
some limited areas, at 25 Hz. Aircraft use 400-Hz power in order to reduce the weight
of iron in generators and transformers. The restricted bandwidth that would be avail-
able for communication channels is generally inadequate for voice or data transmis-
sion, although some use has been made of communication over power distribution cir-
cuits using modulated carrier frequencies.

Low-End Radio Frequencies (1000 to 100 kHz)

These low frequencies are used for very long distance radio-telegraphic communica-
tion where extreme reliability is required and where high-power and long antennas
can be erected. The primary bands of interest for radio communications are given in
Table 3.5.
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Table 3.1 Standardized Frequency Bands (From [1]. Used with permission.)

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)

(1 km down to 100 m)
(100 m down to 10 m)

Medium-frequency (MF) band:
High-frequency (HF) band:

300 kHz up to 3 MHz
3 MHz up to 30 MHz

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 3 GHz (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)

Table 3.2 Standardized Frequency Bands at 1GHz and Above (From[1]. Used with per-
mission.)

L band: 1 GHz up to 2 GHz (30 cm down to 15 cm)
Sband: 2 GHzup to 4 GHz (15 cm down to 7.5 cm)
Cband: 4 GHzup to 8 GHz (7.5 cm down to 3.75 cm)
Xband: 8 GHzupto 12 GHz (3.75 cm down to 2.5 cm )
Kuband: 12 GHz up to 18 GHz (2.5 cm down to 1.67 cm)
Kband: 18 GHzup to 26.5 GHz (1.67 cm down to 1.13 cm)
Kaband: 26.5 GHzup to 40 GHz (1.13 cm down to 7.5 mm)
Qband: 32 GHz up to 50 GHz (9.38 mm down to 6 mm)
Uband: 40 GHz up to 60 GHz (7.5 mm down to 5mm)
Vband: 50 GHzupto75GHz (6 mm down to 4 mm)
Whband: 75GHzup to 100 GHz (4 mm down to 3.33 mm)

Medium-Frequency Radio (20 kHz to 2 MHz)

The low-frequency portion of the band is used for around-the-clock communication
services over moderately long distances and where adequate power is available to
overcome the high level of atmospheric noise. The upper portion is used for AM ra-
dio, although the strong and quite variable sky wave occurring during the night results
in substandard quality and severe fading at times. The greatest use is for AM broad-
casting, in addition to fixed and mobile service, LORAN ship and aircraft navigation,
and amateur radio communication.

High-Frequency Radio (2 to 30 MHz)

This band provides reliable medium-range coverage during daylight and, when the
transmission path is in total darkness, worldwide long-distance service, although the
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Table 3.3 Detailed Subdivision of the UHF, SHF, and EHF Bands (From [1]. Used with

permission.)

L band:

LS band:

S band:
C(G) band:

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

X band:

Ku(P) band:

K band:

V(R, Ka) band:
Q(V) band:
M(W) band:
E(Y) band:
F(N) band:
G(A) band:

R band:

1.12 GHz up to 1.7 GHz
1.7 GHz up to 2.6 GHz
2.6 GHz up to 3.95 GHz

3.95 GHz up to 5.85 GHz

5.85 GHz up to 8.2 GHz
7.05 GHz up to 10 GHz
8.2 GHz up to 12.4 GHz
12.4 GHz up to 18 GHz
18 GHz up to 26.5 GHz
26.5 GHz up to 40 GHz
33 GHz up to 50 GHz
50 GHz up to 75 GHz
60 GHz up to 90 GHz
90 GHz up to 140 GHz
140 GHz up to 220 GHz
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)

Table 3.4 Subdivision of the VHF, UHF, SHF Lower Part of the EHF Band (From [1].

Used with permission.)

A band:
B band:
C band:
D band:
E band:
F band:
G band:
H band:
I band:
] band:
K band:
L band:
M band:

100 MHz up to 250 MHz
250 MHz up to 500 MHz
500 MHz up to 1 GHz

1 GHz up to 2 GHz

2 GHz up to 3 GHz

3 GHz up to 4 GHz

4 GHz up to 6 GHz

6 GHz up to 8 GHz

8 GHz up to 10 GHz

10 GHz up to 20 GHz

20 GHz up to 40 GHz

40 GHz up to 60 GHz

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)

reliability and signal quality of the latter is dependent to a large degree upon iono-
spheric conditions and related long-term variations in sun-spot activity affecting
sky-wave propagation. The primary applications include broadcasting, fixed and mo-
bile services, telemetering, and amateur transmissions.
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Table 3.5 Radio Frequency Bands (From [1]. Used with permission.)

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
VHE television (channels 7-13):  174-216 MHz
UHF television (channels 14-83): 470-890 MHz

Very High and Ultrahigh Frequencies (30 MHz to 3 GHz)

VHF and UHF bands, because of the greater channel bandwidth possible, can provide
transmission of a large amount of information, either as television detail or data com-
munication. Furthermore, the shorter wavelengths permit the use of highly directional
parabolic or multielement antennas. Reliable long-distance communication is pro-
vided using high-power tropospheric scatter techniques. The multitude of uses in-
clude, in addition to television, fixed and mobile communication services, amateur
radio, radio astronomy, satellite communication, telemetering, and radar.

Microwaves (3 to 300 GHz)

At these frequencies, many transmission characteristics are similar to those used for
shorter optical waves, which limit the distances covered to line of sight. Typical uses
include television relay, satellite, radar, and wide-band information services. (See Ta-
bles 3.6 and 3.7.)

Infrared, Visible, and Ultraviolet Light

The portion of the spectrum visible to the eye covers the gamut of transmitted colors
ranging from red, through yellow, green, cyan, and blue. It is bracketed by infrared on
the low-frequency side and ultraviolet (UV) on the high side. Infrared signals are used
in a variety of consumer and industrial equipments for remote controls and sensor cir-
cuits in security systems. The most common use of UV waves is for excitation of
phosphors to produce visible illumination.

X-Rays

Medical and biological examination techniques and industrial and security inspection
systems are the best-known applications of X-rays. X-rays in the higher-frequency
range are classified as hard X-rays or gamma rays. Exposure to X-rays for long peri-
ods can result in serious irreversible damage to living cells or organisms.
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Table 3.6 Applications in the Microwave Bands (From [1]. Used with permission.)

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:

Military COM (LOS, mobile, and Tactical):
Aeronavigation:

Miscellaneous radars:

DBS uplink:

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
14.50-15.35 GHz
15.40-15.70 GHz
15.70-17.70 GHz
17.30-17.80 GHz
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Table 3.6 Applications in the Microwave Bands (continued)

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—40.0" GHz

3.2 Radio Wave Propagation

To visualize a radio wave, consider the image of a sine wave being traced across the
screen of an oscilloscope [2]. As the image is traced, it sweeps across the screen at a
specified rate, constantly changing amplitude and phase with relation to its starting
point at the left side of the screen. Consider the left side of the screen to be the an-
tenna, the horizontal axis to be distance instead of time, and the sweep speed to be the
speed of light, or at least very close to the speed of light, and the propagation of the ra-
dio wave is visualized. To be correct, the traveling, or propagating, radio wave is re-
ally a wavefront, as it comprises an electric field component and an orthogonal mag-
netic field component. The distance between wave crests is defined as the wavelength
and is calculated by,

A=< 3.1
F; (3.1)

where:

A = wavelength, m

c = the speed of light, approximately 2.998 x 10° m/s
f= frequency, Hz

Atany point in space far away from the antenna, on the order of 10 wavelengths or 10
times the aperture of the antenna to avoid near-field effects, the electric and magnetic
fields will be orthogonal and remain constant in amplitude and phase in relation to any
other point in space. The polarization of the radio wave is defined by the polarization of
the electric field, horizontal if parallel to the Earth’s surface and vertical if perpendicu-

© 2001 by CRCPRESSLLC



Table 3.7 Satellite Frequency Allocations (From [1]. Used with permission.)

Band Uplink Downlink Satellite Service
VHF 0.137-0.138 Mobile
VHF 0.3120-0.315 0.387-0.390 Mobile
L-Band 1.492-1.525 Mobile
1.610-1.6138 Mobile, Radio Astronomy
1.613.8-1.6265 1.6138-1.6265 Mobile LEO
1.6265-1.6605 1.525-1.545 Mobile
1.575 Global Positioning System
1.227 GPS
S-Band 1.980-2.010 2.170-2.200 MSS. Available Jan. 1, 2000
(1.980-1.990) (Available in U.S. in 2005)
2.110-2.120 2.290-2.300 Deep-space research
2.4835-2.500 Mobile
C-Band 5.85-7.075 3.4-4.2 Fixed (FSS)
7.250-7.300 45-4.8 FSS
X-Band 7.9-8.4 7.25-7.75 FSS
Ku-Band 12.75-13.25 10.7-12.2 FSS
14.0-14.8 12.2-12.7 Direct Broadcast (BSS) (U.S.)
Ka-Band 17.3-17.7 FSS (BSSin U.S.)
22.55-23.55 Intersatellite
24.45-24.75 Intersatellite
25.25-27.5 Intersatellite
27-31 17-21 FSS
Q 42.5-43.5, 47.2-50.2 37.5-40.5 FSS, MSS
50.4-51.4 Fixed
40.5-42.5 Broadcast Satellite
A% 54.24-58.2 Intersatellite
59-64 Intersatellite

Sources: Final Acts of the World Administrative Radio Conference (WARC-92), Malaga—
Torremolinos, 1992; 1995 World Radiocommunication Conference (WRC-95). Also, see Gagliardi,
R.M. 1991. Satellite Communications, van Nostrand Reinhold, New York. Note that allocations are
not always global and may differ from region to region in all or subsets of the allocated bands.

lar to it. Typically, polarization can be determined by the orientation of the antenna radi-
ating elements.

An isotropic antenna is one that radiates equally in all directions. To state this an-
other way, it has a gain of unity.

If this isotropic antenna is located in an absolute vacuum and excited with a given
amount of power at some frequency, as time progresses the radiated power must be
equally distributed along the surface of an ever expanding sphere surrounding the iso-
tropic antenna. The power density at any given point on the surface of this imaginary
sphere is simply the radiated power divided by the surface area of the sphere, that is:
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P
P, = ! 5 3.2)
4n D

where:

P, = power density, W/m’

D = distance from antenna, m
P, =radiated power, W

Because power and voltage, in this case power density and electric field strength, are
related by impedance, it is possible to determine the electric field strength as a function
of distance given that the impedance of free space is taken to be approximately 377 €

VP,
E=\ZP, =548% (3.3)

where E is the electric field strength in volts per meter.
Converting to units of kilowatts for power, the equation becomes

Pt
E= 1737“5”” V/m (3.4)

which is the form in which the equation is usually seen. Because a half-wave dipole
has a gain of 2.15 dB over that of an isotropic radiator (dBi), the equation for the elec-
tric field strength from a half-wave dipole is

P[
E=222 7”1()”” V/m (3.5)

From these equations it is evident that, for a given radiated power, the electric field
strength decreases linearly with the distance from the antenna, and power density de-
creases as the square of the distance from the antenna.

3.2.1 Free Space Path Loss

A typical problem in the design of a radio frequency communications system requires
the calculation of the power available at the output terminals of the receive antenna
[2]. Although the gain or loss characteristics of the equipment at the receiver and
transmitter sites can be ascertained from manufacturer’s data, the effective loss be-
tween the two antennas must be stated in a way that allows for the characterization of
the transmission path between the antennas. The ratio of the power radiated by the
transmit antenna to the power available at the receive antenna is known as the path
loss and is usually expressed in decibels. The minimum loss on any given path occurs
between two antennas when there are no intervening obstructions and no ground
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losses. In such a case when the receive and transmit antennas are isotropic, the path
loss is known as free space path loss.

If the transmission path is between isotropic antennas, then the power received by
the receive antenna is the power density at the receive antenna multiplied by the effec-
tive area of the antenna and is expressed as

Y
4n D?

(3.6)

r

where 4 is the effective area of the receive antenna in square meters.

The effective area of an isotropic antenna is defined as A’/4w. Note that an isotropic
antenna is not a point source, but has a defined area; this is often a misunderstood con-
cept. As a result, the received power is

2 2
p-_b .A’—pf( A ) (3.7)

“4np? 4n ‘\4nD

The term (A*/4D)’ is the free space path loss. Expressed in decibels with appropriate
constants included for consistency of units, the resulting equation for free space path
loss, written in terms of frequency, becomes

L, =325+20logD+20log f 3.8)

where:
D = distance, km
f= frequency, MHz

The equation for the received power along a path with no obstacles and long enough
to be free from any near-field antenna effects, such as that in Figure 3.1, then becomes

P =P-L+G,~-L,+G, —L, (3.9)

where:

P_=received power, dB

P, = transmitted power, dB

L, = transmission line loss, dB

G, = gain of transmit antenna referenced to an isotropic antenna, dBi
L, = free space path loss, dB

G, = gain of receive antenna, dBi

L= line loss of receiver downlead, dB

It should be pointed out that the only frequency-dependent term in the equation for
free space path loss occurs in the expression for the power received by an isotropic an-
tenna. This is a function of the antenna area and, as stated previously, the area of an iso-
tropic radiator is defined in terms of wavelength. As a result, the calculated field
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Figure 3.1 Path loss variables. (From [2]. Used with permission.)

strength at a given distance from sources with equal radiated powers but on frequencies
separated by one octave will be identical, but the free space path loss equation will show
6-dB additional loss for the higher frequency path. To view this another way, for the two
paths to have the same calculated loss, the antennas for both paths must have equal ef-
fective areas. An antenna with a constant area has higher gain at higher frequencies. As
a result, to achieve the same total path loss over these two paths, the higher frequency
path requires a higher gain antenna, but the required effective areas of the antennas for
the two paths are equal. The most important concept to remember is that the resultant
field strength and power density at a given distance for a given radiated power are the
same regardless of frequency, as long as the path approximates a free space path, but
that the free space path loss increases by 6 dB for a doubling of frequency or distance.

The representation of the radio wave path in Figure 3.1 and the previous discussion
have only considered a direct path between the receiver and transmitter. In reality, there
are two major modes of propagation: the skywave and the groundwave.

The skywave refers to propagation via the ionosphere, which consists of several lay-
ers of ionized particles in the Earth’s atmosphere from approximately 50 to several hun-
dred kilometers in altitude. Some frequencies will be reflected by the ionosphere re-
sulting in potentially long-distance propagation.

Groundwave propagation consists of two components, the space wave and the sur-
face wave. The space wave also has two components known as the direct path and the
reflected path. The direct path is the commonly depicted line-of-sight path that has
been previously discussed. The reflected path is that path which ends at the receiver by
way of reflection from the ground or some other object. Note that there may be multiple
reflected paths. The surface wave is that portion of the wavefront that interacts with and
travels along the surface of the Earth. The surface wave is commonly incorrectly called
the groundwave.
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3.5 Tahular Data

Table 3.8 Power Conversion Factors (decibels to watts)

dBm dBw Watts Multiple Prefix

+150 +120  1,000,000,000,000 10" 1 Terawatt
+140 +110  100,000,000,000 10" 100 Gigawatts
+130 +100  10,000,000,000 10" 10 Gigawatts
+120  +90 1,000,000,000 10° 1 Gigawatt
+110  +80 100,000,000 10° 100 Megawatts
+100  +70 10,000,000 10 10 Megawatts
+90 +60 1,000,000 10° 1 Megawatt
+80 +50 100,000 10° 100 Kilowatts
+70 +40 10,000 10* 10 Kilowatts
+60 +30 1,000 10° 1 Kilowatt

+50 +20 100 10° 1 Hectrowatt
+40 +10 10 10 1 Decawatt
+30 0 1 1 1 Watt

+20 -10 0.1 10™ 1 Deciwatt
+10 -20 0.01 107 1 Centiwatt

0 -30 0.001 10° 1 Milliwatt

-10 -40 0.0001 10 100 Microwatts
-20 -50 0.00001 10° 10 Microwatts
-30 -60 0.000,001 10° 1 Microwatt
-40 -70 0.0,000,001 10”7 100 Nanowatts
-50 -80 0.00,000,001 10° 10 Nanowatts
-60 -90 0.000,000,001 10° 1 Nanowatt
-70 -100  0.0,000,000,001 10" 100 Picowatts
-80 -110  0.00,000,000,001 10" 10 Picowatts
-90 -120  0.000,000,000,001 10 1 Picowatt
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Table 3.9 Relationships of Voltage Standing Wave Ratio and Key Operating Parame-
ters

SWR Reflection Return Power Percent
Coefficient Loss Ratio Reflected
1.01:1 0.0050 46.1 dB 0.00002 0.002
1.02:1 0.0099 40.1 dB 0.00010 0.010
1.04:1 0.0196 34.2dB 0.00038 0.038
1.06:1 0.0291 30.7 dB 0.00085 0.085
1.08:1 0.0385 28.3dB 0.00148 0.148
1.10:1 0.0476 26.4 dB 0.00227 0.227
1.20:1 0.0909 20.8dB 0.00826 0.826
1.30:1 0.1304 17.7 dB 0.01701 1.7
1.40:1 0.1667 15.6 dB 0.02778 2.8
1.50:1 0.2000 14.0 dB 0.04000 4.0
1.60:1 0.2308 12.7 dB 0.05325 5.3
1.70:1 0.2593 11.7 dB 0.06722 6.7
1.80:1 0.2857 10.9dB 0.08163 8.2
1.90:1 0.3103 10.2dB 0.09631 9.6
2.00:1 0.3333 9.5dB 0.11111 111
2.20:1 0.3750 8.5dB 0.14063 141
2.40:1 0.4118 7.7 dB 0.16955 17.0
2.60:1 0.4444 7.0dB 0.19753 19.8
2.80:1 0.4737 6.5dB 0.22438 22.4
3.00:1 0.5000 6.0 dB 0.25000 25.0
3.50:1 0.5556 5.1dB 0.30864 30.9
4.00:1 0.6000 4.4 dB 0.36000 36.0
4.50:1 0.6364 3.9dB 0.40496 40.5
5.00:1 0.6667 3.5dB 0.44444 44.4
6.00:1 0.7143 2.9dB 0.51020 51.0
7.00:1 0.7500 2.5dB 0.56250 56.3
8.00:1 0.7778 2.2dB 0.60494 60.5
9.00:1 0.8000 1.9dB 0.64000 64.0
10.00:1 0.8182 1.7 dB 0.66942 66.9
15.00:1 0.8750 1.2dB 0.76563 76.6
20.00:1 0.9048 0.9dB 0.81859 81.9
30.00:1 0.9355 0.6 dB 0.87513 97.5
40.00:1 0.9512 0.4 dB 0.90482 90.5
50.00:1 0.9608 0.3dB 0.92311 92.3
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Chapter

Frequency Assignment and
Allocations

4.1 Introduction

The Communications Act of 1934, as amended, provides for the regulation of inter-
state and foreign commerce in communication by wire or radio in the U.S'. This Act is
printed in Title 47 of the U.S. Code, beginning with Section 151. The primary treaties
and other international agreements in force relating to radiocommunication and to
which the U.S. is a party are as follows:

¢ The International Telecommunication Convention, signed at Nairobi on Novem-
ber 6, 1982. The U.S. deposited its instrument of ratification on January 7, 1986.

« The Radio Regulations annexed to the International Telecommunication Con-
vention, signed at Geneva on December 6, 1979 and entered into force with re-
spect to the U.S. on January 1, 1982.

« The United States-Canada Agreement relating to the Coordination and Use of
Radio Frequencies above 30 MHz, effected by an exchange of notes at Ottawa on
October 24, 1962. A revision to the Technical Annex to the Agreement, made in
October 1964 at Washington, was effected by an exchange of notes signed by the
U.S. on June 16, 1965, and by Canada on June 24, 1965. The revision entered into
force on June 24, 1965. A revision to this Agreement to add Arrangement E (Ar-
rangement between the Department of Communications of Canada and the Na-
tional Telecommunications and Information Administration and the Federal
Communications Commission of the U.S. concerning the use of the 406.1 to 430

1 This chapter is based on: Manual of Regulations and Procedures for Federal Radio
Frequency Management, September 1995 edition, revisions for September 1996, January
and May 1997, NTIA, Washington, D.C.
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MHz band in Canada-U.S. border areas) was effected by an exchange of notes
signed by the U.S. on February 26, 1982, and Canada on April 7, 1982.

4.1.1 The International Telecommunication Union (ITU)

The International Telecommunication Union (IT) is the international body responsi-
ble for international frequency allocations, worldwide telecommunications standards,
and telecommunication development activities. At this writing, 185 countries were
members of the ITU. The broad functions of the ITU are the regulation, coordination,
and development of international telecommunications. The U.S. is an active member
of the ITU and its work is considered critical to the interest of the United States.

The ITU is the oldest of the intergovernmental organizations that have become spe-
cialized agencies within the United Nations. The ITU was born with the spread of one
of the great inventions of the 19th century, the telegraph, which crossed national fron-
tiers to link major cities in Europe. International action was essential to establish an in-
ternational telegraph network. It was necessary to reach agreement on the technical
systems to be used, on uniform methods of handling messages, and on the collection of
charges. A procedure of international accounting had to be set up.

First came bilateral understanding between bordering countries, then international
agreement between regional groups of countries, ending in an inter-European associa-
tion. Extra-European countries were progressively drawn in, and a truly international
organization came into being. In 1865 the International Telegraph Union was created in
Paris by the first International Telegraph Convention. The member countries agreed to
a set of basic telegraph service regulations. These were modified later as a result of
practical operating experience. At Vienna, in 1868, a permanent international bureau
was created and established in Berne.

The international telephone service came much later and its progress was much
slower. It was not until 1927, when radio provided the means to carry the human voice
across the ocean from continent to continent, that this service became world-wide; nev-
ertheless, in 1885, in Berlin, the first provisions concerning the international telephone
service were drawn up.

When, at the end of the 19th century, wireless (radiotelegraphy) became practicable,
it was seen at once to be an invaluable complement of telegraphy by wire and cable,
since radio alone could provide telecommunication between land and ships at sea. The
first International Radiotelegraph Convention was signed in Berlin in 1906 by
twenty-nine countries. Nearly two decades later, in 1924 and 1925, at Conferences in
Paris, the International Telephone Consultative Committee (CCIF) and the Interna-
tional Telegraph Consultative Committee (CCIT) were established. This was followed
by the 1927 International Radiotelegraph Conference in Washington, D.C. in 1927,
which was attended by 80 countries. It was a historical milestone in the development of
radio because it was at this Conference that the Table of Frequency Allocations was
first devised and the International Radio Consultative Committee (CCIR) was formed.

In 1932, two Plenipotentiary Conferences were held in Madrid: a Telegraph and
Telephone Conference and a Radiotelegraph Conference. On that occasion, the two ex-
isting Conventions were amalgamated in a single International Telecommunication
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Convention, and the countries that signed and acceded to it renamed the Union the In-
ternational Telecommunication Union (ITU) to indicate its broader scope. Four sets of
Regulations were annexed to the Convention: telegraph, telephone, radio, and addi-
tional radio regulations.

A Plenipotentiary Conference met in Atlantic City, N.J., in 1947 to revise the Ma-
drid Convention. It introduced important changes in the organization of the Union. The
International Frequency Registration Board (IFRB) and the Administrative Council
were created. Also, the ITU became the specialized agency within the United Nations
in the sphere of telecommunications, and its headquarters was transferred from Berne
to Geneva.

The Union remained essentially unchanged until 1992, when an Additional Plenipo-
tentiary Conference in Geneva extensively restructured the ITU. The Nice Constitution
and Convention of 1989, which had not been ratified, was used as the general model for
the 1992 Conference. The CCIR, IFRB, and World Administrative Radio Conference
(WARC) functions were incorporated into the Radiocommunication Sector (ITU-R);
the CCITT and Telecommunication Conference functions were incorporated into the
Telecommunication Standardization Sector (ITU-T); development activities were in-
corporated into the Telecommunication Development Sector (ITU-D); and the Secre-
tariats were combined into one General Secretariat.

Purposes of the Union
The purposes of the Union are as follows:

» Topromote the development and efficient operation of telecommunication facili-
ties, in order to improve the efficiency of telecommunication services, their use-
fulness, and their general availability to the public

» Promote and offer technical assistance to developing countries in the field of tele-
communications, to promote the mobilization of the human and financial re-
sources needed to develop telecommunications, and to promote the extension of
the benefits of new telecommunications technologies to people everywhere

« Promote, at the international level, the adoption of a broader approach to the is-
sues of telecommunications in the global information economy and society

While the principal facilities of the ITU are in Geneva adjacent to the grounds of the
United Nations, the Union also has a number of regional and sub-regional offices.

Structure of the Union

The ITU Constitution states that the Union shall comprise:
 The Plenipotentiary Conference, which is the supreme authority of the Union
« The Council, which acts on behalf of the Plenipotentiary Conference

» World conferences on international telecommunications

© 2001 by CRCPRESSLLC



« The Radiocommunication Sector, including world and regional
radiocommunication conferences, radiocommunication assemblies, and the Ra-
dio Regulations Board

+ The Telecommunication Standardization Sector, including world telecommuni-
cation standardization conferences

+ The Telecommunication Development Sector, including world and regional tele-
communication development conferences

e The General Secretariat

4.1.2 The Federal Communications Commission (FCC)

Congress, through adoption of the Communications Act of 1934, created the Federal
Communications Commission (FCC) as an independent regulatory agency. Section I
of the Act specifies that the FCC was created, “For the purpose of regulation of inter-
state and foreign commerce in communication by wire and radio so as to make avail-
able, so far as possible, to all the people of the United States a rapid, efficient, nation-
wide, and worldwide wire and radio communication service with adequate facilities
at reasonable charges, for the purpose of the national defense, for the purpose of pro-
moting the safety of life and property through the use of wire and radio communica-
tion, and for the purpose of securing a more effective execution of this policy by cen-
tralizing authority heretofore granted by law to several agencies and by granting addi-
tional authority with respect to interstate and foreign commerce in wire and radio
communication."”

The FCC is directed by five Commissioners appointed by the President, by and with
the advice and consent of the Senate, for staggered five-year terms. No more than three
can be members of the same political party. The President designates one Commis-
sioner as Chairman. The Commissioners make their decisions collectively by formal
vote although authority to act on routine matters is normally delegated to the staff.

The staff of the FCC performs day-to-day functions of the agency, including license
and application processing, drafting of rulemaking items, enforcing rules and regula-
tions, and formulating policy.

The Commission reorganized itselfin 1995 to establish two new bureaus—Wireless
Telecommunications and International—to reflect the changes in the industries it regu-
lates. The staff is divided along functional lines into six operating bureaus and 10 re-
mote offices.

4.2 National Table of Frequency Allocations

The National Table of Frequency Allocations is comprised of the U.S. Government
Table of Frequency Allocations and the FCC Table of Frequency Allocations. The
National Table indicates the normal national frequency allocation planning and the
degree of conformity with the ITU table. When required in the national interest and
consistent with national rights, as well as obligations undertaken by the U.S. to other
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countries that may be affected, additional uses of frequencies in any band may be au-
thorized to meet service needs other than those provided for in the National Table.
Specific exceptions to the National Table of Frequency Allocations are as follows:

« A government frequency assignment may be authorized in a non-government
band, as an exception, provided: @) the assignment is coordinated with the FCC,
and b) no harmful interference will be caused to the service rendered by non-gov-
ernment stations, present or future.

+ A non-government frequency assignment may be authorized in a government
band, as an exception, provided: a) the assignment is coordinated with the IRAC,
and b) no harmful interference will be caused to the service rendered by govern-
ment stations, present or future.

In the case of bands shared by government and non-government services, frequency
assignments therein are subject to coordination between the IRAC and the FCC, and
no priority is recognized unless the terms of such priority are specifically defined in
the National Table of Frequency Allocations or unless they are subject to mutually
agreed arrangements in specific cases.

4.2.1 U.S. Government Table of Frequency Allocations

The U.S. Government Table of Frequency Allocations is used as a guide in the assign-
ment of radio frequencies to government radio stations in the United States and Pos-
sessions. Exceptions to the table may be made by the IRAC after careful consideration
to avoid harmful interference and to ensure compliance with the ITU radio regula-
tions.

For the use of frequencies by government radio stations outside the U.S., govern-
ment agencies are guided insofar as practicable by the ITU Table of Frequency Alloca-
tions and, where applicable, by the authority of the host government. Maximum practi-
cable effort should be made to avoid the possibility of harmful interference to other au-
thorized U.S. operations. If harmful interference is considered likely, it is incumbent
upon the agency conducting the operation to coordinate with other U.S. users.

Application of the U.S. Government Table is subject to the recognition that:

« Below 25000 kHz the table is only applicable in the assignment of frequencies af-
ter September 5, 1961.

« Under Article 38 of the International Telecommunication Convention, adminis-
trations “retain their entire freedom with regard to military radio installations of
their army, naval and air forces.”

« Under No. 342 of the ITU Radio Regulations, administrations may assign fre-
quencies in derogation of the ITU Table of Frequency Allocations “on the ex-
press condition that harmful interference shall not be caused to services carried
on by stations operating in accordance with the provisions of the Convention and
of these Regulations.”
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Some frequency assignments below 25000 kHz that were made before September 5,
1961, are not in conformity with the government table. Because of the exception men-
tioned previously, the status of these assignments can be determined only on a
case-by-case basis. With this exception, the rules pertaining to the relative status be-
tween radio services are as follows:

+ Primary and permitted services have equal rights, except that, in the preparation
of frequency plans, the primary service, as compared with the permitted service,
has prior choice of frequencies.

+ Secondary services are on a non-interference basis to the primary and permitted
services. Stations of a secondary service: (a) must not cause harmful interference
to stations of primary or permitted services to which frequencies are already as-
signed or to which frequencies may be assigned at a later date; (») cannot claim
protection from harmful interference from stations of a primary or permitted ser-
vice to which frequencies are already assigned or may be assigned at a later date;
(c) can claim protection, however, from harmful interference from stations of the
same or other secondary service(s) to which frequencies may be assigned at a
later date.

Important definitions for terms used in the table include the following:

 Additional allocation, where a band is indicated in a footnote of the table as “also
allocated” to a service in an area smaller than a region, or in a particular country.
For example, an allocation that is added in this area or in this country to the ser-
vice or services which are indicated in the table.

 Alternative allocation, where a band is indicated in a footnote of the table as “al-
located” to one or more services in an area smaller than a region, or in a particular
country. For example, an allocation that replaces, in this area or in this country,
the allocation indicated in the table.

« Different category of service, where the allocation category (primary, permitted,
or secondary) of the service in the table is changed. For example, the table reflects
the allocation as Fixed, Mobile, and RADIOLOCATION; the category of these
services are changed by the footnote to FIXED, MOBILE, and Radiolocation.

* An allocation or a footnote to the government table denoting relative status be-
tween radio services automatically applies to each assignment in the band to
which the footnote or allocation pertains, unless at the time of a particular fre-
quency assignment action a different provision is decided upon for the assign-
ment concerned.

A priority note reflecting the same provisions as an allocation or an applicable
footnote to the government table is redundant and is not applied to frequency as-
signments.

An assignment that is in conformity with the service allocation (as amplified by perti-
nent footnotes) for the band in which it is contained takes precedence over assign-
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ments therein that are not in conformity unless, at the time of the frequency assign-
ment action, a different provision is decided upon.

Where in the table a band is indicated as allocated to more than one service, such ser-
vices are listed in the following order:

 Primary services, the names of which are printed in all capital letters (example:
FIXED)

 Permitted services, the names of which are printed in “capitals between oblique
strokes” (example: /RADIOLOCATION/)

 Secondary services, the names of which are printed in “normal characters” (ex-
ample: Mobile)

Other details of the table include the following:

 The columns to the right of the double line show the national provisions; those to
the left show the provisions of the ITU Table of Frequency Allocations.

e Column 1 indicates the national band limits.

+ Column 2 indicates the government allocation, including all “US” and “G” foot-
notes considered to be applicable to the government nationally. Where the allo-
cated service is followed by a function in parentheses, e.g., SPACE
(space-to-Earth), the allocation is limited to the function shown.

+ Column 3 indicates the non-government allocation including all “US” footnotes,
and certain “NG” footnotes as contained in Part 2 of the FCC Rules and Regula-
tions. Where the allocated service is followed by a function in parentheses, e.g.,
SPACE (space-to-Earth), the allocation is limited to the function shown. These
data have been included in the Government Table for information purposes only.

« Column 4 contains such remarks as serve to amplify the government and
non-government allocations or point up understanding between the FCC and
IRAC/NTIA in respect thereof.

+ The international footnotes shown in the columns to the left of the double line are
applicable only in the relationships between the U.S. and other countries. An in-
ternational footnote is applicable to the U.S. Table of Allocations if the number
also appears in Columns 2 and 3 of the U.S. table. The international footnote is
then applicable to both government and non-government use.

The texts of footnotes in the table are listed in numerical order at the end of the table,
in sections headed Government Footnotes, U.S. Footnotes, International Footnotes,
and NG Footnotes. Because of space limitations, the footnotes are not included in this
chapter. The complete set of footnotes is available from the National Telecommunica-
tions and Information Administration, Washington, D.C. (www.ntia.doc.gov).

The U.S. Government Table of Frequency Allocations is given on the following

pages.
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TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
Below 9 Below 9 (Not Allocated) (Not Allocated)
(Not Allocated)
444 445 444 445
444 445
9-14 9-14 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION
Us18 Us294 US1l8 US294
14-19.95 14-19.95 FIXED Fixed
FIXED MARITIME MOBILE
MARITIME MOBILE 448
Us294 448 US294 448
446 447
19.95-20.05 19.95-20.05 STANDARD FREQU- STANDARD FREQU- FCC Rules and
STANDARD FREQUENCY AND TIME SIGNAL (20 kHz) ENCY ENCY Regulations make
AND TIME SIGNAL AND TIME SIGNAL no provisions for
(20 kHz) (20 kHz) the licensing of
standard fre-
Us294 Us294 quency stations.
20.05-70 20.05-59 FIXED FIXED
FIXED MARITIME MOBILE
MARITIME MOBILE 448
US294 448 US294 448
447 449 59-61 STANDARD STANDARD FCC Rules and
FREQUENCY FREQUENCY Regulations make
AND TIME SIGNAL AND TIME SIGNAL no provisions for
(60 kHz) (60 kHz) the licensing of
standard fre-
Us294 Us294 quency stations.
61-70 FIXED FIXED
MARITIME MOBILE
US294 448 US294 448
70-72 70-90 70-72 70-90 FIXED FIXED
RADIONAVIGATION FIXED RADIONAVIGATION MARITIME MOBILE Radiolocation
451 MARITIME MOBILE 451 Radiolocation
448 Fixed
MARITIME Maritime Mobile US294 448 451 US294 448 451
RADIONAVIGATION 448
451
Radiolocation
452 450




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
72-84 72-84
FIXED FIXED
MARITIME MOBILE MARITIME MOBILE
448 448
RADIONAVIGATION RADIONAVIGATION
451 451
447
84-86 84-86
RADIONAVIGATION RADIONAVIGATION
451 451
Fixed
Maritime Mobile
448
450
86-90 86-90
FIXED FIXED
MARITIME MOBILE MARITIME MOBILE
448 448
RADIONAVIGATION RADIONAVIGATION
451
447
90-110 90-110 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION 453
Fixed Us18 Us104 Us294 Us18 Us104 Us294
453 453
453A 454
110-112 110-130 110-112 110-130 FIXED FIXED
FIXED FIXED FIXED MARITIME MOBILE MARITIME MOBILE
MARITIME MOBILE MARITIME MOBILE MARITIME MOBILE Radiolocation Radiolocation
RADIONAVIGATION MARITIME RADIONAVIGATION
RADIONAVIGATION 451 US294 451 454 US294 451 454
451
Radiolocation
454
452 454 454
112-115 112-117.6
RADIONAVIGATION RADIONAVIGATION
451 451
Fixed

Maritime Mobile

454 455




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
115-117.6
RADIONAVIGATION
451
Fixed
Maritime Mobile
454 456
117.6-126 117.6-126
FIXED FIXED
MARITIME MOBILE MARITIME MOBILE
RADIONAVIGATION RADIONAVIGATION
451 451
454 454
126-129 126-129
RADIONAVIGATION RADIONAVIGATION
451 451
Fixed
Maritime Mobile
454 455
129-130 129-130
FIXED FIXED
MARITIME MOBILE MARITIME MOBILE
RADIONAVIGATION RADIONAVIGATION
451 451
454 454
130-148.5 130-160 130-160 130-160 FIXED FIXED
MARITIME MOBILE FIXED FIXED MARITIME MOBILE MARITIME MOBILE
/FIXED/ MARITIME MOBILE
MARITIME MOBILE RADIONAVIGATION US294 454 US294 454
454 457
148.5-255 454 454
BROADCASTING
460 461 462 160-190 160-190 160-190 FIXED FIXED
FIXED FIXED MARITIME MOBILE
Aeronautical
459 Radionavigation Us294 459 US294 459
190-200 190-200 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION

US18 US226 US294

US18 US226 US294




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
200-275 200-285 200-275 AERONAUTICAL AERONAUTICAL
AERONAUTICAL AERONAUTICAL RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION AReronautical Aeronautical
255-283.5 Aeronautical Mo- Aeronautical Mo- Mobile Mobile
BROADCASTING bile bile
/AERONAUTICAL US18 US294 US18 US294
RADIONAVIGATION-
/463 275-285 275-285 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION
162 464 RADIONAVIGATION Aeronautical Reronautical
Aeronautical Mo- Mobile Mobile
bile Maritime Maritime
283.5-315 Maritime Radionavigation Radionavigation
MARITIME Radionavigation (radiobeacons) (radiobeacons)
RADI(?NAVIGATION (radiobeacons)
422”10%80%5) US18 US294 US18 US294
/AERONAUTICAL 285-315 285-325 MARITIME MARITIME
RADIONAVIGATION/ MARITIME RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
(radiobeacons) 466 (radiobeacons) (radiobeacons)
465 466A /AERONAUTICAL RADIONAVIGATION/ Aeronautical Aeronautical
Radionavigation Radionavigation
315-325 315-325 315-325 (Radiobeacons) (Radiobeacons)
AERONAUTICAL MARITIME AERONAUTICAL
RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION US18 US294 G121 US18 US294 466
Maritime (radiobeacons) MARITIME 166
Radionavigation 466 RADIONAVIGATION
(radiobeacons) Aeronautical (radiobeacons)
466 Radionavigation 466
465 467
325-405 325-335 325-405 325-335 AERONAUTICAL AERONAUTICAL
AERONAUTICAL AERONAUTICAL AERONAUTICAL RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION (radiobeacons) (radiobeacons)
Aeronautical Mo- Aeronautical Mo- Aeronautical Aeronautical
465 bile bile Mobile Mobile
Maritime Maritime Maritime
Radionavigation Radionavigation Radionavigation
(radiobeacons) (radiobeacons) (radiobeacons)
US18 US294 US18 US294
335-405 335-405 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION (radiobeacons) (radiobeacons)
Aeronautical Mo- Aeronautical Aeronautical
bile Mobile Mobile
US18 US294 US18 US294




TABLES OF FREQUENCY ALLOCATIONS

471

[US14 US18 US225
474

[US14 US18 US225
474

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
405-415 405-415 405-415 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION 468 Aeronautical Aeronautical
468 Aeronautical Mobile Mobile Mobile
465 US18 US294 468 US18 US294 468
415-435 415-495 415-435 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MARITIME MOBILE 470 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION Aeronautical Radionavigation 470A MARITIME MOBILE MARITIME MOBILE
/MARITIME MOBILE-
/470 469 4692 471 472A US294 469A 470 US294 469A 470
465
435-495 435-495 MARITIME MOBILE MARITIME MOBILE The frequency 480
MARITIME MOBILE Aeronautical kHz is available
470 Radionavigation to low power
Aeronautical Government Coast
Radionavigation US231 US294 470 US231 US294 470 stations for the
471 472A 471 472A calibration of
465 471 472A ship direction
finders on the
condition that
jharmful inter-
ference is not
caused to the
maritime mobile
service.
495-505 495-505 OBILE (distress OBILE (distress 500 kHz distress
MOBILE (distress and calling) land calling) land bnd calling
calling)
472 472
472
505-526.5 505-510 505-526.5 505-510 ARITIME MOBILE ARITIME MOBILE
[MARITIME MOBILE ARITIME MOBILE [MARITIME MOBILE
470 470 470 470 471 1470 471
/AERONAUTICAL 474
RADIONAVIGATION/ 471 / AERONAUTICAL
510-525 RADIONAVIGATION/  [[575 570 [AERONAUTICAL AERONAUTICAL 518 kfz is used
465 471 474 476 MOBILE 474 preronautical Mo- RADIONAVIGATION | RADIONAVIGATION  |for international
[AERONAUTICAL pile . (radiobeacons) (radiobeacons) AVTEX in the
RADIONAVIGATION Land Mobile ARITIME MOBILE ARITIME MOBILE haritime mobile
(Ships Only) (Ships Only) service.




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
525-535 525-535 AERONAUTICAL AERONAUTICAL 530 kHz Travelers
BROADCASTING 477 RADIONAVIGATION RADIONAVIGATION Information
AERONAUTICAL (radiobeacons) (radiobeacons) Service
RADIONAVIGATION MOBILE MOBILE
526.5-1606.5 526.5-535
BROADCASTING BROADCASTING US18 US221 US239 | US18 US221 US239
Mobile
478
479
535-1605 535-1606.5 535-1605 BROADCASTING
BROADCASTING BROADCASTING
NG128
1605-1625 1605-1615 MOBILE MOBILE 1610 kHz
BROADCASTING 480 Travelers
1606.5-1625 1606.5-1800 USsS221 480 G127 Us221 480 Information
MARITIME MOBILE 480A FIXED Systems
480A MOBILE
/FIXED/ RADIOLOCATION
JLAND MOBILE/ RADIONAVIGATION 1615-1625 BROADCASTING Broadcasting
implementation is
483 484 482 US237 US299 480 US237 US299 480 subject to
decisions of a
future Region 2
Administrative
Radio Conference.
1625-1635 1625-1705 1625-1705 Radiolocation BROADCASTING
RADIOLOCATION 487 BROADCASTING 480 Radiolocation
/FIXED/
485 486 /MOBILE/ US238 US299 480 US238 US299 480
1635-1800 Radiolocation
MARITIME MOBILE
480A 480A
/FIXED/
/LAND MOBILE/ 1705-1800 1705-1800 FIXED FIXED
FIXED MOBILE MOBILE
483 484 488 MOBILE RADIOLOCATION RADIOLOCATION
RADIOLOCATION
AERONAUTICAL USs240 Us240

RADIONAVIGATION




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
1800-1810 1800-1850 1800-2000 1800-1900 AMATEUR
RADIOLOCATION 487 AMATEUR AMATEUR
FIXED
485 486 MOBILE except
1810-1850 aero= .
AMATEUR nautical mobile
RADIONAVIGATION

490 491 492 493 Radiolocation
1850-2000 1850-2000 489
FIXED AMATEUR
MOBILE except FIXED
aero- MOBILE except
nautical mobile aero-

nautical mobile 1900-2000 RADIOLOCATION RADIOLOCATION
484 488 495 RADIOLOCATION

RADIONAVIGATION US290 Us290

494
2000-2025 2000-2065 2000-2065 FIXED MARITIME MOBILE 2003 kHz,
FIXED FIXED MOBILE intership
MOBILE except MOBILE NG19 frequency on the
aero- Great Lakes.
nautical mobile
(R)
484 495
2025-2045
FIXED
MOBILE except
aero-
nautical mobile
(R)
Meteorological
Aids
496
484 495
2045-2160
f??i;é?E MOBILE 2065-2107 2065--2107 MARITIME MOBILE  |MARITIME MOBILE

MARITIME MOBILE 497 2065-2068.5 Ship and coast Ship and coast

/LAND MOBILE/

483 484

498

(telephony)

497

(telephony)

497




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
2068.5-2078.5 Ship (Wide-band Ship (Wide-band
telegraphy, telegraphy,
facsimile and facsimile and
space transmis-— space transmis-
sion systems) sion systems
Us296 Us296
2078.5-2089.5 Ship and coast Ship and coast
(telephony) (telephony)
497 497
2089.5-2092.5 Ship (Calling, Ship (Calling,
telegraphy) telegraphy
2092.5-2107 Ship and coast Ship and coast
(telephony) (telephony)
497 497
2107-2170 2107-2170 FIXED FIXED
FIXED MOBILE LAND MOBILE
MOBILE MARITIME MOBILE
2160-2170
RADIOLOCATION 487 NG19
485 486 499
2170-2173.5 2170-2173.5 MARITIME MOBILE MARITIME MOBILE
MARITIME MOBILE (Telephony) (Telephony)
2173.5-2190.5 2173.5-2190.5 MOBILE (distress MOBILE (distress 2182 kHz Distress
MOBILE (distress and calling) and calling) and and Calling
calling)

500 500A 500B 501

Us279 500 500A

500B 501 Us279 500 500A
500B 501

2190.5-2194 2190.5-2194 MARITIME MOBILE MARITIME MOBILE

MARITIME MOBILE (Telephony) (Telephony)
2194-2300 2194-2300 2194-2495 FIXED FIXED
FIXED FIXED MOBILE LAND MOBILE
MOBILE except MOBILE MARITIME MOBILE
aero-
nautical mobile 502 NG19

(R)

484 495 502




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
2300-2498 2300-2495
FIXED FIXED
MOBILE except MOBILE
aero- BROADCASTING 503
nautical mobile
(R) 2495-2501 2495-2505 STANDARD STANDARD FCC Rules and
BROADCASTING 503 STANDARD FREQUENCY AND TIME FREQUENCY FREQUENCY Regulations make
SIGNAL (2500 kHz) AND TIME SIGNAL AND TIME SIGNAL no provisions for
495 (2500 kHz) (2500 kHz) licensing of
standard fre-
2498-2501 G106 quency stations.
STANDARD FREQUEN-
Ccy
AND TIME SIGNAL
(2500 kHz)
2501-2502
STANDARD FREQUENCY AND TIME SIGNAL
Space Research
2502-2625 2502-2505
FIXED STANDARD FREQUENCY AND TIME
MOBILE except
aero-
nautical mobile 2505-2850 2505-2850 FIXED FIXED 2635 kHz and 2638
(R) FIXED MOBILE LAND MOBILE kHz intership
MOBILE MARITIME MOBILE frequencies
484 495 504
3625-2650 Us285 Us285 ;738 kH%
MARITIME MOBILE intership
MARITIME grequency except
RADIONAVIGATION in Gulf of Mexico
2830 kHz
484 intership
2650-2850 frequency in Gulf
FIXED of Mexico
MOBILE except
aero-
nautical mobile
(R)
484 495
2850-3025 2850-3025 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)

501 505

Us283 501 505

Us283 501 505




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
3025-3155 3025-3155 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangements
between the FCC
and the IRAC.
3155-3200 3155-3230 FIXED FIXED
FIXED MOBILE except MOBILE except
MOBILE except aeronautical mobile (R) aero- aero-—
nautical mobile nautical mobile
506 507 (R) (R)
3200-3230
FIXED
MOBILE except aeronautical mobile (R)
BROADCASTING 503
506
3230-3400 3230-3400 FIXED FIXED
FIXED MOBILE except MOBILE except
MOBILE except aeronautical mobile aero- aero-
BROADCASTING 503 nautical mobile nautical mobile
Radiolocation Radiolocation
506 508
3400-3500 3400-3500 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)
Us283 Us283
3500-3800 3500-3750 3500-3900 3500-4000 AMATEUR
AMATEUR 510 AMATEUR 510 AMATEUR 510
FIXED FIXED 510 510
MOBILE except 509 511 MOBILE
aero- ) 3750-4000
nautical mobile AMATEUR 510
FIXED
484 MOBILE except
3800-3900 aero-
FIXED nautical mobile
AERONAUTICAL (R)
MOBILE (OR)

LAND MOBILE

511 512 514 515




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
3900-3950 3900-3950
AERONAUTICAL AERONAUTICAL MO-
MOBILE (OR) BILE
BROADCASTING
513
3950-4000 3950-4000
FIXED FIXED
BROADCASTING BROADCASTING
516
4000-4063 4000-4063 MARITIME MOBILE MARITIME MOBILE See Section
FIXED Us236 4.3.13 for use.
MARITIME MOBILE 517 Us236
516
4063-4438 4063-4438 MARITIME MOBILE MARITIME MOBILE See Annex H for
MARITIME MOBILE 500A 500B 520 520A 520B 2063-4065 Ship stations, Ship stations, Maritime Mobile
oceanographic oceanographic channel use.
518 519 data data transmission
transmission
4065-4146 Ship stations, Ship stations,
telephony, telephony, duplex
duplex operation operation
520 520
4146-4152 Ship and coast Ship and coast
stations, stations,
telephony telephony simplex
simplex operation
operation
Us82
Us82
4152-4172 Ship stations, Ship stations,

wide-band
telegraphy,
facsimile and
special
transmission
systems

Us296

wide-band
telegraphy,
facsimile and
special
transmission
systems

US296




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks

4172-4181.75

Ship stations,
narrow-band
direct-printing
telegraphy and
data transmis-
sion systems

Ship stations,
narrow-band
direct-printing
telegraphy and
data transmission
systems (paired

(paired frequen- frequencies)
cies)
500B
500B
4181.75- Ship stations, Ship stations,
4186.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling
4186.75- Ship stations, Ship stations,
4202.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
4202.25- Ship stations, Ship stations,
4207.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
AlA Morse teleg- AlA Morse teleg-
raphy, working raphy, working
(non-paired fre- (non-paired
quencies) frequencies)
4207.25- Ship stations, Ship stations,
4209.25 digital digital selective
selective call- calling
ing
500A
500A
4209.25- Coast stations, Coast stations,
4219.25 narrow-band narrow-band

direct-printing
telegraph data

direct-printing
telegraph data

transmission transmission

systems (paired systems (paired

frequencies) frequencies)

520B 520B
4219.25-4221 Coast stations, Coast stations,

digital digital selective

selective call-
ing

calling




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
4221-4351 Coast stations, Coast stations,
wide-band and wide-band and AlA
AlA Morse Morse telegraphy,
telegraphy, facsimile,
facsimile, special and data
special and data transmission
transmission systems and
systems and direct-printing
direct-printing telegraphy
telegraphy systems
systems
4351-4438 Coast stations, Coast stations,
telephony, telephony, duplex
duplex operation operation
4438-4650 4438-4650 4438-4650 FIXED FIXED
FIXED FIXED MOBILE except MOBILE except
MOBILE except aeronautical MOBILE except aero- aero—
mobile (R) aero- nautical mobile nautical mobile
nautical mobile (R) (R)
4650-4700 4650-4700 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R
Us282 US283 Us282 US283
4700-4750 4700-4750 AERONAUTICAL AERONAUTICAL Operations in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangements
between the FCC
and the IRAC.
4750-4850 4750-4850 4750-4850 4750-4850 FIXED FIXED
FIXED FIXED FIXED MOBILE except MOBILE except
AERONAUTICAL MOBILE except BROADCASTING 503 aero- aero-
MOBILE (OR) aero- Land Mobile nautical mobile nautical mobile
LAND MOBILE nautical mobile (R) (R)
BROADCASTING 503 (R)
BROADCASTING 503
4850-4995 4850-4995 FIXED FIXED
FIXED MOBILE

LAND MOBILE

BROADCASTING 503




TABLES OF FREQUENCY ALLOCATI ONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
4995-5003 4995-5005 STANDARD STANDARD FCC Rules and
STANDARD FREQUENCY AND TIME SIGNAL FREQUENCY FREQUENCY Regulations make
(5000 kHz) AND TIME SIGNAL AND TIME SIGNAL no provisions for
5003-5005 (5000 kHz) (5000 kHz) the licensing of
STANDARD FREQUENCY AND TIME SIGNAL standard fre-
Space Research G106 quency stations.
5005-5060 5005-5060 FIXED FIXED
FIXED
BROADCASTING 503
5060-5250 5060-5450 FIXED FIXED
FIXED Mobile except Mobile except
Mobile except aeronautical mobile aero- aero-
nautical mobile nautical mobile
521
5750-5450 Us212 Us212
FIXED
MOBILE except aeronautical mobile
5450-5480 5450-5480 5450-5480 5450-5680 AERONAUTICAL AERONAUTICAL
FIXED AERONAUTICAL FIXED MOBILE (R) MOBILE (R
AERONAUTICAL MOBILE (R) AERONAUTICAL
MOBILE (OR) MOBILE (OR) Us283 501 505 Us283 501 505
LAND MOBILE LAND MOBILE
5480-5680
AERONAUTICAL MOBILE (R)
501 505
5680-5730 5680-5730 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
501 505 501 505 501 505 stations shall be
authorized only
by special ar-
rangements
between the FCC
and the IRAC.
5730-5900 5730-5900 5730-5900 5730-5950 FIXED FIXED
FIXED FIXED FIXED MOBILE except MOBILE except
LAND MOBILE MOBILE except Mobile except aero- aero-
aeronautical aeronautical nautical mobile nautical mobile
mobile mobile (R) (R)
(R) (R)

5900-5950

BROADCASTING 521A 521B 521C




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
5950-6200 5950-6200 BROADCASTING BROADCASTING
BROADCASTING
6200-6525 6200-6525 MARITIME MOBILE MARITIME MOBILE See Annex H for
MARITIME MOBILE 500A 500B 520 520B 6200-6224 Ship stations, Ship stations, M;rltlrlne Mobile
522 telephony, telephony, duplex channel use.
duplex operation operation
520 520
6224-6233 Ship and coast Ship and coast
stations, stations,
telephony, telephony,
simplex simplex operation
operation
Us82
Us82
6233-6261 Ship stations, Ship stations,
wide-band wide-band
telegraphy, telegraphy,
facsimile and facsimile and
special special
transmission transmission
systems systems
Us296 Us296
6261-6262.75 Ship stations, Ship stations,
oceanographic oceanographic
data data transmission
transmission
6262.75- Ship stations, Ship stations,
6275.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
500B
500B
6275.75- Ship stations, Ship stations,
6280.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
6280.75- Ship stations, Ship stations,
6284.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
6284.75- Ship stations, Ship stations,
6300.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
6300.25- Ship stations, Ship stations,
6311.75 narrow-band narrow-band
direct-printing direct-printing
telegraph and telegraph and AlA
AlA Morse teleg- Morse telegraphy,
raphy, working working (non-
(non-paired fre- paired
quencies) frequencies)
6311.75- Ship stations, Ship stations,
6313.75 digital digital selective
selective call- calling
ing
500A
500A
6313.75- Coast stations, Coast stations,
6330.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
520B
520B
6330.75- Coast stations, Coast stations,
6332.5 digital digital selective
selective call- calling
ing




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
6332.5-6501 Coast stations, Coast stations,
wide-band and wide-band and AlA
AlA Morse Morse telegraphy,
telegraphy, facsimile,
facsimile, special and data
special and data transmission
transmission systems and
systems and direct-printing
direct-printing telegraphy
telegraphy systems
systems
6501-6525 Coast stations, Coast stations,
telephony, telephony, duplex
duplex operation operation
6525-6685 6525-6685 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R
Us283 Us283
6685-6765 6685-6765 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.
6765-7000 6765-7000 FIXED FIXED ISM 6780 = 15 kHz
FIXED Mobile Mobile
Land Mobile 525
524 524
524
7000-7100 7000-7100 AMATEUR
AMATEUR 510 AMATEUR-SATELLITE
AMATEUR-SATELLITE
510 510
526 527
7100-7300 7100-7300 7100-7300 7100-7300 AMATEUR
BROADCASTING AMATEUR 510 BROADCASTING
510 528 510 528
528
7300-7350 7300-8100 FIXED FIXED
Mobile Mobile

BROADCASTING 521A 521B
528A




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
7350-8100
FIXED
Land Mobile
529
8100-8195 8100-8195 MARITIME MOBILE MARITIME MOBILE See Section
FIXED 4.3.13 for use.
MARITIME MOBILE Us236 Us236
8195-8815 8195-8815 MARITIME MOBILE MARITIME MOBILE See Annex H for
MARITIME MOBILE 500A 500B 520B 529A 8195-8294 Ship stations, Ship stations, Mirltlr{\e Mobile
telephony, telephony, duplex channel use.
501 duplex operation operation
529A 529A
8294-8300 Ship and Coast Ship and Coast
stations, stations,
telephony, telephony,
simplex simplex operation
operation
Us82
Us82
8300-8340 Ship stations, Ship stations,
wide-band wide-band
telegraphy, telegraphy,
facsimile, and facsimile, and
special special
transmission transmission
systems systems
Us296 Us296
8340-8341.75 Ship stations, Ship stations,
oceanographic oceanographic
data data transmission
transmission
8341.75- Ship stations, Ship stations,
8365.75 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
501 501
8365.75- Ship stations, Ship stations,
8370.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
8370.75- Ship stations, Ship stations,
8376.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
8376.25- Ship stations, Ship stations,
8396.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
500B
500B
8396.25- Ship stations, Ship stations,
8414.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
AlA Morse teleg- AlA Morse teleg-
raphy, working raphy, working
(non-paired fre- (non-paired
quencies) frequencies)
8414.25- Ship stations, Ship stations,
8416.25 digital digital selective
selective call- calling
ing
500A
500A
8416.25- Coast stations, Coast stations,
8436.25 narrow-band narrow-band

direct-printing
telegraphy and
data transmis-
sion systems
(paired frequen-
cies)

520B

direct-printing
telegraphy and
data transmission
systems (paired
frequencies)

520B

8436.25-8438

Coast stations,
digital
selective call-
ing

Coast stations,
digital selective
calling




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
8438-8707 Coast stations, Coast stations,
wide-band and wide-band and AlA
AlA Morse Morse telegraphy,
telegraphy, facsimile,
facsimile, special and data
special and data transmission
transmission systems and
systems and direct-printing
direct-printing telegraphy
telegraphy systems
systems
8707-8815 Coast stations, Coast stations,
telephony, telephony, duplex
duplex operation operation
8815-8965 8815-8965 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)
8965-9040 8965-9040 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangements
between the FCC
and the IRAC.
9040-9400 9040-9500 FIXED FIXED
FIXED
9400-9500
BROADCASTING 521A 521B
529B
9500-9900 9500-9900 BROADCASTING BROADCASTING
BROADCASTING
Us235 Us235
530 531
9900-9995 9900-9995 FIXED FIXED
FIXED
9995-10003 9995-10005 STANDARD STANDARD FCC Rules and
STANDARD FREQUENCY AND TIME SIGNAL FREQUENCY FREQUENCY Regulations make
(10000 kHz) AND TIME SIGNAL AND TIME SIGNAL no provisions for
(10000 kHz) (10000 kHz) the licensing of
501 standard fre-
501 G106 501 quency stations.




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
10003-10005
STANDARD FREQUENCY AND TIME SIGNAL
Space Research
501
10005-10100 10005-10100 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)
501 Us283 501 US283 501
10100-10150 10100-10150 AMATEUR
FIXED
Amateur 510 Us247 510 Us247 510
10150-11175 10150-11175 FIXED FIXED
FIXED Mobile except Mobile except
Mobile except aeronautical mobile (R) aero- aero-
nautical mobile nautical mobile
(R) (R)
11175-11275 11175-11275 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.
11275-11400 11275-11400 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)
Us283 Us283
11400-11600 11400-11650 FIXED FIXED
FIXED
11600-11650
BROADCASTING 521A 521B
529B
11650-12050 11650-12050 BROADCASTING BROADCASTING
BROADCASTING
Us235 US235
530 531
12050-12100 12050-12230 FIXED FIXED
BROADCASTING 521A 521B
529B
12100-12230
FIXED




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks

12230-13200

12230-13200

MARITIME MOBILE

MARITIME MOBILE

MARITIME MOBILE 500A 500B 520B 529A

12230-12353

Ship stations,
telephony,
duplex operation

529A

Ship stations,
telephony, duplex
operation

529A

12353-12368

Ship and Coast
stations,
telephony,
simplex
operation

Us82

Ship and Coast
stations,
telephony,
simplex operation

Us82

12368-12420

Ship stations,
wide-band

Ship stations,
wide-band

telegraphy, telegraphy,
facsimile and facsimile and
special special
transmission transmission
systems systems
Us296 Us296
12420~ Ship stations, Ship stations,
12421.75 oceanographic oceanographic
data data transmission
transmission
12421.75- Ship stations, Ship stations,
12476.75 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
12476.75- Ship stations, Ship stations,
12549.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
500B
500B
12549.75- Ship stations, Ship stations,
12554.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling

See Annex H for
Maritime Mobile
channel use.




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
12554.75- Ship stations, Ship stations,
12559.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
12559.75- Ship stations, Ship stations,
12576.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
AlA Morse teleg- AlA Morse teleg-
raphy, working raphy, working
(non-paired fre- (non-paired
quencies) frequencies)
12576.75- Ship stations, Ship stations,
12578.75 digital digital selective
selective call- calling
ing
500A
500A
12578.75- Coast stations, Coast stations,
12656.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
520B
520B
12656.75- Coast stations, Coast stations,
12658.5 digital digital selective

selective call-
ing

calling




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
12658.5-13077 Coast stations, Coast stations,
wide-band and wide-band and AlA
AlA Morse Morse telegraphy,
telegraphy, facsimile,
facsimile, special and data
special and data transmission
transmission systems and
systems and direct-printing
direct-printing telegraphy
telegraphy systems
systems
13077-13200 Coast stations, Coast stations,
telephony, telephony, duplex
duplex operation operation
13200-13260 13200-13260 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.
13260-13360 13260-13360 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R)
Us283 Us283
13360-13410 13360-13410 RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY 533 G115 533
533
13410-13570 13410-13600 FIXED FIXED ISM 13560 + 7 kHz
FIXED Mobile except
Mobile except aeronautical mobile (R) aero-
534 nautical mobile
13570-13600 (R) 534
BROADCASTING 521A 521B
534 534
13600-13800 13600-13800 BROADCASTING BROADCASTING
BROADCASTING
Us235 Us235

531




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
13800-13870 13800-14000 FIXED FIXED
BROADCASTING 521A 521B Mobile except
534A aero-
13870-14000 nautical mobile
FIXED (R)
Mobile except aeronautical mobile (R)
14000-14250 14000-14250 AMATEUR
AMATEUR 510 AMATEUR-SATELLITE
AMATEUR-SATELLITE
510 510
14250-14350 14250-14350 AMATEUR
AMATEUR 510
510 510
535
14350-14990 14350-14990 FIXED FIXED
FIXED Mobile except
Mobile except aeronautical mobile (R) aero-
nautical mobile
(R)
14990-15005 14990-15010 STANDARD STANDARD FCC Rules and
STANDARD FREQUENCY AND TIME SIGNAL FREQUENCY FREQUENCY Regulations make
(15 000 kHz) AND TIME SIGNAL AND TIME SIGNAL no provisions for
(15 000 kHz) (15 000 kHz) the licensing of
501 standard fre-
15005-15010 501 G106 501 quency stations.
STANDARD FREQUENCY AND TIME SIGNAL
Space Research
15010-15100 15010-15100 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.
15100-15600 15100-15600 BROADCASTING BROADCASTING
BROADCASTING
Us235 Us235
531
15600-15800 15600-16360 FIXED FIXED
BROADCASTING 521A 521B
529B




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
15800-16360
FIXED
536

16360-17410
MARITIME MOBILE

500A 500B 520B 529A

16360-17410

MARITIME MOBILE

MARITIME MOBILE

16360-16528

Ship stations,
telephony,
duplex operation

529A

Ship stations,
telephony, duplex
operation

529A

16528-16549

Ship and Coast
stations,
telephony,
simplex
operation

Us82

Ship and Coast
stations,
telephony,
simplex operation

Us82

16549-16617

Ship stations,
wide-band

Ship stations,
wide-band

direct-printing
telegraphy and
data transmis-
sion systems
(paired frequen-
cies)

500B

telegraphy, telegraphy,
facsimile, and facsimile, and
special special
transmission transmission
systems systems
Us296 Us296
16617- Ship stations, Ship stations,
16618.75 oceanographic oceanographic
data data transmission
transmission
16618.75- Ship stations, Ship stations,
16683.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
16683.25- Ship stations, Ship stations,
16733.75 narrow-band narrow-band

direct-printing
telegraphy and
data transmission
systems (paired
frequencies)

500B

See Annex H for
Maritime Mobile
channel use.




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
16733.75- Ship stations, Ship stations,
16738.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling
16738.75- Ship stations, Ship stations,
16784.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired fre- frequencies)
quencies)
16784.75- Ship stations, Ship stations,
16804.25 narrow-band narrow-band
direct-printing direct-printing
and AlA Morse and AlA Morse
telegraphy, telegraphy,
working (non- working (non-
paired paired
frequencies) frequencies)
16804.25- Ship stations, Ship stations,
16806.25 digital digital selective
selective call- calling
ing
500A
500A
16806.25- Coast stations, Coast stations,
16902.75 narrow-band narrow-band
direct-printing direct-printing
telegraph and telegraph and
data transmis- data transmission
sion systems systems (paired
(paired fre- frequencies)
quencies)
520B
520B
16902.75- Coast stations, Coast stations,
16904.5 digital digital selective

selective call-
ing

calling




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks

16904.5-17242 Coast stations,
wide-band and
AlA Morse
telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

Coast stations,
wide-band and AlA
Morse telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

17242-17410 Coast stations,

telephony,

Coast stations,
telephony, duplex

duplex operation operation
17410-17480 17410-17550 FIXED FIXED
FIXED
17480-17550
BROADCASTING 521A 521B
529B
17550-17900 17550-17900 BROADCASTING BROADCASTING
BROADCASTING
US235 Us235
531
17900-17970 17900-17970 AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R) MOBILE (R
Us283 Us283
17970-18030 17970-18030 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL MOBILE (OR) MOBILE (OR) MOBILE (OR) (OR) bands by
Non-Government
stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.
18030-18052 18030-18068 FIXED FIXED

FIXED

18052-18068
FIXED
Space Research




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES

Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
18068-18168 18068-18168 AMATEUR

AMATEUR 510 AMATEUR-SATELLITE

AMATEUR-SATELLITE

510 510

538
18168-18780 18168-18780 FIXED FIXED

FIXED Mobile Mobile

Mobile except aeronautical mobile

18780-18900
MARITIME MOBILE

18780-18900 MARITIME MOBILE

MARITIME MOBILE

18780-18825 Ship stations,
telephony,

duplex operation

Ship stations,
telephony, duplex
operation

18825-18846 Ship and Coast
stations,
telephony,
simplex
operation

Us82

Ship and Coast
stations,
telephony,
simplex operation

Us82

18846-18870 Ship stations,

wide-band

Ship stations,
wide-band

direct-printing
telegraphy and
AlA Morse teleg-
raphy, working
(non-paired fre-
quencies)

telegraphy, telegraphy,
facsimile, and facsimile, and
special special
transmission transmission
systems systems
Us296 Us296

18870- Ship stations, Ship stations,

18892.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired fre- frequencies)
quencies)

18892.75- Ship stations, Ship stations,

18898.25 narrow-band narrow-band

direct-printing
telegraphy and
AlA Morse teleg-
raphy, working
(non-paired
frequencies)

See Annex H for
Maritime Mobile
channel use.




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
18898.25- Ship stations, Ship stations,
18899.75 digital digital selective

selective call-
ing

calling

18900-19020
BROADCASTING 521A 521B
529B

19020-19680
FIXED

18900-19680

FIXED

FIXED

19680-19800
MARITIME MOBILE 520B

19680-19800

MARITIME MOBILE

MARITIME MOBILE

19680.25- Coast stations, Coast stations,

19703.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired fre- frequencies)
quencies)

520B

520B

19703.25- Coast stations, Coast stations,

19705 digital digital selective

selective call-
ing

calling

19705-19755

Coast stations,
wide-band and
AlA Morse
telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

Coast stations,
wide-band and AlA
Morse telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

19755-19800

Coast stations,
telephony,
duplex operation

Coast stations,
telephony, duplex
operation

See Annex H for
Maritime Mobile
channel use.

19800-19990
FIXED

19800-19990

FIXED

FIXED




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
19990-19995 19990-20010 STANDARD STANDARD FCC Rules and
STANDARD FREQUENCY AND TIME SIGNAL FREQUENCY FREQUENCY Regulations make
Space Research AND TIME SIGNAL AND TIME SIGNAL no provisions for
(20 000 kHz) (20 000 kHz) the licensing of
501 standard fre-
19995-20010 501 G106 501 quency stations.
STANDARD FREQUENCY AND TIME SIGNAL
(20 000 kHz)
501
20010-21000 20010-21000 FIXED FIXED
FIXED Mobile
Mobile
21000-21450 21000-21450 AMATEUR
AMATEUR 510 AMATEUR-SATELLITE
AMATEUR-SATELLITE
510 510
21450-21850 21450-21850 BROADCASTING BROADCASTING
BROADCASTING
Us235 Us235
531
21850-21870 21850-21924 FIXED FIXED
FIXED
539
21870-21924
AERONAUTICAL FIXED
21924-22000 21924-22000 AERONAUTICAL AERONAUTICAL
MOBILE (R) MOBILE (R)

AERONAUTICAL MOBILE (R)

22000-22855

MARITIME MOBILE 520B
540

22000-22855

MARITIME MOBILE

MARITIME MOBILE

See Annex H for

22000-22159

Ship stations,
telephony,
[duplex operation

Ship stations,
[telephony, duplex
joperation

22159-22180

Ship and Coast
stations,
telephony,
simplex
operation

[Us82

Ship and Coast
stations,
[telephony,
simplex operation

Us82

Maritime Mobile
channel use.




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
22180-22240 Ship stations, Ship stations,
wide-band wide-band
telegraphy, telegraphy,
facsimile and facsimile and
special special
transmission transmission
systems systems
Us296 Us296
22240~ Ship stations, Ship stations,
22241.75 oceanographic oceanographic
data data transmission
transmission
22241.75- Ship stations, Ship stations,
22279.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
22279.25- Ship stations, Ship stations,
22284.25 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling
22284.25- Ship stations, Ship stations,
22351.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems, systems, working
working (paired (paired frequen-
frequencies) cies)
22351.75- Ship stations, Ship stations,
22374.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
AlA Morse teleg- AlA Morse teleg-
raphy, working raphy, working
(non-paired fre- (non-paired
quencies) frequencies)
22374.25- Ship stations, Ship stations,
22375.75 digital digital selective
selective call- calling
ing




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks

22375.75- Coast stations, Coast stations,

22443.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)

520B

520B

22443.75- Coast stations, Coast stations,

22445.5 digital digital selective
selective call- calling
ing

22445.5-22696 Coast stations, Coast stations
wide-band and wide-band and AlA
AlA Morse Morse telegraphy,
telegraphy, facsimile,
facsimile, special and data
special and data transmission and
transmission and direct-printing
direct-printing telegraphy
telegraphy systems
systems

22696-22855 Coast stations, Coast stations,
telephony, telephony, duplex
duplex operation operation

22855-23000 22855-23000 FIXED FIXED
FIXED
540

23000-23200 23000-23200 FIXED FIXED
FIXED Mobile except
Mobile except aeronautical mobile (R) aero-

nautical mobile
540 (R)

23200-23350 23200-23350 AERONAUTICAL AERONAUTICAL Operation in the
AERONAUTICAL FIXED MOBILE (OR) MOBILE (OR) (OR) bands by
AERONAUTICAL MOBILE (OR) Non-Government

stations shall be
authorized only
by special ar-
rangement between
the FCC and the
IRAC.




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES

Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
23350-24000 23350-24890 FIXED FIXED

FIXED MOBILE except

MOBILE except aeronautical mobile 541 aero-

nautical mobile

542
24000-24890

FIXED

LAND MOBILE

542

24890-24990 AMATEUR

24890-24990
AMATEUR 510
AMATEUR-SATELLITE

AMATEUR-SATELLITE

510 510
542
24990-25005 24990-25010 STANDARD STANDARD
STANDARD FREQUENCY AND TIME SIGNAL FREQUENCY FREQUENCY
(25000 kHz) AND TIME SIGNAL AND TIME SIGNAL
25005-25010 (25000 kHz) (25000 kHz)
STANDARD FREQUENCY AND TIME SIGNAL G106

Space Research

25010-25070
FIXED
MOBILE except aeronautical mobile

25010-25070

LAND MOBILE

NG112

25.02-25.06 kHz
Industrial

25070-25210
MARITIME MOBILE

25070-25210 MARITIME MOBILE

Us281

MARITIME MOBILE

[US281 NG112

See Annex H for
Maritime Mobile
channel use.

25070-25100 Ship stations,
telephony,

[duplex operation

Ship stations,
telephony, duplex
operation

25100-25121 Ship and Coast
stations,
telephony,
simplex
operation

US82

Ship and Coast
stations,
telephony,
[simplex operation

US82




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
25121- Ship stations, Ship stations,
25161.25 wide-band wide-band
telegraphy, telegraphy,
facsimile, and facsimile, and
special special
transmission transmission
systems systems
Us296 Us296
25161.25- Ship stations, Ship stations,
25171.25 AlA Morse AlA Morse
telegraphy, telegraphy,
working working
25171.25- Ship stations, Ship stations,
25172.75 AlA Morse AlA Morse
telegraphy, telegraphy,
calling calling
25172.75- Ship stations, Ship stations,
25192.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
25192.75- Ship stations, Ship stations,
25208.25 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (non-
(non-paired paired
frequencies) frequencies)
25208.25- Ship stations, Ship stations,
25210 digital digital selective
selective call- calling
ing
25210-25550 25210-25330 LAND MOBILE 25.12-25.32 kHz
FIXED Industrial
MOBILE except aeronautical mobile 25330-25550 FIXED

MOBILE except
aero-
nautical mobile




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
25550-25670 25550-25670 RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY
US74 545 Us74 545
545
25670-26100 25670-26100 BROADCASTING BROADCASTING International
BROADCASTING broadcasting
Us25 Us25

26100-26175
MARITIME MOBILE 520B

26100-26175

MARITIME MOBILE

MARITIME MOBILE

26100.25- Coast stations, Coast stations
26120.75 narrow-band narrow-band
direct-printing direct-printing
telegraphy and telegraphy and
data transmis- data transmission
sion systems systems (paired
(paired frequen- frequencies)
cies)
520B
520B
26120.75- Coast stations, Coast stations
26122.5 digital digital selective

selective call-
ing

calling

26122.5-26145

Coast stations,
wide-band and
AlA Morse
telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

Coast stations,
wide-band and AlA
Morse telegraphy,
facsimile,
special and data
transmission
systems and
direct-printing
telegraphy
systems

26145-26175

Coast stations,
telephony,
duplex operation

Coast stations,
telephony, duplex
operation

See Annex H for
Maritime Mobile
channel use.

26175-27500
FIXED
MOBILE except aeronautical mobile

546

26175-26480

LAND MOBILE

26480-26950

FIXED
MOBILE except
aero-

nautical mobile

Us10

Us10




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
kHz kHz kHz kHz Allocation Allocation Remarks
26950-26960 FIXED 26.955 kHz
International
546 546 fixed
public
26960-27230 MOBILE except ISM 27120 + 160
aero- kHz
nautical mobile
546
546
27230-27410 FIXED ISM 27120 % 160
MOBILE except kHz
aero-
nautical mobile Personal
546

546

Public Safety
Industrial

Land
Transportation




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
27.5-28 27.41-27.54 LAND MOBILE Industrial
METEOROLOGICAL AIDS
FIXED 27.54-28 FIXED
MOBILE MOBILE
Us298 Us298
28-29.7 28-29.7 AMATEUR
AMATEUR AMATEUR-SATELLITE
AMATEUR-SATELLITE
29.7-30.005 29.7-29.8 LAND MOBILE Industrial
FIXED 29.8-29.89 FIXED 29.81-29.88 MHz
MOBILE Aeronautical
fixed
International
fixed
public
29.89-29.91 FIXED See Section
MOBILE 4.3.6 of the
NTIA Manual for
Channeling Plan.
29.91-30 FIXED 29.92-29.99 MHz
Aeronautical
fixed
International
fixed
public
30-30.56 FIXED See Section
30.005-30.01 MOBILE ;f§A6MOf t?ef
SPACE OPERATION (satellite identification) afuas tor
Channeling Plan.
FIXED
MOBILE
SPACE RESEARCH
30.01-37.5
FIXED n
MOBILE 30.56-32 LAND MOBILE Industrial
NG124 Land Transporta-
tion
Public Safety




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL

UNITED STATES

Region 1
MHz

Region 2
MHz

Region 3
MHz

Band
MHz

Government
Allocation

Non-Govt.
Allocation

Remarks

32-33

FIXED
MOBILE

See Section
4.3.6 of the
NTIA Manual for
Channeling Plan.

33-34

LAND MOBILE

NG124

33.00-33.01 MHz
Land Transpor-—
tation

33.01-33.11 MHz
Public Safety

33.11-33.41 MHz
Industrial

33.41-34 MHz
Public Safety

34-35

FIXED
MOBILE

See Section
4.3.6 of the
NTIA Manual for
Channeling Plan.

35-36

LAND MOBILE

NG124

35.00-35.19 MHz
Industrial

35.19-35.69 MHz
Domestic Public
Industrial
Public Safety

35.69-36.00 MHz
Industrial

36-37

FIXED
MOBILE

Us220

Us220

See Section
4.3.6 of the
NTIA Manual for
Channeling Plan.

37-37.5

LAND MOBILE

NG124

37.00-37.01 MHz
Industrial

37.01-37.43 MHz
Public Safety

37.43-37.5 MHz
Industrial




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
37.5-38.25 37.5-38 Radio Astronomy LAND MOBILE 37.50-37.89 MHz
FIXED Radio Astronomy Industrial
MOBILE
Radio Astronomy 547 547 NG59 NG124 37.89-38.00
Public Safety
547 38-38.25 FIXED RADIO ASTRONOMY See Section
MOBILE 4.3.6 of the
RADIO ASTRONOMY NTIA Manual for
Channeling Plan.
Us8l 547 Us81 547
38.25-39.986 38.25-39 FIXED See Section
FIXED MOBILE 4.3.6 of the
MOBILE NTIA Manual for
Channeling Plan.
39-40 LAND MOBILE Public Safety
39.986-40.02 NG124
FIXED
MOBILE 40-42 FIXED See Section
Space Research MOBILE 4.3.6 of the
40.02-40.98 NTIA Manual for
FIXED US210 US220 548 US210 US220 548 Channeling Plan.
MOBILE
ISM 40.68 + 0.02
548 MHz
40.98-41.015
FIXED
MOBILE
Space Research
549 550
41.015-44
FIXED
MOBILE
42-46.6 LAND MOBILE 42.00-42.95 MHz
549 550 Public Safety
NG124 NG141 42.95-43.19 MHz
Industrial
43.19-43.69 MHz
Domestic Public
Industrial

Public Safety
43.69-44.61 MHz
Land Transpor-
tation
44.61-46.60 MHz
Public Safety




TABLES OF FREQUENCY ALLOCATIONS

NG3 NG49 NG56

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
44-47
FIXED
MOBILE
552
46.6-47 FIXED See Section
MOBILE 4.3.6 of the
NTIA Manual for
Channeling Plan.
47-68 47-50 47-50 47-49.6 LAND MOBILE 47.00-47.43 MHz
BROADCASTING FIXED FIXED Public safety
553 554 555 559 MOBILE MOBILE NG124 47.43-47.69 MHz
561 BROADCASTING Public Safety
Industrial
47.69-49.60
Industrial
49.6-50 FIXED See Section
MOBILE 4.3.6 of the
NTIA Manual for
Channeling Plan.
50-54 50-54 AMATEUR
AMATEUR
556 557 558 560
54-68 54-68 54-72 BROADCASTING Television broad-
BROADCASTING FIXED casting
Fixed MOBILE NG128 NG149
Mobile BROADCASTING
562
68-74.8 68-72 68-74.8
FIXED BROADCASTING FIXED
MOBILE except Fixed MOBILE
aero-nautical Mobile
mobile 563 566 568 571
564 565 567
568 571
72-173 72-73 FIXED 72.02-72.98 MHz
FIXED MOBILE Operational
MOBILE Fixed




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
73-74.6 73-74.6 RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY
570 Us74 Us74
74.6-74.8 74.6-74.8 FIXED FIXED
FIXED MOBILE MOBILE
MOBILE
Us273 572 Us273 572
74.8-75.2 74.8-75.2 AERONAUTICAL AERONAUTICAL 75 MHz Marker
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION beacons.
572 5727 572 572
75.2-87.5 75.2-75.4 75.2-75.4 FIXED FIXED
FIXED FIXED MOBILE MOBILE
MOBILE except MOBILE
aero- Us273 572 Us273 572
nautical mobile 571
75.4-76 75.4-87 75.4-76 FIXED 75.42-75.98 MHz
565 571 575 578 FIXED FIXED MOBILE Operational
MOBILE MOBILE Fixed
NG3 NG49 NG56
76-88 573 574 577 579 76-88 BROADCASTING Television bro-
BROADCASTING adcasting
Fixed 576 576 NG128 NG129
Mobile 87-100 NG149
FIXED
87.5-100 576 MOBILE
BROADCASTING BROADCASTING
88-100 88-108 [BROADCASTING FM broadcasting
581 BROADCASTING 580
T00-108 Us93 US93 NG2 NG128
BROADCASTING NG129
584 585 586 587 588 589
108-117.975 108-117.975 JAERONAUTICAL IAERONAUTICAL
AERONAUTICAL RADIONAVIGATION 5390A RADIONAVIGATION RADIONAVIGATION
G126 US93 US93




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
117.975-136 117.975- AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE (R) 121.9375 MOBILE (R) MOBILE (R)
501 591 592 593 594 US26 US28 501 591 US26 US28 501 591
592 593 592 593
121.9375- AERONAUTICAL MO- Private aircraft
123.0875 BILE
US30 US31 US33
US80 US102 US213 US30 US31 US33
591 US80 US102 US213
591
123.0875- AERONAUTICAL MO- AERONAUTICAL MO- 123.1 MHz for
123.5875 BILE BILE SAR Scene-of
Action commu-
US32 US33 Usl1ll2 US32 US33 Usll2 nications (See
591 593 591 593 Section 7.5.4 of
the NTIA Manual)
123.5875- AERONAUTICAL AERONAUTICAL
128.8125 MOBILE (R) MOBILE (R)
US26 591 US26 591
128.8125- AERONAUTICAL
132.0125 MOBILE (R)
591 591
132.0125- AERONAUTICAL AERONAUTICAL
136.00 MOBILE (R) MOBILE (R)
Us26 591 US26 591
136-137 136-137 AERONAUTICAL
AERONAUTICAL MOBILE (R) MOBILE (R)
Fixed
Mobile except aeronautical mobile (R) Us244 591 Us244 591

591 594A 595




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
137-137.025 137- SPACE OPERATION SPACE OPERATION
SPACE OPERATION (space-to-Earth) 137.025 (space-to-Earth) (space-to-Earth)
METEOROLOGICAL-SATELLITE (space-to-Earth) METEOROLOGICAL METEOROLOGICAL
MOBILE-SATELLITE (space-to-Earth) 599B SATELLITE SATELLITE
SPACE RESEARCH (space-to-Earth) (space-to-Earth) (space-to-Earth)
Fixed SPACE RESEARCH SPACE RESEARCH
Mobile except aeronautical mobile (R) (space-to-Earth) (space-to-Earth)
MOBILE-SATELLITE MOBILE-SATELLITE
(space-to-Earth) (space-to-Earth)
US319 US320 599B US319 US320 599B
596 597 598 599 599A US318 599A US318 599A
137.025-137.175 137.025- SPACE OPERATION SPACE OPERATION
137.175 (space-to-Earth) (space-to-Earth)

SPACE OPERATION (space-to-Earth)
METEOROLOGICAL-SATELLITE (space-to-Earth)
SPACE RESEARCH (space-to-Earth)

Fixed

Mobile-Satellite (space-to-Earth) 599B
Mobile except aeronautical mobile (R)

596 597 598 599 599A

METEOROLOGICAL
SATELLITE
(space-to-Earth)

SPACE RESEARCH
(space-to-earth)

Mobile-Satellite
(space-to-Earth)

US319 US320 599B

Us318 599A

METEOROLOGICAL-
SATELLITE
(space-to-Earth)

SPACE RESEARCH
(space-to-Earth)

Mobile-Satellite
(space-to-Earth)

US319 US320 599B

Us318 599A




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
137.175-137.825 137.175- SPACE OPERATION SPACE OPERATION
SPACE OPERATION (space-to-Earth) 137.825 (space-to-Earth) (space-to-Earth)
METEOROLOGICAL-SATELLITE (space-to-Earth) METEOROLOGICAL METEOROLOGICAL
MOBILE-SATELLITE (space-to-Earth) 599B SATELLITE SATELLITE
SPACE RESEARCH (space-to-Earth) (space-to-Earth) (space-to-Earth)
Fixed SPACE RESEARCH SPACE RESEARCH
Mobile except aeronautical mobile (R) (space-to-Earth) (space-to-Earth)
MOBILE-SATELLITE MOBILE-SATELLITE
(space-to-Earth) (space-to-Earth)
US319 US320 599B US319 US320 599B
US318 599A US318 599A
596 597 598 599 599A
137.825-138 137.825-138 SPACE OPERATION SPACE OPERATION
SPACE OPERATION (space-to-Earth) (space-to-Earth) (space-to-Earth
METEOROLOGICAL-SATELLITE (space-to-Earth) METEOROLOGICAL- METEOROLOGICAL-
SPACE RESEARCH (space-to-Earth) SATELLITE SATELLITE
Fixed (space-to-Earth) (space-to-Earth)
Mobile-Satellite (space-to-Earth) 599B SPACE RESEARCH SPACE RESEARCH
Mobile except aeronautical mobile (R) (space-to-Earth) (space-to-Earth)
Mobile-Satellite Mobile-Satellite
(space-to-Earth) (space-to-Earth)
US319 US320 599B US319 Us320
599B
UsS318 599A
596 597 598 599 599A US318 599A
138-143.6 138-143.6 138-143.6 138-144 FIXED
AERONAUTICAL FIXED FIXED MOBILE
MOBILE (OR) MOBILE MOBILE
/RADIOLOCATION/ Space Research
600 601 602 604 Space Research (space-to-Earth)
US10 G30 Us10

(space-to-Earth)

599 603
143.6-143.65 143.6-143.65 143.6-143.65
AERONAUTICAL FIXED FIXED

MOBILE (OR) MOBILE MOBILE

SPACE RESEARCH
(space-to-Earth)

601 602 604

SPACE RESEARCH
(space-to-Earth)
/RADIOLOCATION/

SPACE RESEARCH
(space-to-Earth)

599 603




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL

Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
143.65-144 143.65-144 143.65-144
AERONAUTICAL FIXED FIXED

MOBILE (OR) MOBILE MOBILE

/RADIOLOCATION/ Space Research
Space Research (space-to-Earth)
(space-to-Earth)
600 601 602 604 599 603
144-146 144-146 AMATEUR
AMATEUR 510 AMATEUR-SATELLITE
AMATEUR-SATELLITE
605 606 510 510
146-148 146-148 146-148 146-148 AMATEUR
FIXED AMATEUR AMATEUR
MOBILE except FIXED
aeronautical MOBILE
mobile (R) 607
607

148-149.9 148-149.9 148-149.9 FIXED MOBILE-SATELLITE
FIXED FIXED MOBILE (Earth-to-space)
MOBILE except MOBILE MOBILE-SATELLITE 599B US319 US320
aeronautical MOBILE-SATELLITE (Earth-to-space) (Earth-to-space) US323 US325
mobile (R) 599B 599B US319 US320

MOBILE-SATELLITE
(Earth-to-space)
MOBILE-SATELLITE
(space-to-Earth)
599B

608 608A 608C

608 608A 608C

US323 US325

608 608A
Us10 G30

608 608A
Us10




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
149.9-150.05 149.9- RADIONAVIGATION RADIONAVIGATION
LAND MOBILE-SATELLITE 150.05 SATELLITE SATELLITE
(Earth-to-space) 599B 609B MOBILE SATELLITE MOBILE SATELLITE
RADIONAVIGATION-SATELLITE (Earth-to-space) (Earth-to-space)
599B US319 US322 599B US319 US322
608B  609A 608B  609A
608B 609 609A
150.05-153 150.05-156.7625 150.05- FIXED
FIXED FIXED 150.8 MOBILE
MOBILE except MOBILE
aero— US216 G30 Us216

nautical mobile
RADIO ASTRONOMY

610

611 613 613A




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL

UNITED STATES

Region 1
MHz

Region 2
MHz

Region 3
MHz

Band
MHz

Government
Allocation

Non-Govt.
Allocation

Remarks

153-154

FIXED

MOBILE except
aero-

nautical mobile
(R)
Meteorological
Aids

154-156.7625
FIXED

MOBILE except
aero-

nautical mobile
(R)

613 613A

150.8-
156.2475

Us216 613

LAND MOBILE

US216 613 NG4
NG51 NG112 NG117
NG124 NG148

150.80-150.98
MHz

Land
Transportation
150.98-151.4825
MHz

Public Safety
151.4825-
151.4975 MHz
Industrial
151.4975-152.000
MHz

Industrial
Public Safety
152.00-152.255
MHz

Domestic Public
152.255-152.465
MHz

Land
Transportation
152.465-152.495
MHz

Industrial
152.495-152.855
MHz

Domestic Public
152.885-153.7325
MHz

Industrial
153.7325-
154.4825 MHz
Industrial
Public Safety
154.2 MHz

Earth Tele-
command
154.4825-
154.6375 MHz
Industrial
154.6375-
156.2475 MHz
Public Safety

156.2475-
157.0375

Us77 US106 US107
Us266 613

MARITIME MOBILE

Us77 US106 US107
US266 613 NG117




TABLES OF FREQUENCY

ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
156.7625-156.8375
MARITIME MOBILE (distress and calling)
501 613
156.8375-174 156.8375-174
Eé;?EE £ ;ég?EE 157.0375- MARITIME MOBILE
ero- excep 157.1875
nautical mobile 613 616 617 618 g§§;4 Us266 613 uUszl4 US266 613
613 613B 615 157.1875- MARITIME MOBILE
157.45 LAND MOBILE
US223 US266 613
US223 US266 613
NG111 NG154
157.45- LAND MOBILE 157.45-157.725
161.575 MHz
Us266 613 US266 613 NG6 Land
NG28 NG70 NG111 Transportation
NG112 NG124 NG148
157.725-157.755
MHz
Industrial
157.755-158.115
MHz
Domestic Public
158.115-158.475
MHz
Industrial
158.715-159.480
Public Safety
159.480-161.575
MHz
Land Transporta-
tion
161.575- MARITIME MOBILE
161.625
Us77 613 US77 613 NG6 NG17
161.625- LAND MOBILE Remote pickup
161.775 broadcast

613

613 NG6




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
161.775- MARITIME MOBILE
162.0125 LAND MOBILE
Us266 613
US266 613 NG6
NG154
162.0125- FIXED The Channeling
173.2 MOBILE Plan for assign-
ments in this
Us8 US1l Us13 Us8 Usll US13 band is shown in
US216 US223 US300 | US216 US223 US300 | Section 4.3.7 of
Us312 613 G5 Us312 613 the NTIA Manual.
173.2-173.4 FIXED Industrial
Land Mobile Public Safety
NG124
173.4-174 FIXED The Channeling
MOBILE Plan of assign-
ments in this
G5 band is shown in
Section 4.3.7 of
the NTIA Manual.
174-223 174-216 174-223 174-216 BROADCASTING Television
BROADCASTING BROADCASTING FIXED broadcasting
Fixed MOBILE NG115 NG128 NG149
621 623 628 629 Mobile BROADCASTING
620 619 624 625 626
216-220 630 216-220 MARITIME MOBILE MARITIME MOBILE
FIXED Aeronautical Mo- Aeronautical
MARITIME MOBILE bile Mobile
Radiolocation 627 Fixed Fixed
Land Mobile Land Mobile
627A Radiolocation

US210 US229 US274
Us317 627 G2

US210 US229 US274
US317 627 NG152




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
220-225 220-222 LAND MOBILE LAND MOBILE The Channeling
AMATEUR Radiolocation Plan for Land
FIXED Mobile assign-
MOBILE 627 G2 627 ments in this
Radiolocation 627 band is shown in
Section 4.3.15
of the NTIA
Manual.
222-225 Radiolocation AMATEUR
223-230 223-230
BROADCASTING FIXED
Fixed MOBILE
Mobile BROADCASTING
AERONAUTICAL
622 628 629 631 RADTONAVIGATION 627 G2 627
632 635 225-235 Radiolocation 225-235 FIXED The FAA provides
FIXED MOBILE air traffic con-
MOBILE 636 637 trol communica-
G27 tions to the
military
services on se-
lected frequen-
cies in this
band.
230-235 230-235
FIXED FIXED
MOBILE MOBILE
AERONAUTICAL
629 632 RADIONAVIGATION
635 638 639
637
235-267 235-267 FIXED The FAA provides
FIXED MOBILE air traffic con-
MOBILE trol communica-
[tions to the
501 592 635 640 641 642 ilitary
501 592 642 G27 fervices on se-
(5100 b0l 592 642 lected frequen-

cies in this
and.




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
267-272 267-322 FIXED The FAA provides
FIXED MOBILE air traffic con-
MOBILE trol communica-
Space Operation (space-to-Earth) tions to the
military
641 643 services on se-
lected frequen-
cies in this
band.
272-273
SPACE OPERATION (space-to-Earth)
FIXED
MOBILE
641
273-312
FIXED
MOBILE
641
312-315
FIXED
MOBILE
Mobile-Satellite (Earth-to-space) 641 641A
315-322
FIXED
MOBILE
641 G27 G100
322-328.6 322-328.6 [ IXED The FAA provides
FIXED OBILE bir traffic con-
MOBILE Frol communica-
RADIO ASTRONOMY ions to the
ilitary
644 44 G27 44 ervices on se-
ected frequen-
ies in this
and.
28.6-335.4 28.6-335.4 ERONAUTICAL ERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
645 645A 45 45




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
335.4-387 335.4-399.9 FIXED The FAA provides
FIXED MOBILE air traffic con-
MOBILE trol communica-
G27 G100 tions to the
641 military
387-390 services on se-
FIXED lgcte@ freguenf
MOBILE cies in this
Mobile-Satellite (space-to-Earth) 641 641A band.
390-399.9
FIXED
MOBILE
641
399.9-400.05

399.9-400.05
RADIONAVIGATION-SATELLITE

399.9-400.05

RADIONAVIGATION-
SATELLITE

MOBILE-SATELLITE

399.9-400.05

RADIONAVIGATION-
SATELLITE
MOBILE-SATELLITE

609 645B
(Earth-to-space) (Earth-to-space)
US319 US326 US319 US326
645B 645B
400.05-400.15 400.05- STANDARD FRE- STANDARD FRE-
STANDARD FREQUENCY AND TIME SIGNAL- 400.15 QUENCY QUENCY
SATELLITE (400.1 MHz) AND TIME SIGNAL- AND TIME SIGNAL-
SATELLITE SATELLITE
646 647 (400.1 MHz) (400.1 MHz)
646 646




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
400.15-401 400.15-401 METEOROLOGICAL METEOROLOGICAL SATELLITE
METEOROLOGICAL AIDS AIDS (radio- AIDS (radio- COMMUNICATION
METEOROLOGICAL-SATELLITE sonde) sonde) (25
(space-to-Earth) METEOROLOGICAL SPACE RESEARCH
MOBILE-SATELLITE (space-to-Earth) 599B SATELLITE (space-to-Earth
SPACE RESEARCH (space-to-Earth) 647A (space-to-Earth) 647A
Space Operation (space-to-Earth) SPACE RESEARCH MOBILE-SATELLITE
(space-to-Earth) (space-to-Earth)
647A 599B US319
MOBILE-SATELLITE US320 USs324
(space-to-Earth) Space Operation
599B US319 (space-to-Earth
US320 Us324
Space Operation
(space-to-Earth)
647 647B 647 647B
Us70 Us70
647 647B
401-402 401-402 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL AIDS AIDS AIDS
SPACE OPERATION (space-to-Earth) (Radiosonde) (Radiosonde)
Earth Exploration-Satellite (Earth-to- SPACE OPERATION SPACE OPERATION
space) (space-to-Earth) (space-to-Earth)
Fixed Earth Explora- Earth Explora-

Meteorological-Satellite

(Earth-to-space)
Mobile except aeronautical mobile

tion-
Satellite
(Earth-
to-space)
Meteorological-
Satellite
(Earth-
to-space)

Us70

tion-
Satellite
(Earth-
to-space)
Meteorological-
Satellite
(Earth-
to-space)

Us70




651 652 653

68 G2 G8

68 NG135

TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
402-403 402-403 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL AIDS AIDS AIDS
Earth Exploration-Satellite (Earth-to- (Radiosonde) (Radiosonde)
space) Earth Explora- Earth Explora-
Fixed tion- tion-
Meteorological-Satellite (Earth-to-space) Satellite Satellite
Mobile except aeronautical mobile (Earth- (Earth-
to-space) to-space)
Meteorological- Meteorological-
Satellite Satellite
(Earth- (Earth-
to-space) to-space)
Us70 Us70
403-406 403-406 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL AIDS AIDS AIDS
Fixed (Radiosonde) (Radiosonde)
Mobile except aeronautical mobile
Us70 G6 Us70
648
406-406.1 406-406.1 MOBILE-SATELLITE MOBILE-SATELLITE Satellite Emer-
MOBILE-SATELLITE (Earth-to-space) (Earth-to-space) (Earth-to-space) gency Position
Indicating
649 649A 649 649A 649 649A Radiobeacon
(EPIRB) .
406.1-410 406.1-410 FIXED RADIO ASTRONOMY The Channeling
FIXED MOBILE Plan for assign-
MOBILE except aeronautical mobile RADIO ASTRONOMY ments in these
RADIO ASTRONOMY ands are shown
S13 Us74 US117 S13 Us74 US1l17 in Section 4.3.9
648 650 5 G6 f the NTIA
1 10-420 b10-420 FTXED anual.
FIXED OBILE
MOBILE except aeronautical mobile pace Research
Space Research (space-to-space) 651A space-to-space) S13
US13 G5 651A
20-430 20-450 ADIOLOCATION mateur
FIXED
MOBILE except aeronautical mobile S7 US87 USs217 S7 US87 US217
Radiolocation $228 US230 664 5228 US230 664




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
430-440 430-440
AMATEUR RADIOLOCATION
RADIOLOCATION Amateur
653 654 655 656 653 658 659 660 660A 663 664
657 658 659 661
662 663 664 665
440-450
FIXED
MOBILE except aeronautical mobile
Radiolocation
651 652 653 666 667 668
450-460 450-460 LAND MOBILE 450-451 MHz Re-
FIXED mote
MOBILE US87 668 669 670 UsS87 668 669 670 pickup broad-

653 668 669 670

NG12 NG112 NG124
NG148

cast

451-454 MHz
Public Safety
Industrial
Land

Transportation

454-455 MHz
Domestic Public

455-456 MHz Re-
mote

pickup broad-
cast

456-459 MHz
Public Safety
Industrial
Land

Transportation

459-460 MHz
Domestic Public




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL

UNITED STATES

Region 1

MHz

Region 2
MHz

Region 3
MHz

Band
MHz

Government
Allocation

Non-Govt.
Allocation

Remarks

460-470

FIXED
MOBILE

Meteorological-Satellite (space-to-Earth)

669 670 671 672

460-470

Meteorological-
Satellite

(space-
to-Earth)

Us201 UsS209 Us216
669 670 671

LAND MOBILE

Us201 US209 US216
669 670 671 NG124

460-462.5375 MHz
Public Safety
Industrial

Land
Transportation

462.5375-
462.7375 MHz
Personal

462.7375-
467.5375 MHz
Public Safety
Industrial
Land
Transportation

467.5375-
467.7375 MHz
Personal

467.7375-470 MHz
Public Safety
Industrial
Land

Transporta-

tion

470-790

BROADCASTING

676 677A 683 684

685 68

687 689 693

694

470-512
BROADCASTING
Fixed

Mobile

6 686A
674 675

470-585
FIXED

MOBILE
BROADCASTING

673 677 679

512-608
[BROADCASTING

78

470-512

BROADCASTING
LAND MOBILE

NG66 NG114 NG127
NG128 NG149

Broadcasting
Public Safety
Industrial

Land Transporta-
tion

Domestic Public

512-608

F85-610
FIXED
OBILE

ROADCASTING

RADIONAVIGATION

688 689 690

BROADCASTING

G128 NG149

felevision
roadcasting




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
608-614 608-614 RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY
Mobile-Satellite Us74 Us246 US74 US246
except
aeronauti-
cal mobile- 610-890
satel- FIXED
lite (Earth- MOBILE
to-space) BROADCASTING
614-806 677 688 689 690 614-806 BROADCASTING
BROADCASTING 691 693 701
Fixed NG30 NG43 NG128
790-862 Mobile NG149
FIXED
BROADCASTING 675 692 692A 693
806-890 806-902 LAND MOBILE 806-821 MHz
694 695 695A FIXED Conventional
696 697 700B 702 MOBILE US116 US268 704A US116 US268 704A and
BROADCASTING G2 NG30 NG43 NG63 Trunked Systems
NG151 821-824 MHz
692A 700 700A Public Safety
824-825 MHz
Cellular
825-849 MHz
Cellular
862-890 849-851 MHz
FIXED Reserve
MOBILE except 851-866 MHz
aero- Conventional
nautical mobile and
BROADCASTING 703 Trunked Systems
866-869 MHz
700B 704 Public Safety
869-870 MHz
890-942 890-902 890-942 Sgg%é;iafﬂﬂ
FIXED FIXED FIXED Cellular
MOBILE except MOBILE except MOBILE 894-896 MHz
aero- aero- BROADCASTING Reserve
nautical mobile nautical mobile Radiolocation 896-901 MHz
BROADCASTING 703 Radiolocation Private Land
Radiolocation 706 Mobile
700A 704A 705 901-902 MHAz
704 Reserve




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
902-928 902-928 RADIOLOCATION ISM 915 + 13 MHz
FIXED
Amateur US215 US218 US267 US215 US218 US267
Mobile except Us275 707 G11 G59 Us275 707
aero-
nautical mobile
Radiolocation
705 707 707A
928-942 928-929 FIXED
FIXED
MOBILE except US116 US215 US268 | US116 US215 US268
aero- G2 NG120
nautical mobile 929-932 LAND MOBILE
Radiolocation
US116 US215 US268 | US116 US215 US268
705 G2 NG120
932-935 FIXED FIXED The Channeling
Plan for assign-
US215 US268 G2 US215 US268 NG120 | ments in this
band is shown in
Section 4.3.14
of the NTIA
Manual.
935-940 LAND MOBILE
US116 US215 US268 US1l6 US215 US268
G2 N120
940-941 MOBILE
US11l6 US268 G2 US11l6 US268
941-944 FIXED FIXED The Channeling
Plan for assign-
US268 US301 US302 US268 US301 US302 ments in this
G2 NG64 NG120 band is shown in
942-960 942-960 942-960 Section 4.3.14
FIXED FIXED FIXED of the NTIA
MOBILE except MOBILE MOBILE Manual.
aero- BROADCASTING
nautical mobile 944-960 FIXED
BROADCASTING 703 701
NG64 NG120

704




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
960-1215 960-1215 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
709 Us224 709 Us224 709
1215-1240 1215-1240 RADIOLOCATION
RADIOLOCATION RADIONAVIGATION-
RADIONAVIGATION-SATELLITE (space-to-Earth) 710 SATELLITE
(space-
to-Earth)
711 712 712A 713 713
713 G56
1240-1260 1240-1300 RADIOLOCATION Amateur
RADIOLOCATION
RADIONAVIGATION-SATELLITE (space-to-Earth) 710 664 713 714 G56 664 713 714
Amateur
711 712 712A 713 714
1260-1300
RADIOLOCATION
Amateur
664 711 712 712A 713 714
1300-1350 1300-1350 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION 717 RADIONAVIGATION RADIONAVIGATION
Radiolocation Radiolocation
715 716 718 717 718 G2 717 718
1350-1400 1350-1400 1350-1400 FIXED
FIXED RADIOLOCATION MOBILE
MOBILE RADIOLOCATION
RADIOLOCATION 714 718 720
US311 714 718 720 (Us311 714 718 720
718 719 720 G2 G27 G114
1400-1427 [EARTH EXPLORA- [EARTH EXPLORA-

1400-1427
EARTH EXPLORATION-SATELLITE (passive)
RADIO ASTRONOMY
SPACE RESEARCH (passive)

721 722

TION-
SATELLITE
(Passive)
RADIO ASTRONOMY
ISPACE RESEARCH
(Passive)

S74 US246 722

TION-
SATELLITE
(Passive)
RADIO ASTRONOMY
FPACE RESEARCH
(Passive)

S74 US246 722




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1427-1429 1427-1429 FIXED SPACE OPERATION
SPACE OPERATION (Earth-to-space) MOBILE except (Earth-to-space)
FIXED aero- Land Mobile
MOBILE except aeronautical mobile nautical mobile (Telemetering
SPACE OPERATION and
722 (Earth-to-space) telecommand)
Fixed
(Telemetering)
722 G30 722
1429-1452 1429-1452 1429-1435 FIXED Land Mobile
FIXED FIXED MOBILE (Telemetering
MOBILE except MOBILE 723 and
aeronautical telecommand)
mobile 722 Fixed
722 723B (Telemetering)
722 G30
722
1452-1492 1452-1492 1435-1525 OBILE OBILE
FIXED FIXED (Aeronautical (Aeronautical
MOBILE except MOBILE 723 ftelemetering) ltelemetering)
aeronautical BROADCASTING 722A 722B
mobile BROADCASTING-SATELLITE 722A S78 722 s78 722
BROADCASTING 722A 722B
722B
BROADCASTING-
SATELLITE 722A 722 722C
722B
722 723B
1492-1525 1492-1525 1492-1525
[FIXED FIXED FIXED
IMOBILE except MOBILE 723 MOBILE 723
aeronautical OBILE-SATELLITE
mobile (space-to-Earth)
722 723B 722 722C 723C 722




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES

Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1525-1530 1525-1530 1525-1530 1525-1530 MOBILE-SATELLITE MOBILE-SATELLITE
SPACE OPERATION SPACE OPERATION SPACE OPERATION (Space-to-Earth) (Space-to-Earth)
(space-to- (space-to-Earth) (space-to-Earth) Mobile (Aero- Mobile (Rero-
Earth) MOBILE-SATELLITE FIXED nautical tele- nautical tele-
FIXED (space-to-Earth) MOBILE-SATELLITE metry) metry)
MARITIME MOBILE- Earth (space-to-Earth

SATELLITE Exploration- Earth

(space-to- Satellite Exploration-
Earth) Fixed Satellite
Earth Mobile 723 Mobile 723 724
Exploration-

Satellite
Land Mobile Satel- 722 723R T26A 722 T726A 726D

lite (space-to- 726D
Earth) 726B
Mobile except 722 126A UST8 722 126A UST8
aero-
nautical mobile
724
722 723B 725 T726A
726D
1530-1533 1530-1533 1530-1535 MARITIME MOBILE- MARITIME MOBILE-

SPACE OPERATION
(space-to-Earth

MARITIME MOBILE-
SATELLITE
(space-
to-Earth)

LAND MOBILE-
SATELLITE
(space-
to-Earth)

Earth

Exploration-
Satellite

Fixed

Mobile except

aero-

nautical mobile

722 7723B T726A
726D

SPACE OPERATION

(space-to-Earth)

MARITIME MOBILE-SATELLITE (space-

to-Earth)

LAND MOBILE-SATELLITE (space-to-

Earth)

Earth Exploration-Satellite

Fixed
Mobile 723

722 726A 7726C 726D

SATELLITE
(space-
to-Earth)
MOBILE-SATELLITE
(space-to-Earth)
Mobile
(Aeronautical
telemetering)

Us78 US272 US315
722 T26A

SATELLITE
(space-
to-Earth)
MOBILE-SATELLITE
(space-to-Earth)
Mobile
(Aeronautical
telemetering)

Us78 US272 US315
722 T26A




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1533-1535 1533-1535
SPACE OPERATION SPACE OPERATION (space-to-Earth)
(space-to-Earth) MARITIME MOBILE-SATELLITE (space-
MARITIME MOBILE- to-Earth)
SATELLITE Earth Exploration-Satellite
(space- Fixed
to-Earth) Mobile 723
Earth Land Mobile-Satellite (space-to-
Exploration- Earth) 726B
Satellite
Fixed 722 7726A 726C 726D
Mobile except
aero-
nautical mobile
Land Mobile-
Satellite
(space-
to-Earth) 726B
722 7723B 726A
726D
1535-1544 1535-1544 MARITIME MOBILE- MARITIME MOBILE-
MARITIME MOBILE-SATELLITE (space-to-Earth) SATELLITE SATELLITE
Land Mobile-Satellite (space-to-Earth) 726B (space- (space-
to-Earth) to-Earth)
722 7126A 7726C 726D 727 MOBILE-SATELLITE MOBILE-SATELLITE
(space-to-Earth) (space-to-Earth)
US315 722 726A US315 722 726A
1544-1545 1544-1545 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
722 726D 727 T27A 722 T27A 722 727A
1545-1555 1545-1549.5 AERONAUTICAL AERONAUTICAL

AERONAUTICAL MOBILE-SATELLITE (R)
(space-to-Earth)

722 7726A 726D 727 729 729A 730

MOBILE-SATELLITE
(R) (space-to-
Earth)
Mobile-Satellite
(space-to-Earth)

Us308 US309 722
T26RA

MOBILE-SATELLITE
(R) (space-to-
Earth)
Mobile-Satellite
(space-to-Earth)

Us308 US309 722
T26RA




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1549.5- AERONAUTICAL AERONAUTICAL
1558.5 MOBILE-SATELLITE MOBILE-SATELLITE
(R) (space-to- (R) (space-to-
Earth) Earth)
MOBILE-SATELLITE MOBILE-SATELLITE
1555-1559 (space-to-Earth) (space-to-Earth)
LAND MOBILE-SATELLITE (space-to-Earth)
US308 US309 722 US308 US309 722
722 726A 726D 727 730 730A 730B 730C 726A 726A
1558.5- AERONAUTICAL AERONAUTICAL
1559 MOBILE-SATELLITE MOBILE-SATELLITE
(R) (space-to- (R) (space-to-
Earth) Earth)
US308 US309 722 USsS308 US309 722
T26A T26A
1559-1610 1559-1610 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION-SATELLITE (space-to-Earth) RADIONAVIGATION- RADIONAVIGATION-
SATELLITE SATELLITE
722 727 730 731 (space- (space-
to-Earth) to-Earth
G126 US208 US260 US208 US260 722
722
1610-1610.6 1610-1610.6 1610-1610.6 1610-1610.6 AERONAUTICAL AERONAUTICAL
RADIONAVIGATION RADIONAVIGATION
MOBILE-SATELLITE MOBILE-SATELLITE MOBILE-SATELLITE RADIODETERMINATION | RADIODETERMINATION
(Earth-to-space) (Earth-to-space) (Earth-to-space) SATELLITE SATELLITE

AERONAUTICAL
RADIONAVIGATION

722 727 730 731
731E 732 733 733A
733B 733E 733F

AERONAUTICAL
RADIONAVIGATION
RADIODETERMINA-
TION-

SATELLITE (Earth-
to-space)

722 731E 732 733
733A 733C 733D
733E

AERONAUTICAL
RADIONAVIGATION
Radiodetermina-
tion-

Satellite (Earth-
to-

space)

722 727 730
731E

732 733 7332
733B

733E

(Earth-to-space)
MOBILE-SATELLITE
(Earth-to-space)

US208 US260 US319
722 731E 732 733
733A T33E

(Earth-to-space)
MOBILE-SATELLITE
(Earth-to-space)

US208 US260 US319
722 731E 732 733
733A 733E




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1610.6-1613.8 1610.6-1613.8 1610.6-1613.8 1610.6-1613.8 AERONAUTICAL AERONAUTICAL
RADIONAVIGATION RADIONAVIGATION
MOBILE-SATELLITE MOBILE-SATELLITE MOBILE-SATELLITE RADIODETERMINATION | RADIODETERMINATION
(Earth-to-space) (Earth-to-space) (Earth-to-space) SATELLITE SATELLITE

RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION

722 727 730
731

731E 732 733
733A

733B 733E 733F
734

RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION
RADIODETERMINA-
TION-

SATELLITE
(Earth-
to-space)

722 731E 732 733
733A 733C 733D
733E

734

RADIO ASTRONOMY
AERONAUTICAL
RADIONAVIGATION
Radiodetermina-
tion-

Satellite
(Earth-
to-space)

722 727 730
731E

732 733 733A
733B

733E 734

(Earth-to-space)
MOBILE-SATELLITE
(Earth-to-space)

RADIO-ASTRONOMY

US208 US260 US319
722 731E 732 733
733A 733E 734

(Earth-to-space)
MOBILE-SATELLITE
(Earth-to-space)

RADIO-ASTRONOMY

US208 US260 US319
722 731E 732 733
733A 733E 734

1613.8-1626.5

MOBILE-SATELLITE
(Earth-to-space)

AERONAUTICAL
RADIONAVIGATION

Mobile Satellite
(space-to-Earth)

722 727 730

731

731E 731F 732 733
733A 733B 733E
733F

1613.8-1626.5

MOBILE-SATELLITE
(Earth-to-space)
AERONAUTICAL
RADIONAVIGATION
RADIODETERMINA-
TION-
SATELLITE
(Earth-
to-space)
Mobile Satellite
(space-to-Earth)

722 731E 731F 732
733 733A 733C
733D 733E

1613.8-1626.5

MOBILE-SATELLITE
(Earth-to-space)
AERONAUTICAL
RADIONAVIGATION
Radiodetermina-
tion-
Satellite
(Earth-
to-space)
Mobile Satellite
(space-to-Earth)

722 727 730 731E
731F 732 733 733A
733B 733E

1613.8-1626.5

AERONAUTICAL
RADIONAVIGATION
RADIODETERMINATION

SATELLITE
(Earth-to-space)

MOBILE-SATELLITE
(Earth-to-space)

Mobile-Satellite
(space-to-Earth)

Us208 US260 US319
722 731E 731F 732
733 733E

AERONAUTICAL
RADIONAVIGATION
RADIODETERMINATION
SATELLITE
(Earth-to-space)
MOBILE-SATELLITE
(Earth-to-space)
Mobile-Satellite
(space-to-Earth)

US208 US260 US319
722 731E 731F 732
733 733E

1626.5-1631.5
MARITIME MOBILE-
SAT-
ELLITE
to-
space)
Land Mobile-Satel-
lite (Earth-to-
Space) 726B

(Earth-

722 T726A 726D 727
730

1626.5-1631.5

MOBILE-SATELLITE

space)

722 726A 726C 726D 727 730

(Earth-to-

1626.5-
1645.5

MARITIME MOBILE-
SATELLITE
(Earth-
to-space)

MOBILE-SATELLITE

(Earth-to-space)

US315 722 726A

MARITIME MOBILE-
SATELLITE
(Earth-
to-space)

MOBILE-SATELLITE

(Earth-to-space)

US315 722 726A




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1631.5-1634.5
MARITIME MOBILE-SATELLITE (Earth-to-space)
LAND MOBILE-SATELLITE (Earth-to-space)
722 726A 726C 726D 727 730 T734A
1634.5-1645.5
MARITIME MOBILE-SATELLITE (Earth-to-space)
Land Mobile-Satellite (Earth-to-space) 726B
722 726A 726C 726D 727 730
1645.5-1646.5 1645.5- MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE (Earth-to-space) 1646.5 (Earth-to-space) (Earth-to-space)
722 726D 734B 722 734B 722 734B
1646.5-1656.5 1646.5- AERONAUTICAL AERONAUTICAL
AERONAUTICAL MOBILE-SATELLITE (R) 1651 MOBILE-SATELLITE MOBILE-SATELLITE
(Earth-to-space) (R) (Earth-to- (R) (Earth-to-
space) space)
722 7726A 726D 727 729A 730 735 Mobile-Satellite Mobile-Satellite
(Earth-to-space) (Earth-to-space)
Us308 US309 722 UsS308 US309 722
T26A T26A
1651-1660 AERONAUTICAL AERONAUTICAL
MOBILE-SATELLITE MOBILE-SATELLITE
(R) (Earth-to- (R) (Earth-to-
space) space)
MOBILE-SATELLITE MOBILE-SATELLITE
1656.5-1660 (Earth-to-space) (Earth-to-space)
LAND MOBILE-SATELLITE (Earth-to-space)
US308 US309 722 US308 US309 722
722 726A 726D 727 730 730A 730B 730C 734A 7268 726n
1660-1660.5 1660- AERONAUTICAL AERONAUTICAL
LAND MOBILE-SATELLITE (Earth-to-space) 1660.5 MOBILE-SATELLITE MOBILE-SATELLITE

RADIO ASTRONOMY

722 7726A 726D 730A 730B 730C 736

(R) (Earth-to-
space)
RADIO ASTRONOMY

US309 722 726A
736

(R) (Earth-to-
space)
RADIO ASTRONOMY

US309 722 726A
736




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1660.5-1668.4 1660.5- RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY 1668.4 SPACE RESEARCH SPACE RESEARCH
SPACE RESEARCH (passive) (Passive) (Passive)
Fixed
Mobile except aeronautical mobile US74 US246 722 US74 US246 722
722 736 737 738 739
1668.4-1670 1668.4-1670 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL AIDS AIDS AIDS
FIXED (Radiosonde) (Radiosonde)
MOBILE except aeronautical mobile RADIO ASTRONOMY RADIO ASTRONOMY
RADIO ASTRONOMY
US74 US99 722 736 | US74 US99 722 736
722 136
1670-1675 1670-1690 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL AIDS AIDS AIDS
FIXED (Radiosonde) (Radiosonde)
METEOROLOGICAL-SATELLITE (space-to-Earth) METEOROLOGICAL- METEOROLOGICAL-
MOBILE 740A SATELLITE SATELLITE
(space- (space-
722 to-Earth) to-Earth)
1675-1690 1675-1690 1675-1690
METEOROLOGICAL METEOROLOGICAL FIXED us211 722 Us211 722
AIDS AIDS METEOROLOGICAL
FIXED FIXED AIDS
METEOROLOGICAL- METEOROLOGICAL- METEOROLOGICAL-
SATELLITE SATELLITE SATELLITE (space-
(space- (space- to-Earth)
to- to- MOBILE except
Earth) Earth) aeronautical
MOBILE except MOBILE except mobile
aero- aero-
nautical mobile nautical mobile 722
MOBILE-SATELLITE
722 (Earth-to-space)
722 T35A




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1690-1700 1690-1700 1690-1700 1690-1700 METEOROLOGICAL METEOROLOGICAL
METEOROLOGICAL METEOROLOGICAL METEOROLOGICAL AIDS AIDS
AIDS AIDS AIDS (Radiosonde) (Radiosonde)
METEOROLOGICAL- METEOROLOGICAL- METEOROLOGICAL METEOROLOGICAL- METEOROLOGICAL-
SATELLITE SATELLITE (space- SATELLITE SATELLITE SATELLITE
(space- to-Earth) (space-to-Earth) (space- (space-
to-Earth) MOBILE-SATELLITE to-Earth) to-Earth)
Fixed (Earth-to-space)
Mobile except 671 722 671 722
aero- 671 722 735A 740 671 722 740 742
nautical mobile
671 722 741
1700-1710 1700-1710 1700-1710 1700-1710 FIXED METEOROLOGICAL-
FIXED FIXED FIXED METEOROLOGICAL- SATELLITE
METEOROLOGICAL- METEOROLOGICAL- METEOROLOGICAL- SATELLITE (space-
SATELLITE SATELLITE (space- SATELLITE (space- to-Earth)
(space- to-Earth) (space- to-Earth) Fixed
to-Earth) MOBILE except to-Earth)
MOBILE except aeronautical mo- MOBILE except 671 722 G118 671 722
aero- bile aero-
nautical mobile MOBILE-SATELLITE nautical mobile
(Earth-to-space)
671 722 671 722 735A 671 722 743
1710-1930 1710-1850 FIXED
FIXED MOBILE
MOBILE 740A
722 744 745 746 T46A US256 722 G42 Us256 722
1930-1970 1930-1970 1930-1970 1850-1990 FIXED
FIXED FIXED FIXED MOBILE
MOBILE MOBILE MOBILE
Mobile-Satellite
T64A (Earth-to-space) T46A
T46A
1970-1980 1970-1980 1970-1980
FIXED FIXED FIXED
MOBTLE MOBTLE MOBILE Us3si Us3si
MOBILE-SATELLITE
T46A (Earth-to-space) T46A

T46A T746B 746C




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
1980-2010 1990-2110 FIXED
FIXED US90 US111 US219 MOBILE
MOBILE Us222

MOBILE-SATELLITE (Earth-to-space)

746A 746B 746C

2010-2025
FIXED
MOBILE

T46R

2025-2110
SPACE OPERATION (Earth-to-space) (space-to-space)
EARTH EXPLORATION-SATELLITE (Earth-to-
space) (space-to-
space)
FIXED
MOBILE 747A
SPACE RESEARCH (Earth-to-space) (space-to-space)

Us90 US11l Us219
US222 NG23 NG118

750A
2110-2120 2110-2150 FIXED
FIXED MOBILE
MOBILE
SPACE RESEARCH (deep space) (Earth-to-space)
T46A
US1l1ll Us252 US111l US252 NG23
NG153
2120-2160 2120-2160 2120-2160
FIXED FIXED FIXED
MOBILE MOBILE MOBILE
Mobile-Satellite
T46A (space-to-Earth) T46A
T46RA
2150-2160 FIXED

NG23




SPACE RESEARCH (Deep Space)

(space-to-Earth)

SPACE RESEARCH
(space-to-Earth)

(Deep Space only)

TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
2160-2170 2160-2170 2160-2170 2160-2200 FIXED
FIXED FIXED FIXED MOBILE
MOBILE MOBILE MOBILE
MOBILE-SATELLITE
T46A (space-to-Earth) T46A
746A T746B 746C
2170-2200 NG23 NG153
FIXED
MOBILE
MOBILE-SATELLITE (space-to-Earth)
T46A T746B 746C
2200-2290 2200-2290 FIXED (LOS* only) * Line of sight.
SPACE OPERATION (space-to-Earth) (space-to-space) MOBILE (LOS only
EARTH EXPLORATION-SATELLITE (space-to-Earth) including
(space-to- aeronautical
space) telemetering, but
FIXED excluding flight
MOBILE 747A testing of manned
SPACE RESEARCH (space-to-Earth) (space-to-space) aircraft)
SPACE RESEARCH
750A (space-to-Earth)
(space-to-space)
SPACE OPERATION Us303
(space-to-Earth)
(space-to-space)
EARTH
EXPLORATION-
SATELLITE
(space-to-Earth)
(space-to-space)
G101 US303 750A
2290-2300 2290-2300 FIXED SPACE RESEARCH
FIXED MOBILE except (space-to-Earth)
MOBILE except aeronautical mobile laeronautical (Deep Space only
mobile




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
2300-2450 2300-2450 2300-2310 Amateur
FIXED FIXED
MOBILE MOBILE
Amateur RADIOLOCATION
Radiolocation Amateur G123 Us253
664 751A 752 664 750B 751 751B 752
2310-2360 Mobile BROADCASTING-
Radiolocation SATELLITE
Fixed Mobile
751B US276 US327 751B US276 US327
US328 G2 G120 US328
2360-2390 MOBILE MOBILE
RADIOLOCATION
Fixed
Us276 G2 G120 Us276
2390-2400 G122 AMATEUR
2400-2402 664 752 G123 Amateur ISM 2450 + 50
644 752 MHz
2402-2417 664 752 Gl22 AMATEUR ISM 2450 £ 50
664 752 MHz
2417-2450 Radiolocation Amateur ISM 2450 £ 50
664 752 G2 G124 664 752 MHz
2450-2483.5 2450-2483.5 2450-2483.5 FIXED ISM 2450 = 50
FIXED FIXED MOBILE MHz
MOBILE MOBILE Radiolocation
Radiolocation RADIOLOCATION
Us41l 752 Us4l 752
752 753 751 752




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
2483.5-2500 2483.5-2500 2483.5-2500 2483.5-2500 RADIODETERMINA- RADIODETERMINA-
FIXED FIXED FIXED TION - SATELLITE TION-
MOBILE MOBILE MOBILE (space-to-Earth) SATELLITE
MOBILE-SATELLITE MOBILE-SATELLITE MOBILE-SATELLITE 753A (space-
(space-to-Earth) (space-to-Earth) MOBILE-SATELLITE to-Earth) 753A
Radiolocation (space-to-Earth) RADIOLOCATION (space-to-Earth) MOBILE-SATELLITE
RADIODETERMIN- Radiodetermina- (space-to-Earth)
733F 752 753 753A ATION- tion-
753B 753C 753F SATELLITE Satellite
(space- (space- US4l US319 752
to-Earth) 753A to-Earth) 753A 753F US4l US319 752
RADIOLOCATION 753F NG147
752 753C 753F
752 753D 753F
2500-2520 2500-2520 2500-2655 BROADCASTING-
FIXED 762 763 764 FIXED 762 764 SATELLITE
FIXED

MOBILE except
aero-

nautical mobile
MOBILE-SATELLITE

FIXED-SATELLITE (space-to-Earth) 761
MOBILE except aeronautical mobile

MOBILE-SATELLITE

(space-to-Earth)

(space-to-Earth) 754 754A 7755 T55A 760A
754 754B 755A 756
759 T60A
2520-2655 2520-2655 2520-2535

FIXED 762 763 764
MOBILE except
aero-
nautical mobile
BROADCASTING-
SATELLITE

757 760

720 754 754B 756
757A 758 759

FIXED 762 764
FIXED-SATELLITE
(space-to-Earth)
761
MOBILE except
aero-
nautical mobile
BROADCASTING-
SATELLITE
757 760

720 754 755

FIXED 762 764
FIXED-SATELLITE
(space-to-Earth)
761
MOBILE except
aero-
nautical mobile
BROADCASTING-
SATELLITE
757 760

754

Us205 US269 720

Us205 US269 720
NG47 NG101 NG102




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES

Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks

2535-2655

FIXED 762 764

MOBILE except

aero-

nautical mobile

BROADCASTING-

SATEL-

LITE 757 760

720 757A
2655-2670 2655-2670 2655-2670 2655-2690 Earth Explora- BROADCASTING-
FIXED 762 763 764 FIXED 762 764 FIXED 762 764 tion- SATELLITE
MOBILE except FIXED-SATELLITE FIXED-SATELLITE Satellite FIXED
aero- (Earth-to-space) (Earth-to-space) (Passive) Earth Explora-

nautical mobile
BROADCASTING-
SATEL-
LITE 757 760
Earth
Exploration-
Satellite
(passive)
Radio Astronomy
Space Research
(passive)

758 759 765 766

(space-to-Earth)
761

MOBILE except

aero-

nautical mobile
BROADCASTING-
SATEL-

LITE 757 760
Earth
Exploration-

Satellite
(passive)

Radio Astronomy
Space Research
(passive)

765 766

761

MOBILE except
aero-
nautical mobile

BROADCASTING-

SATEL-

LITE 757 760

Earth

Exploration-

Satellite

(passive)

Radio Astronomy

Space Research

(passive)

765 766

Radio Astronomy
Space Research
(Passive)

Us205 Us269

tion-
Satellite
(Passive)
Radio Astronomy
Space Research
(Passive)

US205 US269 NG47
NG101 NG102




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
2670-2690 2670-2690 2670-2690
FIXED 762 763 764 FIXED 762 764 FIXED 762 764
MOBILE except FIXED-SATELLITE FIXED-SATELLITE
aero- (Earth-to-space) (Earth-to-space)
nautical mobile 761 761
MOBILE-SATELLITE (space-to-Earth) MOBILE except
(Earth-to-space) MOBILE except aero-
Earth aero— nautical mobile
Exploration- nautical mobile MOBILE-SATELLITE
Satellite MOBILE-SATELLITE (Earth-to-space)
(passive) (Earth-to-space) Earth
Radio Astronomy Earth Exploration-
Space Research Exploration- Satellite
(passive) Satellite (passive)
(passive) Radio Astronomy
764A 765 766 Radio Astronomy Space Research
Space Research (passive)
(passive)
T64A 765 766
764A 765 766
2690-2700 2690-2700 EARTH EXPLORA- EARTH EXPLORA-
EARTH EXPLORATION-SATELLITE (passive) TION- TION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (Passive) (Passive)
RADIO ASTRONOMY RADIO ASTRONOMY
767 768 769 SPACE RESEARCH SPACE RESEARCH
(Passive) (Passive)
US74 US246 US74 US246
2700-2900 2700-2900 AERONAUTICAL
AERONAUTICAL RADIONAVIGATION 717 RADIONAVIGATION
Radiolocation METEOROLOGICAL
AIDS
770 771 Radiolocation
Us18 717 770
Us18 717 770 G2
G15
2900-3100 2900-3100 MARITIME MARITIME
RADIONAVIGATION 773 RADIONAVIGATION RADIONAVIGATION
Radiolocation Radiolocation Radiolocation
772 775A US44 US316 775A US44 US316 775A
G56
3100-3300 3100-3300 RADIOLOCATION Radiolocation See Part 7.18 of
RADIOLOCATION the NTIA Manual.

713 777 778

US110 713 778 G59

US110 713 778




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
3300-3400 3300-3400 3300-3400 3300-3500 RADIOLOCATION Amateur
RADIOLOCATION RADIOLOCATION RADIOLOCATION Radiolocation
Amateur Amateur
778 779 780 Fixed US108 664 778 G31 US108 664 778
Mobile 778 779
778 780
3400-3600 3400-3500
FIXED FIXED
FIXED-SATELLITE FIXED-SATELLITE (space-to-Earth)
(space-to-Earth) Amateur
Mobile Mobile
Radiolocation Radiolocation 784
781 785 664 783
3500-3700 3500-3600 AERONAUTICAL Radiolocation
FIXED RADIONAVIGATION
FIXED-SATELLITE (space-to-Earth) (Ground-based)
MOBILE except aeronautical mobile RADIOLOCATION
Radiolocation 784
US110 G59 G110 USs110
3600-4200 786 3600-3700 AERONAUTICAL FIXED-SATELLITE
FIXED RADIONAVIGATION (space-to-Earth)
FIXED-SATELLITE (Ground-based) Radiolocation
(space-to-Earth) RADIOLOCATION
Mobile
US110 US245 G59 US110 US245
G110
3700-4200 3700-4200 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
MOBILE except aeronautical mobile
NG41
787
4200-4400 4200-4400 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION 789 RADIONAVIGATION RADIONAVIGATION
788 790 791 Us261 791 Us261 791
4400-4500 4400-4500 FIXED
FIXED MOBILE

MOBILE




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
4500-4800 4500-4635 FIXED FIXED-SATELLITE
FIXED MOBILE (space-to-Earth)
FIXED-SATELLITE (space-to-Earth) 792A
MOBILE
US245 US245 792A
4635-4660 FIXED-SATELLITE
(Space-to-Earth)
G125 USs245
4660-4685 G122 FIXED
FIXED-SATELLITE
(space-to-Earth)
MOBILE
US245 792A
4685-4800 FIXED FIXED-SATELLITE
MOBILE (space-to-Earth)
US245 US245 792A
4800-4990 4800-4990 FIXED
FIXED MOBILE
MOBILE 793
Radio Astronomy US203 US257 720 US203 US257 720
778 778
720 778 794
4990-5000 4990-5000 RADIO ASTRONOMY RADIO ASTRONOMY
FIXED Space Research Space Research
MOBILE except aeronautical mobile (Passive) (Passive)
RADIO ASTRONOMY
Space Research (passive) US74 US246 US74 US246
795
5000-5250 5000-5250 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
733 796 797 797A 797B G126 US211 US260 US211 US260 US307
Us307 733 796 797 733 796 797 T797A
T97A
5250-5255 5250-5350 RADIOLOCATION Radiolocation See Part 7.18 of
RADIOLOCATION the NTIA Manual.
US110 713 G59 US110 713

Space Research

713 798




TABLES OF FREQUENCY ALLOCATIONS

UNITED STATES

INTERNATIONAL
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
5255-5350
RADIOLOCATION
713 798
5350-5460 5350-5460 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION 799 RADIONAVIGATION RADIONAVIGATION
Radiolocation RADIOLOCATION Radiolocation
US48 799 G56 Us48 799
5460-5470 5460-5470 RADIONAVIGATION RADIONAVIGATION See Part 7.18 of
RADIONAVIGATION 799 Radiolocation Radiolocation the NTIA Manual.
Radiolocation
US49 US65 799 G56 UsS49 US65 799
5470-5650 5470-5600 MARITIME MARITIME
MARITIME RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
Radiolocation Radiolocation Radiolocation
800 801 802 US50 US65 G56 UsS50 US65
5600-5650 MARITIME MARITIME
RADIONAVIGATION RADIONAVIGATION
METEOROLOGICAL METEOROLOGICAL
AIDS AIDS
Radiolocation Radiolocation
US51 US65 802 G56 [US51 US65 802
5650-5725 5650-5850 RADIOLOCATION Amateur ISM 5800 + 75
RADIOLOCATION MHz
Amateur 664 806 808 G2 664 806 808

Space Research (deep space)

664 801 803 804 805

5725-5850 5725-5850

FIXED-SATELLITE RADIOLOCATION
(Earth-to-space) Amateur

RADIOLOCATION

Amateur 803 805 806 808

801 803 805

806 807 808




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
5850-5925 5850-5925 5850-5925 5850-5925 RADIOLOCATION FIXED-SATELLITE
FIXED FIXED FIXED (Earth-to-space)
FIXED-SATELLITE FIXED-SATELLITE FIXED-SATELLITE Amateur
(Earth-to-space) (Earth-to-space) (Earth-to-space)
MOBILE MOBILE MOBILE US245 806 G2 Us245 806
Amateur Radiolocation
806 Radiolocation
806
806
5925-7075 5925-6425 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 792A (Earth-to-space)
MOBILE
NG41
791 809 6425-6525 FIXED-SATELLITE
(Earth-to-space)
MOBILE
791 809 791 809 NG122
6525-6875 FIXED
FIXED-SATELLITE
(Earth-to-space)
809 809
6875-7075 FIXED
FIXED-SATELLITE
(Earth-to-space)
MOBILE
809 809 NG118
7075-7250 7075-7125 FIXED
FIXED MOBILE
MOBILE
809 809 NG118
809 810 811 7125-7190 FIXED
US252 809 G116 Us252 809
7190-7235 FIXED
SPACE RESEARCH
(Earth-to-space)
809 809
7235-7250 FIXED
809 809




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
7250-7300 7250-7300 FIXED-SATELLITE
FIXED (space-to-Earth)
FIXED-SATELLITE (space-to-Earth) MOBILE-SATELLITE
MOBILE (space-to-Earth)
Fixed
812
G117
7300-7450 7300-7450 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
MOBILE except aeronautical mobile Mobile-Satellite
(space-to-Earth)
812
G117
7450-7550 7450-7550 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
METEOROLOGICAL-SATELLITE (space-to-Earth) METEOROLOGICAL-
MOBILE except aeronautical mobile SATELLITE
(space-
to-Earth)
Mobile-Satellite
(space-to-Earth)
G104 G117
7550-7750 7550-7750 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
MOBILE except aeronautical mobile Mobile-Satellite
(space-to-Earth)
G117
7750-7900 7750-7900 FIXED
FIXED
MOBILE except aeronautical mobile
7900-8025 7900-8025 FIXED-SATELLITE
FIXED (Earth-to-space)
FIXED-SATELLITE (Earth-to-space) MOBILE-SATELLITE
MOBILE (Earth-to-space)
Fixed
812

G117




TABLES OF

FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
8025-8175 8025-8175 8025-8175 8025-8175 EARTH EXPLORA-
FIXED EARTH FIXED TION-
FIXED-SATELLITE EXPLORATION- FIXED-SATELLITE SATELLITE
(Earth-to-space) SATELLITE (Earth-to-space) (space-
MOBILE (space- MOBILE to-Earth)
Earth to-Earth) Earth FIXED
Exploration- FIXED Exploration- FIXED-SATELLITE
Satellite FIXED-SATELLITE Satellite (Earth-to-space)
(space- (Earth-to-space) (space- Mobile-Satellite
to-Earth) 813 MOBILE 814 to-Earth) 813 (Earth-to-space
815 815 (No Airborne
Transmission) Us258
Us258 G117
8175-8215 8175-8215 8175-8215 8175-8215 EARTH EXPLORA-
FIXED EARTH FIXED TION-
FIXED-SATELLITE EXPLORATION- FIXED-SATELLITE SATELLITE
(Earth-to-space) SATELLITE (Earth-to-space) (space-
METEOROLOGICAL- (space- METEOROLOGICAL- to-Earth)
SATELLITE to-Earth) SATELLITE FIXED
(Earth- FIXED (Earth- FIXED-SATELLITE
to-space) FIXED-SATELLITE to-space) (Earth-to-space)
MOBILE (Earth-to-space) MOBILE METEOROLOGICAL-
Earth METEOROLOGICAL- Earth SATELLITE
Exploration- SATELLITE Exploration- (Earth-
Satellite (Earth- Satellite to-space)
(space- to-space) (space- Mobile-Satellite
to-Earth) 813 MOBILE 814 to-Earth) 813 (Earth-to-space)
815 815 (No Airborne Us258
Transmissions)
Us258 G104 G117
8215-8400 8215-8400 8215-8400 8215-8400 EARTH EXPLORA-
FIXED EARTH FIXED TION-
FIXED-SATELLITE EXPLORATION- FIXED-SATELLITE SATELLITE
(Earth-to-space) SATELLITE (Earth-to-space) (space-—
MOBILE (space- MOBILE to-Earth)
Earth to-Earth) Earth FIXED
Exploration- FIXED Exploration- FIXED-SATELLITE
Satellite FIXED-SATELLITE Satellite (Earth-to-space
(space- (Earth-to-space) (space- Mobile-Satellite
to-Earth) 813 MOBILE 814 to-Earth) 813 (Earth-to-space
815 815 (No Airborne
Transmissions) Us258

US258 G117




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
8400-8500 8400-8450 FIXED
FIXED SPACE RESEARCH
MOBILE except aeronautical mobile (space-to-Earth)
SPACE RESEARCH (space-to-Earth) 816 817 (Deep Space on-
1y)
818 §450-8500 FIXED SPACE RESEARCH
SPACE RESEARCH (space-to-Earth)
(space-to-Earth)
8500-8750 8500-9000 RADIOLOCATION Radiolocation See Part 7.18 of
RADIOLOCATION the NTIA Manual.
US53 US110 713 UsS53 Us110 713
713 819 820 G59
8750-8850
RADIOLOCATION
AERONAUTICAL RADIONAVIGATION 821
822
8850-9000
RADIOLOCATION
MARITIME RADIONAVIGATION 823
824
9000-9200 9000-9200 AERONAUTICAL AERONAUTICAL See Part 7.18 of
AERONAUTICAL RADIONAVIGATION 717 RADIONAVIGATION RADIONAVIGATION the NTIA Manual.
Radiolocation Radiolocation Radiolocation
822 US48 US54 717 G2 Us48 US54 717
G19
9200-9300 9200-9300 MARITIME MARITIME See Part 7.18 of
RADIOLOCATION RADIONAVIGATION RADIONAVIGATION the NTIA Manual.
MARITIME RADIONAVIGATION 823 Radiolocation Radiolocation
824 824A US110 823 824A US110 823 824A
G59
9300-9500 9300-9500 RADIONAVIGATION [RADIONAVIGATION See Part 7.18 of
RADIONAVIGATION 825A Meteorological Meteorological the NTIA Manual.
Radiolocation Aids [Aids
[Radiolocation Radiolocation
775A 824A 825
[US51 US66 US67 [US51 US66 US67
[US71 775A 824A US71 775A 824A
825A G56 825A




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
MHz MHz MHz MHz Allocation Allocation Remarks
9500-9800 9500-10000 RADIOLOCATION Radiolocation See Part 7.18 of
RADIOLOCATION the NTIA Manual.
RADIONAVIGATION US110 713 828 US110 713 828
713
9800-10000
RADIOLOCATION
Fixed

826 827 828




TABLES OF FREQUENCY ALLOCATIONS

SPACE RESEARCH (passive)

833 834

RADIO ASTRONOMY
FPACE RESEARCH
(Passive)

S74 US246

RADIO ASTRONOMY
FPACE RESEARCH
(Passive)

S74 US246

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
10-10.45 10-10.45 10-10.45 10-10.45 RADIOLOCATION Amateur
FIXED RADIOLOCATION FIXED Radiolocation
MOBILE Amateur MOBILE
RADIOLOCATION RADIOLOCATION US58 US108 828 Us58 Us108 828
Amateur 828 829 Amateur G32 NG42
828 828
10.45-10.5 10.45-10.5 RADIOLOCATION RADIOLOCATION
RADIOLOCATION Amateur
Amateur Amateur-Satellite
Amateur-Satellite
US58 US108 G32 US58 US108 NG42
830 NG134
10.5-10.55 10.5-10.55 10.5-10.55 RADIOLOCATION RADIOLOCATION
FIXED FIXED
MOBILE MOBILE Us59 Us59
Radiolocation RADIOLOCATION
10.55-10.6 10.55-10.6 FIXED
FIXED
MOBILE except aeronautical mobile
Radiolocation
10.6-10.68 10.6-10.68 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE except aeronautical mobile (Passive) (Passive)
RADIO ASTRONOMY SPACE RESEARCH FIXED
SPACE RESEARCH (passive) (Passive) SPACE RESEARCH
Radiolocation (Passive)
831 832 US265 US277 [US265 US277
10.68-10.7 10.68-10.7 EARTH EXPLO- [EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) JRATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
(Passive) (Passive)




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
10.7-11.7 10.7-11.7 10.7-11.7 FIXED
FIXED FIXED FIXED-SATELLITE
FIXED-SATELLITE FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
(space-to-Earth) 792A
(Earth-to-space) MOBILE except aeronautical mobile Us211 792A US211 NG41
792A 835 NG104
MOBILE except
aero-
nautical mobile
11.7-12.5 11.7-12.1 11.7-12.2 11.7-12.2 FIXED-SATELLITE
FIXED FIXED 837 FIXED (space-to-Earth)
BROADCASTING FIXED-SATELLITE MOBILE except Mobile except
BROADCASTING- (space-to-Earth) aero- aero-
SATELLITE Mobile except nautical mobile nautical mobile
Mobile except aero- BROADCASTING 837 839
aero- nautical mobile BROADCASTING- 837 839 NG143
nautical mobile SATELLITE NG145
836 839
838 12.1-12.2 838
FIXED-SATELLITE
(space-to-Earth)
836 839 842
12.2-12.7 12.2-12.5 12.2-12.7 FIXED
FIXED FIXED BROADCASTING-
MOBILE except MOBILE except SATELLITE
aero- aero-
nautical mobile nautical mobile 39 843 844 39 843 844 NG139
BROADCASTING BROADCASTING
BROADCASTING-
SATELLITE 838 845
12.5-12.75 12.5-12.75
FIXED-SATELLITE 839 844 846 FIXED
(space-to-Earth) FIXED-SATELLITE
(Earth-to-space) (space-to-Earth)
MOBILE except
848 849 850 12.7-12.75 aero- 12.7-12.75 FIXED
FIXED nautical mobile FIXED-SATELLITE

FIXED-SATELLITE
(Earth-to-space)

MOBILE except

aero-

nautical mobile

BROADCASTING-
SATELLITE 847

(Earth-to-space)
MOBILE

[NG53 NG118




TABLES OF FREQUENCY ALLOCATIONS

FIXED-SATELLITE (Earth-to-space) 858
RADIONAVIGATION 856
Space Research

857 859 860 861

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
12.75-13.25 12.75-13.25 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 792A (Earth-to-space)
MOBILE MOBILE
Space Research (deep space) (space-to-Earth)
Us251 792A US251 NG53
NG104 NG118
13.25-13.4 13.25-13.4 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION 851 RADIONAVIGATION RADIONAVIGATION
Space Research Space Research
852 853 (Earth-to-space) (Earth-to-space)
851 851
13.4-13.75 13.4-14 RADIOLOCATION Radiolocation See Part 7.18 of
RADIOLOCATION Space Research Space Research the NTIA Manual.
Standard Frequency and Time Signal-Satellite Standard Standard
(Earth-to-space) Frequency Frequency
Space Research and Time Signal- and Time Signal-
Satellite Satellite
713 853 854 855 (Earth- (Earth-
13.75-14 to-space) to-space)
FIXED-SATELLITE (Earth-to-space)
RADIOLOCATION US110 713 G59 USsS110 713
Standard Frequency and Time Signal-Satellite
(Earth-to-space)
713 853 854 855 855A 855B
14-14.25 14-14.2 [RADIONAVIGATION FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 858 Space Research (Earth-to-space)
RADIONAVIGATION 856 JRADIONAVIGATION
Space Research Pprace Research
857 859 5287 US292 5287 US292
[4.2-14.3 FIXED-SATELLITE
(Earth-to-space)
4.25-14.3 5287 5287




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
14.3-14.4 14.3-14.4 14.3-14.4 14.3-14.4 FIXED-SATELLITE
FIXED FIXED-SATELLITE FIXED (Earth-to-space)
FIXED-SATELLITE (Earth-to-space) FIXED-SATELLITE
(Earth-to-space) 858 (Earth-to-space) Us287 Us287
858 Radionavigation- 858
MOBILE except Satellite MOBILE except
aero- aero-
nautical mobile 859 nautical mobile
Radionavigation- Radionavigation-
Satellite Satellite
859 859
14.4-14.47 14.4-14.5 Fixed FIXED-SATELLITE
FIXED Mobile (Earth-to-space)
FIXED-SATELLITE (Earth-to-space) 858

MOBILE except aeronautical mobile

Space Research

859

(space-to-Earth)

14.47-14.5
FIXED

FIXED-SATELLITE

(Earth-to-space)

858

MOBILE except aeronautical mobile
Radio Astronomy

US203 US287 862

US203 US287 862

859 862
14.5-14.8 14.5-14.7145 FIXED
FIXED Mobile
FIXED-SATELLITE (Earth-to-space) 863 Space Research
MOBILE 14.7145- MOBILE
Space Research 15.1365 Fixed
Space Research
Us310 US310
14.8-15.35
FIXED
MOBILE
Space Research
720
15.1365- FIXED
15.35 Mobile
Space Research
Us211 720 Us211 720




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
15.35-15.4 15.35-15.4 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (Passive) (Passive
RADIO ASTRONOMY RADIO ASTRONOMY
864 865 SPACE RESEARCH SPACE RESEARCH
(Passive) (Passive)
US74 US246 US74 US246
15.4-15.7 15.4-15.7 AERONAUTICAL AERONAUTICAL
AERONAUTICAL RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
733 797 US211 US260 733 US211 US260 733
797 797
15.7-16.6 15.7-16.6 RADIOLOCATION Radiolocation See Part 7.18
RADIOLOCATION and Section
US110 G59 Us110 8.2.46 of the
866 867 NTIA Manual.
16.6-17.1 16.6-17.1 RADIOLOCATION Radiolocation See Part 7.18
RADIOLOCATION Space Research and Section
Space Research (deep space) (Earth-to-space) (Deep Space) 8.2.46 of the
(Earth-to-space) [INTIA Manual.
866 867
US110 G59 US110
17.1-17.2 17.1-17.2 [RADIOLOCATION [Radiolocation See Part 7.18
RADIOLOCATION jand Section
Ps110 G59 Psi10 .2.46 of the
866 867 TIA Manual.
L17.2-17.3 17.2-17.3 ADIOLOCATION Farth Explo- ee Part 7.18
RADIOLOCATION Farth Explo- ation- nd Section
Earth Exploration-Satellite (active) ation- Satellite .2.46 of the
Space Research (active) Satellite Active) TIA Manual.
Active) adiolocation
866 867 pace Research pace Research
(Active) (Active)
S110 G59 S110




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
17.3-17.7 17.3-17.7 17.3-17.7 17.3-17.7 Radiolocation FIXED-SATELLITE See Part 7.18 of
FIXED-SATELLITE FIXED-SATELLITE FIXED-SATELLITE (Earth-to-space) the NTIA Manual.
(Earth-to-space) (Earth-to-space) (Earth-to-space)
869 869 869 UsS259 Us271 G59 US259 US271 NG140
Radiolocation BROADCASTING- Radiolocation
SATEL-
868 LITE 868
Radiolocation
868 868A 869A
17.7-18.1 17.7-17.8 17.7-18.1 17.7-17.8 FIXED
FIXED FIXED FIXED FIXED-SATELLITE
FIXED-SATELLITE FIXED-SATELLITE FIXED-SATELLITE (space-to-Earth
(space-to-Earth) (space-to-Earth) (space-to-Earth) (Earth-to-space)
(Earth-to-space) (Earth-to-space) (Earth-to-space) MOBILE
869 869 869
MOBILE BROADCASTING- MOBILE Us271 US271 NG140 NG144
SATEL
LITE
Mobile 869B
868A 869A
17.8-18.1 17.8-18.1 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth)
(space-to-Earth) MOBILE
(Earth-to-space)
869
MOBILE Us334 G117 US334 NG144
18.1-18.4 18.1-18.6 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (Space-to-Earth)
(Earth-to-space) 870A MOBILE
MOBILE
870 870B
18.4-18.6
FIXED

FIXED-SATELLITE

MOBILE

(space-to-Earth)

870 US334 G117

870 US334 NG144




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt
GHz GHz GHz GHz Allocation Allocation Remarks
18.6-18.8 18.6-18.8 18.6-18.8 18.6-18.8 EARTH EXPLO- FIXED
FIXED EARTH FIXED RATION- FIXED-SATELLITE
FIXED-SATELLITE EXPLORATION- FIXED-SATELLITE SATELLITE (space-to-Earth)
(space-to-Earth) SATELLITE (space-to-Earth) (passive) EARTH
872 (passive) 872 SPACE RESEARCH EXPLORATION-
MOBILE except FIXED MOBILE except (passive) SATELLITE
aero- FIXED-SATELLITE aero- (Passive)
nautical mobile (space-to-Earth) nautical mobile MOBILE except
Earth 872 Earth Exploration- aero-
Exploration- MOBILE except Satellite nautical mobile
Satellite aero- (passive) SPACE RESEARCH
(passive) nautical mobile Space Research (Passive)
Space Research SPACE RESEARCH (passive) US254 US255 US334
(passive) (passive) G117 US254 US255 US334
871 NG144
871 871
18.8-19.7 18.8-19.7 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth)
MOBILE MOBILE
Us334 G117 US334 NG144
19.7-20.1 19.7-20.1 19.7-20.1 19.7-20.1 FIXED-SATELLITE
FIXED-SATELLITE FIXED-SATELLITE FIXED-SATELLITE (space-to-Earth)
(space-to-Earth) (space-to-Earth) (space-to-Earth) MOBILE-SATELLITE
Mobile-Satellite MOBILE-SATELLITE Mobile-Satellite (space-to-Earth)
(space-to-Earth) (space-to-Earth) (space-to-Earth)
873 873 873A 873B 873
873C 873D 873E
Us334 G117 873A 873B 873C
873D 873E US334
20.1-20.2 20.1-20.2 FIXED-SATELLITE

FIXED-SATELLITE
MOBILE-SATELLITE

873 873A 873B 873C 873D

(space-to-Earth)
(space-to-Earth)

Us334 G117

(space-to-Earth)
MOBILE-SATELLITE
(space-to-Earth)

873A 873B 873C
873D US334




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
20.2-21.2 20.2-21.2 FIXED-SATELLITE Standard
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) Frequency
MOBILE-SATELLITE (space-to-Earth) MOBILE-SATELLITE and Time Signal-
Standard Frequency and Time Signal- (space-to-Earth) Satellite
Satellite (space-to-Earth) Standard (space-
Frequency to-Earth)
873 and Time Signal-
Satellite
(space-
to-Earth)
G117
21.2-21.4 21.2-21.4 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE (passive) (passive)
SPACE RESEARCH (passive) FIXED FIXED
MOBILE MOBILE
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US263 US263
21.4-22 21.4-22 21.4-22 21.4-22 FIXED FIXED
FIXED FIXED FIXED MOBILE MOBILE
MOBILE MOBILE MOBILE
BROADCASTING- BROADCASTING-SATEL-
SATELLITE LITE
873F 873G
873F
22-22.21 22-22.21 FIXED FIXED
FIXED MOBILE except MOBILE except
MOBILE except aeronautical mobile aero- aero-
nautical mobile nautical mobile
874
874 874




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
22.21-22.5 22.21-22.5 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE except aeronautical mobile (passive) (passive)
RADIO ASTRONOMY FIXED FIXED
SPACE RESEARCH (passive) MOBILE except MOBILE except
aero- aero-
875 876 nautical mobile nautical mobile
RADIO ASTRONOMY RADIO ASTRONOMY
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us263 875 Us263 875
22.5-22.55 22.5-22.55 FIXED FIXED
FIXED MOBILE MOBILE
MOBILE
Us211 Us211
22.55-23 22.55-23 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE MOBILE
MOBILE
Us278 879 Us278 879
879
23-23.55 23-23.55 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE [MOBILE
MOBILE
Us278 879 US278 879
879
23.55-23.6 23.55-23.6 EIXED [FIXED
FIXED [MOBILE OBILE
MOBILE
23.6-24 23.6-24 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
ADIO ASTRONOMY ADIO ASTRONOMY
880 PACE RESEARCH PACE RESEARCH
(passive) (passive)
S74 US246 S74 US246
P4-24.05 4-24.05 MATEUR
AMATEUR MATEUR-SATELLITE
AMATEUR-SATELLITE
S211 881 5211 881
881




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
24.05-24.25 24.05-24.25 RADIOLOCATION Amateur ISM 24.125 + 125
RADIOLOCATION Earth Explo- Earth MHz
Amateur ration- Exploration-
Earth Exploration-Satellite (active) Satellite Satellite
(active) (active)
881 Radiolocation
US110 881 G59 US110 881
24.25-24.45 24.25-24.45 24.25-24.45 24.25-24.45 RADIONAVIGATION RADIONAVIGATION
FIXED RADIONAVIGATION RADIONAVIGATION
FIXED
MOBILE
24.45-24.65 24.45-24.65 24.45-24.65 24.45-24.65 INTER-SATELLITE INTER-SATELLITE
FIXED INTER-SATELLITE FIXED RADIONAVIGATION RADIONAVIGATION
INTER-SATELLITE RADIONAVIGATION INTER-SATELLITE
MOBILE
RADIONAVIGATION 882E 882E
882E 882E
24.65-24.75 24.65-24.75 24.65-24.75 24.65-24.75 INTER-SATELLITE INTER-SATELLITE
FIXED INTER-SATELLITE FIXED RADIOLOCATION- RADIOLOCATION-
INTER-SATELLITE RADIOLOCATION-SAT INTER-SATELLITE SATELLITE (Earth- SATELLITE (Earth-
ELLITE (Earth- MOBILE to-space) to-space)
to-space)
882E 882F
24.75-25.25 24.75-25.25 24.75-25.25 24.75-25.25 RADIONAVIGATION RADIONAVIGATION
FIXED FIXED-SATELLITE FIXED
(Earth-to-space) FIXED-SATELLITE
(Earth-to-space)
882G 882G
MOBILE
882F
25.25-25.5 25.25-25.5 FIXED Earth Explo-
FIXED INTER-SATELLITE ration- Satellite
INTER-SATELLITE 881A MOBILE (space-
MOBILE Standard to-space)
Standard Frequency and Time Signal-Satellite Frequency Standard
(Earth-to-space) and Time Signal- Frequency
Satellite and Time Signal-
(Earth- atellite
to-space) Earth-
to-space)

881A




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
25.5-27 25.5-27 FIXED Earth Explo-
FIXED INTER-SATELLITE ration- Satellite
INTER-SATELLITE 881A MOBILE (space-
MOBILE Earth to-space)
Earth Exploration-Satellite (space-to-Earth) Exploration- Standard
Standard Frequency and Time Signal-Satellite Satellite (space- Frequency
(Earth-to-space) to-Earth and Time Signal-
Standard Satellite
Frequency (Earth-
and Time Signal- to-space)
Satellite
(Earth-
to-space)
881A
27-27.5 27-27.5 27-27.5 FIXED Earth Explo-
FIXED FIXED INTER-SATELLITE ration-
INTER-SATELLITE FIXED-SATELLITE (Earth-to-space) MOBILE Satellite
881A INTER-SATELLITE 881A 881B (space-
MOBILE MOBILE to-space)
881A
27.5-28.5 27.5-29.5 FIXED
FIXED FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 882D (Earth-to-space)
MOBILE MOBILE
882A 882B
28.5-29.5
FIXED
FIXED-SATELLITE (Earth-to-space) 882D

MOBILE

Earth Exploration-Satellite

882B

(Earth-to-space)

882C




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
29.5-29.9 29.5-29.9 29.5-29.9 29.5-30 FIXED-SATELLITE
FIXED-SATELLITE FIXED-SATELLITE FIXED-SATELLITE (Earth-to-space)
(Earth-to-space) (Earth-to-space) (Earth-to-space) Mobile-Satellite
882D 882D 882D (Earth-to-space)
Earth MOBILE-SATELLITE Earth Exploration-
Exploration- (Earth-to-space) Satellite (Earth- 882 882
Satellite Earth to-
(Earth- Exploration- space) 882C
to-space) 882C Satellite Mobile-Satellite
Mobile-Satellite (Earth- (Earth-to-space)
(Earth-to-space) to-space) 882C
882B 883
882B 883 873A 873B 873C
873E 882B 883
29.9-30
FIXED-SATELLITE (Earth-to-space) 882D
MOBILE-SATELLITE (Earth-to-space)
Earth Exploration-Satellite (Earth-to-space) 882C
873A 873B 873C 882 882A 882B 883
30-31 30-31 FIXED-SATELLITE Standard
FIXED-SATELLITE (Earth-to-space) (Earth-to-space) Frequency
MOBILE-SATELLITE (Earth-to-space) MOBILE-SATELLITE and Time Signal-
Standard Frequency and Time Signal- (Earth-to-space) Satellite
Satellite (space-to-Earth) Standard (space-
Frequency to-Earth)
883 and Time Signal-
Satellite
(space-
to-Earth)
G117
31-31.3 31-31.3 Standard FIXED
FIXED Frequency MOBILE
MOBILE and Time Signal- Standard
Standard Frequency and Time Signal- Satellite Frequency
Satellite (space-to-Earth) (space- and Time Signal-
Space Research 884 to-Earth) Satellite
(space-
885 886 to-Earth)
US211 886 US211 886




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
31.3-31.5 31.3-31.8 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (Passive)
RADIO ASTRONOMY RADIO ASTRONOMY
887 SPACE RESEARCH SPACE RESEARCH
31.5-31.8 31.5-31.8 31.5-31.8 (passive) (Passive)
EARTH EARTH EARTH EXPLORATION-
EXPLORATION- EXPLORATION- SATELLITE Us74 Us246 US74 US246
SATELLITE SATELLITE (passive)
(passive) (passive) RADIO ASTRONOMY
RADIO ASTRONOMY RADIO ASTRONOMY SPACE RESEARCH
SPACE RESEARCH SPACE RESEARCH (passive)
(passive) (passive) Fixed
Fixed Mobile except
Mobile except 888 aero-
aero- nautical mobile
nautical mobile
888
888 889
31.8-32 31.8-32 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION
SPACE RESEARCH (deep space) (space-to-Earth) US69 US211 US262 US69 US211 US262
892 893
32-32.3 32-33 INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION
SPACE RESEARCH (deep space) (space-to-Earth) US69 US262 US278 US69 US262 US278
893 893
892 893
32.3-33
INTER-SATELLITE
RADIONAVIGATION
892 893
33-33.4 33-33.4 RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION
Us69 Us69
892
33.4-34.2 33.4-36 RADIOLOCATION Radiolocation
RADIOLOCATION
US110 US252 897 US110 US252 897
892 894 G34




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
34.2-34.7
RADIOLOCATION
SPACE RESEARCH (deep space) (Earth-to-space
894
34.7-35.2
RADIOLOCATION
Space Research 896
894
35.2-36
METEOROLOGICAL AIDS
RADIOLOCATION
894 897
36-37 36-37 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE (passive) (passive
SPACE RESEARCH (passive) FIXED FIXED
MOBILE MOBILE
898 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US263 898 US263 898
37-37.5 37-38.6 FIXED FIXED
FIXED MOBILE MOBILE
MOBILE
SPACE RESEARCH (space-to-Earth)
37.5-38
FIXED
FIXED-SATELLITE (space-to-Earth)
MOBILE
SPACE RESEARCH (space-to-Earth)
Earth Exploration-Satellite (space-to-Earth)
38-39.5
FIXED
FIXED-SATELLITE (space-to-Earth)
MOBILE 38.6-39.5 FIXED
FIXED-SATELLITE

Earth exploration-Satellite (space-to-Earth)

Us291

(space-to-Earth
MOBILE

Us291




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government
GHz GHz GHz GHz Allocation Allocat: Remarks
39.5-40 39.5-40 FIXED-SATELLITH FIXED
FIXED (space-to-Earth) FIXED-SATELLITE]
FIXED-SATELLITE (space-to-Earth) MOBILE-SATELLITE (space-to-Eart]
MOBILE (space-to-Earth) MOBILE
MOBILE-SATELLITE (space-to-Earth) MOBILE-SATELLITE
Earth Exploration-Satellite (space-to-Earth) (space-to-EartH)
US291 G117 Us291
40-40.5 40-40.5 FIXED-SATELLITE FIXED-SATELLITE
EARTH EXPLORATION-SATELLITE (Earth-to-space) (space-to-EartH) (space-to-Earth)
FIXED MOBILE-SATELLITE] MOBILE-SATELLITE]
FIXED-SATELLITE (space-to-Earth) (space-to-Earth| (space-to-Earth
MOBILE
MOBILE-SATELLITE (space-to-Earth) G117
SPACE RESEARCH (Earth-to-space)
Earth Exploration-Satellite (space-to-Earth)
40.5-42.5 40.5-42.5 BROADCASTING-
BROADCASTING-SATELLITE SATELLITE
/BROADCASTING/ /BROADCASTING/
Fixed Fixed
Mobile Mobile
Us211 Us211
42.5-43.5 42.5-43.5 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 901 (Earth-to-space) (Earth-to-space)
MOBILE except aeronautical mobile MOBILE except MOBILE except
RADIO ASTRONOMY aero- aero-
nautical mobile nautical mobile
900 RADIO ASTRONOMY RADIO ASTRONOMY
900 900
43.5-47 43.5-45.5 FIXED-SATELLITE
MOBILE 902 (Earth-to-space)
MOBILE-SATELLITE MOBILE-SATELLITE
RADIONAVIGATION (Earth-to-space)
RADIONAVIGATION-SATELLITE
G117
45.5-47 MOBILE MOBILE
MOBILE-SATELLITE

903
(Earth-to-space)
RADIONAVIGATION- RADIONAVIGATION-
SATELLITE SATELLITE
903 903

MOBILE-SATELLITE

(Earth-to-space)




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
47-47.2 47-47.2 AMATEUR
AMATEUR AMATEUR-SATELLITE
AMATEUR-SATELLITE
47.2-50.2 47.2-50.2 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) 901 (Earth-to-space) (Earth-to-space)
MOBILE 905 MOBILE MOBILE
904 US264 US297 904 US264 US297 904
50.2-50.4 50.2-50.4 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE (passive) (passive)
SPACE RESEARCH (passive) FIXED FIXED
MOBILE MOBILE
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US263 US263
50.4-51.4 50.4-51.4 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) (Earth-to-space) (Earth-to-space)
MOBILE MOBILE MOBILE
Mobile-Satellite (Earth-to-space) MOBILE-SATELLITE MOBILE-SATELLITE
(Earth-to-space) (Earth-to-space)
G117
51.4-54.25 51.4-54.25 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
SPACE RESEARCH (passive) SATELLITE SATELLITE
(passive) (passive)
906 907 RADIO ASTRONOMY RADIO ASTRONOMY
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US246 US246




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHZ G_Hz G_Hz Glz Allocation Alloq_ation Remarks |
54.25-58.2 54.25-58.2 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
INTER-SATELLITE (passive) (passive)
MOBILE 909 FIXED FIXED
SPACE RESEARCH (passive) INTER-SATELLITE INTER-SATELLITE
MOBILE MOBILE
908 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US263 909 US263 909
58.2-59 58.2-59 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
SPACE RESEARCH (passive) SATELLITE SATELLITE
(passive) (passive)
906 907 RADIO ASTRONOMY RADIO ASTRONOMY
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US246 US246
59-64 59-64 FIXED FIXED ISM 61.25 * 250
FIXED INTER-SATELLITE INTER-SATELLITE MHz
INTER-SATELLITE MOBILE MOBILE
MOBILE 909 RADIOLOCATION RADIOLOCATION
RADIOLOCATION 910
909 910 911 909 910 911
911
64-65 64-65 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
SPACE RESEARCH (passive) SATELLITE SATELLITE
(passive) (passive)
906 907 RADIO ASTRONOMY RADIO ASTRONOMY
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US246 US246
65-66 65-66 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE RATION- RATION-
SPACE RESEARCH SATELLITE SATELLITE
Fixed SPACE RESEARCH SPACE RESEARCH
Mobile Fixed Fixed
Mobile Mobile




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocationf Remarks
66-71 66-71 MOBILE MOBILE
MOBILE 902 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION-SATELLITE SATELLITE SATELLITE
903 903 903
71-74 71-74 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) (Earth-to-space (Earth-to-space
MOBILE MOBILE MOBILE
MOBILE-SATELLITE (Earth-to-space) MOBILE-SATELLITE MOBILE-SATELLITE
(Earth-to-space (Earth-to-space
906
Us270 Us270
74-75.5 74-75.5 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) (Earth-to-space) (Earth-to-space
MOBILE MOBILE MOBILE
Space Research (space-to-Earth)
Us297 Us297
75.5-76 75.5-76 AMATEUR
AMATEUR AMATEUR-SATELLITE
AMATEUR-SATELLITE
Space Research (space-to-Earth)
76-81 76-717 RADIOLOCATION RADIOLOCATION
RADIOLOCATION Amateur
Amateur
Amateur-Satellite
Space Research (space-to-Earth) 77-81 RADIOLOCATION
Amateur
912 Amateur-Satellite
912 912
81-84 81-84 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
MOBILE MOBILE MOBILE
MOBILE-SATELLITE (space-to-Earth) MOBILE-SATELLITE MOBILE-SATELLITE
Space Research (space-to-Earth) (space-to-Earth) (space-to-Earth)




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt |
GHz GHz GHz GHz Allocatior] Allocatign Remarks
84-86 84-86 FIXED BROADCASTING
FIXED MOBILE BROADCASTING-
MOBILE SATELLITE
BROADCASTING FIXED
BROADCASTING-SATELLITE MOBILE
913 Us211 913 Us211 913
86-92 86-92 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
RADIO ASTRONOMY RADIO ASTRONOMY
907 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US74 US246 US74 Us246
92-95 92-95 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) (Earth-to-space (Earth-to-space]
MOBILE MOBILE MOBILE
RADIOLOCATION RADIOLOCATION RADIOLOCATION
914 914 914
95-100 95-100 MOBILE MOBILE
MOBILE 902 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION- RADIONAVIGATION-
RADIONAVIGATION-SATELLITE SATELLITE SATELLITE
Radiolocation Radiolocation Radiolocation
903 904 902 903 904 902 903 904
100-102 100-102 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE (passive) (passive)
SPACE RESEARCH (passive) SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
722
Us246 722 Us246 722
102-105 102-105 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
MOBILE MOBILE MOBILE
722 Us211 722 Us211 722




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt |
GHz GHz GHz GHz Allocatior Allocatign Remarks
105-116 105-116 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
RADIO ASTRONOM RADIO ASTRONOM
722 907 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US74 US246 722 US74 US246 722
116-126 116-126 EARTH EXPLO- EARTH EXPLO- ISM 122.5 + 0.
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION- GHz
FIXED SATELLITE SATELLITE
INTER-SATELLITE (passive) (passive)
MOBILE 909 FIXED FIXED
SPACE RESEARCH (passive) INTER-SATELLITE INTER-SATELLITE
MOBILE MOBILE
722 915 916 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US211 US263 722 US211 US263 722
909 915 916 909 915 916
126-134 126-134 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE MOBILE
MOBILE 909 RADIOLOCATION RADIOLOCATION
RADIOLOCATION 910
909 910 909 910
134-142 134-142 MOBILE MOBILE
MOBILE 902 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION- RADIONAVIGATION-
RADIONAVIGATION-SATELLITE SATELLITE SATELLITE
Radiolocation Radiolocation Radiolocation
903 917 918 902 903 917 918 902 903 917 918
142-144 142-144 AMATEUR
AMATEUR AMATEUR-SATELLITE
AMATEUR-SATELLITE
144-149 144-149 RADIOLOCATION RADIOLOCATION
RADIOLOCATION Amateur
Amateur Amateur-Satellite
Amateur-Satellite
2241918 918
918




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
149-150 149-150 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth (space-to-Earth
MOBILE MOBILE MOBILE
150-151 150-151 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
FIXED-SATELLITE (space-to-Earth) (passive) (passive)
MOBILE FIXED FIXED
SPACE RESEARCH (passive) FIXED-SATELLITE FIXED-SATELLITE
(space-to-Earth) (space-to-Earth)
919 MOBILE MOBILE
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
US263 919 US263 919
151-156 151-164 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
MOBILE MOBILE MOBILE
156-158 211 211
EARTH EXPLORATION-SATELLITE (passive) usai usai
FIXED
FIXED-SATELLITE (space-to-Earth)
MOBILE
158-164
FIXED
FIXED-SATELLITE (space-to-Earth)
MOBILE
164-168 164-168 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
RADIO ASTRONOMY RADIO ASTRONOMY
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
UsS246 Us246
168-170 168-170 FIXED FIXED
FIXED MOBILE MOBILE
MOBILE




TABLES OF FREQUENCY ALLOCATIONS
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
170-174.5 170-174.5 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE MOBILE
MOBILE 909
909 919 909 919
919
174.5-176.5 174.5-176.5 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
INTER-SATELLITE (passive) (passive)
MOBILE 909 FIXED FIXED
SPACE RESEARCH (passive) INTER-SATELLITE INTER-SATELLITE
MOBILE MOBILE
919 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us263 909 919 UsS263 909 919
176.5-182 176.5-182 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE MOBILE
MOBILE 909
Us211 909 919 Us211 909 919
919
182-185 182-185 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
RADIO ASTRONOMY RADIO ASTRONOMY
920 921 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us246 Us246
185-190 185-190 FIXED FIXED
FIXED INTER-SATELLITE INTER-SATELLITE
INTER-SATELLITE MOBILE MOBILE
MOBILE 909
Us211 909 919 Us211 909 919
919
190-200 190-200 MOBILE MOBILE
MOBILE 902 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE [RADIONAVIGATION [RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION- [RADIONAVIGATION-
RADIONAVIGATION-SATELLITE SATELLITE SATELLITE
722 903 [722 902 903 [722 902 903




OF FREQUENCY ALLOCATIONS

TABLES
INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government Non-Govt.
GHz GHz GHz GHz Allocation Allocation Remarks
200-202 200-202 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
MOBILE (passive) (passive)
SPACE RESEARCH (passive) FIXED FIXED
MOBILE MOBILE
722 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us263 722 US263 722
202-217 202-217 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (Earth-to-space) (Earth-to-space (Earth-to-space
MOBILE MOBILE MOBILE
722 722 722
217-231 217-231 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
RADIO ASTRONOMY SATELLITE SATELLITE
SPACE RESEARCH (passive) (passive) (passive)
RADIO ASTRONOMY RADIO ASTRONOMY
722 907 SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us74 Us246 722 US74 US246 722
231-235 231-235 FIXED FIXED
FIXED FIXED-SATELLITE FIXED-SATELLITE
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
MOBILE MOBILE MOBILE
Radiolocation Radiolocation Radiolocation
Us211 Us211
235-238 235-238 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (passive) RATION- RATION-
FIXED SATELLITE SATELLITE
FIXED-SATELLITE (space-to-Earth) (passive) (passive)
MOBILE FIXED FIXED
SPACE RESEARCH (passive) FIXED-SATELLITE FIXED-SATELLITE
(space-to-Earth) (space-to-Earth)
MOBILE MOBILE
SPACE RESEARCH SPACE RESEARCH
(passive) (passive)
Us263 Us263




TABLES OF FREQUENCY ALLOCATIONS

INTERNATIONAL UNITED STATES
Region 1 Region 2 Region 3 Band Government] Non-Govt.
GHz GHz GHz GHz Allocation| Allocatiop Remarks
238-241 238-241 FIXED FIXED
FIXED FIXED-SATELLIT! FIXED-SATELLIT
FIXED-SATELLITE (space-to-Earth) (space-to-Earth) (space-to-Earth)
MOBILE MOBILE MOBILE
Radiolocation Radiolocation Radiolocation
241-248 241-248 RADIOLOCATION RADIOLOCATION ISM 245 + 1 GHY
RADIOLOCATION Amateur
Amateur Amateur-Satellitje
Amateur-Satellite
922 922
922
248-250 248-250 AMATEUR
AMATEUR AMATEUR-SATELLIT:
AMATEUR-SATELLITE
250-252 250-252 EARTH EXPLO- EARTH EXPLO-
EARTH EXPLORATION-SATELLITE (Passive) RATION- RATION-
SPACE RESEARCH (Passive) SATELLITE SATELLITE
(Passive) (Passive)
923 SPACE RESEARCH SPACE RESEARCH
(Passive) (Passive)
923 923
252-265 252-265 MOBILE MOBILE
MOBILE 902 MOBILE-SATELLITE MOBILE-SATELLITE
MOBILE-SATELLITE RADIONAVIGATION RADIONAVIGATION
RADIONAVIGATION RADIONAVIGATION- RADIONAVIGATION-
RADIONAVIGATION-SATELLITE SATELLITE SATELLITE
903 923 924 925 UsS211 902 903 923 | US211 902 903 923
924 924
265-275 265-275 FIXED FIXED
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Chapter

Light, Vision, and Photometry

5.1 Introduction

Vision results from stimulation of the eye by light and consequent interaction through
connecting nerves with the brain.' In physical terms, light constitutes a small section
in the range of electromagnetic radiation, extending in wavelength from about 400 to
700 nanometers (nm) or billionths (10”) of a meter. (See Figure 5.1.)

Under ideal conditions, the human visual system can detect:

« Wavelength differences of 1 millimicron (10 A, 1 Angstrom unit = 10" cm)
« Intensity differences as little as 1 percent
+ Forms subtending an angle at the eye of 1 arc-minute, and often smaller objects

Although the range of human vision is small compared with the total energy spec-
trum, human discrimination—the ability to detect differences in intensity or qual-
ity—is excellent.

5.2 Sources of lllumination

Light reaching an observer usually has been reflected from some object. The original
source of such energy typically is radiation from molecules or atoms resulting from
internal (atomic) changes. The exact type of emission is determined by:

« The ways in which the atoms or molecules are supplied with energy to replace
what they radiate

1 Portions of this chapter were adapted from: Jerry C. Whitaker and K. B. Benson (eds.),
Standard Handbook of Video and Television Engineering, 3rd ed., McGraw-Hill, New York,
NY, 1999. Used with permission.
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Figure 5.1 The electromagnetic spectrum.

 The physical state of the substance, whether solid, liquid, or gaseous

The most common source of radiant energy is the thermal excitation of atoms in the
solid or gaseous state.

5.2.1 The Spectrum

When a beam of light traveling in air falls upon a glass surface at an angle, it is re-
fracted or bent. The amount of refraction depends upon the wavelength, its variation
with wavelength being known as dispersion. Similarly, when the beam, traveling in
glass, emerges into air, it is refracted (with dispersion). A glass prism provides a re-
fracting system of this type. Because different wavelengths are refracted by different
amounts, an incident white beam is split up into several beams corresponding to the
many wavelengths contained in the composite white beam. This is how the spectrum
is obtained.

Ifa spectrum is allowed to fall upon a narrow slit arranged parallel to the edge of the
prism, a narrow band of wavelengths passes through the slit. Obviously, the narrower
the slit, the narrower the band of wavelengths or the “sharper” the spectral line. Also,
more dispersion in the prism will cause a wider spectrum to be produced, and a nar-
rower spectral line will be obtained for a given slit width.

It should be noted that purples are not included in the list of spectral colors. The
purples belong to a special class of colors; they can be produced by mixing the light
from two spectral lines, one in the red end of the spectrum, the other in the blue end.
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Figure 5.2 The typical radiating characteristics of tungsten: (trace A) the radiant flux
from 1 cm® of a blackbody at 3000 K, (trace B) radiant flux from 1 cm? of tungsten at 3000

K, (trace C) radiant flux from 2.27 cm® of tungsten at 3000 K (equal to curve Ain the visi-
ble region). (After [1].)

Purple (magenta is a more scientific name) is therefore referred to as a nonspectral
color.

A plot of the power distribution of a source of light is indicative of the watts radiated
at each wavelength per nanometer of wavelength. It is usual to refer to such a graph as
an energy distribution curve.

Individual narrow bands of wavelengths of light are seen as strongly colored ele-
ments. Increasingly broader bandwidths retain the appearance of color, but with de-
creasing purity, as if white light had been added to them. A very broad band extending
throughout the visible spectrum is perceived as white light. Many white light sources
are of this type, such as the familiar tungsten-filament electric light bulb (see Figure
5.2). Daylight also has a broad band of radiation, as illustrated in Figure 5.3. The energy
distributions shown in Figures 5.2 and 5.3 are quite different and, if the corresponding
sets of radiation were seen side by side, would be different in appearance. Either one,
particularly if seen alone, would represent a very acceptable white. A sensation of white
light can also be induced by light sources that do not have a uniform energy distribu-
tion. Among these is fluorescent lighting, which exhibits sharp peaks of energy through
the visible spectrum. Similarly, the light from a monochrome (black-and-white) video
cathode ray tube is not uniform within the visible spectrum, generally exhibiting peaks
in the yellow and blue regions of the spectrum; yet it appears as an acceptable white (see
Figure 5.4).
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Table 5.1 Psychophysical and Psychological Characteristics of Color

Psychophysical Properties Psychological Properties
Dominant wavelength Hue
Excitation purity Saturation
Luminance Brightness
Luminous transmittance Lightness
Luminous reflectance Lightness

5.2.2 Monochrome and Color Vision

The color sensation associated with a light stimulus can be described in terms of three
characteristics:

* Hue
- Saturation
« Brightness

The spectrum contains most of the principal hues: red, orange, yellow, green, blue,
and violet. Additional hues are obtained from mixtures of red and blue light. These
constitute the purple colors. Saturation pertains to the strength of the hue. Spectrum
colors are highly saturated. White and grays have no hue and, therefore, have zero sat-
uration. Pastel colors have low or intermediate saturation. Brightness pertains to the
intensity of the stimulation. If a stimulus has high intensity, regardless of its hue, it is
said to be “bright.”
The psychophysical analogs of hue, saturation, and brightness are

« Dominant wavelength
« Excitation purity
« Luminance

This principle is illustrated in Table 5.1.

By using definitions and standard response functions, which have received interna-
tional acceptance through the International Commission on I[llumination, the dominant
wavelength, purity, and luminance of any stimulus of known spectral energy distribu-
tion can be determined by simple computations. Although roughly analogous to their
psychophysical counterparts, the psychological attributes of hue, saturation, and
brightness pertain to observer responses to light stimuli and are not subject to calcula-
tion. These sensation characteristics—as applied to any given stimulus—depend in
part on other visual stimuli in the field of view and upon the immediately preceding
stimulations.
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Color sensations arise directly from the action of light on the eye. They are normally
associated, however, with objects in the field of view from which the light comes. The
objects themselves are therefore said to have color. Object colors may be described in
terms of their hues and saturations, such as with light stimuli. The intensity aspect is
usually referred to in terms of lightness, rather than brightness. The psychophysical
analogs of lightness are luminous reflectance for reflecting objects and luminous trans-
mittance for transmitting objects.

At low levels of illumination, objects may differ from one another in their lightness
appearances, but give rise to no sensation of hue or saturation. All objects appear as dif-
ferent shades of gray. Vision at low levels of illumination is called scotopic vision. This
differs from photopic vision, which takes place at higher levels of illumination. Table
5.2 compares the luminosity values for photopic and scotopic vision.

Only the rods of the retina are involved in scotopic vision; cones play no part. Be-
cause the fovea centralis is free of rods, scotopic vision takes place outside the fovea.
Visual acuity of scotopic vision is low compared with photopic vision.

At high levels of illumination, where cone vision predominates, all vision is color
vision. Reproducing systems such as black-and-white photography and monochrome
video cannot reproduce all three types of characteristics of colored objects. All images
belong to the series of grays, differing only in relative brightness.

The relative brightness of the reproduced image of any object depends primarily
upon the luminance of the object as seen by the photographic or video camera. De-
pending upon the camera pickup element or the film, the dominant wavelength and pu-
rity of the light may also be of consequence. Most films and video pickup elements cur-
rently in use exhibit sensitivity throughout the visible spectrum. Consequently, marked
distortions in luminance as a function of dominant wavelength and purity are not en-
countered. However, their spectral sensitivities seldom conform exactly to that of the
human observer. Some brightness distortions, therefore, do exist.

5.2.3 Luminosity Curve

A luminosity curve is a plot indicative of the relative brightnesses of spectrum colors
of different wavelength or frequency. To a normal observer, the brightest part of a
spectrum consisting of equal amounts of radiant flux per unit wavelength interval is at
about 555 nm. Luminosity curves are, therefore, commonly normalized to have a
value of unity at 555 nm. If, at some other wavelength, twice as much radiant flux as
at 555 nm is required to obtain brightness equality with radiant flux at 555 nm, the lu-
minosity at this wavelength is 0.5. The luminosity at any wavelength A is, therefore,
defined as the ratio P, ,/P,, where P, denotes the amount of radiant flux at the wave-
length A, which is equal in brightness to a radiant flux of P__..

The luminosity function that has been accepted as standard for photopic vision is
given in Figure 5.5. Tabulated values at 10 nm intervals are given in Table 5.2. This
function was agreed upon by the International Commission on Illumination (CIE) in
1924. 1t is based upon considerable experimental work that was conducted over a num-
ber of years. Chief reliance in arriving at this function was based on the step-by-step
equality-of-brightness method. Flicker photometry provided additional data.
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Table 5.2 Relative Luminosity Values for Photopic and Scotopic Vision

Wavelength, nm Photopic Vision Scotopic Vision
390 0.00012 0.0022
400 0.0004 0.0093
410 0.0012 0.0348
420 0.0040 0.0966
430 0.0116 0.1998
440 0.023 0.3281
450 0.038 0.4550
460 0.060 0.5670
470 0.091 0.6760
480 0.139 0.7930
490 0.208 0.9040
500 0.323 0.9820
510 0.503 0.9970
520 0.710 0.9350
530 0.862 0.8110
540 0.954 0.6500
550 0.995 0.4810
560 0.995 0.3288
570 0.952 0.2076
580 0.870 0.1212
590 0.757 0.0655
600 0.631 0.0332
610 0.503 0.0159
620 0.381 0.0074
630 0.265 0.0033
640 0.175 0.0015
650 0.107 0.0007
660 0.061 0.0003
670 0.032 0.0001
680 0.017 0.0001
690 0.0082
700 0.0041
710 0.0021
720 0.00105
730 0.00052
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Figure 5.6 Scotopic luminosity function (trace A) as compared with photopic luminosity
function (trace B). (After[2].)

In the scotopic range of intensities, the luminosity function is somewhat different
from that of the photopic range. The two curves are compared in Figure 5.6. Values are
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listed in Table 5.2. While the two curves are similar in shape, there is a shift for the
scotopic curve of about 40 nm to the shorter wavelengths.

5.2.4 Luminance

Brightness is a term used to describe one of the characteristics of appearance of a
source of radiant flux or of an object from which radiant flux is being reflected or
transmitted. Brightness specifications of two or more sources of radiant flux should
be indicative of their actual relative appearances. These appearances will greatly de-
pend upon the viewing conditions, including the state of adaptation of the observer’s
eye.

Luminance, as previously indicated, is a psychophysical analog of brightness. It is
subject to physical determination, independent of particular viewing and adaptation
conditions. Because it is an analog of brightness, however, it is defined to relate as
closely as possible to brightness.

The best established measure of the relative brightnesses of different spectral stim-
uli is the luminosity function. In evaluating the luminance of a source of radiant flux
consisting of many wavelengths of light, the amounts of radiant flux at the different
wavelengths are weighted by the luminosity function. This converts radiant flux to lu-
minous flux. As used in photometry, the term /uminance applies only to extended
sources of light, not to point sources. For a given amount (and quality) of radiant flux
reaching the eye, brightness will vary inversely with the effective area of the source.

Luminance is described in terms of luminous flux per unit projected area of the
source. The greater the concentration of flux in the angle of view of a source, the
brighter it appears. Therefore, luminance is expressed in terms of amounts of flux per
unit solid angle or steradian.

In considering the relative luminances of various objects of a scene to be captured
and reproduced by a video system, it is convenient to normalize the luminance values
so that the “white” in the region of principal illumination has a relative luminance value
of 1.00. The relative luminance of any other object then becomes the ratio of its lumi-
nance to that of the white. This white is an object of highly diffusing surface with high
and uniform reflectance throughout the visible spectrum. For purposes of computation
it may be idealized to have 100 percent reflectance and perfect diffusion.

5.2.5 Luminance Discrimination

If an area of luminance B is viewed side by side with an equal area of luminance B +
AB, a value of AB may be established for which the brightnesses of the two areas are
just noticeably different. The ratio of AB/B is known as Weber's fraction. The state-
ment that this ratio is a constant, independent of B, is known as Weber's law.

Strictly speaking, the value of Weber’s fraction is not independent of B. Further-
more, its value depends considerably on the viewer’s state of adaptation. Values as de-
termined for a dark-field surround are shown in Figure 5.7. It is seen that, at very low
intensities, the value of AB/B is relatively large; that is, relatively large values of AB, as
compared with B, are necessary for discrimination. A relatively constant value of
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Figure 5.7 Weber’s fraction AB/B as a function of luminance Bfor a dark-field surround.
(After [3].)

roughly 0.02 is maintained through a brightness range of about 1 to 300 cd/m’. The
slight rise in the value of AB/B at high intensities as given in the graph may indicate lack
of complete adaptation to the stimuli being compared.

The plot of AB/B as a function of B will change significantly if the comparisons be-
tween the two fields are made with something other than a dark surround. The greatest
changes are for luminances below the adapting field. The loss of power of discrimina-
tion proceeds rapidly for luminances less by a factor of 10 than that of the adapting
field. On the high-luminance side, adaptation is largely controlled by the comparison
fields and is relatively independent of the adapting field.

Because of the luminance discrimination relationship expressed by Weber’s law, it is
convenient to express relative luminances of areas from either photographic or video
images in logarithmic units. Because A(log B) is approximately equal to AB/B, equal
small changes in (log B) correspond reasonably well with equal numbers of brightness
discrimination steps.

5.2.6 Perception of Fine Detail

Detail is seen in an image because of brightness differences between small adjacent
areas in a monochrome display or because of brightness, hue, or saturation differ-
ences in a color display. Visibility of detail in a picture is important because it deter-
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mines the extent to which small or distant objects of a scene are visible, and because
of its relationship to the “sharpness” appearance of the edges of objects.

“Picture definition” is probably the most acceptable term for describing the general
characteristic of “crispness,” “sharpness,” or image-detail visibility in a picture. Pic-
ture definition depends upon characteristics of the eye, such as visual acuity, and upon a
variety of characteristics of the picture-image medium, including its resolving power,
luminance range, contrast, and image-edge gradients.

The extent to which a picture medium, such as a photographic or a video system, can
reproduce fine detail is expressed in terms of resolving power or resolution. Resolution
is ameasure of the distance between two fine lines in the reproduced image that are vi-
sually distinct. The image is examined under the best possible conditions of viewing,
including magnification.

Resolution in photography is usually expressed as the maximum number of lines
(counting only the black ones or only the white ones) per millimeter that can be distin-
guished from one another. In addition to the photographic material itself, measured val-
ues of resolving power depend upon a number of factors. The most important ones typi-
cally are:

+ Density differences between the black and the white lines of the test chart photo-
graphed

« Sharpness of focus of the test-chart image during exposure
« Contrast to which the photographic image is developed
« Composition of the developer

Resolution in a video system is expressed in terms of the maximum number of lines
(counting both black and white) that are discernible when viewing a test chart. The
value of horizontal (vertical lines) or vertical (horizontal lines) resolution is the number
of lines equal to the dimension of the raster. Vertical resolution in a well-adjusted sys-
tem equals the number of scanning lines, roughly 500 in conventional television. In
normal broadcasting and reception practice, however, typical values of vertical resolu-
tion range from 350 to 400 lines.

5.2.7 Sharpness

The appearance evaluation of a picture image in terms of the edge characteristics of
objects is called sharpness. The more clearly defined the line that separates dark areas
from lighter ones, the greater the sharpness of the picture. Sharpness is, naturally, re-
lated to the transient curve in the image across an edge. The average gradient and the
total density difference appear to be the most important characteristics. No physical
measure has been devised, however, that predicts the sharpness (appearance) of an im-
age in all cases.

Picture resolution and sharpness are to some extent interrelated, but they are by no
means perfectly correlated. Pictures ranked according to resolution measures may be
rated somewhat differently on the basis of sharpness. Both resolution and sharpness are
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related to the more general characteristic of picture definition. For pictures in which,
under particular viewing conditions, effective resolution is limited by the visual acuity
of the eye rather than by picture resolution, sharpness is probably a good indication of
picture definition. If visual acuity is not the limiting factor, however, picture definition
depends to an appreciable extent on both resolution and sharpness.

5.2.8 Response to Intermittent Excitation

The brightness sensation resulting from a single, short flash of light is a function of
the duration of the flash and its intensity. For low-intensity flashes near the threshold
of vision, stimuli of shorter duration than about 1/5 s are not seen at their full inten-
sity. Their apparent intensities are nearly proportional to the action times of the stim-
uli.

With increasing intensity of the stimulus, the time necessary for the resulting sensa-
tion to reach its maximum becomes shorter. A stimulus of 5 mL reaches its maximum
apparent intensity in about 1/10 s; a stimulus of 1000 mL reaches its maximum in less
than 1/20 s. Also, for higher intensities, there is a brightness overshooting effect. For
stimulus times longer than what is necessary for the maximum effect, the apparent
brightness of the flash is decreased. A 1000 mL flash of 1/20 s will appear to be almost
twice as bright as a flash of the same intensity that continues for 1/5 s. These effects are
essentially the same for colors of equal luminances, independent of their chromatic
characteristics.

Intermittent excitations at low frequencies are seen as successive individual light
flashes. With increased frequency, the flashes appear to merge into one another, giving
a coarse, pulsating flicker effect. Further increases in frequency result in finer and finer
pulsations until, at a sufficiently high frequency, the flicker effect disappears.

The lowest frequency at which flicker is not seen is called the critical fusion fre-
quency or simply the critical frequency. Over a wide range of stimuli luminances, the
critical fusion frequency is linearly related to the logarithm of luminance. This relation-
ship is called the Ferry-Porter law. Critical frequencies for several different wave-
lengths of light are plotted as functions of retinal illumination (trolands) in Figure 5.8.
The second abscissa scale is plotted in terms of luminance, assuming a pupillary diam-
eter of about 3 mm. At low luminances, critical frequencies differ for different wave-
lengths, being lowest for stimuli near the red end of the spectrum and highest for stimuli
near the blue end. Above a retinal illumination of about 10 trolands (0.4 ft-L) the critical
frequency is independent of wavelength. This is in the critical frequency range above
approximately 18 Hz.

The critical fusion frequency increases approximately logarithmically with the in-
crease in retinal area illuminated. It is higher for retinal areas outside the fovea than for
those inside, although fatigue to flicker effects is rapid outside the fovea.

Intermittent stimulations sometimes result from rapid alternations between two
color stimuli, rather than between one color stimulus and complete darkness. The criti-
cal frequency for such stimulations depends upon the relative luminance and chromatic
characteristics of the alternating stimuli. The critical frequency is lower for chromatic
differences than for luminance differences.
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5.5 Tabular Data

Table 5.3 Typical Luminance Values (After [2].)

Illumination llluminance, ft-L

Sun at zenith 4.82 x10°

Perfectly reflecting, diffusing 9.29 x10°

surface in sunlight

Moon, clear sky 2.23 x10°

Overcast sky 9-20 x10°

Clear sky 6-17.5 x10°

Motion-picture screen 10

Table 5.4 Conversion Factors for llluminance Units (After [2].)

Parameter Lux Phot Footcandle
Lux (meter-candle); lumens per |1.00 1x10™ 9.290 x 107
square meter
Phot; lumens per square centi- |1 x 10* 1.00 9.290 x 10°
meter
Footcandle; lumens per square |1.06 x 10 1.076 x 10° |[1.00
foot
Multiply the quantity expressed in units of X by the conversion factor to obtain the quantity in
units of Y.
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Table 5.5 Conversion Factors for Luminance and Retinal llluminance Units (After [2].)

Multiply Quantity Expressed in Units of X by Conversion Factor to Obtain Quantity in Units of Y

Y | Candelas per
square Candelas per | Candelas per | Candelas per

X centimeter square meter square inch square foot Lamberts Millilamberts | Footlamberts Trolandst}
Candelas per

square

centimeter | 1 1 X 10* 6.452 9.290 X 10° 3.142 3.142 X 10 2.919 X 10° 7.854 X 10°
Candelas per

square

meter

(nit)§ 1X 1074 1 6.452 X 107" | 9.290 X 1072 | 3.142 X 107* | 3.142 X 10! | 2919 X 10~ | 7.854 X 10~!
Candelas per

square

inch 1.550 X 107" | 1.550 X 10° | 1 1.440 X 10? 4.869 X 107! | 4.869 X 10° 4.524 X 10* 1.217 X 10°
Candelas per

square foot | 1.076 X 107* 1.076 X 10 6.944 X 107% | 1 3.382 X 107" | 3.382 3.142 8.454
Lamberts 3.183 X 107! 3.183 X 10° 2.054 2.957 X 10? 1 1 x 10° 9.290 X 10* 2.5 X 10°
Millilamberts | 3.183 X 10~* 3.183 2.054 X 107* | 2957 X 107! | 1 X 107 1 9.290 X 10~! | 2.500
Footlamberts | 3.426 X 10~* | 3.426 2.210 X 107* | 3.183 X 107! | 1.076 X 10~* | 1.076 1 2.691
Trolands} 1.273 X 1071 1.273 8213 X 107* | 1.183 X 107" | 4.000 X 10* | 4.000 X 10~ | 3.716 X 10! 1

+In converting luminance to trolands it is necessary to multiply the |
1In converting trolands to luminance it is necessary to divide the |

§As recommended at Session XII in 1951 of the International Commission on Illumination, one nit equals one

candela per square meter.

diameter in millimeters.

conversion factor by the square of the pupil



Table 5.6 CIE Colorimetric Data (1931 Standard Observer)

Wave- Trichromatic Distribution Coefficients, Energy Distributions for
length Coefficients Equal-Energy Stimulus Standard llluminants
(nm) r g r g b E, E, E, Eyes

380 0.0272 -0.0115 0.0000 0.0000 0.0012 9.80 2240 33.00 49.98
390 0.0263 -0.0114 0.0001 0.0000 0.0036 12.09 31.30 47.40 54.65
400 0.0247 -0.0112 0.0003  0.0001 0.0121 1471 4130 63.30 82.75
410 0.0225 -0.0109 0.0008 -0.0004  0.0371 17.68 52.10 80.60 91.49
420 0.0181  -0.0094 0.0021 -0.0011  0.1154 20.99 63.20 98.10 93.43
430 0.0088 -0.0048 0.0022 -0.0012 0.2477 24.67 73.10 112.40 86.68
440 -0.0084  0.0048 -0.0026  0.0015 0.3123 28.70 80.80 121.50 104.86
450 -0.0390  0.0218 0.0121 0.0068 0.3167 33.09 85.40 124.00 117.01
460 0.0909  0.0517 -0.0261  0.0149 0.2982 37.81 88.30 123.10 117.81
470 -0.1821  0.1175 -0.0393  0.0254 0.2299 42.87 92.00 123.80 114.86
480 -0.3667  0.2906 -0.0494  0.0391 0.1449 4824 9520 123.90 115.92
490 -0.7150  0.6996 -0.0581  0.0569 0.0826 53.91 96.50 120.70 108.81
500 1.1685  1.3905 0.0717  0.0854 0.0478 59.86 9420 112.10 109.35
510 -1.3371 1.9318 -0.0890 0.1286  0.0270 66.06 90.70 102.30 107.80
520 -0.9830  1.8534 -0.0926  0.1747  0.0122 7250 89.50 96.90 104.79
530 -0.5159  1.4761 0.0710  0.2032 0.0055 79.13 9220 98.00 107.69
540 0.1707  1.1628 0.0315 0.2147 0.0015 85.95 96.90 102.10 104.41
550 0.0974  0.9051 0.0228 0.2118 -0.0006 92.91 101.00 105.20 104.05
560 0.3164  0.6881 0.0906 0.1970 -0.0013 100.00 102.80 105.30 100.00
570 0.4973  0.5067 0.1677  0.1709 -0.0014 107.18 102.60 102.30 96.33
580 0.6449  0.3579 0.2543  0.1361 0.0011  114.44 101.00 97.80 95.79
590 0.7617  0.2402 0.3093  0.0975 -0.0008 121.73 99.20 93.20 88.69
600 0.8475  0.1537 0.3443  0.0625 -0.0005 129.04 98.00 89.70 90.01
610 0.9059  0.0494 0.3397 0.0356  0.0003 136.35 98.50 88.40 89.60
620 0.9425  0.0580 0.2971 0.0183 -0.0002 143.62 99.70 88.10 87.70
630 0.9649  0.0354 0.2268  0.0083 -0.0001 150.84 101.00 88.00 83.29
640 0.9797  0.0205 0.1597  0.0033  0.000 157.98 102.20 87.80 83.70
650 0.9888  0.0113 0.1017  0.0012  0.0000 165.03 103.90 88.20 80.03
660 0.9940  0.0061 0.0593  0.0004 0.0000 171.96 105.00 87.90 80.21
670 0.9966  0.0035 0.0315  0.0001 0.0000 178.77 104.90 86.30 82.28
680 0.9984  0.0016 0.0169  0.0000 0.0000 185.43 103.90 84.00 78.28
690 0.9996  0.0004 0.0082  0.0000 0.0000 191.93 101.60 80.20 69.72
700 1.0000  0.0000 0.0041 0.0000 0.0000 198.26 99.10 76.30 71.61
710 1.0000  0.0000 0.0021 0.0000 0.0000 204.41 96.20 72.40 74.15
720 1.0000  0.0000 0.0011 0.0000 0.0000 210.36 92.90 68.30 61.60
730 1.0000  0.0000 0.0005 0.0000 0.0000 216.12 89.40 64.40 69.89
740 1.0000  0.0000 0.0003 0.0000 0.0000 221.67 86.90 61.50 75.09
750 1.0000  0.0000 0.0001 0.0000 0.0000 227.00 85.20 59.20 63.59
760 1.0000  0.0000 0.0001 0.0000 0.0000 232.12 84.70 58.10 46.42
770 1.0000  0.0000 0.0000 0.0000 0.0000 237.01 85.40 58.20 66.81
780 1.0000  0.0000 0.0000 0.0000 0.0000 241.68 87.00 59.10 63.38
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Table 5.6 CIE Colorimetric Data (continued)

Wave- Trichromatic Distribution Coefficients, Distribution Coefficients
length Coefficients Equal-Energy Stimulus Weighted by Illuminant C
(nm) X y X y z E X E_ .y E .z
380 0.1741 0.0050 0.0014  0.0000 0.0065 0.0036 0.0000 0.0164
390 0.1738  0.0049 0.0042  0.0001 0.0201 0.0183  0.0004 0.0870
400 0.1733  0.0048 0.0143 0.0004 0.0679  0.0841 0.0021 0.3992
410 0.1726  0.0048 0.0435 0.0012 0.2074 0.3180 0.0087 1.5159
420 0.1714  0.0051 0.1344 0.0040 0.6456 1.2623 0.0378 6.0646
430 0.1689  0.0069 0.2839 0.0116 1.3856 29913 0.1225 14.6019
440 0.1644  0.0109 0.3483 0.0230 1.7471 3.9741 0.2613  19.9357
450 0.1566  0.0177 0.3362 0.0380 1.7721 3.9191 0.4432  20.6551
460 0.1440  0.0297 0.2908 0.0600 1.6692 3.3668 0.6920 19.3235
470 0.1241 0.0578 0.1954 0.0910 1.2876 2.2878 1.0605 15.0550
480 0.0913  0.1327 0.0956 0.1390 0.8130 1.1038 1.6129  9.4220
490 0.0454  0.2950 0.0320 0.2080 0.4652 0.3639 2.3591 5.2789
500 0.0082 0.5384 0.0049 0.3230 0.2720 0.0511 3.4077 2.8717
510 0.0139  0.7502 0.0093 0.5030 0.1582 0.0898 4.8412 1.5181
520 0.0743  0.8338 0.0633 0.7100 0.0782 0.5752  6.4491 0.7140
530 0.1547  0.8059 0.1655 0.8620 0.0422 15206 7.9357 0.3871
540 0.2296  0.7543 0.2904 0.9540 0.0203 2.7858 9.1470  0.1956
550 0.3016  0.6923 0.4334 0.9950 0.0087 4.2833 9.8343  0.0860
560 0.3731 0.6245 0.5945 0.9950 0.0039 5.8782 9.8387  0.0381
570 0.4441 0.5547 0.7621 0.9520  0.0021 7.3230 9.1476  0.0202
580 0.5125  0.4866 0.9163 0.8700 0.0017  8.4141 7.9897  0.0147
590 0.5752  0.4242 1.0263 0.7570  0.0011 8.9878 6.6283  0.0101
600 0.6270  0.3725 1.0622 0.6310 0.0008 8.9536 5.3157  0.0067
610 0.6658  0.3340 1.0026  0.5030 0.0003 8.3294 4.1788  0.0029
620 0.6915  0.3083 0.8544 0.3810 0.0002 7.0604 3.1485 0.0012
630 0.7079  0.2920 0.6424 0.2650 0.0000 5.3212 2.1948  0.0000
640 0,7190  0.2809 0.4479 0.1750 0.0000 3.6882  1.4411 0.0000
650 0.7260  0.2740 0.2835 0.1070 0.0000 2.3531 0.8876  0.0000
660 0.7300 0.2700 0.1649 0,0610 0.0000 1.3589 0.5028  0.0000
670 0.7320 0.2680 0.0874 0.0320 0.0000 0.7113 0.2606  0.0000
680 0.7334  0.2666 0.0468 0.0170 0.0000 0.3657 0.1329  0.0000
690 0.7344  0.2656 0.0227  0.0082 0.0000 0.1721 0.0621 0.0000
700 0.7347  0.2653 0.0114  0.0041 0.0000 0.0806 0.0290  0.0000
710 0.7347  0.2653 0.0058  0.0021 0.0000 0.0398 0.0143  0.0000
720 0.7347  0.2653 0.0029 0.0010 0.0000 0.0183 0.0064  0.0000
730 0.7347  0.2653 0.0014  0.0005 0.0000 0.0085 0.0030 0.0000
740 0.7347  0.2653 0.0007 0.0003 0.0000 0.0040 0.0017  0.0000
750 0.7347  0.2653 0.0003  0.0001 0.0000 0.0017  0.0006  0.0000
760 0.7347  0.2653 0.0002  0.0001 0.0000 0.0008 0.0003 0.0000
770 0.7347  0.2653 0.0001 0.0000 0.0000 0.0003 0.0000 0.0000
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Chapter

Circuit Fundamentals

6.1 Introduction

Electronic circuits are composed of elements such as resistors, capacitors, inductors,
and voltage and current sources, all of which may be interconnected to permit the
flow of electric currents. An element is the smallest component into which circuits
can be subdivided. The points on a circuit element where they are connected in a cir-
cuit are called terminals.

Elements can have two or more terminals, as shown in Figure 6.1. The resistor, ca-
pacitor, inductor, and diode shown in the Figure 6.1a are two-terminal elements; the
transistor in Figure 6.15 is a three-terminal element; and the transformer in Figure 6.1¢
is a four-terminal element.

Circuit elements and components also are classified as to their function in a circuit.
An element is considered passive if it absorbs energy and active if it increases the level
of energy in a signal. An element that receives energy from either a passive or active el-
ement is called a load. In addition, either passive or active elements, or components,
can serve as loads.

The basic relationship of current and voltage in a two-terminal circuit where the
voltage is constant and there is only one source of voltage is given in Ohm’s law. This
states that the voltage V' between the terminals of a conductor varies in accordance with
the current /. The ratio of voltage, current, and resistance R is expressed in Ohm’s law as
follows:

E=IxR (6.1)

Using Ohm’s law, the calculation for power in watts can be developed from P=E X [
as follows:

2

P=% and P=1" xR (6.2)
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(a)

Figure 6.1 Schematic examples of circuit elements: (a) two-terminal element, (b)
three-terminal element, (c) four-terminal element.

Ry
i
Lp2SLs R3 %
RL
I
R2 J

Figure 6.2 Circuit configuration composed of several elements and branches, and a
closed loop (R,, R, C,, R,, and L,).

Acircuit, consisting of a number of elements or components, usually amplifies or
otherwise modifies a signal before delivering itto a load. Theterminal to which a signal
is applied is aninput port, or driving port. The pair or group of terminals that delivers a
signal to a load is the output port. An element or portion of a circuit between two termi-
nals is a branch. The circuit shown in Figure 6.2 is made up of several elements and
branches. R, is a branch, and R, and C, make up a two-element branch. The secondary
of transformer T, a voltage source, and R, also constitute a branch. The point at which
three or more branches join together is a node. A series connection of elements or
branches, called a path, in which the end is connected back to the start is a closed loop.

6.2 Circuit Analysis

Relatively complex configurations of /inear circuit elements, that is, where the signal
gain or loss is constant over the signal amplitude range, can be analyzed by simplifi-
cation into the equivalent circuits. After the restructuring of a circuit into an equiva-
lent form, the current and voltage characteristics at various nodes can be calculated
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Figure 6.3 Equivalent circuits: (a) Thevenin’s equivalent voltage source, (b) Norton’s
equivalent current source. (After[1].)

using network-analysis theorems, including Kirchoff’s current and voltage laws,
Thevenin’s theorem, and Norton’s theorem.

 Kirchoff’s current law (KCL). The algebraic sum of the instantaneous currents
entering a node (a common terminal of three or more branches) is zero. In other
words, the currents from two branches entering a node add algebraically to the
current leaving the node in a third branch.

 Kirchoff’s voltage law (KVL). The algebraic sum of instantaneous voltages
around a closed loop is zero.

« Thevenin’s theorem. The behavior of a circuit at its terminals can be simulated
by replacement with a voltage E from a dc source in series with an impedance Z
(see Figure 6.3a).

« Norton’s theorem. The behavior of a circuit at its terminals can be simulated by
replacement with a dc source / in parallel with an impedance Z (see Figure 6.35).

6.2.1 AC Circuits

Vectors are used commonly in ac circuit analysis to represent voltage or current val-
ues. Rather than using waveforms to show phase relationships, it is accepted practice
to use vector representations (sometimes called phasor diagrams). To begin a vector
diagram, a horizontal line is drawn, its left end being the reference point. Rotation in a
counterclockwise direction from the reference point is considered to be positive. Vec-
tors may be used to compare voltage drops across the components of a circuit contain-
ing resistance, inductance, and/or capacitance. Figure 6.4 shows the vector relation-
ship in a series RLC circuit, and Figure 6.5 shows a parallel RLC circuit.

Power Relationship in AC Circuits

In a dc circuit, power is equal to the product of voltage and current. This formula also
is true for purely resistive ac circuits. However, when a reactance—either inductive or
capacitive—is present in an ac circuit, the dc power formula does not apply. The prod-
uct of voltage and current is, instead, expressed in volt-amperes (VA) or
kilovoltamperes (kVA). This product is known as the apparent power. When meters
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Figure 6.4 Voltage vectors in a series RLC circuit.

/1

AC —
source R L C

Figure 6.5 Current vectors in a parallel RLC circuit.

are used to measure power in an ac circuit, the apparent power is the voltage reading
multiplied by the current reading. The actual power that is converted to another form
of energy by the circuit is measured with a wattmeter, and is referred to as the true
power. In ac power-system design and operation, it is desirable to know the ratio of
true power converted in a given circuit to the apparent power of the circuit. This ratio
is referred to as the power factor.

6.2.2 Complex Numbers

A complex number is represented by a real part and an imaginary part. For example,
in A =a+jb, A is the complex number; « is the real part, sometimes written as Re(4);
and b is the imaginary part of 4, often written as Im(4). It is a convention to precede
the imaginary component by the letter j (or i). This form of writing the real and imagi-
nary components is called the Cartesian form and symbolizes the complex (or s)
plane, wherein both the real and imaginary components can be indicated graphically
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Figure 6.6 The s plane representing two complex numbers. (From [2]. Used with per-
mission.)

[2]. To illustrate this, consider the same complex number 4 when represented graphi-
cally as shown in Figure 6.6. A second complex number B is also shown to illustrate
the fact that the real and imaginary components can take on both positive and negative
values. Figure 6.6 also shows an alternate form of representing complex numbers.
When a complex number is represented by its magnitude and angle, for example, 4 =
r,Z8,, it is called the polar representation.

To see the relationship between the Cartesian and the polar forms, the following
equations can be used:

r, =~Na’ +b’ (6.3)
0, =tan” g (6.4)

Conceptually, a better perspective can be obtained by investigating the triangle
shown in Figure 6.7, and considering the trigonometric relationships. From this figure,
it can be seen that
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Figure 6.7 The relationship between Cartesian and polar forms. (From [2]. Used with
permission.)

a=Re(4)=r, cos(0,) (6.5)
b=Im(A)=r,sin(6,) (6.6)

The well-known Eulers identity is a convenient conversion of the polar and Carte-
sian forms into an exponential form, given by

exp(j8) = cosO+ j sin® 6.7)

6.2.3 Phasors

The ac voltages and currents appearing in distribution systems can be represented by
phasors, a concept useful in obtaining analytical solutions to one-phase and
three-phase system design. A phasor is generally defined as a transform of sinusoidal
functions from the time domain into the complex-number domain and given by the
expression

V=V exp(j8) = P{V cos(wt+0)} =V~ (6.8)

where V is the phasor, V' is the magnitude of the phasor, and 0 is the angle of the
phasor. The convention used here is to use boldface symbols to symbolize phasor
quantities. Graphically, in the time domain, the phasor ¥ would be a simple sinusoidal
wave shape as shown in Figure 6.8. The concept of a phasor leading or lagging an-
other phasor becomes very apparent from the figure.

Phasor diagrams are also an effective medium for understanding the relationships
between phasors. Figure 6.9 shows a phasor diagram for the phasors represented in Fig-
ure 6.8. In this diagram, the convention of positive angles being read counterclockwise
is used. The other alternative is certainly possible as well. It is quite apparent that a
purely capacitive load could result in the phasors shown in Figures 6.8 and 6.9.
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Figure 6.8 Waveforms representing leading and lagging phasors. (From [2]. Used with
permission.)

V= Vcosb= V/Q Vz VR

I= lcos (90 + 6) = 1/9Q°

Figure 6.9 Phasor diagram showing phasor representation and phasor operation.
(From [2]. Used with permission.)

6.2.4 Per Unit System

In the per unit system, basic quantities such as voltage and current are represented as
certain percentages of base quantities. When so expressed, these per unit quantities do
not need units, thereby making numerical analysis in power systems somewhat easier
to handle. Four quantities encompass all variables required to solve a power system
problem. These quantities are

« Voltage

» Current

* Power

« Impedance

Out of these, only two base quantities, corresponding to voltage (V,) and power (S,),
are required to be defined. The other base quantities can be derived from these two.
Consider the following. Let
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V, = voltage base, kV
S, = power base, MVA
1, = current base, A

Z, = impedance base, Q

Then,
2
Z, = Q 6.9
sy (6.9)
v,10°
I,=-2— A (6.10)
Zb

6.2.5 Principles of Resonance

All RF systems rely on the principles of resonance for operation. Three basic systems
exist:

« Series resonance circuits
« Parallel resonance circuits

« Cavity resonators

Series Resonant Circuits

When a constant voltage of varying frequency is applied to a circuit consisting of an
inductance, capacitance, and resistance (all in series), the current that flows depends
upon frequency in the manner shown in Figure 6.10. At low frequencies, the capaci-
tive reactance of the circuit is large and the inductive reactance is small, so that most
of the voltage drop is across the capacitor, while the current is small and leads the ap-
plied voltage by nearly 90°. At high frequencies, the inductive reactance is large and
the capacitive reactance is low, resulting in a small current that lags nearly 90° behind
the applied voltage; most of the voltage drop is across the inductance. Between these
two extremes is the resomant frequency, at which the capacitive and inductive
reactances are equal and, consequently, neutralize each other, leaving only the resis-
tance of the circuit to oppose the flow of current. The current at this resonant fre-
quency is, accordingly, equal to the applied voltage divided by the circuit resistance,
and it is very large if the resistance is low.

The characteristics of a series resonant circuit depend primarily upon the ratio of in-
ductive reactance «l to circuit resistance R, known as the circuit O:

0=" 6.11)

The circuit Q also may be defined by:
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Figure 6.10 Characteristics of a series resonant circuit as a function of frequency for a
constant applied voltage and different circuit Qs: (a) magnitude, (b) phase angle.

EX
Q—2n(E ) (6.12)

d

Where:
E = energy stored in the circuit

s

E = energy dissipated in the circuit during one cycle

Most of the loss in a resonant circuit is the result of coil resistance; the losses in a
properly constructed capacitor are usually small in comparison with those of the coil.

The general effect of different circuit resistances (different values of Q) is shown in
Figure 6.10. As illustrated, when the frequency differs appreciably from the resonant
frequency, the actual current is practically independent of circuit resistance and is
nearly the current that would be obtained with no losses. On the other hand, the current
at the resonant frequency is determined solely by the resistance. The effect of increas-
ing the resistance of a series circuit is, accordingly, to flatten the resonance curve by re-
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Figure 6.11 Characteristics of a parallel resonant circuit as a function of frequency for
different circuit Qs: (a) magnitude, (b) phase angle.

ducing the current at resonance. This broadens the top of the curve, giving a more uni-
form current over a band of frequencies near the resonant point. This broadening is
achieved, however, by reducing the selectivity of the tuned circuit.

Parallel Resonant Circuits

A parallel circuit consisting of an inductance branch in parallel with a capacitance
branch offers an impedance of the character shown in Figure 6.11. At low frequen-
cies, the inductive branch draws a large lagging current while the leading current of
the capacitive branch is small, resulting in a large lagging line current and a low lag-
ging circuit impedance. At high frequencies, the inductance has a high reactance
compared with the capacitance, resulting in a large leading line current and a corre-
sponding low circuit impedance that is leading in phase. Between these two extremes
is a frequency at which the lagging current taken by the inductive branch and the lead-
ing current entering the capacitive branch are equal. Being 180° out of phase, they
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neutralize, leaving only a small resultant in-phase current flowing in the line; the im-
pedance of the parallel circuit is, therefore, high.

The effect of circuit resistance on the impedance of the parallel circuit is similar to
the influence that resistance has on the current flowing in a series resonant circuit, as is
evident when Figures 6.10 and 6.11 are compared. Increasing the resistance of a paral-
lel circuit lowers and flattens the peak of the impedance curve without appreciably al-
tering the sides, which are relatively independent of the circuit resistance.

The resonant frequency £, of a parallel circuit can be taken as the same frequency at
which the same circuit is in series resonance:

1

F=— (6.13)
" oriLC

Where:

L = inductance in the circuit

C = capacitance in the circuit

When the circuit Q is large, the frequencies corresponding to the maximum imped-
ance of the circuit and to unity power factor of this impedance coincide, for all practical
purposes, with the resonant frequency defined in this way. When the circuit Q is low,
however, this rule does not necessarily apply.

6.3 Passive/Active Circuit Components

A voltage applied to a passive component results in the flow of current and the dissi-
pation or storage of energy. Typical passive components are resistors, coils or
inductors, and capacitors. For an example, the flow of current in a resistor results in
radiation of heat; from a light bulb, the radiation of light as well as heat.

On the other hand, an active component either (1) increases the level of electric en-
ergy or (2) provides available electric energy as a voltage. As an example of (1), an am-
plifier produces an increase in energy as a higher voltage or power level, while for (2),
batteries and generators serve as energy sources.

Active components can generate more alternating signal power into an output load
resistance than the power absorbed at the input at the same frequency. Active compo-
nents are the major building blocks in system assemblies such as amplifiers and oscilla-
tors.
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Chapter

Resistors and Resistive Materials

7.1 Introduction

Resistors are components that have a nearly 0° phase shift between voltage and cur-
rent over a wide range of frequencies with the average value of resistance independent
of the instantaneous value of voltage or current. Preferred values of ratings are given
ANSI standards or corresponding ISO or MIL standards. Resistors are typically iden-
tified by their construction and by the resistance materials used. Fixed resistors have
two or more terminals and are not adjustable. Variable resistors permit adjustment of
resistance or voltage division by a control handle or with a tool.

7.2 Resistor Types

There are a wide variety of resistor types, each suited to a particular application or
group of applications. Low-wattage fixed resistors are usually identified by
color-coding on the body of the device, as illustrated in Figure 7.1. The major types of
resistors are identified in the following sections.

7.2.1 Wire-Wound Resistor

The resistance element of most wire-wound resistors is resistance wire or ribbon
wound as a single-layer helix over a ceramic or fiberglass core, which causes these re-
sistors to have a residual series inductance that affects phase shift at high frequencies,
particularly in large-size devices. Wire-wound resistors have low noise and are stable
with temperature, with temperature coefficients normally between +5 and 200
ppm/°C. Resistance values between 0.1 and 100,000 W with accuracies between
0.001 and 20 percent are available with power dissipation ratings between 1 and 250
W at 70°C. The resistance element is usually covered with a vitreous enamel, which
can be molded in plastic. Special construction includes such items as enclosure in an
aluminum casing for heatsink mounting or a special winding to reduce inductance.
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Figure 7.1 Color code for fixed resistors in accordance with IEC publication 62. (From
[1]. Used with permission.)

Resistor connections are made by self-leads or to terminals for other wires or printed
circuit boards.

7.2.2 Metal Film Resistor

Metal film, or cermet, resistors have characteristics similar to wire-wound resistors
except at much lower inductance. They are available as axial lead components in 1/8,
1/4, or 1/2 W ratings, in chip resistor form for high-density assemblies, or as resistor
networks containing multiple resistors in one package suitable for printed circuit in-
sertion, as well as in tubular form similar to high-power wire-wound resistors. Metal
film resistors are essentially printed circuits using a thin layer of resistance alloy on a
flat or tubular ceramic or other suitable insulating substrate. The shape and thickness
of the conductor pattern determine the resistance value for each metal alloy used. Re-
sistance is trimmed by cutting into part of the conductor pattern with an abrasive or a
laser. Tin oxide is also used as a resistance material.

7.2.3 Carbon Film Resistor

Carbon film resistors are similar in construction and characteristics to axial lead
metal film resistors. Because the carbon film is a granular material, random noise
may be developed because of variations in the voltage drop between granules. This
noise can be of sufficient level to affect the performance of circuits providing high
grain when operating at low signal levels.
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7.2.4 Carbon Composition Resistor

Carbon composition resistors contain a cylinder of carbon-based resistive material
molded into a cylinder of high-temperature plastic, which also anchors the external
leads. These resistors can have noise problems similar to carbon film resistors, but
their use in electronic equipment for the last 50 years has demonstrated their out-
standing reliability, unmatched by other components. These resistors are commonly
available at values from 2.7 Q with tolerances of 5, 10, and 20 percent in 1/8-, 1/4-,
1/2-, 1-, and 2-W sizes.

7.2.5 Control and Limiting Resistors

Resistors with a large negative temperature coefficient, thermistors, are often used to
measure temperature, limit inrush current into motors or power supplies, or to com-
pensate bias circuits. Resistors with a large positive temperature coefficient are used
in circuits that have to match the coefficient of copper wire. Special resistors also in-
clude those that have a low resistance when cold and become a nearly open circuit
when a critical temperature or current is exceeded to protect transformers or other de-
vices.

7.2.6 Resistor Networks

A number of metal film or similar resistors are often packaged in a single module
suitable for printed circuit mounting. These devices see applications in digital cir-
cuits, as well as in fixed attenuators or padding networks.

7.2.7 Adjustable Resistors

Cylindrical wire-wound power resistors can be made adjustable with a metal clamp in
contact with one or more turns not covered with enamel along an axial stripe. Potenti-
ometers are resistors with a movable arm that makes contact with a resistance ele-
ment, which is connected to at least two other terminals at its ends. The resistance ele-
ment can be circular or linear in shape, and often two or more sections are mechani-
cally coupled or ganged for simultaneous control of two separate circuits. Resistance
materials include all those described previously.

Trimmer potentiometers are similar in nature to conventional potentiometers except
that adjustment requires a tool.

Most potentiometers have a linear taper, which means that resistance changes lin-
early with control motion when measured between the movable arm and the “low,” or
counterclockwise, terminal. Gain controls, however, often have a logarithmic taper so
that attenuation changes linearly in decibels (a logarithmic ratio). The resistance ele-
ment of a potentiometer may also contain taps that permit the connection of other com-
ponents as required in a specialized circuit.
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(a

(b)

(o)

Unbalanced Balanced

Figure 7.2 Unbalanced and balanced fixed attenuator networks for equal source and
load resistance: (a) T configuration, (b) m configuration, (¢) bridged-T configuration.

7.2.8 Attenuators

Variable attenuators are adjustable resistor networks that show a calibrated increase in
attenuation for each switched step. For measurement of audio, video, and RF equip-
ment, these steps may be decades of 0.1, 1, and 10 dB. Circuits for unbalanced and
balanced fixed attenuators are shown in Figure 7.2. Fixed attenuator networks can be
cascaded and switched to provide step adjustment of attenuation inserted in a con-
stant-impedance network.

Audio attenuators generally are designed for a circuit impedance of 150 €, although
other impedances can be used for specific applications. Video attenuators are generally
designed to operate with unbalanced 75-Q grounded-shield coaxial cable. RF
attenuators are designed for use with 75- or 50-Q coaxial cable.

7.3 References

1. Whitaker, Jerry C. (ed.), The Electronics Handbook, CRC Press, Boca Raton, FL,
1996.
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7.5 Tahular Data

Table 7.1 Resistivity of Selected Ceramics (From [1]. Used with permission.)

Ceramic Resistivity, - cm
Borides
Chromium diboride (CrB,) 21 x 107
Hafnium diboride (HfB;) 10-12 x107° at room temp.

Tantalum diboride (TaB,)

Titanium diboride (TiB;) (polycrystalline)
85% dense

85% dense

100% dense, extrapolated values

Titanium diboride (TiB,) (monocrystalline)
Crystal length 5 cm, 39 deg. and 59 deg. orientation
with respect to growth axis
Crystal length 1.5 cm, 16.5 deg. and 90 deg. orientation
with respect to growth axis

Zirconium diboride (ZrB;)

Carbides: boron carbide (B4C)

68 x 1076

26.5-28.4x 1079 at room temp.
9.0 x 107 at room temp.
8.7-14.1x107° at room temp.
3.7 x 107% at liquid air temp.

6.6+ 0.2 x 107° at room temp.
6.7 £ 0.2 x 1075 at room temp.
9.2 x 107 at 20°C

1.8 x 107° at liquid air temp.
0.3-0.8
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Table 7.2 Electrical Resistivity of Various Substances in 10° Qe m (From[1]. Used with permission.)

T/K  Aluminum Barium Beryllium Calcium Cesium Chromium Copper
1 0.000100 0.081 0.0332 0.045 0.0026 0.00200
10 0.000193 0.189 0.0332 0.047 0.243 0.00202
20 0.000755 0.94 0.0336 0.060 0.86 0.00280
40 0.0181 291 0.0367 0.175 1.99 0.0239
60 0.0959 4.86 0.067 0.40 3.07 0.0971
80 0.245 6.83 0.075 0.65 4.16 0.215
100 0.442 8.85 0.133 0.91 5.28 1.6 0.348
150 1.006 14.3 0.510 1.56 8.43 4.5 0.699
200 1.587 20.2 1.29 2.19 12.2 7.7 1.046
273 2.417 30.2 3.02 3.11 18.7 11.8 1.543
293 2.650 33.2 3.56 3.36 20.5 12.5 1.678
298 2.709 34.0 3.70 3.42 20.8 12.6 1.712
300 2.733 34.3 3.76 3.45 21.0 12.7 1.725
400 3.87 51.4 6.76 4.7 15.8 2.402
500 4.99 72.4 9.9 6.0 20.1 3.090
600 6.13 98.2 13.2 7.3 24.7 3.792
700 7.35 130 16.5 8.7 29.5 4.514
800 8.70 168 20.0 10.0 34.6 5.262
900 10.18 216 23.7 11.4 39.9 6.041
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Table 7.2 Electrical Resistivity of Various Substances in 10° Qe m (Continued)

T/K Gold Hafnium Iron Lead Lithium Magnesium Manganese
1 0.0220 1.00 0.0225 0.007 0.0062 7.02
10 0.0226 1.00 0.0238 0.008 0.0069 18.9
20 0.035 1.11 0.0287 0.012 0.0123 54
40 0.141 2.52 0.0758 0.074 0.074 116
60 0.308 4.53 0.271 0.345 0.261 131
80 0.481 6.75 0.693 4.9 1.00 0.557 132
100 0.650 9.12 1.28 6.4 1.73 0.91 132
150 1.061 15.0 3.15 9.9 3.72 1.84 136
200 1.462 21.0 5.20 13.6 5.71 2.75 139
273 2.051 30.4 8.57 19.2 8.53 4.05 143
293 2.214 33.1 9.61 20.8 9.28 4.39 144
298 2.255 33.7 9.87 21.1 9.47 4.48 144
300 2.271 34.0 9.98 21.3 9.55 4.51 144
400 3.107 48.1 16.1 29.6 13.4 6.19 147
500 3.97 63.1 23.7 38.3 7.86 149
600 4.87 78.5 32.9 9.52 151
700 5.82 44.0 11.2 152
800 6.81 57.1 12.8
900 7.86 14.4
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Table 7.2 Electrical Resistivity of Various Substances in 10° Qe m (Continued)

T/K Molybdenum Nickel Palladium Platinum Potassium Rubidium Silver
1 0.00070 0.0032 0.0200 0.002 0.0008 0.0131 0.00100
10 0.00089 0.0057 0.0242 0.0154 0.0160 0.109 0.00115
20 0.00261 0.0140 0.0563 0.0484 0.117 0.444 0.0042
40 0.0457 0.068 0.334 0.409 0.480 1.21 0.0539
60 0.206 0.242 0.938 1.107 0.90 1.94 0.162
80 0.482 0.545 1.75 1.922 1.34 2.65 0.289
100 0.858 0.96 2.62 2.755 1.79 3.36 0.418
150 1.99 2.21 4.80 4.76 2.99 5.27 0.726
200 3.13 3.67 6.88 6.77 4.26 7.49 1.029
273 4.85 6.16 9.78 9.6 6.49 11.5 1.467
293 5.34 6.93 10.54 10.5 7.20 12.8 1.587
298 5.47 7.12 10.73 10.7 7.39 13.1 1.617
300 5.52 7.20 10.80 10.8 7.47 13.3 1.629
400 8.02 11.8 14.48 14.6 2.241
500 10.6 17.7 17.94 18.3 2.87
600 13.1 25.5 21.2 21.9 3.53
700 15.8 32.1 24.2 25.4 4.21
800 18.4 35.5 27.1 28.7 4.91
900 21.2 38.6 29.4 32.0 5.64
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Table 7.2 Electrical Resistivity of Various Substances in 10° Qe m (Continued)

T/K Sodium Strontium Tantalum Tungsten Vanadium Zinc Zirconium
1 0.0009 0.80 0.10 0.000016 0.0100 0.250
10 0.0015 0.80 0.102 0.000137 0.0145 0.0112 0.253
20 0.016 0.92 0.146 0.00196 0.039 0.0387 0.357
40 0.172 1.70 0.751 0.0544 0.304 0.306 1.44
60 0.447 2.68 1.65 0.266 1.11 0.715 3.75
80 0.80 3.64 2.62 0.606 2.41 1.15 6.64
100 1.16 4.58 3.64 1.02 4.01 1.60 9.79
150 2.03 6.84 6.19 2.09 8.2 2.71 17.8
200 2.89 9.04 8.66 3.18 12.4 3.83 26.3
273 4.33 12.3 12.2 4.82 18.1 5.46 38.8
293 4.77 13.2 13.1 5.28 19.7 5.90 42.1
298 4.88 13.4 13.4 5.39 20.1 6.01 42.9
300 4.93 13.5 13.5 5.44 20.2 6.06 43.3
400 17.8 18.2 7.83 28.0 8.37 60.3
500 22.2 229 10.3 34.8 10.82 76.5
600 26.7 27.4 13.0 41.1 13.49 91.5
700 31.2 31.8 15.7 47.2 104.2
800 35.6 359 18.6 53.1 114.9

900 40.1 21.5 58.7 123.1
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Table 7.3 Electrical Resistivity of Various Metallic Elements at (approximately) Room Temperature (From
[1]. Used with permission.)

Electrical Electrical
Resistivity Resistivity

Element T/IK 1078Q - m Element T/IK 1078Q - m
Antimony 273 39 Polonium 273 40
Bismuth 273 107 Praseodymium 290-300 70.0
Cadmium 273 6.8 Promethium 290-300 75
Cerium 290-300 82.8 Protactinium 273 17.7
Cobalt 273 5.6 Rhenium 273 17.2
Dysprosium 290-300 92.6 Rhodium 273 4.3
Erbium 290-300 86.0 Ruthenium 273 7.1
Europium 290-300 90.0 Samarium 290-300 94.0
Gadolinium 290-300 131 Scandium 290-300 56.2
Gallium 273 13.6 Terbium 290-300 115
Holmium 290-300 81.4 Thallium 273 15
Indium 273 8.0 Thorium 273 14.7
Iridium 273 4.7 Thulium 290-300 67.6
Lanthanum 290-300 61.5 Tin 273 11.5
Lutetium 290-300 58.2 Titanium 273 39
Mercury 273 94.1 Uranium 273 28
Neodymium 290-300 64.3 Ytterbium 290-300 25.0
Niobium 273 15.2 Yttrium 290-300 59.6

Osmium 273 8.1
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Table 7.4 Electrical Resistivity of Selected Alloys in Units of 10° Qe m (From [1]. Used with permission.)

273K 293K 300K 350K 400K
Alloy—Aluminum-Copper

Wt % Al
993 251 274 2.82 3.38 3.95
957 2.88  3.10 3.18 3.75 4.33
90b 336 3.59 3.67 4.25 4.86
85P 3.87  4.10 4.19 4.79 5.42
80P 433 458 4.67 5.31 5.99
70P 503 531 5.41 6.16 6.94
60° 556  5.88 5.99 6.77 7.63
50b 622  6.55 6.67 7.55 8.52
40¢ 757  7.96 8.10 9.12 102
30¢ 112 118 12.0 13.5 15.2
25f 16.3%  17.2 17.6 19.8 222
152 — 12.3 — — —
198 1.82 110 11.1 11.7 123
5¢ 943  9.61 9.68 10.2 10.7
1P 446  4.60 4.65 5.00 5.37

273K 293K 300K 350K 400K
Alloy—Copper-Nickel

Wt % Cu
99¢ 271 285 291 3.27 3.62
95¢ 7.60 771  7.82 8.22 8.62
90¢ 13.69 13.89 13.96 1440  14.81
85¢ 19.63 19.83 19.90 2032  20.70
80¢ 2546 25.66 2572  26.12% 26.44%
70 36.67 3672 36.76  36.85  36.89
60! 4543 4538 4535 4520  45.01
50! 50.19 50.05 50.01 49.73  49.50
40¢ 4742 4773 4782 4828  48.49
30! 40.19 41.79 4234 4451 4540
25¢ 3346 35.11 35.69  39.67% 42.81%
15¢ 2200 2335 23.85 27.60  31.38
10¢ 16.65 17.82 1826 21.51  25.19
5¢ 1149 1250 1290 1569 18.78
1€ 723 808 837 10.63* 13.18%
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Table 7.4 Electrical Resistivity of Selected Alloys in Units of 10° Qe m (Continued)

99¢
95¢
90¢
85
80
70
60
50
40
30
25
15
10b

12

Alloy—Aluminum-Magnesium

2.96
5.05
7.52

17.1
13.1
5.92

3.18
5.28
7.76

17.4
13.4
6.25

3.26
5.36
7.85

17.6
13.5
6.37

3.82
5.93
8.43

18.4
14.3
7.20

19.2
15.2
8.03

Alloy—Copper-Palladium

Wt % Cu

99¢ 2.10 2.23 2.27 2.59
95¢ 4.21 4.35 4.40 4.74
90°¢ 689 7.03 7.08 7.41
85°¢ 9.48 9.61 9.66 10.01
80¢ 11.99 12.12 12.16 12.51%
70¢ 16.87 17.01 17.06 17.41
60° 21.73 21.87 21.92 22.30
50¢ 27.62 2779 27.86  28.25
40°¢ 3531 35.51 3557  36.03
30¢ 46.50 46.66 46.71 47.11
25¢ 46.25 4645 46.52  46.99%
15¢ 36.52 36.99 37.16 38.28
10¢ 2890 29.51 29.73  31.19%
5¢ 20.00 20.75 21.02  22.84*%
1€ 11.90 12.67 12.93* 14.82%

2.92
5.08
7.74
10.36
12.87
17.78
22.69
28.64
36.47
47.47
47.43%
39.35
32.56%
24.54*
16.68%
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Table 7.4 Electrical Resistivity of Selected Alloys in Units of 10° Qe m (Continued)

Wt % Cu
99¢
95¢
90°¢
85¢
80°¢
70°¢
60¢
50°¢
40¢
30°¢
25¢
15¢
10°¢
SC
lc

Alloy—Copper-Gold

1.73
2.41
3.29
4.20
5.15
7.12
9.18
11.07
12.70
13.77
13.93
12.75
10.70
7.25
3.40

1.86%
2.54%
4.42%
4.33
5.28
7.25
9.13
11.20
12.85
13.93
14.09
12.91
10.86
7.41%
3.57

1.91%
2.59%
3.46*
4.38%
5.32
7.30
9.36
11.25
12.90%
13.99%
14.14
12.96*
10.91
7.46
3.62

2.24%
2.92%
3.79%
4.71%
5.65
7.64
9.70
11.60
13.27%
14.38%
14.54
13.36%
11.31
7.87
4.03

2.58%
3.26*
4.12%
5.05%
5.99
7.99
10.05
11.94
13.65%
14.78%
14.94
13.77
11.72
8.28
4.45

Wt % Cu
99b
95b
9P
85b
80P
70P
60
50
40
30
25
15
10
5

1

Alloy—Copper-Zinc

1.84
2.78
3.66
4.37
5.01
5.87

1.97
2.92
3.81
4.54
5.19
6.08

2.02
2.97
3.86
4.60
5.26
6.15



0771SS34d 04D 44 1002 ®

Table 7.4 Electrical Resistivity of Selected Alloys in Units of 10° Qe m (Continued)

Wt % Au
99¢
95¢
90!
8sb
8ob
70°
60P
502
40°
30b
25b
15
10°
53
la

Alloy—Gold-Palladium

2.69
5.21
8.01
10.50%
12.75
18.23
26.70
27.23
24.65
20.82
18.86
15.08
13.25
11.49%
10.07

2.86
5.35
8.17
10.66
12.93
18.46
26.94
27.63
25.23
21.49
19.53
15.77
13.95
12.21
10.85%

291
5.41
8.22
10.72%
12.99
18.54
27.02
27.76
25.42
21.72
19.77
16.01
14.20%
12.46*
11.12%

3.32
5.79
8.56
11.100%
13.45
19.10
27.63%
28.64%
26.74
23.35
21.51
17.80
16.00%*
14.26%
12.99%

3.73
6.17
8.93
11.48%
13.93
19.67
28.23%
29.42%
27.95
24.92
23.19
19.61
17.81%
16.07%2
14.80%

Wt % Au
99b
952
90!
85/
80/
70}
60/

2.58
4.58
6.57
8.14
9.34
10.70
10.92
10.23
8.92
7.34
6.46
4.55
3.54
2.52
1.69

2.75
4.74
6.73
8.30
9.50
10.86
11.07
10.37
9.06
7.47
6.59
4.67
3.66
2.64%
1.80

Alloy—Gold-Silver

2.80%
4.79
6.78
8.36*
9.55
10.91
11.12
10.42
9.11
7.52
6.63
4.72
3.71
2.68%
1.84%

3.22%
5.19
7.19
8.75
9.94
11.29
11.50
10.78
9.46%*
7.85
6.96
5.03
4.00
2.96%
2.12%

3.63%
5.59
7.58
9.15
10.33
11.68%
11.87
11.14
9.81
8.19
7.30%
5.34
4.31
3.25%
2.42%
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Table 7.4 Electrical Resistivity of Selected Alloys in Units of 10° Qe m (Continued)

Wt % Fe
992
95¢
90¢
85¢
80°¢
70b
60¢
504
404
30¢
25b
15¢
10¢
SC

10.9
18.7
24.2
27.8
30.1
323
53.8
28.4
19.6
15.3
14.3
12.6
11.4
9.66
7.17

12.0
19.9
25.5
29.2
31.6
33.9
57.1
30.6
21.6
17.1
15.9
13.8
12.5
10.6
7.94

Alloy—Iron-Nickel

12.4
20.2
25.9
29.7
32.2
34.4
58.2
31.4
22.5
17.7
16.4
14.2
12.9
10.9
8.12

2Uncertainty in resistivity is +2%.

YUncertainty in resistivity is 3%.
18.7 “Uncertainty in resistivity is +5%.
26.8 dUncertainty in resistivity is £7% below 300 K and
332 £5% at 300 and 400 K.

37.3 ¢Uncertainty in resistivity is £7%.

40.0 fUncertainty in resistivity is £8%.

424 8Uncertainty in resistivity is £10%.

73.9 hUncertainty in resistivity is :12%.

437 iUncertainty in resistivity is +4%.

34.0 JUncertainty in resistivity is #1%.

274 kUncertainty in resistivity is +3% up to 300 K and
25.1 =+ 4% above 300 K.

21.1 MUncertainty in resistivity is 2% up to 300 K and
18.9 + 4% above 300 K.

16.1% 4Crystal usually a mixture of a-hcp and fcc lattice.
12.8 #]n temperature range where no experimental data

are available.




Table 7.5 Resistivity of Semiconducting Minerals (From [1]. Used with permission.)

Mineral p,2-m Mineral 0, Q- m
Diamond (C) 2.7 Gersdorffite, NiAsS 1to 160 x10~¢
Sulfides Glaucodote, (Co, Fe)AsS 5t0 100 x 1076

Argentite, Ag;S
Bismuthinite, Bi,S3
Bornite, Fe,S3 - nCu,S
Chalcocite, Cu,S
Chalcopyrite, Fe;S3 - CuyS
Covellite, CuS
Galena, PbS
Haverite, MnS,
Marcasite, FeS,
Metacinnabarite, 4HgS
Millerite, NiS
Molybdenite, MoS,
Pentlandite, (Fe, Ni)gSg
Pyrrhotite, Fe;Sg
Pyrite, FeS;
Sphalerite, ZnS
Antimony-sulfur compounds
Berthierite, FeSb,S4
Boulangerite, PbsSbsS1;
Cylindrite, Pb3SnsSb,S14
Franckeite, PbsSn3Sb,S;4

Hauchecornite, Nig(Bi, Sb),Sg

Jamesonite, PbsFeSbsS 4
Tetrahedrite, Cu3SbSs
Arsenic-sulfur compounds
Arsenopyrite, FeAsS

Cobaltite, CoAsS
Enargite, Cu3AsSy

1.5t02.0 x1073
3 to 570
1.6 to 6000 x 1076

"80 to 100 x 1076

150 to 9000 x 107°
0.30 to 83 x107°

6.8 x107°t0 9.0 x1072
10 to 20

10150 x1073
2x107%to 1 x1073
2t04 x1077

0.12t0 7.5

1toll x107¢

2t0 160 x107°¢

1.2 t0 600 x 1073

2.7 x1073 to 1.2 x 10*

0.0083 to 2.0
2 x10% to 4 x 10*
2.5to 60

1.2to 4

1t083 x107°
0.020 t0 0.15
0.30 to 30,000

20 to 300 x107°
6.5t0 130 x 1073
0.2t0 40 x1073

Antimonide
Dyscrasite, AgsSb
Arsenides
Allemonite, SbAs;
Lollingite, FeAs,
Nicollite, NiAs
Skutterudite, CoAs3
Smaltite, CoAs;
Tellurides
Altaite, PbTe
Calavarite, AuTe,
Coloradoite, HgTe
Hessite, Ag, Te
Nagyagite, PbgAu(S, Te) 4
Sylvanite, AgAuTe,
Oxides
Braunite, Mn, 03
Cassiterite, SnO,
Cuprite, Cu,O

Hollandite, (Ba, Na, K)MngO,6

Ilmenite, FeTiO3
Magnetite, Fe304
Manganite, MnO - OH
Melaconite, CuO

Psilomelane, KMnO - MnO; - nH;

Pyrolusite, MnO,
Rutile, TiO,
Uraninite, UO

0.12t0 1.2 x107¢

70 to 60,000
210270 x1076
0.1to2 x107¢
1to 400 x10~6
1to12 x107¢

20 to 200 x107°
6to0 12 x107°
410100 x107°
4t0 100 x107°
20 to 80 x107°
41020 x107°¢

0.16 to 1.0
4.5 x10™* to 10,000
10 to 50

210100 x1073
0.001 to 4

52 x1076

0.018t0 0.5

6000

0.04 to 6000

0.007 to 30

290 910

1.5 to 200

Source: Carmichael, R.S., ed., 1982. Handbook of Physical Properties of Rocks, Vol. 1., CRC Press, Boca Raton, FL.
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Chapter

Capacitance and Capacitors

8.1 Introduction

A system of two conducting bodies (which are frequently identified as plates) located
in an electromagnetic field and having equal charges of opposite signs +Q and —Q can
be called a capacitor [1]. The capacitance C of this system is equal to the ratio of the
charge Q (absolute value) to the voltage V' (again, absolute value) between the bodies;
that is,

_9
c=> (8.1)

Capacitance C depends on the size and shape of the bodies and their mutual location.
It is proportional to the dielectric permittivity € of the media where the bodies are lo-
cated. The capacitance is measured in farads (F) if the charge is measured in cou-
lombs (C) and the voltage in volts (V). One farad is a very big unit; practical capaci-
tors have capacitances that are measured in micro- (UF, or 10 °F), nano- (nF, or 10 ’F),
and picofarads (pF, or 10 “F).

The calculation of capacitance requires knowledge of the electrostatic field between
the bodies. The following two theorems [2] are important in these calculations.

The integral of the flux density D over a closed surface is equal to the charge O en-
closed by the surface (the Gauss theorem), that is,

)ﬁl)ds =0 8.2)

This result is valid for linear and nonlinear dielectrics. For a linear and isotropic me-
dia D = ¢ E, where E is the electric field. The magnitude E of the field is measured in
volt per meter, the magnitude D of the flux in coulomb per square meter, and the di-
electric permittivity has the dimension of farad per meter. The dielectric permittivity
is usually represented as € = £ K, where €, is the permittivity of air (¢, = 8.86 x 10"
F/m) and K|, is the dielectric constant.
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The electric field is defined by an electric potential ¢. The directional derivative of
the potential taken with the minus sign is equal to the component of the electric field in
this direction. The voltage V,, between the points 4 and B, having the potentials ¢, and
¢,, respectively (the potential is also measured in volts), is equal to

V= | Edl =0, - (8.3)

This result is the second basic relationship. The left hand side of equation 8.3 is a /ine
integral. At each point of the line AB there exist two vectors: E defined by the field
and dl that defines the direction of the line at this point.

8.2 Practical Capacitors

A wide variety of capacitors are in common usage. Capacitors are passive compo-
nents in which current leads voltage by nearly 90° over a wide range of frequencies.
Capacitors are rated by capacitance, voltage, materials, and construction.

A capacitor may have two voltage ratings:

« Working voltage—the normal operating voltage that should not be exceeded dur-
ing operation

o Test or forming voltage—which stresses the capacitor and should occur only
rarely in equipment operation

Good engineering practice dictates that components be used at only a fraction of their
maximum ratings. The primary characteristics of common capacitors are given in Ta-
ble 8.1. Some common construction practices are illustrated in Figure 8.1.

8.2.1 Polarized/Nonpolarized Capacitors

Polarized capacitors can be used in only those applications where a positive sum of
all dc and peak-ac voltages is applied to the positive capacitor terminal with respect to
its negative terminal. These capacitors include all tantalum and most aluminum elec-
trolytic capacitors. These devices are commonly used in power supplies or other elec-
tronic equipment where these restrictions can be met.

Nonpolarized capacitors are used in circuits where there is no direct voltage bias
across the capacitor. They are also the capacitor of choice for most applications requir-
ing capacity tolerances of 10 percent or less.
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Table 8.1 Parameters and Characteristics of Discrete Capacitors (From [1]. Used with permission.)

Insulation Dielectric

Capacitor Rated TC Tolerance,  Resistance, Dissipation ~ Absorption, Temperature =~ Comments,

Type Range Voltage, k  ppm/°C  £% MQuF Factor, % % Range,°C Applications Cost

Polycarbonate 100 pF-30 uF 50-800 +50 10 5x 10° 0.2 0.1 —55/+125  High quality, small, High
low TC

Polyester/Mylar 1000 pF-50 uF 50-600 +400 10 10° 0.75 0.3 —55/+125  Good, popular Medium

Polypropylene 100 pF-50 uF  100-800 —200 10 105 0.2 0.1 —55/+105  High quality High
low absorption

Polystyrene 10 pF-2.7 uF 100-600 —100 10 108 0.05 0.04 —55/485 High quality, large, Medium
low TG, signal filters

Polysulfone 1000 pF-1 uF +80 5 10° 0.3 0.2 —55/+150  High temperature High

Parylene 5000 pF-1 uF +100 10 10° 0.1 0.1 —55/+125 High

Kapton 1000 pF-1 uF +100 10 10° 0.3 0.3 —55/+220 High temperature High

Teflon 1000 pF-2 uF 50-200 —200 10 5 x 10° 0.04 0.04 —70/+250  High temperature High

lowest absorption

Mica 5 pF-0.01 uF 100-600 -50 5 2.5 x 10* 0.001 0.75 —55/4+125 Good at RE, High
low TC

Glass 5 pF-1000 pF 100-600 +140 5 108 0.001 —55/+125 Excellent long-term High
stability

Porcelain 100 pF-0.1 uF 50—400 +120 5 5x 10° 0.10 4.2 —55/+125  Good long-term High
stability

Ceramic (NPO) 100 pF-1 uF 50—400 +30 10 5% 10° 0.02 0.75 —55/4125 Active filters, Medium
low TC

Ceramic 10 pF-1 uF 50-30,000 —55/4125 Small, very popular Low
selectable TC

Paper 0.01 uF-10 uF 200-1600 +800 10 5 x 10% 1.0 2.5 —55/+125 Motor capacitors Low

Aluminum 0.1 uF-1.6 F 3-600 +2500 —10/+100 100 10 8.0 —40/+85 Power supply filters High
short life

Tantalum (Foil) 0.1 uF-1000 uF  6-100 +800 —10/4+100 20 4.0 8.5 —55/485 High capacitance High
small size, low inductance

Thin-film 10 pF-200 pF 6-30 +100 10 108 0.01 —55/+125 High

Oil 0.1 wF-20 uF 200-10,000 0.5 High voltage filters,
large, long life

Vacuum 1 pF-1000 pF 2,000-3,600 Transmitters
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Figure 8.1 Construction of discrete capacitors. (From [1]. Used with permission.)

8.2.2 Operating Losses

Losses in capacitors occur because an actual capacitor has various resistances. These
losses are usually measured as the dissipation factor at a frequency of 120 Hz. Leak-
age resistance in parallel with the capacitor defines the time constant of discharge of a
capacitor. This time constant can vary between a small fraction of a second to many
hours depending on capacitor construction, materials, and other electrical leakage
paths, including surface contamination.

The equivalent series resistance of a capacitor is largely the resistance of the con-
ductors of the capacitor plates and the resistance of the physical and chemical system of
the capacitor. When an alternating current is applied to the capacitor, the losses in the
equivalent series resistance are the major causes of heat developed in the device. The
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same resistance also determines the maximum attenuation of a filter or bypass capaci-
tor and the loss in a coupling capacitor connected to a load.

The dielectric absorption of a capacitor is the residual fraction of charge remaining
in a capacitor after discharge. The residual voltage appearing at the capacitor terminals
after discharge is of little concern in most applications but can seriously affect the per-
formance of analog-to-digital (A/D) converters that must perform precision measure-
ments of voltage stored in a sampling capacitor.

The self-inductance of a capacitor determines the high-frequency impedance of the
device and its ability to bypass high-frequency currents. The self-inductance is deter-
mined largely by capacitor construction and tends to be highest in common metal foil
devices.

8.2.3 Film Capacitors

Plastic is a preferred dielectrical material for capacitors because it can be manufac-
tured with minimal imperfections in thin films. A metal-foil capacitor is constructed
by winding layers of metal, plastic, metal, and plastic into a cylinder and then making
a connection to the two layers of metal. A metallized foil capacitor uses two layers,
each of which has a very thin layer of metal evaporated on one surface, thereby ob-
taining a higher capacity per volume in exchange for a higher equivalent series resis-
tance. Metallized foil capacitors are self-repairing in the sense that the energy stored
in the capacitor is often sufficient to burn away the metal layer surrounding the void
in the plastic film.

Depending on the dielectric material and construction, capacitance tolerances be-
tween 1 and 20 percent are common, as are voltage ratings from 50 to 400 V. Construc-
tion types include axial leaded capacitors with a plastic outer wrap, metal-encased
units, and capacitors in a plastic box suitable for printed circuit board insertion.

Polystyrene has the lowest dielectric absorption of 0.02 percent, a temperature coef-
ficient of —20 to —100 ppm/°C, a temperature range to 85°C, and extremely low leak-
age. Capacitors between 0.001 and 2 UF can be obtained with tolerances from 0.1 to 10
percent.

Polycarbonate has an upper temperature limit of 100°C, with capacitance changes
ofabout 2 percent up to this temperature. Polypropylene has an upper temperature limit
of 85°C. These capacitors are particularly well suited for applications where high in-
rush currents occur, such as switching power supplies. Polyester is the lowest-cost ma-
terial with an upper temperature limit of 125°C. Teflon and other high-temperature ma-
terials are used in aerospace and other critical applications.

8.2.4 Foil Capacitors

Mica capacitors are made of multiple layers of silvered mica packaged in epoxy or
other plastic. Available in tolerances of 1 to 20 percent in values from 10 to 10,000 pE,
mica capacitors exhibit temperature coefficients as low as 100 ppm. Voltage ratings
between 100 and 600 V are common. Mica capacitors are used mostly in high-fre-
quency filter circuits where low loss and high stability are required.
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8.2.5 Electrolytic Capacitors

Aluminum foil electrolytic capacitors can be made nonpolar through use of two cath-
ode foils instead of anode and cathode foils in construction. With care in manufactur-
ing, these capacitors can be produced with tolerance as tight as 10 percent at voltage
ratings of 25 to 100 V peak. Typical values range from 1 to 1000 uF.

8.2.6 Ceramic Capacitors

Barium titanate and other ceramics have a high dielectric constant and a high break-
down voltage. The exact formulation determines capacitor size, temperature range,
and variation of capacitance over that range (and consequently capacitor application).
An alphanumeric code defines these factors, a few of which are given here.

« Ratings of Y5V capacitors range from 1000 pF to 6.8 UF at 25 to 100 V and typi-
cally vary +22 to —82 percent in capacitance from —30 to + 85°C.

+ Ratings of Z5U capacitors range to 1.5 UF and vary +22 to —56 percent in capaci-
tance from +10 to +85°C. These capacitors are quite small in size and are used
typically as bypass capacitors.

« X7R capacitors range from 470 pF to 1 UF and vary 15 percent in capacitance
from —55 to + 125°C.

Nonpolarized (NPO) rated capacitors range from 10 to 47,000 pF with a tempera-
ture coefficient of 0 to +30 ppm over a temperature range of —55 to +125°C.

Ceramic capacitors come in various shapes, the most common being the radial-lead
disk. Multilayer monolithic construction results in small size, which exists both in ra-
dial-lead styles and as chip capacitors for direct surface mounting on a printed circuit
board.

8.2.7 Polarized-Capacitor Construction

Polarized capacitors have a negative terminal—the cathode—and a positive termi-
nal—the anode—and a liquid or gel between the two layers of conductors. The actual
dielectric is a thin oxide film on the cathode, which has been chemically roughened
for maximum surface area. The oxide is formed with a forming voltage, higher than
the normal operating voltage, applied to the capacitor during manufacture. The direct
current flowing through the capacitor forms the oxide and also heats the capacitor.

Whenever an electrolytic capacitor is not used for a long period of time, some of the
oxide film is degraded. It is reformed when voltage is applied again with a leakage cur-
rent that decreases with time. Applying an excessive voltage to the capacitor causes a
severe increase in leakage current, which can cause the electrolyte to boil. The resulting
steam may escape by way of the rubber seal or may otherwise damage the capacitor.
Application of areverse voltage in excess of about 1.5 V will cause forming to begin on
the unetched anode electrode. This can happen when pulse voltages superimposed on a
dc voltage cause a momentary voltage reversal.
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Figure 8.2 The basic construction of an aluminum electrolytic capacitor.

8.2.8 Aluminum Electrolytic Capacitors

Aluminum electrolytic capacitors use very pure aluminum foil as electrodes, which
are wound into a cylinder with an interlayer paper or other porous material that con-
tains the electrolyte. (See Figure 8.2.) Aluminum ribbon staked to the foil at the mini-
mum inductance location is brought through the insulator to the anode terminal, while
the cathode foil is similarly connected to the aluminum case and cathode terminal.

Electrolytic capacitors typically have voltage ratings from 6.3 to 450 V and rated ca-
pacitances from 0.47 UF to several hundreds of microfarads at the maximum voltage to
several farads at 6.3 V. Capacitance tolerance may range from 20 to +80/-20 percent.
The operating temperature range is often rated from —25 to +85°C or wider. Leakage
current of an electrolytic capacitor may be rated as low as 0.002 times the capacity
times the voltage rating to more than 10 times as much.

8.2.9 Tantalum Electrolytic Capacitors

Tantalum electrolytic capacitors are the capacitors of choice for applications requir-
ing small size, 0.33- to 100-UF range at 10 to 20 percent tolerance, low equivalent se-
ries resistance, and low leakage current. These devices are well suited where the less
costly aluminum electrolytic capacitors have performance issues. Tantalum capaci-
tors are packaged in hermetically sealed metal tubes or with axial leads in epoxy plas-
tic, as illustrated in Figure 8.3.

8.2.10 Capacitor Failure Modes

Mechanical failures relate to poor bonding of the leads to the outside world, contami-
nation during manufacture, and shock-induced short-circuiting of the aluminum foil
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Figure 8.3 Basic construction of a tantalum capacitor.

plates. Typical failure modes include short-circuits caused by foil impurities, manu-
facturing defects (such as burrs on the foil edges or tab connections), breaks or tears
in the foil, and breaks or tears in the separator paper.

Short-circuits are the most frequent failure mode during the useful life period of an
electrolytic capacitor. Such failures are the result of random breakdown of the dielec-
tric oxide film under normal stress. Proper capacitor design and processing will mini-
mize such failures. Short-circuits also can be caused by excessive stress, where voltage,
temperature, or ripple conditions exceed specified maximum levels.

Open circuits, although infrequent during normal life, can be caused by failure of
the internal connections joining the capacitor terminals to the aluminum foil. Mechani-
cal connections can develop an oxide film at the contact interface, increasing contact
resistance and eventually producing an open circuit. Defective weld connections also
can cause open circuits. Excessive mechanical stress will accelerate weld-related fail-
ures.

Temperature Cycling

Like semiconductor components, capacitors are subject to failures induced by ther-
mal cycling. Experience has shown that thermal stress is a major contributor to failure
in aluminum electrolytic capacitors. Dimensional changes between plastic and metal
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Figure 8.4 Life expectancy of an electrolytic capacitor as a function of operating temper-
ature.

materials can result in microscopic ruptures at termination joints, possible electrode
oxidation, and unstable device termination (changing series resistance). The high-
est-quality capacitor will fail if its voltage and/or current ratings are exceeded. Appre-
ciable heat rise (20°C during a 2-hour period of applied sinusoidal voltage) is consid-
ered abnormal and may be a sign of incorrect application of the component or im-
pending failure of the device.

Figure 8.4 illustrates the effects of high ambient temperature on capacitor life. Note
that operation at 33 percent duty cycle is rated at 10 years when the ambient tempera-
ture is 35°C, but the life expectancy drops to just 4 years when the same device is oper-
ated at 55°C. A common rule of thumb is this: In the range of +75°C through the
full-rated temperature, stress and failure rates double for each 10°C increase in operat-
ing temperature. Conversely, the failure rate is reduced by half for every 10°C decrease
in operating temperature.

Electrolyte Failures

Failure of the electrolyte can be the result of application of a reverse bias to the com-
ponent, or of a drying of the electrolyte itself. Electrolyte vapor transmission through
the end seals occurs on a continuous basis throughout the useful life of the capacitor.
This loss has no appreciable effect on reliability during the useful life period of the
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Figure 8.5 Failure mechanism of a leaky aluminum electrolytic capacitor. As the device
ages, the aluminum oxide dissolves into the electrolyte, causing the capacitor to be-
come leaky at high voltages.

product cycle. When the electrolyte loss approaches 40 percent of the initial electro-
lyte content of the capacitor, however, the electrical parameters deteriorate and the ca-
pacitor is considered to be worn out.

As a capacitor dries out, three failure modes may be experienced: leakage, a down-
ward change in value, or dielectric absorption. Any one of these can cause a system to
operate out of tolerance or fail altogether.

The most severe failure mode for an electrolytic is increased leakage, illustrated in
Figure 8.5. Leakage can cause loading of the power supply, or upset the dc bias of an
amplifier. Loading of a supply line often causes additional current to flow through the
capacitor, possibly resulting in dangerous overheating and catastrophic failure.

A change of device operating value has a less devastating effect on system perfor-
mance. An aluminum electrolytic capacitor has a typical tolerance range of about +20
percent. A capacitor suffering from drying of the electrolyte can experience a drastic
drop in value (to just 50 percent of its rated value, or less). The reason for this phenome-
non is that after the electrolyte has dried to an appreciable extent, the charge on the neg-
ative foil plate has no way of coming in contact with the aluminum oxide dielectric.
This failure mode is illustrated in Figure 8.6. Remember, it is the aluminum oxide layer
on the positive plate that gives the electrolytic capacitor its large rating. The dried-out
paper spacer, in effect, becomes a second dielectric, which significantly reduces the ca-
pacitance of the device.

Capacitor Life Span

The life expectancy of a capacitor—operating in an ideal circuit and environment—
will vary greatly, depending upon the grade of device selected. Typical operating life,
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Figure 8.6 Failure mechanism of an electrolytic capacitor exhibiting a loss of capaci-
tance. After the electrolyte dries, the plates can no longer come in contact with the alu-
minum oxide. The result is a decrease in capacitor value.

according to capacitor manufacturer data sheets, range from a low of 3 to 5 years for
inexpensive electrolytic devices, to a high of greater than 10 years for computer-grade
products. Catastrophic failures aside, expected life is a function of the rate of electro-
lyte loss by means of vapor transmission through the end seals, and the operating or
storage temperature. Properly matching the capacitor to the application is a key com-
ponent in extending the life of an electrolytic capacitor. The primary operating param-
eters include:

Rated voltage—the sum of the dc voltage and peak ac voltage that can be applied
continuously to the capacitor. Derating of the applied voltage will decrease the failure
rate of the device.

Ripple current—the rms value of the maximum allowable ac current, specified by
product type at 120 Hz and +85°C (unless otherwise noted). The ripple current may be
increased when the component is operated at higher frequencies or lower ambient tem-
peratures.

Reverse voltage—the maximum voltage that can be applied to an electrolytic with-
out damage. Electrolytic capacitors are polarized, and must be used accordingly.
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Chapter

Inductors and Magnetic Properties

9.1 Introduction

The elemental magnetic particle is the spinning electron. In magnetic materials, such
as iron, cobalt, and nickel, the electrons in the third shell of the atom are the source of
magnetic properties. If the spins are arranged to be parallel, the atom and its associ-
ated domains or clusters of the material will exhibit a magnetic field. The magnetic
field of a magnetized bar has lines of magnetic force that extend between the ends,
one called the north pole and the other the south pole, as shown in Figure 9.1a. The
lines of force of a magnetic field are called magnetic flux lines.

9.1.1 Electromagnetism

A current flowing in a conductor produces a magnetic field surrounding the wire as
shown in Figure 9.24. In a coil or solenoid, the direction of the magnetic field relative
to the electron flow (— to +) is shown in Figure 9.2b. The attraction and repulsion be-
tween two iron-core electromagnetic solenoids driven by direct currents is similar to
that of two permanent magnets.

The process of magnetizing and demagnetizing an iron-core solenoid using a cur-
rent being applied to a surrounding coil can be shown graphically as a plot of the mag-
netizing field strength and the resultant magnetization of the material, called a Ayster-
esis loop (Figure 9.3). It will be found that the point where the field is reduced to zero, a
small amount of magnetization, called remnance, remains.

9.1.2 Magnetic Shielding

In effect, the shielding of components and circuits from magnetic fields is accom-
plished by the introduction of a magnetic short circuit in the path between the field
source and the area to be protected. The flux from a field can be redirected to flow in a
partition or shield of magnetic material, rather than in the normal distribution pattern
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Figure 9.1 The properties of magnetism: (a) lines of force surrounding a bar magnet, (b)
relation of compass poles to the earth’s magnetic field.
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Figure 9.2 Magnetic field surrounding a current-carrying conductor: (a) Compass at
right indicates the polarity and direction of a magnetic field circling a conductor carrying
direct current. /indicates the direction of electron flow. Note: The convention for flow of
electricity is from + to —, the reverse of the actual flow. (b) Direction of magnetic field for a
coil or solenoid.

between north and south poles. The effectiveness of shielding depends primarily upon
the thickness of the shield, the material, and the strength of the interfering field.

Some alloys are more effective than iron. However, many are less effective at high
flux levels. Two or more layers of shielding, insulated to prevent circulating currents
from magnetization of the shielding, are used in low-level audio, video, and data appli-
cations.

9.2 Inductors and Transformers

Inductors are passive components in which voltage leads current by nearly 90° over a
wide range of frequencies. Inductors are usually coils of wire wound in the form of a
cylinder. The current through each turn of wire creates a magnetic field that passes
through every turn of wire in the coil. When the current changes, a voltage is induced
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Figure 9.3 Graph of the magnetic hysteresis loop resulting from magnetization and de-
magnetization of iron. The dashed line is a plot of the induction from the initial magneti-
zation. The solid line shows a reversal of the field and a return to the initial magnetization
value. Ris the remaining magnetization (remnance) when the field is reduced to zero.

in the wire and every other wire in the changing magnetic field. The voltage induced
in the same wire that carries the changing current is determined by the inductance of
the coil, and the voltage induced in the other wire is determined by the mutual induc-
tance between the two coils. A transformer has at least two coils of wire closely cou-
pled by the common magnetic core, which contains most of the magnetic field within
the transformer.

Inductors and transformers vary widely in size, weighing less than 1 g or more than 1
ton, and have specifications ranging nearly as wide.

9.2.1 Losses in Inductors and Transformers

Inductors have resistive losses because of the resistance of the copper wire used to
wind the coil. An additional loss occurs because the changing magnetic field causes
eddy currents to flow in every conductive material in the magnetic field. Using thin
magnetic laminations or powdered magnetic material reduces these currents.

Losses in inductors are measured by the Q, or quality, factor of the coil at a test fre-
quency. Losses in transformers are sometimes given as a specific insertion loss in deci-
bels. Losses in power transformers are given as core loss in watts when there is no load
connected and as a regulation in percent, measured as the relative voltage drop for each
secondary winding when a rated load is connected.

Transformer loss heats the transformer and raises its temperature. For this reason,
transformers are rated in watts or volt-amperes and with a temperature code designat-
ing the maximum hotspot temperature allowable for continued safe long-term opera-
tion. For example, class A denotes 105°C safe operating temperature. The volt-ampere
rating of a power transformer must be always larger than the dc power output from the
rectifier circuit connected because volt-amperes, the product of the rms currents and
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rms voltages in the transformer, are larger by a factor of about 1.6 than the product of
the dc voltages and currents.

Inductors also have capacitance between the wires of the coil, which causes the coil
to have a self-resonance between the winding capacitance and the self-inductance of
the coil. Circuits are normally designed so that this resonance is outside of the fre-
quency range of interest. Transformers are similarly limited. They also have capaci-
tance to the other winding(s), which causes stray coupling. An electrostatic shield be-
tween windings reduces this problem.

9.2.2 Air-Core Inductors

Air-core inductors are used primarily in radio frequency applications because of the
need for values of inductance in the microhenry or lower range. The usual construc-
tion is a multilayer coil made self-supporting with adhesive-covered wire. An inner
diameter of 2 times coil length and an outer diameter 2 times as large yields maxi-
mum @, which is also proportional to coil weight.

9.2.3 Ferromagnetic Cores

Ferromagnetic materials have a permeability much higher than air or vacuum and
cause a proportionally higher inductance of a coil that has all its magnetic flux in this
material. Ferromagnetic materials in audio and power transformers or inductors usu-
ally are made of silicon steel laminations stamped in the forms of letters E or I (Figure
9.4). At higher frequencies, powdered ferric oxide is used. The continued magnetiza-
tion and remagnetization of silicon steel and similar materials in opposite directions
does not follow the same path in both directions but encloses an area in the magneti-
zation curve and causes a hysteresis loss at each pass, or twice per ac cycle.

All ferromagnetic materials show the same behavior; only the numbers for perme-
ability, core loss, saturation flux density, and other characteristics are different. The
properties of some common magnetic materials and alloys are given in Table 9.1.

9.2.4 Shielding

Transformers and coils radiate magnetic fields that can induce voltages in other
nearby circuits. Similarly, coils and transformers can develop voltages in their wind-
ings when subjected to magnetic fields from another transformer, motor, or power cir-
cuit. Steel mounting frames or chassis conduct these fields, offering less reluctance
than air.

The simplest way to reduce the stray magnetic field from a power transformer is to
wrap a copper strip as wide as the coil of wire around the transformer enclosing all three
legs of the core. Shielding occurs by having a short circuit turn in the stray magnetic
field outside of the core.
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Figure 9.4 Physical construction of a power transformer: (a) E-shaped device with the
low- and high-voltage windings stacked as shown, (b) construction using a box core with
physical separation between the low- and high-voltage windings.
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Table 9.1 Properties of Magnetic Materials and Magnetic Alloys (From [1]. Used with permission.)

Initial Maximum

Relative Relative Coercive  Residual Saturation  Electrical

Permeability, Permeability, Force H,,  Field B,, Field B, Resistivity p
Material (Composition) Wi/ to Umax/Mo  A/m(Oe)  Wb/m?(G) Wb/m3(G) x1078 ©-m Uses

Soft

Commercial iron (0.2 imp.) 250 9,000 ~80 (1) 0.77 (7,700) 2.15(21,500) 10 Relays
Purified iron (0.05 imp.) 10,000 200,000 4(0.05) — 2.15(21,500) 10
Silicon-iron (4 Si) 1,500 7,000 20(0.25)  0.5(5,000) 1.95(19,500) 60 Transformers
Silicon-iron (3 Si) 7,500 55,000 8(0.1) 0.95 (9,500) 2(20,000) 50 Transformers
Silicon-iron (3 Si) — 116,000 4.8 (0.06) 1.22(12,200) 2 (20,100) 50 Transformers
Mu metal (5 Cu, 2 Cr, 77 Ni) 20,000 100,000 4 (0.05) 0.23 (2,300) 0.65 (6,500) 62 Transformers
78 Permalloy (78.5 Ni) 8,000 100,000 4(0.05) 0.6 (6,000) 1.08 (10,800) 16 Sensitive relays
Supermalloy (79 Ni, 5 Mo) 100,000 1,000,000 0.16 (0.002) 0.5 (5,000) 0.79 (7,900) 60 Transformers
Permendur (50 Cs) 800 5,000 160 (2) 1.4 (14,000) 2.45 (24,500) 7 Electromagnets
Mn-Zn ferrite 1,500 2,500 16 (0.2) — 0.34 (3,400) 20 x 10° Core material
Ni-Zn ferrite 2,500 5,000 8 (0.1) — 0.32(3,200) 10! for coils

Source: After Plonus, M.A. 1978. Applied Electromagnetics. McGraw- Hill, New York.
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9.5 Tabular Data

Table 9.2 Magnetic Properties of Transformer Steels (From[1]. Used with permission.)

Ordinary Transformer Steel

High Silicon Transformer Steels

B(Gauss) H(Oersted) Permeability= B/H B H Permeability
2,000 0.60 3,340 2,000 0.50 4,000

4,000 0.87 4,600 4,000 0.70 5,720

6,000 1.10 5,450 6,000 0.90 6,670

8,000 1.48 5,400 8,000 1.28 6,250

10,000 2.28 4,380 10,000 1.99 5,020

12,000 3.85 3,120 12,000 3.60 3,340
14,000 10.9 1,280 14,000 9.80 1,430

16,000 43.0 372 16,000 47.4 338

18,000 149 121 18,000 165 109
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Table 9.3 Characteristics of High-Permeability Materials (From [1]. Used with permission.)

Satura-
Perme- tion Hyste- Coer-
ability Maxi- flux resis? cive®
Typical Heat at mum density  loss, force  Resis- Den-
Approximate % Composition Treatment, B =20, Perme- B, Wi, H, tivity sity,

Material Form Fe Ni Co Mo Other °C G ability G ergs/cm*> O w-Qcm  g/em?
Cold rolled steel ~ Sheet 98.5 - - - - 950 Anneal 180 2,000 21,000 - 1.8 10 7.88
Iron Sheet 9991 - - - - 950 Anneal 200 5,000 21,500 5,000 1.0 10 7.88
Purified iron Sheet 99.95 — - - - 1480 H;, + 880 5,000 180,000 21,500 300 0.05 10 7.88
4% Silicon-iron Sheet 96 - - - 4 Si 800 Anneal 500 7,000 19,700 3,500 0.5 60 7.65
Grain oriented® Sheet 97 - - - 3 Si 800 Anneal 1,500 30,000 20,000 - 0.15 47 7.67
45 Permalloy Sheet 54.7 45 - - 0.3 Mn 1050 Anneal 2,500 25,000 16,000 1,200 0.3 45 8.17
45 Permalloy© Sheet 54.7 45 - - 0.3 Mn 1200 H, Anneal 4,000 50,000 16,000 - 0.07 45 8.17
Hipernik Sheet 50 50 - - - 1200 H, Anneal 4,500 70,000 16,000 220 0.05 50 8.25
Monimax Sheet - - - - - 1125 H, Anneal 2,000 35,000 15,000 - 0.1 80 8.27
Sinimax Sheet - - - - - 1125 H; Anneal 3,000 35,000 11,000 - - 90 -
78 Permalloy Sheet 21.2 785 - - 0.3 Mn 1050 + 600 Qd 8,000 100,000 10,700 200 0.05 16 8.60
4-79 Permalloy Sheet 16.7 79 - 4 0.3 Mn 1100 + Q 20,000 100,000 8,700 200 0.05 55 8.72
Mu metal Sheet 18 75 - - 2Cr,5Cu 1175H; 20,000 100,000 6,500 0.05 62 8.58
Supermalloy Sheet 15.7 79 - 5 0.3 Mn 1300 H,+ Q 100,000 800,000 8,000 - 0.002 60 8.77
Permendur Sheet 49.7 - 50 0.3 Mn 800 Anneal 800 5,000 24,500 12,000 2.0 7 8.3
2V Permendur Sheet 49 - 49 - 2V 800 Anneal 800 4,500 24,000 6,000 2.0 26 8.2
Hiperco Sheet 64 - 34 Cr 850 Anneal 650 10,000 24,200 - 1.0 25 8.0
2-81 Permalloy  Insulated 17 81 - 2 - 650 Anneal 125 130 8,000 - <10  10° 7.8

powder
Carbonyl Insulated  99.9 - - - - - 55 132 - - - - 7.86
iron powder
Ferroxcube III Sintered MnFe,0, + ZnFe,0, 1,000 1,500 2,500 - 0.1 108 5.0

powder

2 At saturation.

bProperties in direction of rolling.
“Similar properties for Nicaloi, 4750 alloy, Carpenter 49, Armco 48.
dQ, quench or controlled cooling.
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Table 9.4 Characteristics of Permanent Magnet Alloys (From [1]. Used with permission.)

Magnet-
izing Coercive  Residual ~ Energy
Heat treat- force force induction  product
% composition ment® (tem- Hppax. H,, B,, BHpy.x. Method of Mechanical ~Weight
Material (remainder Fe) perature,”C) (6] (6] G x10~®  fabrication®  properties¢  1b/In.?
Carbon steel 1 Mn,09C Q 800 300 50 10,000 0.20 HR, M, P H,S 0.280
Tungsten steel 5W, 0.3 Mn, 0.7C Q850 300 70 10,300 0.32 HR, M, P H,S 0.292
Chromium steel 3.5Cr,0.9C, 0.3 Mn Q830 300 65 9,700 0.30 HR, M, P H,S 0.280
17% Cobalt steel 17 Co,0.75C,2.5Cr, 8 W - 1,000 150 9,500 0.65 HR,M, P H,S -
36% Cobalt steel 36 Co,0.7C,4Cr,5W Q950 1,000 240 9,500 0.97 HR,M, P H,S 0.296
Remalloy or Comol 17 Mo, 12 Co Q1200,B700 1,000 250 10,500 1.1 HR,M, P H 0.295
Alnico I 12 Al, 20 Ni, 5 Co A 1200, B 700 2,000 440 7,200 1.4 CG H,B 0.249
Alnico I 10 Al, 17 Ni, 2.5 Co, 6 Cu A 1200, B 600 2,000 550 7,200 1.6 CG H,B 0.256
Alnico I (sintered) 10 Al, 17 Ni, 2.5 Co, 6 Cu A 1300 2,000 520 6,900 1.4 Sn, G H 0.249
Alnico IV 12 Al, 28 Ni, 5 Co Q 1200, B 650 3,000 700 5,500 1.3 Sn, C, G H 0.253
Alnico V 8 Al, 14 Nji, 24 Co, 3 Cu AF 1300, B 600 2,000 550 12,500 4.5 GG H,B 0.264
Alnico VI 8 Al, 15 Nj, 24 Co, 3 Cu, - 3,000 750 10,000 3.5 CG H,B 0.268
1Ti
Alnico XII 6 Al, 18 Ni, 35 Co, 8 Ti - 3,000 950 5,800 1.5 GG H,B 0.26
Vicalloy I 52Co, 10V B 600 1,000 300 8,800 1.0 C,CR,M,P D 0.295
Vicalloy II (wire) 52Co, 14V CW + B 600 2,000 510 10,000 3.5 C,CR,M,P D 0.292
Cunife (wire) 60 Cu, 20 Ni CW + B 600 2,400 550 5,400 1.5 C,CR,M,P DM 0.311
Cunico 50 Cu, 21 Nj, 29 Co - 3,200 660 3,400 0.80 C,CR,M,P DM 0.300
Vectolite 30Fe; 03, 44Fe304, 26C,03  — 3,000 1,000 1,600 0.60 Sn, G W 0.113
Silmanal 86.8Ag, 8.8Mn, 4.4Al - 20,000 6,0004 550 0.075 C,CR,M,P DM 0.325
Platinum-cobalt 77 Pt,23 Co Q 1200, B 650 15,000 3,600 5,900 6.5 C,CR,M D -
Hyflux Fine powder - 2,000 390 6,600 0.97 - - 0.176

2Q, quenched in oil or water; A, air colled; B, baked; F, cooled in magnetic field; CW, cold worked.
YHR, hot rolled or forged; CR, cold rolled or drawn; M, machined; G, must be ground; P, punched; C, cast; Sn, sintered.
H, hard; B, brittle; S, strong; D, ductile; M, malleable; W, weak.
dValue given is intrinsic H,.



Table 9.5 Properties of Antiferromagnetic Compounds (From [1]. Used with permis-

sion.)

Crystal (Pa)ett Pyd
Compound Symmetry Ony* K 6p° K ua B
CoCl, Rhombohedral 25 —38.1 5.18 3.1+06
CoF, Tetragonal 38 50 5.15 3.0
CoO Tetragonal 291 330 5.1 3.8
Cr Cubic 475
Cr,03 Rhombohedral 307 485 3.73 3.0
CrSb Hexagonal 723 550 4.92 2.7
CuBr; Monoclinic 189 246 1.9
CuCl,- 2H,0 Orthorhombic 4.3 4-5 1.9
CuCl, Monoclinic ~70 109 2.08
FeCl, Hexagonal 24 —48 5.38 44107
FeF, Tetragonal 79-90 117 5.56 4.64
FeO Rhombohedral 198 507 7.06 3.32
«a-Fe; O3 Rhombohedral 953 2940 6.4 5.0
a-Mn Cubic 95
MnBr; - 4H,0 Monoclinic 2.1 ?i ] 5.93
MnCl, - 4H,0 Monoclinic 1.66 1.8 5.94
MnF, Tetragonal 72-75 113.2 5.71 5
MnO Rhombohedral 122 610 5.95 5.0
B-MnS Cubic 160 982 5.82 5.0
MnSe Cubic ~173 361 5.67
MnTe Hexagonal 310-323 690 6.07 5.0
NiCl, Hexagonal 50 —68 3.32
NiF, Tetragonal 78.5-83 115.6 35 2.0
NiO Rhombohedral 533-650 ~2000 4.6 2.0
TiCl3 100
V,0;3 170

20y = Néel temperature, determined from susceptibility maxima or from the disappearance of magnetic scattering.
Y0p = a constant in the Curie-Weiss law written in the form x4 = Cy /(T +6p), which is valid for antiferromagnetic material

for T >6y.

€(Pa)efr = effective moment per atom, derived from the atomic Curie constant C4 = (P4 )gﬁ(N 2/3R) and expressed in units

of the Bohr magneton, jp = 0.9273 x 1072 erg G~1.

4 P4 = magnetic moment per atom, obtained from neutron diffraction measurements in the ordered state.

Table 9.6 Saturation Constants for Magnetic Substances (From [1]. Used with permis-

sion.)
Field Induced Field Induced
Intensity Magnetization Intensity Magnetization
Substance (For Saturation) Substance (For Saturation)
Cobalt 9,000 1,300 Nickel, hard 8,000 400
Iron, wrought 2,000 1,700 annealed 7,000 515
cast 4,000 1,200 Vicker’s steel 15,000 1,600
Manganese steel 7,000 200
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Table 9.7 Saturation Constants and Curie Points of Ferromagnetic Elements (From[1].
Used with permission.)

og? M, o
Element (20°C) (20°C) (0K) np© Curie point, °C
Fe 218.0 1,714 2219 2.219 770
Co 161 1,422 162.5 1.715 1,131
Ni 54.39 484.1 57.50 0.604 358
Gd 0 0 253.5 7.12 16

%0y = saturation magnetic moment/gram.

s g 8

b M, = saturation magnetic moment/cm?, in cgs units.
‘np = magnetic moment per atom in Bohr magnetons.
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Chapter

10

Filter Devices and Circuits

10.1 Introduction

A filter is a multiport-network designed specifically to respond differently to signals
of different frequency [1]. This definition excludes networks, which incidentally be-
have as filters, sometimes to the detriment of their main purpose. Passive filters are
constructed exclusively with passive elements (i.e., resistors, inductors, and capaci-
tors). Filters are generally categorized by the following general parameters:

+ Type

« Alignment (or class)

e Order

10.2 Filter Type

Filters are categorized by type, according to the magnitude of the frequency response,
as one of the following [1]:

« Low-pass (LP)

» High-pass (HP)
* Band-pass (BP)
* Band-stop (BS)

The terms band-reject or notch are also used as descriptions of the BS filter. The term
all-pass is sometimes applied to a filter whose purpose is to alter the phase angle
without affecting the magnitude of the frequency response. Ideal and practical inter-
pretations of the types of filters and the associated terminology are illustrated in Fig-
ure 10.1.

In general, the voltage gain of a filter in the stop band (or attenuation band) is less
than~/2 / 2 (= 0.707) times the maximum voltage gain in the pass band. In logarithmic
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Figure 10.1 Filter characteristics by type: (a) low-pass, (b) high-pass, (¢) bandpass, (d)
bandstop. (From [1]. Used with permission.)

terms, the gain in the stop band is at least 3.01 dB less than the maximum gain in the
pass band. The cutoff (break or corner) frequency separates the pass band from the stop
band. In BP and BS filters, there are two cutoff frequencies, sometimes referred to as
the lower and upper cutoff frequencies. Another expression for the cutoff frequency is
half-power frequency, because the power delivered to a resistive load at cutoff fre-
quency is one-half the maximum power delivered to the same load in the pass band. For
BP and BS filters, the center frequency is the frequency of maximum or minimum re-
sponse magnitude, respectively, and bandwidth is the difference between the upper and
lower cutoff frequencies. Rolloff'is the transition from pass band to stop band and is
specified in gain unit per frequency unit (e.g., gain unit/Hz, dB/decade, dB/octave, etc.)

10.2.1 Filter Alignment

The alignment (or class) of a filter refers to the shape of the frequency response [1].
Fundamentally, filter alignment is determined by the coefficients of the filter network
transfer function, so there are an indefinite number of filter alignments, some of
which may not be realizable. The more common alignments are:
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Figure 10.2 Filter characteristics by alignment, third-order, all-pole filters: (a) magni-
tude, (b) magnitude in decibels. (From [1]. Used with permission.)

 Butterworth

« Chebyshev

+ Bessel

« Inverse Chebyshev
« Elliptic (or Cauer)

Each filter alignment has a frequency response with a characteristic shape, which pro-
vides some particular advantage. (See Figure 10.2.) Filters with Butterworth,
Chebyshev, or Bessel alignment are called all-pole filters because their low-pass
transfer functions have no zeros. Table 10.1 summarizes the characteristics of the
standard filter alignments.

10.2.2 Filter Order

The order of a filter is equal to the number of poles in the filter network transfer func-
tion [1]. For a lossless LC filter with resistive (nonreactive) termination, the number
of reactive elements (inductors or capacitors) required to realize a LP or HP filter is
equal to the order of the filter. Twice the number of reactive elements are required to
realize a BP or a BS filter of the same order. In general, the order of a filter deter-
mines the slope of the rolloff—the higher the order, the steeper the rolloff. At fre-
quencies greater than approximately one octave above cutoff (i.e., /> 2 1)), the rolloff
for all-pole filters is 20n dB/decade (or approximately 6n dB/octave), where # is the
order of the filter (Figure 10.3). In the vicinity of f,, both filter alignment and filter or-
der determine rolloff.
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Table 10.1 Summary of Standard Filter Alignments (After [1].)

Alignment Pass Band Stop Band Comments
Description Description
Butterworth Monotonic Monotonic All-pole; maximally
flat
Chebyshev Rippled Monotonic All-pole
Bessel Monotonic Monotonic All-pole; constant
phase shift
Inverse Chebyshev | Monotonic Rippled
Elliptic (or Cauer) |Rippled Rippled
10
0
e e
1st ORDER:
. -104 Z 20 dB/dec
m
z
= d ORDER
— 2n :
-20 =40 dB/dec

CUTOFF FREQUENCY

-30 3rd ORDER:
\ ath ORDER 60 dB/dec
—80 dB/dec
-40 1 1 1 1 1 1 1 1 1 1 1 1 1 1
FREQUENCY

Figure 10.3 The effects of filter order on rolloff (Butterworth alignment). (From[1]. Used
with permission.)

10.3 Filter Design Implementation

Conventional filter design techniques may be implemented using a number of differ-
ent resonators. The principal available technologies are inductor-capacitor (LC) reso-
nators, mechanical resonators, quartz crystal resonators, quartz monolithic filters,
and ceramic resonators. The classical approach to radio frequency filtering involves
cascading single- or dual-resonator filters separated by amplifier stages. Overall se-
lectivity is provided by this combination of one- or two-pole filters. The disadvan-
tages of this approach are alignment problems, and the possibility of intermodulation
(IM) and overload in certain stages because of out-of-band signals. An advantage is
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the relatively low cost of using a large number of essentially identical two-resonator
devices. This approach has been largely displaced in modern systems by the use of
multiresonator filters inserted as appropriate in the signal chain to reduce nonlinear
distortion, localize alignment and stability problems to a single assembly, and permit
easy attainment of any of a variety of selectivity patterns. The simple single- or
dual-resonator pairs are now used mainly for impedance matching between stages or
to reduce noise between very broadband cascaded amplifiers.

10.3.1 LC Filters

LC resonators are limited to Q values on the order of a few hundred for reasonable
sizes, and in most cases designers must be satisfied with lower Q values. The size of
the structures depends strongly on the center frequency, which may range from the au-
dio band to several hundred megahertz. Bandwidth below about 1 percent is not easily
obtained. However, broader bandwidths can be obtained more easily than with other
resonator types. Skirt selectivity depends on the number of resonators used; ultimate
filter rejection can be made higher than 100 dB with careful design. The filter loss de-
pends on the percentage bandwidth required and the resonator Q, and can be expected
to be as high as 1 dB per resonator at the most narrow bandwidths. This type of filter
does not generally suffer from nonlinearities unless the frequency is so low that very
high permeability cores must be used. Frequency stability is limited by the individual
components and cannot be expected to achieve much better than 0.1 percent of center
frequency under extremes of temperature and aging.

10.3.2 Electrical Resonators

As frequencies increase into the VHF region, the construction of inductors for use in
LC resonant circuits becomes more difficult. The helical resonator is an effective al-
ternative for the VHF and lower UHF ranges. This type of resonator looks like a
shielded coil (see Figure 10.4a). However, it acts as a resonant transmission line sec-
tion. High QO can be achieved in reasonable sizes (Figure 10.45). When such resona-
tors are used singly, coupling in and out can be achieved by a tap on the coil, a loop in
the cavity near the grounded end (high magnetic field), or a probe near the un-
grounded end (high electric field). The length of the coil is somewhat shorter than the
predicted open-circuit quarter-wave line because of the end capacity to the shield. A
separate adjustable screw or vane can be inserted near the open end of the coil to pro-
vide tuning. Multiresonator filters are designed using a cascade of similar resonators,
with coupling between them. The coupling may be of the types mentioned previously
or may be obtained by locating an aperture in the common shield between two adja-
cent resonators. At still higher frequencies, coaxial transmission line resonators or
resonant cavities are used for filtering (mostly above 1 GHz). The use of striplines to
provide filtering is another useful technique for these frequency regions.
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Figure 10.4 Helical resonators: (a) round and square shielded types, showing principal
dimensions (diameter D or side S is determined by the desired unloaded Q), (b) un-
loaded Q versus shield diameter D for bands from 1.8 MHz to 1.3 GHz. (From[3]. Used
with permission.)

10.3.3 Stripline Technology

Stripline typically utilizes a double-sided printed circuit board made of fiberglass.
The board is usually 30- to 50-thousandths of an inch thick. The board is uniform over
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the entire surface and forms an electrical ground plane for the circuit. This ground
plane serves as a return for the electrical fields built up on the component side of the
board.

The shape and length of each trace of stripline on the component side dictates the
impedance and reactance of the trace. The impedance is a function of the width of the
trace, its height above the lower surface ground plane, and the dielectric constant of the
circuit board material. The length of the trace is another important factor. At microwave
frequencies, a quarter-wavelength can be as short as 0.5-in in air. Because all printed
circuit boards have a dielectric constant that is greater than the dielectric constant of air,
waves are slowed as they travel through the board-trace combination. This effect causes
the wavelength on a circuit board to be dependent on the dielectric constant of the mate-
rial of which the board is made. At a board dielectric constant of 5 to 10 (common with
the materials typically used in printed circuit boards), a wavelength may be up to 33
percent shorter than in air. The wider the trace, the lower the RF impedance.

Traces that supply bias and require operating or control voltages are usually made
thin so as to present a high RF impedance while maintaining a low dc resistance. Nar-
row bias and control traces are usually made to be a multiple of a quarter-wavelength at
the operating frequency so that unwanted RF energy may be easily shunted to ground.

Figure 10.5 shows stripline technology serving several functions in a satellite-based
communications system. The circuit includes the following elements:

A 3-section, low-pass filter

* Quarter-wave line used as half of a transmit-receive switch
« Bias lines to supply operating voltages to a transistor

+ Impedance-matching strip segments that convert a high impedance (130 ) to 50
Q

« Coupling lines that connect two circuit sections at one impedance

A wide variety of techniques can be used to synthesize filter and coupling networks
in stripline. After an initial choice of one of the components is made, however, only a
small number of solutions are practical. While it is apparent that all components must
be kept within reasonable physical limits, the most critical parameter is usually the
length of the stripline trace. This technique is popular with equipment designers be-
cause of the following benefits:

+ Low cost. Stripline coupling networks are simply a part of the PC board layout.
No assembly time is required during construction of the system.

+ Excellent repeatability. Variations in dimensions, and therefore performance,
are virtually eliminated.

Stripline also has the following drawbacks:

+ Potential for and/or susceptibility to radiation. Depending on the design,
shielding of stripline sections may be necessary to prevent excessive RF emis-
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Figure 10.5 A typical application of stripline showing some of the components com-
monly used.

sions or to prevent emissions from nearby sources from coupling into the stripline
filter.

 Repair difficulties. If a stripline section is damaged, it may be necessary to re-
place the entire PC board.

10.3.4 Electromechanical Filters

Most of the other resonators used in receiver design are electromechanical, where the
resonance of acoustic waves is employed. During a period when quartz resonators
were in limited supply, electromechanical filters were constructed from metals, using
metal plates or cylinders as the resonant element and wires as the coupling elements.
Filters can be machined from a single metal bar of the right diameter. This type of
electromechanical filter is limited by the physical size of the resonators to center fre-
quencies between about 60 and 600 kHz. Bandwidths can be obtained from a few
tenths of a percent to a maximum of about 10 percent. A disadvantage of these filters
is the loss encountered when coupling between the electrical and mechanical modes
at input and output. This tends to result in losses of 6 dB or more. Also, spurious reso-
nances can limit the ultimate out-of-band attenuation. Size and weight are somewhat
lower, but are generally comparable to LC filters. Temperature and aging stability is
about 10 times greater than for LC filters. Because of their limited frequency range,
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electromechanical filters have been largely superseded by quartz crystal filters, which
have greater stability at comparable price.

10.3.5 Quariz Crystal Resonators

While other piezoelectric materials have been used for filter resonators, quartz crys-
tals have proved most satisfactory. Filters are available from 5 kHz to 100 MHz, and
bandwidths from less than 0.01 percent to about 1 percent. (The bandwidth, center
frequency, and selectivity curve type are interrelated, so manufacturers should be con-
sulted as to the availability of specific designs.) Standard filter shapes are available,
and with modern computer design techniques, it is possible to obtain custom shapes.
Ultimate filter rejection can be greater than 100 dB. Input and output impedances are
determined by input and output matching networks in the filters, and typically range
from a few tens to a few thousands of ohms. Insertion loss varies from about 1 to 10
dB, depending on filter bandwidth and complexity. While individual crystal resona-
tors have spurious modes, these tend not to overlap in multiresonator filters, so that
high ultimate rejection is possible. Nonlinearities can occur in crystal resonators at
high input levels, and at sufficiently high input the resonator may even shatter.
Normally these problems should not be encountered in common use, and in any event,
the active devices preceding the filter are likely to fail prior to destruction of the filter.
Frequency accuracy can be maintained to about 0.001 percent, although this is rela-
tively costly; somewhat less accuracy is often acceptable. Temperature stability of
0.005 percent is achievable.

10.3.6 Monolithic Crystal Filters

In monolithic crystal filter technology, a number of resonators are constructed on a
single quartz substrate, using the trapped-energy concept. The principal energy of
each resonator is confined primarily to the region between plated electrodes, with a
small amount of energy escaping to provide coupling. Usually these filters are con-
strained to about four resonators, but the filters can be cascaded using electrical cou-
pling circuits if higher-order characteristics are required. The filters are available
from 3 to more than 100 MHz, with characteristics generally similar to those of dis-
crete crystal resonator filters, except that the bandwidth is limited to several tenths of
a percent. The volume and weight are also much less than those of discrete resonator
filters.

10.3.7 Ceramic Filters

Piezoelectric ceramics are also used for filter resonators, primarily to achieve lower
cost than quartz. Such filters are comparable in size to monolithic quartz filters but
are available over a limited center frequency range (100 to 700 kHz). The cutoff rate,
stability, and accuracy are not as good as those of quartz, but are adequate for many
applications. Selectivity designs available are more limited than for quartz filters.
Bandwidths are 1 to 10 percent. Single- and double-resonator structures are manufac-
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tured, and multiple-resonator filters are available that use electrical coupling between
sections.
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Chapter

11

Thermal Properties

11.1 Introduction

In the commonly used model for materials, heat is a form of energy associated with
the position and motion of the molecules, atoms, and ions of the material [1]. The po-
sition is analogous with the state of the material and is potential energy, while the mo-
tion of the molecules, atoms, and ions is kinetic energy. Heat added to a material
makes it hotter, and heat withdrawn from a material makes it cooler. Heat energy is
measured in calories (cal), British Thermal Units (Btu), or joules. A calorie is the
amount of energy required to raise the temperature of one gram of water one degree
Celsius (14.5 to 15.5 °C). A Btu is the unit of energy necessary to raise the tempera-
ture of one pound of water by one degree Fahrenheit. A joule is an equivalent amount
of energy equal to the work done when a force of one newton acts through a distance
of one meter.

Temperature is a measure of the average kinetic energy of a substance. It can also be
considered a relative measure of the difference of the heat content between bodies.

Heat capacity is defined as the amount of heat energy required to raise the tempera-
ture of one mole or atom of a material by one °C without changing the state of the mate-
rial. Thus, it is the ratio of the change in heat energy of a unit mass of a substance to its
change in temperature. The heat capacity, often referred to as thermal capacity, is a
characteristic of a material and is measured in cal/gram per °C or Btu/Ib per °F.

Specific heat is the ratio of the heat capacity of a material to the heat capacity of a
reference material, usually water. Because the heat capacity of water is one Btu/lb and
one cal/gram, the specific heat is numerically equal to the heat capacity.

Heat transfers through a material by conduction resulting when the energy of atomic
and molecular vibrations is passed to atoms and molecules with lower energy. As heat is
added to a substance, the kinetic energy of the lattice atoms and molecules increases.
This, in turn, causes an expansion of the material that is proportional to the temperature
change, over normal temperature ranges. If a material is restrained from expanding or
contracting during heating and cooling, internal stress is established in the material.
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Table 11.1 Thermal Conductivity of Common Materials

Material Btu/(h-ft-°F) W/(m-°C)

Silver 242 419

Copper 228 395

Gold 172 298

Beryllia 140 242

Phosphor bronze 30 52

Glass (borosilicate) 0.67 1.67

Mylar 0.11 0.19

Air 0.015 0.026

11.2 Heat Transfer Mechanisms

The process of heat transfer from one point or medium to another is a result of tem-
perature differences between the two. Thermal energy can be transferred by any of
three basic modes:

« Conduction
« Convection
« Radiation

A related mode is the convection process associated with the change of phase of a
fluid, such as condensation or boiling.

11.2.1 Conduction

Heat transfer by conduction in solid materials occurs whenever a hotter region with
more rapidly vibrating molecules transfers a portion of its energy to a cooler region
with less rapidly vibrating molecules. Conductive heat transfer is the most common
form of thermal exchange in electronic equipment. Thermal conductivity for solid
materials used in electronic equipment spans a wide range of values, from excellent
(high conductivity) to poor (low conductivity). Generally speaking, metals are the
best conductors of heat, whereas insulators are the poorest. Table 11.1 lists the ther-
mal conductivity of materials commonly used in the construction (and environment)
of electronic systems. Table 11.2 compares the thermal conductivity of various sub-
stances as a percentage of the thermal conductivity of copper.

11.2.2 Convection

Heat transfer by natural convection occurs as a result of a change in the density of a
fluid (including air), wh