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PREFACE

The Engineering Design Handbook Series of the US Army Materiel Development
and Readiness Command is a coordinated series containing basic information and
fundamental data useful in the design and development of Army materiel and
systems. The handbooks are authoritative reference books of practical information
and quantitative facts helpful in the design and development of Army materiel. The
purpose of this particular Handbook is to take the wealth of information ac-
cumulated by the Army over a period of years on the subject of electromagnetic
compatibility and make this information available to the designer.

In support of the design information, the Handbook contains discussion ol elec-
tromagnetic field coupling mechanisms, nonlinear circuit effects, and statistical con-
cepts necessary to an understanding of the phenomena involved. To some extent the
Handbook can be considered to be an update of the Interference Reduction Guide
prepared by Filtron Co,, Inc., in 1964 for the US Army Electronics Laboratories.
Much of that material which is of current value has been retained in this document
although rearranged in many places and extensively edited.

The Handbook on Electromagnetic Compatibility was prepared at the University
of Pennsylvania, Philadelphia, PA, for the Engineering Handbook Office, Research
Triangle Institute, Research Triangle Park, NC. Contributing authors included: R.
M. Showers, F. Haber, R. S. Berkowitz, J. B. Butler, and L. Forrest, Jr. Sachs-
Freeman Associates, Hyattsville, MD, assisted with Chapter 6. Technical guidance
was provided by a committee with representatives from the US Army Electronics
Command, Ft. Monmouth, NJ; US Army Aviation Systems Command, St. Louis,
MO; Picatinny Arsenal, Dover, NJ; US Army Tank-Automotive Command,
Warren, MI; and US Army Missile Command, Redstone Arsenal, AL. Members of
this committee were: Mr. J.J. O’Neil, Chairman; Mr. John Snyder; Mr. A. Grinoch;
Mr. Benjamin Ciocan; Mr. Leon Riley; and Mr. Basil L. DeNardi.

The Engineering Design Handbooks fall into two basic categories, those approved
for release and sale, and those classified for security reasons. The US Army Materiel
Development and Readiness Command policy is to release these Engincering Design
Handbooks in accordance with current DOD Directive 7230.7, dated 18 September
1973. All unclassified Handbooks can be obtained from the National Technical In-
formation Service (NTIS). Procedures for acquiring these Handbooks follow:

a. All Department of Army activities having need for the Handbooks must sub-
mit their request on an official requisition form (DA Form 17, dated Jan 70) directly

to:
Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

(Requests for classified documents must be submitted, with appropriate **Need to
Know” justification, to Letterkenny Army Depot.) DA activities will not requisition
Handbooks for further free distribution.

b. All other requestors, DOD, Navy, Air Force, Marine Corps, nonmilitary
Government agencies, contractors, private industry, individuals, universities, and
others must purchase these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151
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Classified documents may be released on a “Need to Know” basis verified by an of-
ficial Department of Army representative and processed from Defense Documenta-
tion Center (DDC), ATTN: DDC-TSR, Cameron Station, Alexandria, VA 22314,

Comments and suggestions on this Handbook are welcome and should be ad-
dressed to:

Commander

US Army Materiel Development and
Readiness Command

Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are available
through normal publications supply channels, may be used for comments/
suggestions.)
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CHAPTER 1
INTRODUCTION

1-1 BACKGROUND INFORMATION

The development of devices utilizing electrical or
electromagnetic phenomena in their operation has
been so extensive that few components or systems
used for military or civilian purposes exist that do not
depend upon them. However, the very nature of the
properties associated with the phenomena which en-
able them to perform their purposes may also pro-
duce undesired effects on other equipment having dif-
ferent purposes. Thus, radio signal F, (see Fig. 1-1)
which serves to provide communications to receiver
R, is quite capable of degrading the response of re-
ceiver R, to signal F,. In a similar way, electrical cir-
cuits in industrial applications W may degrade near-
by receivers either directly by radiation E;, E,, by
conduction along a common power line I, or by com-
bined conduction and then radiation E;. Magnetic in-
ductive coupling between a signal line and a power
line is represented by H. Other examples are:

a. Effects produced by an electrical system of a ve-
hicle on nearby communications and in the same ve-
hicle

b. Mutual interaction of two geographically close
radars

c. Undesired interaction of receivers and trans-
mitters due to spurious outputs or responses

d. Failure of computer or control equipment be-
cause of power line harmonics or switching tran-
sients.

These undesired interactions can take place at all
levels; i.e., between systems, between subsystems of
the same system, between equipments in the same
subsystem and between components in the same
“black box™.

§CPDWER

Figure 1-1. Forms of Interference Coupling

In some cases the causes of system degradation can
be recognized and distinguished readily as in the case
of ignition or continuous wave interference with am-
plitude modulated radio or television transmissions.
In other cases, such as in control circuits, it may be
much more difficult to identify the cause of a system
failure.

Electromagnetic Compatibility (EMC) is the abili-
ty of C-E equipments, subsystems, and systems to
operate in their intended operational environments
without suffering or causing unacceptable degrada-
tion because of unintentional electromagnetic radia-
tion or response.

Electromagnetic Interference (EMI) is the phe-
nomenon resulting when electromagnetic energy
causes unacceptable or undesirable responses, mal-
function, degradation, or interruption of the in-
tended operation of electronic equipment, subsystem
or system. The term radio noise is reserved for
emanations other than signals.

The rapid advance of technology has increased not
only the number of electrical equipments, but also
their complexity. Thus, the effectiveness of per-
forming almost any single ultimate function is now
usually dependent on the efficient performance of
many other functions. Increasing density of equip-
ments to perform these functions greatly increases the
possibility of degradation in performance by un-
desired electromagnetic interactions,

Examples of recent technological developments
which have increased the possibility of interactions
include:

a. Miniature and integrated circuits which result in
high component packing densities

b. Increased component susceptibility because of
higher sensitivity

c. Use of wider bandwidths in equipment design.

Possible consequences of performance degrada-
tions caused by electromagnetic interference include:
. Mission abort
. Message inaccuracies
. Message repeats or delays
. Navigational errors
. Failure of logistic support

Reduction of system availability
. Movement surveillance under combat
ditions.

O An oe

con-

o=

1-1
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1-2 THE SIGNAL CONCEPT
OF EMC

One can consider that all instances of electomag-
netic incompatibility result in the degradation of the
ability of a system to transmit information from one
intended point to another as shown on Fig. 1-2. An
information source generates a message which is then
encoded in some convenient form for transmission
through a suitable medium. After transmission, the
signal is received at some other point where the mes-
sage is decoded and forwarded to the end user which
may be either a human being or some device. This
representation is characteristic of the usual com-
munication system in which the signal channel is
either a path through which a radio wave propagates
— such as the troposphere or ionosphere surround-
ing the earth, or a pair of wires such as in telephone
transmission, or a coaxial cable as in closed circuit
television — and normally is the place at which inter-
ference is coupled into the system. Also shown is how
interference can enter into the system at other places
— such as at the information source, the encoder, or
decoder — depending on the nature of the inter-
ference source and its location. Fig. 1-2 also can
represent a control system except that a feedback
loop (not shown) from destination to information
source is required.

1-3 ELECTROMAGNETIC
INTERFERENCE CONTROL

[n order to control electromagnetic interference,
the various possible electromagnetic interactions
must be clearly understood. As previously illustrat-
ed, the “‘coupling” may be by way of many different
paths and include such phenomena as conduction, in-
duction, and radiation. These phenomena them-

selves are relatively easy to understand when the con-
figurations are simple and all the parameters are
known. However, configurations are seldom simple
and, as a result, the interactions are usually quite
complex. Furthermore, analysis often must be car-
ried out under conditions in which there is consider-
able uncertainty as to the values of the various para-
meters involved.

Techniques for dealing with these interactions have
been studied explicitly for more than 35 yr. Data have
been compiled on emmission characteristics of
various equipments capable of producing inter-
ference voltages, on the susceptibility of sensitive
equipments, and on the coupling factors between
them. Methods of controlling these interactions by
(a) suppression of interference generating mecha-
nisms at the source, (b) reduction of coupling by elec-
trical filtering, shielding, circuit separation, and other
wiring techniques, and (c) reduction of susceptibility
by circuit linearization, filtering, and circuit design
techniques have been documented. Methods of ef-
ficiently examining potentially interfering situations
by modeling and computer analysis also have been
developed. In recent years it has been clear that a
need exists for bringing most of this information to-
gether and organizing it to make it readily accessible
to the design engineer and others concerned with
electromagnetic compatibility problems.

1-4 PURPOSE OF HANDBOOK

The purpose of this handbook is to assemble in-
formation pertinent to the establishment of a condi-
tion of electromagnetic compatibility for any equip-
ment or system, with itself, and with the environ-
ment in which it is to be placed when performing its
designated function, and to define procedures to as-
sure that an optimum design is obtained. The major

*
(1) M (1)
M(t) S(t) CORRUPTED CORRUPTED
l SIGNAL MESSAGE
INFORMATION o ENCODER- S SIGNAL _l DECODER- 1 STINAT
SOURCE ; TRANSMITTER CHANNEL » RECEIVER > DE 1N

1
? ’ ! :
' 4 i !
i i I | i
bemmm ot oo e INTERFERENCE |----=---- !

Figure 1-2. Communication System and Its Environment
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emphasis is on those aspects of the problem of in-
terest to the equipment design engineer and the
system engineer. Special attention is paid to the early
stages of development when EMI problems can be
solved in an efficient way.

The handbook also will be of use to engineers con-
cerned with assuring the compatibility of equipment
with its environment after installation.

1-5 SCOPE OF HANDBOOK

Material included in this handbook is of general
and specific interest to the US Army. It pertains to
Army equipments used in the active battlefield areas
as well as in support areas in an otherwise civilian en-
vironment. The treatment includes a review of funda-
mental electrical science and engineering phenom-
ena, an understanding of which is required for appli-
cation of design processes for achieving electromag-
netic compatibility. The interactions involved are
those which can result in either temporary or per-
manent degradation of performance of such equip-
ment. Hazards resulting from exposure of biological
materials and of munitions to electromagnetic radia-
tion are treated elsewhere (Ref. 1) as are effects of the
electromagnetic pulse (EMP) (Refs. 2, 3, and 4).

The major effort is directed toward the equipment
and subsystem level, i.e., the design and installation
of equipment or subsystem to perform specific func-
tions within systems and which must be compatible
with themselves as well as compatible with nearby lo-
cated equipment, subsystems, or systems.

Interactions will be considered that occur between
equipments and subsystems which are located no
further apart than several miles. The frequency range
covered is from 30 Hz to 30 GHz, although in some
cases the effects of constant magnetic fields will be
considered.

1-6 ORGANIZATION AND USE

1-6.1 ORGANIZATION

The material in this handbook is organized in ac-
cordance with the outline that follows. For details,
consult the table of contents.

Chapter 1-Introduction

Chapter 2-EMC/EMI Requirements and Proce-
dures. General background information is supplied
on the philosophy of EMC control procedures as
they have been developed in the past, with emphasis
upon the particular characteristics of specific en-
vironments. Methods of implementing various types
of EMC control programs are discussed. Specific
topics include:

a. Signal environment classification

b. Approaches used by various organizations

c. Specifications

d. EMC program organization.

Chapter 3-EMC Phenomena and Analysis. A de-
tailed discussion of the various elements that enter
into the analysis of electromagnetic compatibility in-
teractions is presented. This chapter gives informa-
tion on the basic phenomena involved in such form
that quantitative analysis can be carried out with the
highest possible accuracy. Included are:

a. Source models:

(1) Conducted and radiated

(2) Narrowband and broadband
b. Source characteristics:

(1) Natural

(2) Man-made
c. Susceptibility:

(1) Admission mechanisms

(2) Masking and error induction
d. Coupling phenomena:

(1) Induction field

(2) Radiation field

(3) Conduction

(4) Grounding.

Chapter 4-EMC/EMTI Design Techniques. Practical
aspects of EMC/EMI control are treated in detail
with quantitative data on the various methods of re-
ducing interactions. The chapter makes reference to
basic models and data given in Chapter 3. Topics
considered are:

a. Emission control

b. Susceptibility control

¢. Coupling control

d. Filters

e. Wiring and cabling

f. Shielding

g. Grounding and bonding.

Chapter 5-Applications to Specific Devices. Electro-
magnetic interference and control characteristics of
specific equipments in electrical and electronic cate-
gories are discussed. In the power category emission
is emphasized, while electronic equipments are dis-
cussed both from an emission and susceptibility
standpoint. Cross-references are made to earlier por-
tions of the handbook. Paragraph headings include:
. Rotating electrical machines
. Power distribution
Power control
. Electronic power supplies
Vehicles and other engine driven equipment
Receivers
Transmitters
. Radar equipment
Antenna interaction control
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j- Infrared equipment

k. Aircraft

. Aerospace ground equipment

m. Special circuit considerations

n. Telemetering.

Chapter 6-Systematic Prediction and Analysis. This
chapter presents a discussion of analysis and EMC
prediction techniques with particular reference to
large and complex configurations. The evaluation of
the wide variety of possible interactions, and the ef-
fects on circuits of multiple parameter variations,
generally requires the use of a large scale digital com-
puter. The chapter describes how methods used can
be classified and presents a description of the major
models. The information is presented in a fashion to
enable the user to select the appropriate method.
Included are:

a. Intrasystem vs intersystem evaluation

b. Data files

¢. Application of data files and models

d. Description of programs

e. Model utilization.

‘Chapter 7-Measurements. The applications of var-
ious types of measurement equipment and as-
sociated test techniques to achieve EMC are dis-
cussed. Limitations due to uncertainty factors in ap-
plications are described. Techniques which will find
general usefulness in the laboratory in the early stages
of equipment development are covered, along with
techniques specially designed for measurements ac-
cording to specifications. Included are:

a. Test requirements

b. Instrumentation

c. Test facilities

d. Measurement techniques

e. EMC test facilities.

1-6.2 USE OF HANDBOOK

This handbook is organized for use by engineers
representing a wide variety of technical experience.
Generally, it assumes the reader has, as a minimum,
the equivalent of a Bachelor’s degree in Electrical En-
gineering, but other persons with experience in
specialized aspects of EMC will find it useful.

If one is specifically concerned with a given type of
equipment, it is best to start with the appropriate dis-
cussion in Chapter 5. The engineer concerned with
circuit development will find Chapter 4 the most use-
ful, while one concerned with early development
stages of a given equipment or system should make
extensive reference to Chapter 2.

The index at the end of the handbook provides im-
mediate identification of all elements in the hand-
book which pertain to particular compatibility prob-
lems.

Other general and specific handbooks and manuals
are available which the reader may find useful in cer-
tain applications. These are Refs, 5 to 12.
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CHAPTER 2
EMC/EMI REQUIREMENTS & PROCEDURES

2-1 INTRODUCTION

This chaper is concerned with the general concepts
underlying the procedures for controlling electro-
magnetic interference and achieving electromagnetic
compatibility in Department of the Army and re-
lated programs, and provides detailed information on
procedures to be used. The importance of the system
viewpoint is emphasized, but the viewpoint of the
subsystem/equipment designer is treated also.

2-2 THE ELECTROMAGNETIC
ENVIRONMENT

Contributors to the electromagnetic environment
can be divided into three main classes: (1) natural
radio noise, (2) signals which are generated pur-
posely to convey information, and (3) spectral com-
ponents generated incidentally to the functioning of
various electrical and electronic devices, and general-
ly classed as man-made noise.

2-2.1 THE NATURAL RADIO-NOISE
ENVIRONMENT

Natural radio noise originates in atmospheric dis-
turbances and varies with location on the surface of
the earth, time of day, and time of year. Usually the
level varies only slowly with position in a given geo-
graphical area, and at frequencies in the VHF range
and below it provides a background level which sets
the maximum useful sensitivity of a receiver. Meth-
ods of estimating the expected level are discussed in
par. 3-1.2.2.

2-2.2 THE MAN-MADE NOISE
ENVIRONMENT

2-2.2.1 Noise Levels

Individual contributors to man-made (incidental)
noise are discussed in detail in Chapter 3. Since most
sources are significant only in their immediate vi-
cinity, this environmental level can be expected to
vary rapidly with distance. However, studies have
shown that the expected level can be related to the
population density in the surrounding area. Fig. 2-1
shows levels published by the Department of Com-
merce (Ref. 1) which show a difference between ur-
ban and rural areas of about 18 dB. The quantity F,,
called the noise factor, is defined by Eq. 3-19.

2-2.2.2 Intrasystem and

Intersystem Compatibility

A special type of man-made noise environment is
that created by various parts of a single electronic
system. As discussed in Chapter 1, in most electrical
and electronic systems, one part of a system may
create a “*hostile” environment for another part. This
concept of intrasystem compatibility can be dis-
tinguished clearly from intersystem compatibility in-
volving interactions between antennas of systems
widely separated geographically.

In many cases the distinction is not so clear cut, es-
pecially where different systems are located close to-
gether physically, and indeed where such systems —
such as radar, navigation, and communications —
can be considered to be parts of a larger system, e.g.,
an aircraft which carries these systems. The relation-
ships are illustrated on Fig. 2-2 in which intersystem
interactions are illustrated with solid lines, while in-
trasystem interactions are shown dotted. At the
higher “‘system’” levels undesired coupling usually in-
volves a highly sensitive antenna or transmission line
and the coupling is by radiation. At the lower intra-
system levels the coupling is between cabinets or
cables, or indeed between circuit elements by con-
duction or induction.

At the lowest circuit levels, relatively simple func-
tions are performed. Criteria for determining the ef-
fectiveness with which the interactions take place are
relatively easy to establish in terms of subsystem
operational requirements, As one moves up the
system ‘“‘hierarchy”, it becomes more difficult to es-
tablish firm criteria for performance because the
function performed becomes more complex and it
becomes increasingly difficult to control, or even to
predict, the significant environmental conditions.

At the equipment level and below, usually it is pos-
sible to isolate any device from uncontrollable factors
of the environment. This renders the design problem
essentially deterministic; it is that of providing the re-
quired number of noninteracting (intrasystem com-
patible) communication paths of adequate relia-
bility, and doing so at a minimum cost. Trade-offs
can be definitive, and results can be evaluated reason-
ably well. At the upper levels, one must consider the
natural and signal environments in which the system
operates which are less controllable, so that it is

2-1
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Figure 2-2. Model of System and Its Enviornment

necessary to formulate a statistical design, using sta-
. tistical trade-off relationships. Thus, to do an ade-
quate job of intersystem compatibility engineering, it
is necessary to anticipate and describe the variable as-
pects of the interaction with the electromagnetic en-
vironment in which the system wil! be expected to
operate, as illustrated on Fig. 2-2 with solid arrows.

2-2.3 THE SIGNAL ENVIRONMENT

Radio signals are the strongest components of the
electromagnetic environment in almost any location.
In contrast to natural and incidental radio noise, they
occupy relatively narrow segments of the radio spec-
trum. For a given receiver, since only one of the sig-

nals is the desired signal at a particular time, the
others are potential sources of interference, es-
pecially those of high signal strength or those located
close to the desired signal in frequency.

Rough estimates of the field strength £ due to a
transmitter at a distance r meters can be made using
the free-space transmission formula (see Eq. 3-145).

N

E =~—"' v/m

(2-1)

r
where
P, =total radiated output power, W
G, = transmitting antenna gain, dimensionless

4
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Fig. 2-3 shows the variation of field strength with r
for constant values of P,G,.

In using Eq. 2-1, the reader is cautioned that the
rate of fall-off of £ with distance may be greater or
less depending on propagation conditions, see par. 3-
3.2

The signal environment in which military equip-
ment and systems operate consists of two major ele-
ments, the military part and the nonmilitary part.
The military part is created by the overall military
system and thus can be controlled to a large extent.
The nonmilitary is characteristic of the area and only
limited control may be exercised over it.

2-2.3.1 Nonmilitary Signal
Environments
Any environmental classification scheme must be
considered to be partially conceptual, rather than ab-
solute, since as one moves physically from one lo-

cation to another, characteristics change gradually.
However enough areas can be classified distinctly as
one type or another to make classification useful. In
this category we classify environments as rural, resi-
dential, commercial, industrial, and urban on the pre-
sumption that man-made radio noise levels will in-
crease significantly as we pass from one to the other.

Rural areas can be considered to have a popula-
tion density less than 500 persons per square mile
and, except for isolated instances, are at least 25 miles
from fixed transmitters having more than a kilowatt
of output power. They have no substantial industrial
activity. Radio-noise levels are determined by at-
mospheric noise levels except in the immediate vi-
cinity of high voltage power lines, electric fences, or
heavily travelled roads. Radio signals of all kinds are
at relatively low levels and the ability to receive de-
sired signals generally is limited more by low signal
strengths than by interference from undesired signals.

T T T7T1VTTH | T
P, = total radiated output power, W

N a
h't = transmitting antenna gain, dmls
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At the other extreme, urban areas are characterized
by high population densities, which may range from
15,000 to more than 70,000 persons per square mile,
and relatively high ambient noise levels due to nu-
merous industrial and commercial area as well as
densely populated residential areas. In the VHF and
UHF bands, local ignition interference can be of con-
siderable importance. Broadcast signals, because of
their local origin, are usually relatively strong and the
signal strengths in the vicinity of the antenna towers
can be very large. In the VHF and UHF bands, how-
ever, the effects of tall buildings may cause serious re-
flections which will degrade performance locally and
distort normal field strength contours.

2-2.3.2 Military Environments

This classification includes environments which are
characteristic of peace-time operations as well as
operations which are likely to be found only under
conditions of conflict.

2-2.3.2.1 Ground Station

This classification includes a typical Army post. Tt
usually includes an array of transmitters having a
wide range of output power and corresponding
receivers. In some cases, particularly at HF where
high power may be used, receiving antennas are sepa-
rated from transmitting antennas by distances of the
order of miles in order to avoid interaction.

At VHF and UHF, line-of-sight multichannel links
use low power (a few watts) and may use the same re-
flector for transmission and reception, and reflectors
for separate links may be mounted on the same
tower. Troposcatter links use high power with a high-
ly directional antenna which may be used for both
transmitting and receiving. Furthermore, high pow-
ered radars may be located on the site. Frequently
such sites have industrial types of equipment in use.

2-2.3.2.2 Battlefield

In the battlefield environment, radio communi-
cations provide the principal means of exercising
command and control. At the same time, radar,
special weapons systems, and telemetry units are ex-
pected to function with a high degree of reliability.

A theater army area of operations may have tens of
thousands of emitters of electromagnetic energy or-
ganized into many radio nets. The tactical situation
determines the land mass occupied by this army, and
expansion or contraction of the area will increase or
decrease the interference level together with the de-
sired signal strength.

The relatively dense concentration of emitters, as
well as the possibility of intentional jamming, makes

it essential that incidental equipment noise be as low
as possible in order to enhance transmission quality
and minimize adjacent channel and other spurious
emission interference.

The heavy demand for radio frequencies makes it
necessary to use the same frequency simultaneously
in various nets. To prevent co-channel and adjacent
channel interference, a trained frequency manage-
ment officer assigns frequencies on a priority basis,
utilizing data on geography, restrictions on time
usage, power, bandwidths, and types of antennas.
(See DA Pamphlet No. 105.2* and ST 24-2-1 for
details, Ref. 2).

2-2.3.2.3 Ship and Aircraft

In many respects these environments are similar to
that of the ground station. A principal difference is
one of scale. Although very large ships can be con-
sidered to be a complete ground station on a mobile
platform, the largest Army watercraft are likely to
carry typical radar and communications equipment.
Since antennas and various items of electrical equip-
ment are in permanent locations, to some extent the
installation can be designed to optimize the compati-
bility situation. However, the flexibility available is
small and the consequences of any signal de-
gradation whatsoever are likely to be serious. Below
steel decks or within an aircraft fuselage, one has
good examples of what are usually defined as intra-
system compatibility problems. In these locations po-
tentially interacting equipments and their cables may
be in close proximity, and antenna coupling is almost
nonexistent. Above decks or external to the fuselage,
both types of interaction are possible.

2-2.3.24 Missile

This item is placed in a unique classification
because of the fact that it must operate with high re-
liability through rapidly changing external environ-
ments. At low altitudes it may pass quite close to ur-
ban areas containing relatively high-powered trans-
mitters of both military and broadcast types. At high
altitudes the missile is within line of sight of large
areas of the earth and, therefore, large numbers of
signals have the potential of affecting it. In addition,
because of the high density of electronic compo-
nents, its intrasystem environment is especially
severe.

2-2.3.2.5 Equipment

This is the environment that can be found within a
typical cabinet or metallic enclosure of some device.

*DA Pamphlets and AR’s referred to in this paragraph are de-

scribed in Table 2-6.

2-5
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It is an extreme example of an intrasystem environ-
ment. Frequently, such an enclosure contains many
separate electrical and electronic parts which must in-
teract in a specified way in order to perform the use-
ful function for which the equipment was designed.
At the same time, these components may interact in
ways that are not intended, and the unintended inter-
actions may be caused by emission levels introduced
into the inside of the equipment by the penetration of
external fields or currents through the walls of the
container. By proper design, such penetration phe-
nomena can be controlled.

At the component level, environment can be con-
trolled frequently by proper physical placement of
components or by the use of filters and shields to iso-
late them from undesired interactions with other
components. In other cases specific circuit designs
can be used to reduce their susceptibility to local
fields or to reduce the fields which they generate.

2-2.3.2.6 Other Categories

Other categories which are not explicitly covered
may be considered to be combinations of the pre-
ceding. An example is the airport which may be com-
pared with a military ground station. Tt has re-
ceivers, transmitters, radars, and, at least in civilian
airports, is usually surrounded by commercial and in-
dustrial areas with high radio noise levels.

The environmental characteristics discussed in this
paragraph are produced by electromagnetic phe-
nomena which are analyzed explicitly in later
chapters. In the treatment, methods of determining
steps to be taken to avoid a particular effect or to re-
duce interactions that are experienced will be in-
cluded. For reference purposes, Table 2-1 shows

where some of the major types of source of inter-
ference contribute most importantly in each of the
major types of environment, Also, reference is made
to paragraphs in Chapter 3 which give quantitative
information of use in a system or equipment analy-
sis. Clearly, before such an analysis can be carried
through, the design engineer must have familiarity
with the theory and practice of EMC/EMI en-
gineering. Further discussion of prediction techni-
ques is given in Chapter 6.

2-3 SPECTRUM ENGINEERING

The radio spectrum is a limited resource (Ref. 3).
The uses of the spectrum are expanding and, at any
given time, the demand exceeds the supply. Further-
more, some services are best carried out in certain fre-
quency ranges and demand in these ranges continues
to grow. By international agreement and by de-
cisions of national regulatory bodies, parts of the
spectrum are allocated to particular services. These
are further subdivided into channels whose width is
sufficient to accommodate the signals typical of the
service. Thus a principal microwave radio relay al-
location is a band between 3700 MHz and 4200 MHz
subdivided into 24 channels with adjacent channels
separated by 20 MHz. Each channel is, in turn, able
to accommodate 600 multiplexed voice channels.
Electromagnetic compatibility requires a minimal
geographic spacing between users assigned to the
same channel, and also between users assigned to ad-
jacent channels. In order to fit as many microwave re-
lay users as possible into a geographical region, ad-
vantage is taken of the rejection afforded to un-
wanted signals by antenna directivity, and also by the

TABLE 2-1. IMPORTANT CONTRIBUTORS TO VARIOUS ELECTROMAGNETIC
ENVIRONMENTS
oise Type of Environment This Handbook
Source Paragraph
Rural| Urban | Intersystem | Intrasystem | Equipment References
Atmospheric X X 3-1.2.2
Transmitters ISM X X X X 3-1.3.1.2
Spurious RF Generation X X X 3-1.333
Ignition X X X 3-1.3.24
N . 3-1.32
Switching Transients X X 31330
Powerline Harmonics X X 3-1.3.3.1 J
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use of orthogonal polarizations. Allocations are
sometimes shared by different services where the ex-
pectation of mutual interference is small. Channel
assignments sometimes are made with the provision
that no interference shall result to other users who
have priority, or that transmission will occur during a
specified time only.

The process by which assignments are made takes
account of the need for the channel; the number of
channels available; the noise level, both natural and
man-made; the characteristics of receivers: the range
and area to be covered; the location, whether fixed or
mobile; the kind of signal to be used (the modulation
and bandwidth); and the time during which it is re-
quired. An assignment specifies the allowable trans-
mitted power, the limits of spatial coverage by the an-
tenna, as well as frequency, time, and place.

Frequency allocations are made internationally
through the International Telecommunications
Union and, in the USA, by the Federal Com-
munications Commission and the Office of Telecom-
munications Management. Because of the shortage of
spectrum space, no development of Department of
Army equipment requiring spectrum space can be in-
itiated without a formal action regarding frequency
allocation (see AR 705-16).

Intrasystem compatibility problems usually are ig-
nored in frequency allocation procedures, it being as-
sumed that by proper design techniques system de-
gradation due to this cause can be avoided. To the
designer, however — especially where systems are co-
located, such as on a vehicle or at a command post —
the considerations for dealing with intrasystem and
intersystem compatibility may be quite similar.

2-4 ACHIEVING
ELECTROMAGNETIC
COMPATIBILITY

Achieving electromagnetic compatibility can be
approached from the concept of either (1) a detailed
evaluation of interactions between the elements,
emitters and susceptors, on a pair by pair basis; or (2)
from general requirements. In the latter case the de-
signer attempts to define a so-called “‘typical” or
“nominal” environment, and then designs his equip-
ment so as to neither degrade the environment by
raising levels of radio noise above the ‘‘nominal”
level (at a specified distance from the equipment) nor
to be susceptible to those levels. In general, neither of
these two approaches can be used in isolation.

To some extent these approaches can be as-
sociated with two of the basic types of specification,
i.e., the “system” specification and the “equipment”

specification (see par. 2-5.2). The latter establishes
equipment limits which will effectively “control” the
equipment contribution to environmental levels. The
“system’’ specification establishes system perform-
ance requirements which in turn require a design that
directly controls interactions between individual
components of equipments.

2-4.1 THE SYSTEM APPROACH

The main fact to be recognized in system design is
that each system is unique and therefore EMC re-
quirements are likely to be unique. It is the overall
system requirements that determine what the com-
ponent equipment EMC requirements are and the ex-
tent to which standard requirements will be suitable.

Just as with equipment design, these requirements
must be determined initially before manufacture.
Thus one must obtain, early in the design and de-
velopment stages, an adequate description of the ulti-
mate circumstances under which a specific system is
used. Then it is possible to initiate design of the
system components in accordance with the derived
requirements. To do this, the designer must have a re-
liable interference prediction process readily avail-
able. This means having adequate models of emitters,
susceptors, and the couplings between them. The
engineer also must have the same type of in-
formation pertinent to equipment design including
data on interference reduction circuits and tech-
niques and on cost effectiveness trade-offs.

In practice the entire process is usually not as com-
plicated as this description might lead one to believe.
It is probable that only a limited number of para-
meters involved in the system design will exhibit
critical cost-effectiveness trade-offs. Many of the pos-
sible interactions can be controlled effectively by de-
sign techniques which do not, in themselves, in-
herently lead to very high costs. The system designer
must be able to identify those elements of the system
which are critical with regard to cost and perform-
ance, and must deal with these in a first-order
analysis with properly assigned priorities.

2-42 REVIEW OF APPROACHES TO EMC

Different approaches to EMC control are exempli-
fied by those used by the Federal Communications
Commission, industry, and the Department of De-
fense. Since the technologies involved are inter-
related, the discussion is relevant to a variety of
typical EMC problem areas.

2-7
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2-4.2.1 The Federal Communications Commission

In carrying out its responsibilities for regulating
radio communication, the Federal Communications
Commission has been faced with the very practical
question of how to write the rules so that they can
protect effectively the various services under its
cognizance, while at the same time not unduly burden
those who provide the services. To assure this, the
Commission makes effective use of the public hearing
procedure. In this procedure, the Commission
publishes a notice of proposed rule-making and in-
vites comments from those involved in providing the
service, the public at large making use of the service,
and industry which manufactures the equipment
which will have to meet the requirements. After some
study, a set of limits is proposed. These limits are
then discussed at great length. After duly taking into
account all the evidence before it, the Commission
finally issues specific rules and regulations. In doing
this, the Commission makes use of both the system
approach and the environmental approach.

The environmental approach can be illustrated by
the method used to control interference to radio
broadcasting. Here, one can look upon the pro-
cedure as protecting a defined field strength at a
specified distance from an interference source. The
field strength is a function of the service involved,
while the distance at which protection is to be ob-
tained is a function of the source, and where it is
used. For example, sources arising in industrial en-
vironments where receiver antennas are not likely to

be located are permitted to radiate more energy than
those which appear in homes near receivers or
receiver antennas. Also taken into consideration are
such factors as whether danger to life is involved,
economic aspects (which are a function of the state of
the art), and the possibilities of alternate means of
obtaining the same type of service. In many respects
the rule-making procedure is a way of establishing a
de facto cost-effectiveness trade-off relationship.

In other cases, the Commission adopts an equip-
ment interaction approach in that it establishes
standards for various types of transmitting equip-
ment and allocates frequencies based upon the as-
sumption that the equipment meets those standards.
For example, transmitter harmonic levels are con-
trolled along with antenna patterns. A person ap-
plying for a transmitter license must show that his
equipment will not produce interference with other
services already established in the same area.

In order to simplify FCC rule-making procedures,
unintentional emitters have been classified in three
general categories (Refs. 4, 5). Examples are given in
Table 2-2. The major features of the regulations are
summarized in Tables 2-3, 2-4, and 2-5.

2-4.2.1.1 Incidental Radiation Device

A device that radiates radio frequency energy
during the course of its operation, even though the
device is not intentionally designed to generate radio
frequency energy, is classified as an incidental radia-
tion device (Ref. 4, part 15).

TABLE 2-2. EXAMPLES OF ELECTRONIC DEVICES REGULATED BY
FCC RULES PARTS 15 AND 18

Regulated by Part 15

Regulated by Part 18

Restricted Radiation Devices
RF Energy
Purposely Generated

Incidental Radiation Devices
RF Energy
Unintentionally Generated

Industrial, Scientific, and
Medical

1. Radio Receivers

2. Carrier Current Systems
a. “Campus”
b. Telephone
c. Industrial

3. Low-power Communications
a. Wireless Microphones
b. Garage Door Openers
c. Phonograph Oscillators

SIS T

4. Field Disturbance Sensors
5. Class I TV Devices

Fluorescent Lights
Electric Appliances
Electric Motors
Electric Shavers
Ignition Systems

Defective Insulators

1. Industrial Heaters
a. Induction
b. Dielectric

2. Medical Diathermy

3. Miscellaneous
a. Epilators
b. Ultrasonic
¢. Microwave Ovens
d. RF Neon Signs

2-8
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TABLE 2-3

TECHNICAL REQUIREMENTS FOR PART 15
(INCIDENTAL AND RESTRICTED RADIATION) DEVICES

TYPE OF EQUIPMENT | FREQUENCY OF |FIELD STRENGTH |ADDITIONAL REQUIREMENTS REFER TO
RADIATION, MHz LIMIT, uV/m SECTION**
Incidental Radiation Any frequency None In the event that harmful interference is caused, | 15.31
Device* the operator shall promptly Lake steps to elimi-
(Subpart B) nate the harmful interference.
Radio Receivers
(30-890 MHz)
(Subpart C)
TV broadcast 0.45-25 None Power line RF voltage limitation: 100 #V,/m 15.63
All other 0.45-9 None Power line RF voltage limitation: 100 xV/m 15.63
9-10 None Power line RF voltage limitation: 100-1000 uV/m¥% 15.63
' 10-25 None Power line RF voltage limitation: 10004V /m 15.63
25-70 32at 1000 N Applicable to All Receivers (30-8%0 MHz)
70-130 S0 at 1000 fu Certification required for each model receiver. 15.69
Identify each certified receiver with seal or 15.70
130-174 50-150 at 1000 ft label. 1571
Any measurement procedure acceptable to the 15.75
174-260 150 at 1000 ft FCC may be used. The following standards are
considered acceplable;
‘ Power line RF voltage: IEEE STD 213
260-470 150-500* at 1000 ft Radiation: IEEE STD 187; also IEC
10b/10ba and EIA RS 378
470-1000 500 (350 for TV revr,
see Sec. 15.63) at TV sensitivity: IEEE STD 190
1000 ft
Door Openers 25-70 32
(receivers) Measurements according to FCC document
70-200 50 T7001.
200-1500 50-500*
over 1500 500
Low Power Communi-
cation (Subpart E) Max. Input to Final, W Max. Antenna Length, ft
Operation Under 0.16-0.19 None 1.0 50* 15.203
Antenna, and Power 0.51-1.6 None 0.1 10* 15.204
Limitations 26.97-27.27 None 0.1 ) 15.203
0.010-0.490 24/f(in MHz) 15.202
Operation under at 1000 N
Field Surength 0.510-1.6 2.4/f(in MH2) 15.202
Limitation at 1000 ft
70-1000 receiver radiation | Limit operation automatically to | s on followed 15.211
limit applies by 30s off
above 1000 500 at 100 ft Limit operation automatically to | s on followed | 15.211
by 30 s off
Telemetering and
Wireless Microphone 88-108 50 at 50 fuin Channel width is limited to 200 kHz. 15.212
200 kHz band
40at 101t
outside of band

¢ including transmission line

) ** References are to Part 1S or Part 18, as applicable, of the FCC Rules and Regulations.
(cont’d)
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TABLE 2-3 (cont’d)
TYPEOF EQUIPMENT | FREQUENCY OF |FIELD STRENGTH | ADDITIONAL REQUIREMENTS REFER TO
RADIATION, MHz LIMIT, uV/m SECTION®**
Biomedical
Telemetering 174-216 150 at 100 ft Limit applies only to the fundamental frequency. | 15.215
Devices Harmonic and other spurious emissions outside
ol 174-216 MHz shall be suppressed by at least
20dB (subject to change in Docket 19846).
Door Openers
{transmitiers) 70-130 125 at 100 It The emission permitted on 73-75.4, 108-118, 15.215
121.4-121.6, 242.8-243.2, 265-285, 328.6-335.4,
406-410, 608-614. 960-1215 (all in MHz) and other
| bands. See Sec. 15.215.
Field Disturbance |
Sensors (Subpart F) Any Frequency 15at157/Rin MHz)(t | Limit applies to the fundamental, any harmonic, | 15.305
and other spurious (requencies.
915 50,000 at 100 ft Band limited to +13 MHz 15.307, 15.309
2450 50,000 at 100 ft Band limited to £15 MHz 15.307, 15.309
5800 50,000 at 100 It Band limited to £15 MHz 15.307, 15.309
10525 250,000 at 100 Mt Band limited to £25 MHz 15.307,15.309
24125 250,000 at 100 fu Band limited to £50 MHz 15.307, 15.309
Applicable to All Field Disturbance Sensors 15.303,15.317
Certification
Measurement

** References are to Part 15 or Part 18, as applicable, of the FCC Rules and Regulations.

TABLE 2-4. FREQUENCIES FOR INDUSTRIAL, SCIENTIFIC, AND
MEDICAL (ISM) EQUIPMENT FOR WHICH NO RADIATION
LIMITS ARE SPECIFIED

Frequency, kHz  Tolerance, kHz

Frequency, MHz Tolerance, MHz

13,560 + 6.78
27,120 + 160
40,680 + 20

915 + 13
2,450 + 50
5,800 + 75

24,125 + 125

There are no regulations specifying constraints on
radiation from devices in this category other than if
harmful interference does occur, immediate steps
must be taken to eliminate it. (This latter regulation is
applied to all incidental device categories.)

24.2.1.2 Restricted Radiation Device

A restricted radiation device is one in which the
generation of small amounts of RF energy is in-
tentionally incorporated into the design, but does not
require licensing.
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To control interference from restricted radiation
devices, unless otherwise stated, the limit field
strength is 154V /m at a distance of A/(27) where A is
the wavelength corresponding to the operating fre-
quency. The design must be in accordance with the
best engineering practice, and operate with the mini-
mum power required to produce the desired result. It
may be noted that the distance of A/(27) is the dis-
tance from a dipole at which the variation in field
strength with distance changes from an inverse cube
relationship (induction field) to an inverse first power
relationship (radiation field). Also at a fixed distance
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TABLE 2-5.

TECHNICAL SPECIFICATIONS FOR PART 18

(INDUSTRIAL, SCIENTIFIC, AND MEDICAL SERVICES) DEVICES

ADDITIONAL REQUIREMENTS

TYPEOF EQUIPMENT | FUNDAMENTAL |FIELD STRENGTH REFERTO
FREQUENCY OF LIMIT OUTSIDE SECTION*
RADIATION, MHz{ OFISM BANDS
Medical Diathermy 13.56,27.12, 14.68 25 4V /mat 1000 fL 18.141
(Subpart E) 915,2450,5800,24135 | Reduce radiation to | Reduce bandwidth of emissions to the greatest 18.142
greateslextent extent practicable
practicable.
Any Other Frequency| 15 ¢V/m at 1000 ft 15 #V/m at 1000-ft limit also applies to radiation 18.142
at the fundamental
Applicable to All Medical Diathermy Equipment
Use FCC radiation measurement procedure. 18.143
Centification or Type Approval. 18.144
Certificate must be renewed every J yr. 18.141
Equipment operated on off-1SM frequenciesre-|  {8.142
quires a rectified and filtered power supply.

Ultrasonic Upto 0.490 24/f(in MHz) V/m | In predominantly residential areas and on fre-| 18.72

(Suhpart C) at 1000 ft quencies below 0490 MHz the radiation lunit
may be increased as the square of the generated
power to 500 W. The limit, however. is not per-
mitted to exceed 10V /mat 1 mi.

0.490-1.6 24/f(in MHz) pV /m Applicable to All Ultirasonic Equipment

at 100 ft Use FCC radiation measurement procedure. 18.78
Power line RF voltage:
. below 0.49 MHz-1000 2V 18.72(e)
above 0.49 MHz-200 ¥

Over 1.6 15 eV/mat 100 ft
Certification, 18.80
or Type Approval. 18.73

Industrial Heating Below 5725 |r 10pV/mat] mi Power line radiation limit: 10 ¢V/m at 50 ft at] 18,102

(Suhpart ©) points | mi or more from the equipment.

Use FCC radiation measurement procedure. 18.107
Above 5725 Reduce radiation to | Applicable To All Industrial Heaters
greatest exlent Operation not permitled on: 18.102(b)
practicable. 0.490-0.510 MHz, 2.170-2.194 MHz, und
8.354-8.374 MH2z
Certification. 18.113
Periodic Inspection. 18.105

RF Stabilized Any Frequency 10 4V /mat 1 mi Power line radiation timit: 10 £V /m at 50 ft at| 18.5

Arc Welders points | mi or more from the equipment,

(Subpart F) Use FCC radiation measurement procedures.| 18.107
Measure quasi-peak using an insirument equiva-| 18,181
lent to ANSI specificauons C63.2 to C63.4
Cenrtification, 18.182
or Type Approval. 18.181

Miscellaneous
(Subpart H)

These rules apply to ISM equipment other than medical diathermy, industrial heating, ultrasonsc
and RF Stabilized are welders in which RF energy is applied to materials to produce physical,
biological, or chemical effects sueh as microwave ovens, ionization of gases, mechanical vibra-
tions, hair removal, and aeceleration of charged particles which do not involve the use of radio

receiving equipment.

Requirements are the same as for medical diathermy except that for equipment other than that

used in predominantly residential areas, the radiation limit may be increased as the square root
of the generated power to 500 W. The limit, however, is not permilted to exceed 10 V/m at | mi.

* References are to Part I8 of the FCC Rules and Regulations.
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this limit decreases with frequency, which cor-
responds to the behavior of atmospheric radio noise
levels.

2-4.2.1.3 Radio Receivers

Radio receivers, including television broadcast
receivers, are treated as a special case of restricted
radiation devices.

For frequencies above 25 MHz the radiation from
these devices is limited to specific field strengths
measured at specific disances. The limit increases
somewhat with frequency corresponding partly with
state of the art, and partly with increasing cosmic
noise levels. At 25 MHz and below, a limit is placed
on voltages conducted to the power lines since this is
considered to be the most likely source of coupling
from such devices.

2-4.2.14 Low Power Communication Devices

A low power communication device is a restricted
radiation device (Ref. 4) exclusive of those em-
ploying conducted or guided radio frequency tech-
niqugs used for transmission of signs, signals (in-
cluding control signals), writing, images, and sounds
or intelligence of any nature by radiation of electro-
magnetic energy (e.g., wireless microphone, phono
oscillators, garage door openers, radio control
models).

The design and operation of low power communi-
cation devices are more closely regulated than are
those of the previously discussed devices. The general
rule requiring the immediate elimination of harmful
interference applies here as in all other categories.
Allowed bands of operation have been established
(see Table 2-3) and, in the case of telemetry trans-
mitters and wireless microphones, maximum channel
widths have been established. Limits of radiated
energy, in-band and out-of-band, and within-channel
and out-of-channel, have been established for all but
one band. A limit to the energy which may be con-
ducted to the power line has been established in the
510 - 1600 kHz bands. In the 26.97 - 27.27 MHz band
where no radiation limit has been directly es-
tablished and as an alternative method in the 160 -
190 kHz and 510 - 1600 kHz bands, device design
limits are used which effectively serve to limit the de-
vice radiation. An upper limit is set for input power
to the final amplifier and the length of the antenna (5
ft for the 26.97 - 27.27 MHz band) or the combined
length of the antenna and its associated transmission
line. In addition, the level of power input to the final
amplifier lying outside of the band of operation (e.g.,
if operation is on the 160 - 190 kHz band, for all
frequencies above 190 kHz or below 160 kHz) must
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be suppressed at least 20 dB below the level of the un-
modulated carrier. An additional design limitation
prohibits class B operation.

Field disturbance sensors are classed as restricted
radiation devices but, because of their special func-
tion, have special limits assigned in the GHz range
and above.

24.2.1.5 Industrial, Scientific, and

Medical Equipment (ISM)

The ISM category of equipment (Ref. 5) includes
devices which use radio waves for industrial, scien-
tific, medical, or other purposes which are neither
used or intended to be used for communication.

Operating frequencies have been allocated, and
allowable tolerances established for which there are
no radiation limits (Table 2-4). Operation is per-
mitted at other frequencies but radiated emissions are
limited (Table 2-5). These limits are defined in terms
of radiated field strength at a specified distance, and
apply to radiated harmonics as well as spurious
radiation. In addition, conducted emission limits
have been established for ultrasonic equipment.

Medical diathermy equipment, when operated on
frequencies other than those assigned for ISM opera-
tion, are subject to a radiated emission limitation in
terms of a maximum field strength measured at a
specified distance. There are, as well, some design re-
quirements which will suppress spurious and har-
monic frequency radiation; for example, a rectified
and filtered plate voltage must be used.

Industrial heating equipment is subject to a limita-
tion as to its radiated field strength at a specified dis-
tance when operated below 5725 MHz and on any
frequency other than those established for ISM
equipment. Above 5725 MHz the regulations only
specify that radiation must be suppressed as much as
possible. Though there are no specific limits to con-
ducted emissions to the power lines from industrial
heating equipment, it is required that sufficient filter-
ing be provided to limit radiation from power lines. A
limit to power line radiation is provided in terms of
radiated field strength at a distance. These limits
represent compromises between practical state-of-
the-art considerations and use in specialized areas.

2-4.2,.1.6 Licensing of Test Facilities

Unless a Government agency assumes responsi-
bility for running tests, test facilities set up by con-
tractors require FCC licenses or at least temporary
authorization if substantial radiation may occur,
either in connection with scientific studies or for test-
ing of communication equipment including trans-
mitters and antennas. Requirements are covered in
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Parts 5 (Ref. 9) and 15 (Ref. 4) of the Rules and
Regulations. At frequencies below about 10 MHz the
criterion for obtaining FCC approval is considered to
be whether emission levels will exceed 15 uV/m at a
distance of A/(2x) where X is the wavelength of the
radiation.

In the usual case, a contractor will not require a
formal radio station license (Ref. 9, par. 5.52) but will
be able to qualify for a special temporary authori-
zation (par. 5.56) as an experimental radio service
(Research or Developmental) (par. 5.2).

Informal applications for special temporary autho-
rizations for Government contractors should:

a. Be prepared as a letter, in duplicate with the
original signed and sent to the Federal Com-
munications Commission, Washington, DC 20554.

b. Contain the following information:

(1) Name and address

{2) Need for special action

(3) Type of operation to be conducted

{(4) Purpose of operation

(5) Time and date of proposed operation

(6) Class of station, call sign of station, and
nature of service

(7) Location of proposed operation

(8) Equipment to be used, including name of
manufacturer, model, and number of units.

(9) Frequency(s) desired

(10) Plate power input to final radio frequency
stage

(11) Type of emission

(12) Antenna height (FCC Form 401-A if par.
5.55 so requires)

(13) Full particulars as to the purpose of the
request,

c. Include:

(1) FCC Form 44A in triplicate “Supplemental
Information for Applications in the Experimental
Radio Service Involving Government Contracts”.

(2) If the application involves communications
essential to a research project:

(a) A description of the nature of the re-
search project being conducted

(b) A showing that communication facil-
ities are necessary for the research project involved

(c) A showing that existing communication
facilities are inadequate.

If a Government agency assumes test responsibili-
ty, it must obtain permission from the Interdepart-
ment Radio Advisory Committee (see par. 2-6.4.5).

2-4.2.2 Industry Standards

Industry in the United States is well aware of EMI
phenomena and has devoted much effort to its con-

trol. In many instances the interference from par-
ticular devices is controlled in accordance with limits
established by individual companies. In those cases in
which the interactions have been sufficiently signifi-
cant to justify a joint industry effort, standards have
been published. These limits generally are based upon
a carefully examined cost-effectiveness trade-off. Pri-
mary concern has been with interference to radio and
television broadcasting, although recently there has
been a growing concern about establishing electro-
magnetic compatibility between industrial and com-
mercial use devices. Industry has devoted most of its
efforts to establishing measurement techniques and
instrumentation, as exemplified by the following
standards published by the American National
Standards [nstitute:

a. C63.2-1963, Radio-Noise and Field-Strength
Meters, 0.015 to 30 Megacycles/Second, Specifi-
cations for.

b. C63.3-1964, Radio-Noise and Field-Strength
Meters, 20 to 1000 Megacycles/Second, Specifi-
cations for.

c. C63.4-1963, Radio-Noise Voitage and Radio-
Noise Field Strength, 0.015 to 25 Megacycles/ Se-
cond, Low-Voltage Electric Equipment, and Non-
electric Equipment, Methods of Measurement of.

Industry groups have established voluntary limits
as follows:

a. Society of Automotive Engineers, Inc.: J551,
“Measurement of Electromagnetic Radiation from
Motor Vehicles (20-1000 MHz).”

b. National Electrical Manufacturers Associa-
tion: “‘Semiconductor Dimmers for Incandescent
Lamps,” WD2-1970.

¢. Radio Technical Committee for Aeronautics:
DO-138, “Environmental Conditions and Test Pro-
cedures for Airborne Electronic/Electrical Equip-
ment and Instrument.”

d. International Special Committee on Radio
Interference (CISPR):

(1) Publication 11: “Limits and methods of
measurement of radio interference characteristics of
industrial, scientific and medical (ISM) radio-
frequency equipment {excluding surgical diathermy
apparatus),”’ Ist edition, 1975.

(2) Publication 12: “Limits and methods of
measurement of radio interference characteristics of
ignition systems of motor vehicles and other de-
vices,”" 1st edition, 1975.

(3) Publication 13: *“Limits and methods of
measurement of radio interference characteristics of
sound and television receivers,” Ist edition, 1975.

(4) Publication 14: “Limits and methods of
measurement of radio interference characteristics of
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household electrical appliances, portable tools and
similar electrical apparatus,” 1st edition, 1975,

(5) Publication 15, “Limits and methods of
measurement of radio interference characteristics of
fluorescent lamps and luminaires,” 1st edition, 1975,

2-4.2.3 Department of Defense
EMC Program

The Department of Defense has established an in-
tegrated Electromagnetic Compatibility Program
(EMCP) to ensure electromagnetic compatibility of
all military communication-electronic (C-E) equip-
ments, subsystems, and systems during conceptual,
design, acquisition, and operational phases (see DoD
Directive 3222.3). Its objectives are to: (a) achieve
compatibility of all equipments, (b) to obtain built-in
design compatibility rather than remedies added after
the fact, and (¢) use common approaches and
techniques in C-E material programs. To accomplish
this it directs action and assigns responsibility in the
following EMC program areas: Standards and Speci-
fications, Measurement Techniques and Instrumen-
tation, Education for EMC, Data Base and Analysis
Capability, Design, Concepts and Doctrine, Opera-
tional Problems and Test and Validation.

DoD recognizes that frequency management has a
strong influence on compatibility and has assigned
responsibilities for the use of the radio frequency
spectrum. Specific spectrum management functions
are delegated to individual departments. Depart-
mental membership in the Interdepartmental Radio
Advisory Committee (IRAC) and liaison with FCC
provides interdepartment, international, and national
(non-Government) coordination. DoD directives ad-
dress themselves to spectrum management, and EMC
programs and equipment. Typical examples are:

a. DoDD 4630.1, Programming of Major Tele-
communications Requirements

b. DoDD 4630.5, Compatibility and Common-
ality of Equipment for Tactical Command and Con-
trol and Communications

c. DoDD 4650.1, Management and Use of the
Radio Frequency Spectrum

d. DoDD 5000.3, Test and Evaluation

e. DoDD 5100.35, Military Communications-
Electronics Board (MCEB).

2-4.2.4 Department of The Army
EMC Program
The Department of the Army has established an
EMC Program consistent with the Department of
Defense EMC Program. It directs that electromag-
netic compatibility of materiel be controlled through-
out each phase (concept, validation, full-scale devel-
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opment, cost production, and deployment) of the
Life Cycle System Management Model (LCSMM)
(par. 2-7), and recognizes three principal factors
which must be addressed by the EMC Program:

1. Environmental Geometry: The identification of
all emitters and receptors, the spatial relationships
among the emitters and receptors, and the partic-
ulars regarding terrain and propagation

2. C-E Materiel Characteristics: All features which
influence the degree of performance achievable under
given electromagnetic environmental operating con-
ditions

3. Frequency Assignments: The distribution of
available spectrum resources.

A number of regulations and pamphlets, as shown
in Tabie 2-6, describe policies and procedures related
to matters of direct concern in EMC programs re-
lated to Army materiel procurements.

2-5 THE EMC PROGRAM
REQUIREMENTS

MIL-HDBK-237 (Ref. 6) provides criteria for es-
tablishing, managing, and evaluating an EMC pro-
gram for electronic, electrical, and electromechani-
cal equipments, subsystems, and systems. It provides
EMC guidance to those responsible for the program
so as to increase the probability of achieving intra-
system and intersystem compatibility.

2.5.1 EMC PROGRAM GOALS

In broad terms, the goals of any EMC program are
(Ref. 6):

a. Assure efficient integration of engineering,
management, and quality assurance tasks, as related
to EMC.

b. Assure the efficient integration of EMC with all
other system performance factors and disciplines
affecting system effectiveness and cost, such as
reliability, maintainability, vulnerability, and safety.

c. Assure the integration of the engineering func-
tions — such as design, development, and test — as
related to EMC.

d. Assure intrasystem and intersystem design and
operational electromagnetic compatibility.

e. Assure continuous traceability of EMC re-
quirements and design alternatives throughout the
program, so that the sources and impact of design
changes and deficiencies in equipment and sub-
systems, and the impact of contractual performance
requirements are promptly determined, accurately
identified, and properly communicated.

f. Permit timely and optimum redefinition of
EMC requirements in response to changes directed
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TABLE 2-6. ARMY REGULATIONS AND DA PAMPHLETS CONTAINING EMC GUIDANCE

NO. TITLE PURPOSE EMC PROVISIONS RELATION TOOTHER
DIRECTIVES
10-5 Organizations and func- Provides specific responsi- | Responsibilities for the | Implementedin AR’s 11-13,
tions, Dept. of the Army bilities of the general and | EMCP, frequency manage- | 15-14, 70-1, 70-27, 105-3,
' special staff ment and. commonality of | etc.
C-E eqmt
11-13 Army Electromagnetic Provides policies and pro- | Policy guidance for EMCP | Implements DoDD 32223
Compatibility Program cedures for the EMCP and program of activities as- | and AR 10-5 for EMC. Re-
sociated with the LCSMM lates to AR's 105-16, 105-2,
105-3, 105-16, 105-24
DA Pam Army Electromagnetic | To assist developers in elec- | Describes the processes nec- | Supplements AR 11-13 with
11-13 Compatibility Program tromagnetic compatibility | essary to comply with AR | emphasis on intersystem
Guide considerations and frequen- | 11-13; indicates sources of | EMC decisions/actions
¢y supponrtability during life | EMC analytic support in
cvele system management areas of analysis, test, and
measurement
DA Pam E Life Cycle Sysiems Provides step hy step pro- | Check lists for IPR and [ Implements AR’s 1000-1,
11-25 Management Models for cedures for systems acquisi- | ASARC reviews include | 15-14,and 11-25
Army Systems tion process EM requirements
15-14 Systems Acquisition Re- Provides procedures for Responsibilitiesfor ASARC | Implements AR {000-1
view Council Procedures ASARC reviews review process. Check Jists
for each ASARC include
| EM considerations.
70-1 'l Army Research, Develop- Establishes responsibilties, | Responsibilities to R&D. | Cites AR's 11-13 and
ment, and Acquisition policy. and general proce- | Need to coordinate RFE | 105-16
dures for Army R&D spectrum and EM require-
ments as early as possible.
70-10 Test Evaluation during Describes objectives, con- | Provision for EMC testing | Implements DoDD 5000.5,
Development and Acquisi- | .cepts, responsibilities, poli- [ in DT and OT, and outline | and AR’s 1000-1 and 70-1,
tion of Materiel cies for T&E test plans for CTP Relates to AR 71-3
70-27 Outline Development Plan/ | Prescribes procedures for | EMC  considerations are | Implements AR's 1000-1
Development Concept preparation and content of | provided in outline for Sys- | and 15-14
Paper/Program Memo- I DP/DCP/PM tems Summary in App. B.
randum
71-1 Army Combat Develop- Establishes policy and pro- | Responsibilities for combat | Implements AR 1000-1 in
ments cedures for combat devel- | development and EM con- | the area of combat develop-
opment activities including | siderations in OCO's and | ments and provides guid-
guidance for preparation of | requirement  operational | ancefor AR 71-3
future requirements characteristics
71-2 Basis of Issue Plans Establishes policy and pro- | Establishes coordination re- | Relates to AR's 11-25, 73-1,
cedures for basis of issue | quirements for EMC. 310-31
plans for new equipment
7t-3 User Testing Prescribes policies and pro- “ EMC content of operation- | implements AR 71-8 and
cedures for operational test- | al tests DODD 5000.3
ing |
DA Pam Management of the Electro- | Provides information back- | Spectrum management Implements and provides
105-2 magnetic Spectrum ground on spectrum man- | aspectsof EMC background for AR’s 105-
agement at the inlernation- 16, 105-24, 105-63, and
al, national, and DOD lev- 105-67
els and a description of the
Army EMC program
105-3 (C) Reporting Meaconing, Establishes procedures for | MUJI reporting concerned | Responds to JCS 1aking in
Intrusion, Jamming, and reporting and evaluating in- | with electromagnetic emis- | SM528-70
Interference (MIJD of Elec- | formation concerning inci- | sions. Responsibilities are
l tromagnetic Systems dents of MIJ1 of US mili- | assigned, procedures de-
tary electromagnetic equip- | cribed, and format pre-
| mentorsystems sented.
(cont’d)
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TABLE 2-6 (cont’d)
NO. TITLE PURPOSE EMC PROVISIONS RELATION TO OTHER
DIRECTIVES
105-16 Radio Frequency Alloca- | Prescribes procedures for | EMC considerations associ- | Relates to AR’s 11-13, 105-
tions for Equipments under [ obtaining RF spectrum al- | ated with spectrum alloca- | 24, 105-63, 105-67, and DA
! Development, Production, | locations tion PAM 105-2
' and Procurement
105-22 Telecommunications Re- Prescribes policies, rcspt?| Specifies responsibilities for | Relates to AR’s 11-13, 105-
quirements Planning, De- sibilities, and procedures | compliance with the EMCP | 1, 530-2, and 530-4
veloping, and Processing for telecommunications re- | and makes special provi-
| quirements within DA sions for inclusion of
L SIGSEC requirements
105-24 Radio Frequency and Call | Assigns responsibilities and | EMC considerations associ- | Relates to AR 105-16 and
Sign Assignments for Army | establishes procedures for = ated with frequency assign- | DA PAM 105-2
Activities within the Conti- | frequency assignments in | ments
| nental United States CONUS
105-63 Army Electtomagnetic Provides instructions for re- | Provides data for RF utili- | Relates to AR’s 105-16 and
Spectrum Usage Program | porting usage of assigned | zation file 105-24, DA PAM 105-2
frequencies in 4-30 MHz
| band '
105-67 } Electromagnetic Compati- | Prescribes reporting of C-E | Provide data for ECAC file | Joint regulation implement-
bility Program — Report- | equipment in CONUS to ing part of DODD 3222.3.
ing of US Military Elec- | ECAC EM environment file Relates to AR’s 11-13, 105-
tronic Equipment Environ- 16. 105-24. and DA PAM
mental Data 1 105-2
1000-1 Basic Policies for Systems | Prescribes basis policies and | None specifically Implements DODD 5000.1.
| Acquisition by the Depart- | goals for systems acquisi- Provides guidance for all
ment of Army tion regulations and directives
governing R&D and sys-
| tems acquisition

by the procuring authority, or problems identified
through performance measurements, if required.

g. Provide inputs to, and assure compatibility
with, all interfacing management and information
systems employed in the project.

2-5.2 EMC PROGRAM RESPONSIBILITIES

In order to meet EMC program goals, the EMC
program must (Ref. 7, par 15.1.2):

a, Establish a single, authoritative coordinated
organization responsible for all EMC program
matters.

b. Designate specific responsibility for the pre-
paration of EMC control plans, test plans, reports
production specifications, and other associated docu-
mentation. The relationship of other organizational
elements which provide inputs for these documents to
the organization of primary EMC responsibility must
be clearly defined.

¢. Designate responsibility for EMC testing at all
levels. This should include all equipment/subsystem
level testing activity — such as development,
qualification, and engineering — as well as systems
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level testing activity such as qualification acceptance
and compliance.

d. Require EMC representation during the various
program reviews and design reviews. If the review is
performed by a designated team, one of the team
members will be an EMC engineer.

e. Designate responsibility for preparation, ap-
proval, and submission of all requests for deviation
from EMC requirements or specifications.

2-5.3 PROGRAM ORGANIZATION

In establishing a suitable program, the following
must be considered:

a. Possible conflicts in requirements between
EMC documents and other applicable standards and
specifications for the specific procurement involved.

b. Requirements for establishing an EMC ad-
visory board

¢. Requirements for specific EMC analyses

d. Coordination of EMC requirements with other
engineering requirements such as those associated
with electromagnetic hazards, electronic warfare,
security compromising by electromagnetic emissions,
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susceptibility to electromagnetic pulse, meas-
urements, lightning and static protection

e. System EMC requirements

f. Subsystem and equipment emission and suscep-
tibility control

g. Need or advisability of tailoring EMC limits for
the specific application.

2-54 DETAILED REQUIREMENTS

In addition to the broadly applicable requirements
already mentioned, materiel programs are bounded
and defined by requirements initiating the program.
As the program progresses, the initial requirements,
as well as additional standard and tailored require-
ments, are used to regulate program activities.

Documentation placing mandatory requirements
on program management includes general military
standards and specifications (systems and equip-
ment) as well as requirements specific to EMC/ EMI.
The most important documents are identified in
Table 2-7.

2-6 EMC PROGRAM PLANNING

EMC programs should be directed by a System
Program Plan which in turn usually contains the
following EMC plans (Ref. 6):

a. EMC Program Plan

b. EMC Control Plan

c. EMC Test Plan.

It should be noted that, for the purpose of es-
tablishing suitable programs, systems have been
divided into two classes, major systems and non-
major systems (see par. 2-7). Generally, the detail
described in the paragraphs that follow for these
three plans can be considered to apply to the first
class. Certain details can be omitted in a system of the
second class.

2-6.1 EMC PROGRAM PLAN

To achieve the greatest EMC engineering benefits,
management and engineering personnel must es-
tablish the necessary EMC program early in the pro-
gram life cycle. The EMC program plan, which is
usually prepared as a separate part of a proposal or
contract work statement, documents clearly defined
tasks and milestones, and is made completely com-
patible with the overall program plan. Appendix A
outlines the contents of a typical EMC program plan.
Fig. 2-4 (Ref. 7) shows typical interfaces in an EMC
program between various appropriate documents
and functions.

2-6.2 CONTROIL PLAN
2-6.2.1 General

The EMC control plan, sometimes referred to as
EMI control plan or EMC development plan, is the
key EMC technical document in the system pro-
gram. It is prepared as early as possible after initia-
tion of a project and is the source for all EMC tech-
nical information, and defines or refers to all of the
requirements, directives, and control mechanisms, in-
cluding organization, specification, design criteria,
and test plans.

A control plan is required by MIL-STD-461, MIL-
E-6051 and is listed in AR 70-27, Research and
Development Plan/Development Concept Paper/ Pro-
gram Memorandum. The content for the EMI control
plan is shown in Appendix B.

It is sometimes desirable to modify the completely
integrated control plan approach by generating
separate supplemental EMC documents such as
specifications, design criteria, and various test plans,
and referencing these documents in the master EMC
Control plan. In this way it is possible to make
changes to, and reissue, the supplemental documents
without changing the entire control plan.

2-6.2.2 Design Instructions

In any materiel design program it {s necessary to
issue instructions to the design groups in the first
stages of work. These instructions should take the
form of a separate design instruction document or a
preliminary control plan embodying mechanical,
wiring, and circuit design instructions. The use of
design instructions (in the form of specifications
when available) will assure meeting all requirements
and promoting uniformity of design. Early issuance is
especially important, since early design decisions can
commit the program to poor EMC practices. As
design, analysis, production, and development testing
progress, the design instructions must be modified,
amplified, and reissued. Some of the EMC areas
which should be covered by initial design instruc-
tions include:

a. Mechanical design: including choice of metals
and hardware, corrosion control procedures, and
types of construction

b. Electrical bonding and grounding: electrical in-
terfaces with other equipment, subsystems, or other
systems, electrical power returns, and conductor
shields

c. Shielding: encompassing equipment and sub-
system case shielding, shielding provision of the

2-17
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TABLE 2.7,

EMC AND RELATED SPECIFICATIONS

NUMBER

TITLE

SCOPE

MIL-STD-188

Military Communications
System Technical Standards

Overall technical design standards for military
communication systems. It is used in the develop-
ment of new equipment and the procurement of
production models of standard equipment. The
objective is to enable the design, installation, and
operation of military systems to be accomplished
with a minimum of equipment interface problems
of system /equipment incompatibility.

The broad areas included are overall tactical sys-
tem planning, tactical transmission systems,
switching systems, and instruments, telegraph and
data transmission, interface standards, and meth-
ods of measurement. The general requirement for
EMC, specifically MIL-STD-461, is cited. Excep-
tions to MIL-STD-461 do exist in this standard.

MIL-STD-202

Test Methods for Electronics &
Electrical Component Parts

—_

Uniform methods for testing electronic and elec-
trical component parts, including basic environ-
mental tests to determine resistance to deleterious
effects of natural elements and conditions sur-
rounding military operations, and physical and
electrical tests. This standard applies only to small
parts weighing up to 300 1b or having an rms test

voltage up to 50,000 V unless otherwise specified.

MIL-STD-220

Methods of Insertion Loss
Measurement

A method of measuring, in a 50-ohm system, the
insertion loss of single- and multiple-circuit radio-
frequency filters at frequencies up to | GHz

MIL-STD-285

Attenuation Measurements for
Enclosure, Electromagnetic
Shielding, for Electronic Test
Purposes, Method of

A method of measuring the attenuation character-
istics of electromagnetic shielding enclosures used
for electronic test purposes

MIL-STD-449

Radio Frequency Spectrum
Characteristics, Measurement of

Uniform measurement techniques that are appli-
cable to the determination of the spectral charac-
teristics of transmitters, receivers, antennas, and
system couplers

MIL-STD-454

General Requirements for
Efectronic Equipment

Components and construction details for the de-
sign and construction of electronic equipment for
the Department of Defense. [t includes in one doc-
ument, under suitable subject headings, the funda-
mental design requirements of 13 general electron-
ic specifications. It is updated biannually through
the cooperative efforts of Government and indus-
try. It references MIL-STD-461, 462, and 469.

MIL-STD-461

(cont’d)
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EMI Characteristics, Require-
ments for Equipment

Requirements and test limits for the measurement
and determination of the emission and susceptibil-
ity characteristics of electronic, electrical, and elec-
tromechanical equipment and subsystems which
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TABLE 2-7

(cont’d)

TITLE

SCOPE

are used independently or become part of ather
subsystems or systems. The requirements and test
limits are applicable, to the extent specified, in the
individual equipment or subsystem specification
contract. Accordingly, when invoking this stan-
dard, the requirements and limits it contains must
be analyzed to verify its suitability and applicabil-
ity for the specific procurement. When it is known

| that the equipment or subsystem will encounter

worst case operational conditions which are more
or less severe than the levels contained in this stan-
dard, the individual specifications may modify the
limits in this standard.

EMI Characteristics, Measure-

Measurement techniques to determine emission
and susceptibility characteristics of electrical, elec-
tronic, and the electromechanical equipment, as
required by MIL-STD-461. Setups for each test
are given in block diagram form, along with de-
tails on conducting each measurement.

[ Definitions and Systems of Units,

Abbreviations, multiplying symbols, frequency
spectrum designations, and definitions of terms
applicable to EMI along with their approved sym-
bols.

Engineering design requirements to control the
spectral characteristics of all new radar systems
operating between 100 MHz and 40,000 MHz in
an effort to achieve EMC and to conserve the fre-
quency spectrum available to military radar sys-
tems. The design requirements and criteria are not
intended to inhibit the free and unrestricted ap-
proach to research related to the development of
new radar systems which promise an increase in ef-
fectiveness. It is recognized that certain require-
ments stated in this document are not applicable
to all types of radar systems. W here this is true, the
intent of the requirements shall be applied with the
best engineering judgment and approval by the
procuring agency.

Mobile Electric Power Engine

Detailed information on the physicat and electrical
characteristics and logistical data on the DoD ap-
proved family of mobile electric power engine gen-
erator sets.

Electric Power, Aircraft, Charac-

Characteristics of electric power supplied to air-
borne equipment at the equipment terminals and
the requirements for the utilization of such electric
power by airborne equipment.

Format and content criteria to be used in the prep-
aration of test reports covering tests on systems,
subsystems, equipmenls, components, and parts.

NUMBER
MIL-STD-462
ment of
MIL-STD-463
EMI Technology
MIL-STD-469 Radar Engineering Design
Requirements, EMC
MIL-STD-633
Generator Standard Family
Characteristics Data Sheets
MIL-STD-704
| teristics and Ultilization of
MIL-STD-831 Test Reports, Preparation of
(cont'd)
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TABLE 2-7 (cont’d)
NUMBER TITLE SCOPE
MIL-STD-833 Minimization of Hazards of Criteria to be applied to the design of electroexplo-
Electromagnetic Radiation to sive devices (EED’s) and their application in sys-
Electroexplosive Devices tems. The purpose of this standard is to minimize
the hazards of electromagnetic radiation to EED’s.
Applies to the design, selection, and application of
EED’s and their firing circuits for all new develop-
ment programs of systems that use EED’s.
MIL-STD-1275 Electrical Circuit, 28 Volt DC Limits of transient voltage characteristics and
Transient Characteristics for steady state limits of the 28 V dcelectric power cir-
Military Vehicles cuits of military vehicles.
MIL-STD-1310 Shipboard Bonding and Ground- | Shipboard construction and equipment installa-

ing Methods for Electromagnetic
Compatibility

tion requirements and the practices necessary to
minimize the electromagnetic interference (EMI)
environment aboard Naval ships.

MIL-STD-1337

General Suppression System
Design Requirements for Porta-
ble Electric Hand Tools

Electromagnetic interference design requirements
for portable electric hand tools (metal or insulated
encasements or a combination thereof) having
functional or double insulation.

MIL-STD-1377

Effectiveness of Cable, Connect-
or, and Weapon Enclosure Shield-
ing and Filters in Precluding Haz-
ards of Electromagnetic Radia-
tion to Ordnance; Measurement
of

Provides a weapon developer or designer with
shielding and filter effectiveness test methods for
determing whether the particular weapon design
requirements of MIL-P-24014 have been properly
implemented. It is not intended to be a substitute
for full-scale electromagnetic hazards evaluation
tests of the weapon system, but rather an aid in de-
veloping a weapon system with a high probability
of successfully passing such environmental tests.

MIL-STD-1385

Preclusion of Ordnance Hazards
in Electromagnetic Fields; Gener-
al Requirements for

General requirements to preclude hazards result-

| ing from ordnance having EED’s when exposed to

electromagnetic fields. The nominal frequency
range covered by this standard is from 10 kHz to
40 GHz.

MIL-STD-1512

Electroexplosive Subsystems,
Electricaily Initiated Design
Requirements and Test Methods

Uniform design and qualification requirements
and test methods for the design, development, and
acceptance of all electroexplosive subsystems and
components.

MIL-B-5423

Boots, Dust and Water Seal (for
Toggle and Push-Button Switches
and Rotary-Activated Parts),
General

General requirements for molded silicone-rubber
boots for use on toggle and push-button switches
and rotary-actuated parts such as rotary switches,
variable resistance, capacitors, inductors, and
transformers. The boots protect the switch-actuat-
ing mechanism from sand, dust, water and other
contaminants, and seal the panel on which the
switches are mounted.

MIL-C-5

(cont’d)
2-20

Capacitors, Fixed, Mica-Dielec-
tric, General Specification for

General requirements for molded, dipped, and
potted mica dielectric, fixed capacitors intended
primarily for use in high-stability, low-loss radio-
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TABLE 2-7 (cont'd)

NUMBER TITLE SCOPE

frequency applications such as tuned circuits. This
is a graded specification covering ranges in tem-
perature coefficient, capacitance, tolerance tem-
perature, and vibration.

MIL-C-7078 Cable, Electric, Aerospace Vehi- | Electric cable for use in aerospace vehicles and
cle, General Specification for other applications for which its performance char-
acteristics are suitable. The types of cables covered
are unshielded-unjacketed, jacketed, shielded, and
and shielded and jacketed.

MIL-C-11693 Capacitors, Feedthrough, Radio | General requirements for established reliability
Interference, Reduction, AC & | (ER) and non-ER capacitors designed for opera-
DC (Hermetically Sealed in Me- | tion with alternating current (ac) and direct cur-
tallic Cases), General Specifica- | rent (dc), paper, metallized paper, and metallized
tion for plastic dielectric radio-interference reduction,
feedthrough capacitors, hermetically sealed in
metal cases, for use primarily in broadband, radio-
interference suppression application. Capacitors
meeting the established reliability requirements
specified herein have a maximum failure rate of
1%/1000 h. This failure rate is established with a
90% confidence limit based on the life test param-
eters specified and are maintained at a 10% pro-
ducer’s risk. An acceleration factor of 5:1 has been
used to relate the life test data obtained at 140% of
rated voltage (ac or dc) at the applicable high test
temperature to the rated voltage at the applicable
high test temperature, Styles CZ20, CZ25, CZ32,
and CZ33 contained herein are of a metallized
construction and should be used only in circuitry
in which high values of insulation resistance are
not essential, and in which occasional momentary
breakdowns can be tolerated.

MIL-C-12889 Capacitors, Bypass, Radio Inter- | Performance and general material requirements
ference Reduction, Paper Diclec- | for bypass radio-interference reduction, alternat-
tric, AC and DC (Hermetically | ing current (ac) and direct current (dc), paper-di-
Sealed in Metallic Cases), Gener- | electric capacitors, hermetically sealed in metallic
al Specifications for cases, for use primarily in broadband, radio-inter-
ference suppression application. In addition, this
specification indicates the ambient test conditions
within which the capacitors must operate satis-
factorily and reliably, These capacitors are suit-
able for operation over a temperature range of
—55°to +85°C.

MIL-C-13909 Conduit, Metal, Flexible; Shielded, electrical, flexible metal conduit. The
Electrical, Shielded conduit consists of a core of flexible metal tubing
with a covering of wire braid for use in military ap-
plications.
{cont'd)
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TABLE 2-7

(cont’d)

NUMBER

TITLE

SCOPE

MIL-C-25200

Cable Assemblies, Special Weap-
ons, Electrical, General Require-
ments for

Detailed requirements for the design, manufac-
ture, and testing of Air Force special weapons ca-
ble assemblies, including interconnecting cables.

MIL-C-45662

Calibration of Standards

| Establishment and maintenance of a calibration

system to control the accuracy of the measuring
and test equipment used to assure that supplies
and services presented to the Government for ac-
ceptance are in conformance with prescribed tech-
nical requirements.

MIL-E-6051

System EMC Requirements

Overall EMC requirements for systems, including
control of the system electromagnetic environ-
ment, lightning protection, static electricity, bond-
ing, and grounding. It is applicable to complete
systems, including all associated subsystems and
equipments. Requirements for the overall integra-
ted EMC program for the system. This includes
the necessary approach, planning, technical criter-
ia, and management controls, and is based on the
requirements in this specification, other specifica-
tions, statement of work, and other applicable
contract documents.

MIL-E-7080

Electric Equipment, Aircraft,
Selection and Installation of

Requirements for the installation and selection of
electric equipment in piloted aircraft. Electric
equipment includes electric power generation and
utilization equipment, and control and protective
devices.

MIL-E-45782

Electrical Wiring, Procedures for

Fabrication and termination of shielded electrical
harness and cable assemblies and the wiring of
electrical and electronic circuits of subassemblies
used in missile systems.

MIL-F-15733

Filters, Radio Interference,
General Specifications for

General requirements for current-carrying filters,
ac and dc, for use primarily in the reduction of ra-
dio noise.

MIL-F-18327

Filters; High Pass, Low Pass;
Band Suppression, and Dual
Functioning, General Specifica-
tions for

General requirements for passive frequency-selec-
tive networks over the frequency range of 0 to 50
MHz for use in electronic and communication
equipment. It does not cover filters weighing more
than 50 Ib or requiring rms test voltage ratings
greater than 5000 V. Also, it does not cover inter-
ference reduction, brute-force filters; pulse-form-
ing or resistive-capacitance networks; IF and RF
transformers and coils.

MIL-F-19207

Fuseholders, Extractor Pose
Type, Blown Fuse, Indicating
and Nonindicating, General
Specifications for

Enclosed, panel mounted, extractor post type elec-
trical fuseholders, both blown fuse indicating and
nonindicating.

(cont’d)
2-22
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TABLE 2-7 (cont’d)

NUMBER TITLE SCOPE

MIL-1-6181 Interference Control Require- Design requirements, interference test procedures,
ments, Aircraft Equipment and limits for electrical and electronic aeronautical

equipment to be installed or in closely associated
with aircraft. The types of tests are:
a. Interference tests, measurement of conducted
and radiated emissions
b. Susceptibility tests.

MIL-R-9673 Radiation Limits, Microwave Requirements for the preparation and submission
and X-radiation, Generated by by a contractor of data describing and defining ra-
Ground Electronic Equipment dio-frequency power density and X-ray character-
(as Related to Personnel Safety) istics for ground electronic systems, subsystems,

equipments, components, and end items procured
by USAF. Furnishes guidance regarding permissi-
ble levels of exposure to X ray and provides for
submission of data.

— +

MIL-W-6858 Welding, Resistance: Aluminum, | Requirements for resistance spot and seam weld-
Magnesium, Nonhardening ing of the following nonhardening materials:
Steels or Alloys, Nickel Alloys, Group (a) - Aluminum, aluminum alloys, and
Heatresisting Alloys, and Titan- magnesium alloys
ium Alloys: Spot and Seam Group (b) - Steels, austenitic and ferritic and

precipitation hardening steels, nick-
el and cobalt base alloys
Group (c) - Titanium and titanium alloys.

MIL-HDBK-162 | United States Radar Equipment | Technical and functional descriptions, installation
considerations, and reference data for operational
ground, airborne, and shipborne radar equipment
used within the Department of Defense. Radar
equipment described is limited to the *‘radar set”
or “end item” level. The Joint Electronics Type
Designation System (JETDS) was used as a guide
to select the type of radar equipment. With a few
exceptions, only “P” and “S” “Type of Equip-
ment” indicator letter codes are included.

MS-25384 [ Plug, Fuel Nozzle, Grounding Details the design of electrostatic discharger jump-
er, fuel nozzle-to-aircraft,

MS-33645 Receptacle Installation, Fuel Details the method of installing the grounding re-

Nozzle Jumper, Aircraft ceptacle to be used with the electrostatic discharg-

er jumper described in MS-25384.

SAE-ARP-936 Ten-pgF Capacitor Requirements of a special purpose 10-¢F feed-
through capacitor to be used in series with the
power line to an electrical or electronic device dur-
ing EMI tests,

SAE-ARP-958 Measurement of Antenna Method and technique for the checkout and cali-
Factors bration of electromagnetic interference measure-
ment antennas. This applies to conical logarithmic

(cont’d)
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TABLE 2-7

(cont’d)

NUMBER TITLE

SCOPE

spiral antennas as described in USAF drawings:
6214040 200 to 1000 MHz
62J4041 1to 10 GHz

SAE-J551
Radiation from Motor Vehicles
(20 to 1000 MH2z)

Measurement of Electromagnetic

Test procedures for the measurement of electro-
magnetic radiation from motor vehicles and limits
to insure that their operation does not seriously in-
terfere with radio communications and other elec-
tronic equipment. This covers all emissions from
all sources, except short duty cycle equipment in
the frequency range 20-1000 MHz.

ANSICI National Electrical Code

Electric conductors and equipment installed within
or on public and private buildings or other struc-
tures, industrial substations, mobile homes, recre-
ational vehicles, and other premises: conductors
that connect the installations to a supply of elec-
tricity; and other outside conductors on the prem-
ises.

system structure, shielding and twisting of conduc-
tors, anticipated electromagnetic and electrostatic en-
vironments

d. Circuit design for transient control: encom-
passing suppression of transients from inductive
sources, suppression of contactor transients, and
surge limiting within the system power profile.

e. Circuit design for radiated signal control: en-
compassing spurious signals from intentional radia-
tion sources, unintentional radiation sources, control
of response to radiated signals, projected intentional
radiated environment created by the system including
frequency allocation, antenna location, antenna
patterns, and signal levels.

f. Interference susceptibility prediction methods

g. Cable and/or conductor routing configuration,
which should encompass conductor separation and
isolation, and location of equipments and subsystems

h. Any special system EMC considerations which
bear upon design.

2-6.3 TEST PLANS

Test plans may include facilities and instrumenta-
tion required, description of test samples, test proce-
dures, test reports, and enumeration of tests such as
equipment, subsystem, development, production,
and operational tests. Test plans may be issued as
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supplements to the EMC Control Plan or as part of
the plan itself.

Separation into supplements is often desirable,
since many of the groups having primary interest in
testing — i.e., quality assurance, system test, produc-
tion test — are not associated organizationally with
design engineering, and may have no need for the
overall program documents. In addition, the final test
plan usually cannot be defined until design and
analysis have progressed to the point where firm
equipment designs are called out to allow exact tests
to be specified.

In drawing up plans for tests it should be recog-
nized that they can be conducted at three levels of
system development as follows:

a. Subsystem level. Tests are required to demon-
strate that subsystems (power supplies, transmitters,
receivers, electric generators, vehicles, etc.) meet
criteria given in MIL-STD-461.

b. System level. Tests are required in accordance
with MIL-E-6051 to demonstrate that the system will
operate without EMI.

c. Intersystem level, Tests are required to demon-
strate that the system will operate with other military
and civilian systems without EMI during training and
battlefield operations. General requirements are
called out in AR 11-13, and detailed requirements
may be obtained from the system project manager,
from the US Army Training and Doctrine Command
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(TRADOC), or from other Department of the Army
agencies.

The content of an EMI test plan is shown in
Appendix C. For further details, see Ref. 6 and AR
70-10.

2-6.4 FREQUENCY ALLOCATIONS

One of the most important program life cycle ac-
tivities of communication-electronic materiel devel-
opment programs is the requesting and obtaining of
frequency allocations and assignments.

2-6.4.1 Initiating the RF Allocation Request

For C-E equipments “‘Application for RF Allo-
cation” form DD 1494 must be submitted at specific
life cycle management model (LCSMM) phases (see
par. 2-7) as follows:

Phase Action Required

Conceptual Apply for experimental RF

spectrum allocation

Validation Apply for developmental RF
spectrum allocation
Full-scale Apply for frequency assignments

development
(See AR 15-14, AR 71-1 for details.)

2-6.4.2 Request Processing

In the Department of the Army (DA) the requests
follow the flow shown in Fig. 2-5. Form DD 1494
goes via appropriate command channels to the Depu-
ty Chief of Staff for Operations and Plans (DCSOPS)
who either processes the request at that level or
passes it on to the Spectrum Planning Subcommittee
(SPS) of the Interdepartment Radio Advisory Com-
mittee (IRAC) for action. (See AR 105-16 for de-
tails.)

The Federal Communications Commission (FCC)
frequency planning is shown on the right side of Fig.
2-5. FCC line responsibility is to Congress, while
Department of Defense (DoD) is to the President,
and liaison between DoD spectrum management and
the non-Government spectrum management (FCC) is
via FCC representation of IRAC.

2-6.4.3 DCSOPS Partial Function Summary

In accordance with AR 10-5, the Deputy Chief of
Staff for Qperations and Plans (DCSOPS) has Army
General Staff responsibility for radio frequency man-
agement throughout the Department of the Army, as
follows:

a. Army policy and procedures for processing RF
allocation requests
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b. Advising on frequency matters during all stages
of Army materiel development

¢. Department of the Army staff management of
the use of the electromagnetic spectrum

d. Coordination and processing of Army RF
allocations with the Joint Frequency Panel of the
Military Communications-Electronics Board
(MCEB)

€. Management of the Army Electromagnetic
Compatibility Program.
Further details may be found in AR 105-16.

2-6.4.4 SPS Partial Function Summary

The SPS is responsible for carrying out those func-
tions that relate to planning for the use of the elec-
tromagnetic spectrum in the national interest, in-
cluding the apportionment of spectrum space for the
support of established or anticipated radio services,
as well as the apportionment of spectrum space
betweeh or among Government and non-Govern-
ment activities,

The SPS consists of a representative appointed by
each of the following member departments and agen-
cies:

Agriculture

Air Force

Army

Atomic Energy Commission

Coast Guard

Commerce

Federal Aviation Admin.

General Services Admin.

Health, Education & Welfare

Interior

Justice

National Aeronautics & Space Admin.

Navy

State

Treasury

United States Information Service

Liaison between the SPS and the FCC is effected
by a representative appointed by the Commission to
serve in that capacity.

2-6.4.5 IRAC Function Summary

IRAC reports to the Assistant Director for Fre-
quency Management, OTP. It consists of a repre-
sentative appointed by each of the departments and
agencies listed in par. 2-6.4.4, except Commerce. Its
mission is to assist the Director of OTP in the dis-
charge of his responsibilities pertaining to the use of
the electromagnetic spectrum, especially in assigning
frequencies to US Government radio stations and in
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Figure 2-5. Authority and Processing of RF Spectrum Applications

developing and executing policies, programs, proce-
dures, and technical criteria pertaining to the alloca-
tion, management, and use of the spectrum. In addi-
tion to the SPS, the IRAC’s substructure consists of
the Frequency Assignment Subcommittee (FAS), the
Technical Subcommittee (TSC), the International
Notification Group (ING), and the Secretariat.

2-6.4.6 OTP Function Summary

Subject to the authority and control of the Presi-
dent, the Director of OTP develops and sets forth
plans, policies, and programs with respect to tele-
communications that promote the public interest,
support national security, sustain and contribute to
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the full development of the economy and world trade,
strengthen the position and serve the best interests of
the U.S. in negotiations with foreign nations, and
promote effective and innovative use of telecom-
munication technology, resources, and services.
Agencies consult with the Director of QTP to ensure
that their conduct of telecommunication activities is
consistent with the Director’s policies and standards.

2-6.5 INTERFERENCE PREDICTION

An integral part of materiel system planning is ap-
propriate scheduling of interference prediction. Seri-
ous interference possibilities must be foreseen and
predicted as early as possible in a system life cycle.
The EMC Control Plan defines and schedules the
prediction work, and funds must be budgeted for
analysis and prediction.

2-6.5.1

Interference possibilities are predicted and
described by modeling emitters and susceptors, iden-
tifying the coupling modes, and calculating the trans-
mission. Although the process is not difficult for a
single source and receiver, it becomes geometrically
more difficult as sources and receivers increase in
number. Typical procedures may include:

a. Theoretical analysis:

(1) Model the system (see Chapters 3, 4, and 5
for emitter, susceptor, and coupling data).
(2) Analyze the system using:
(a) Rule of thumb or comparison with
other systems
{b) Hand calculation
{¢) Computer analysis {(see Chapter 6).

b. Simulate all or parts of the system.

c. Measure each piece of the system, and do a
semitheoretical analysis based on measured results.
d. Observe the actual system during operation.

e. Use combination of two or more of the pre-
ceding techniques.

f. Recommend corrections (see Chapter 4).

Analysis Procedures

2-6.5.2 Applications of Interference Prediction

Each phase of a system life cycle requires appro-
priate analysis and prediction. Concept formulation
activity must not only predict problems to be en-
countered in later phases, but must use analytical
techniques to effect a judicious balancing and modi-
fication of system design, operating environment,
and system requirements. Succeeding phases must in-
clude analysis leading to prediction of the expected
EMI status of the next phase as well as the identifica-
tion of correction measures, if required.
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Testing and analysis in the later phases of the pro-
gram should verify and expand the prior analysis and
corrections. 1f an unforeseen interference occurs once
a system has been deployed, sufficient analytical and
test data should be available from the development
program to pinpoint quickly the source of trouble
and allow remedies to be applied offering the best
trade-off between cost and effectiveness.

The application and frequency of use of prediction
techniques, and the resulting decisions regarding cor-
rections, are important program management func-
tions directly involving system cost effectiveness.

Programs which do not fit the system life cycle
management model, such as research programs or
beyond the state-of-the-art developments, also
benefit from the use of EMI prediction techniques.
The impact of the EMI environment on such an ad-
vanced program, the impact of the program on po-
tential susceptors, as well as the normal internal pro-
gram EMI problems should be analyzed and
described. Advanced programs that have been appro-
priately analyzed, and for which prediction, correc-
tion, and test data are available — when converted to
operational hardware through the system life cycle —
tend to maintain a high system effectiveness and ex-
perience few expensive EMI fixes.

2-6.6 COST-EFFECTIVENESS
CONSIDERATIONS

Cost-effectiveness considerations must be part of
every program decision at every phase in the system
cycle. In order to maintain a proper balance between
the most elegant design and the greatest ease of fabri-
cation, between meeting a high standard of perform-
ance on the one hand and maintaining a frugal and
easily fabricated design on the other, it is necessary to
seek a reasonable trade-off between program cost
and program performance. The third variable of the
program triumvirate, time, customarily is converted
to dollars and included in the cost element. Fig. 2-6
shows typical relationships in a cost-effectiveness
model.

EMC control decisions are particularly susceptible
to the influence of cost-effectiveness trade-offs.
Analysis, tests, and corrections account for con-
siderable program expenses, and every effort must be
expended to apply the exact amount of expense
needed to achieve an appropriate measure of EMC.

Typical elements of the use of cost effectiveness in-
clude:

a. Setting the *‘tightness” of requirements beyond
those which are mandatory in designated specifica-
tions and standards, par. 2-5.4.
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b. Establishing the size of the EMC program with-
in the system program

¢. Selecting EMC design criteria

d. Selecting the most appropriate prediction/
analysis method

e. Selecting the best solution (design, component,
manufacturing, installation) to an EMI problem.

To establish the risk of EMI failure in terms of
dollars, it is necessary to do a risk analysis which will
establish potential EM1 failure modes, cost penalty of
the failure, and the probability of failure. Once the
analysis is complete and an appropriate matrix pre-
pared, the cost penalty multiplied by the probability
of failure will give the dollar risk for the potential
failure.

The task of establishing EMC program costs is not
difficult when costs are limited to such readily
measurable items as engineering labor, technician
labor, consultants, test time, equipment, facility
costs, and overhead. However, costs must also be
estimated and included for such induced expenses as:

a. Labor applied by engineering, test, and quality
assurance personnel, other than EMC personnel, to
EMC activities.

b. tmpact of EMC plans and reports on other pro-
gram costs

c. Design review time devoted to EMC

d. [mpact of EMC tests on other program costs.

Mathematically, the trade-off point exists when the
incremental risk cost equals the incremental EMC
program cost. However, in the face of the many un-
predictable program elements, the trade-off should
be taken only as a guide, and the final decision
regarding the magnitude of the EMC program should
be made by the Program Manager.

2-7 EMC PROGRAM
IMPLEMENTATION

Major and nonmajor system life cycles require that
actions be carried out, decisions made, documenta-
tion prepared, and program milestones met. EMC ac-
tivities and decisions are important life cycle func-
tions. Specific EMC decisions to be made during the
LCSMM phases must be identified, described, and
scheduled to meet the over-all program require-
ments. EMC decision points may be selected and
defined by systematically analyzing the program as
shown in Fig. 2-7. A detailed presentation of the
EMC Decision process is given in Ref. 8.

2-7.1 EMC DECISIONS DURING SYSTEM

LIFE CYCLE (REF. 8)

The discussion of life cycle actions and EMC
decisions which follows takes up each LCSMM phase
in turn as shown in Figs. 2-8 and 2-9. The distinction
between major and nonmajor systems is made where
an important difference exists.

2-7.1.1 Conceptual Phase

The conceptual phase of the LCSMM begins with
approval of a required operational capability by
Headquarters, Department of the Army (AR 15-14,
AR 71-1).

For all tactical comand, control, and communica-
tion equipments, DoD Directive 4630.5 requires that
DA coordinate the requirement with the other ser-
vices and provide a record of this coordination to the
Joint Chiefs of Staff (JCS).

EMC DECISIONS

1
Application of EMC

(Par. 2-7.2)
I |
Documentation Program Milestones
Requirements Requirements

(Par. 2-7.3)

(Par. 2-7.2.1)

Guidance Categories
(Par. 2-7.2.2)

Analysis of Depth
of Guidance
(Par. 2-7.2.3)

Examination of
EMC Selection
Factors
(Par. 2-7.2.4)

Figure 2-7. EMC Decision Process
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In the case of major programs, and if the program
requires Office of Secretary of Defense (OSD) ap-
proval, the principal action required during the con-
ceptual phase is the preparation of a Development
Concept Paper (DCP); otherwise a Program Memor-
andum (PM) (AR 15-14) is required. The DCP or
PM. prepared by a special task force convened at the
direction of the Chief of Staff, must define mission
profiles and bands of performance and identify
critical issues associated with EMC, The DCP or PM
is used as the basis for the first Army Systems
Acquisition Review Council review (ASARC-1) (and
the first Defense Systems Acquisition Review Coun-
cil review (DSARC-1), if required), which terminates
the conceptual phase of the LCSMM.

For nonmajor systems the principal action
required is preparation of the Development Plan
(DP) by the materiel developer to include system and
subsystem characteristics and a specific paragraph on
EMC which requires quantitative statements of EMC
requirements and plans for achieving these require-
ments (AR 70-27). This action occurs later in the
LCSMM for major systems. The conceptual phase
for nonmajor systems terminates with the feasibility
in process review (IPR).

The major milestones in the conceptual phase for
C-E equipments which are designed to use the elec-
tromagnetic spectrum are preliminary selection of the
frequency band, including frequency supportability
considerations; type of modulation, channelization,
and other principal characteristics of the system; and
submission of an application for an experimental RF
spectrum allocation. These actions are required for
evaluation of EMC feasibility for the IPR, ASARC,
or DSARC review and to satisfy DoD Directive
4630.5 on compatibility and commonality of equip-
ment.

For non-C-E systems and C-E systems which are
not designed to utilize the radio frequency spectrum,
a determination of system technical characteristics is
required to a level of detail adequate to permit
evaluation of potential unintentional receptor sus-
ceptibility or unintentional radiation interference.

Thus, in the conceptual phase, there are two
critical EMC decisions:

*1. Select preliminary equipment characteristics
and ascertain frequency supportability.

2. Apply for experimental RF spectrum allocation
(sec par. 2-1.1).

2-7.1.2  Validation Phase

The validation phase begins for major programs
after ASARC-I approval to begin prototype devel-

*Numbers correspond to EMC Decisions, Tables 2-7 and 2-8.

opment — for nonmajor systems after the feasibility
IPR.

Principal activities during this phase include com-
pletion of the development plan (DP) (if major
system), prototype development, first development
test (DT-1), the initial operational test (OT-I), and the
validation IPR (nonmajor systems) or ASARC-II
(major systems).

Major milestones include award of the prototype
development contract; preparation, coordination,
and approval of test plans for DT-I and OT-I; review
of test reports; and ASARC/DSARC review (IPR
for nonmajor systems) of the prototype development
program to determine whether to proceed with full-
scale engineering development.

EMC considerations or actions during the valida-
tion phase include preparing the EMC-related por-
tion of the equipment performance specifications for
the prototype equipments, developing plans for the
EMC portion of development and operational tests,
reviewing results of EMC testing as part of DT-I and
OT-1, and verifying that potential EMC problems
have been averted or can be expected to be resolved
during engineering development. Prior to ASARC-
II/DSARC-II, the application for a developmental
frequency allocation must be made. Thus, three
critical EMC decisions are required in the validation
phase:

3. Determine prototype equipment specifications.

4. Verify prototype equipment performance.

5. Apply for developmental RF spectrum alloca-
tion (see par. 2-1.1).

2-7.1.3 Full-scale Development Phase

The full-scale development phase begins after an
ASARC-I1/DSARC-II or validation IPR decision to
enter into full-scale development. Principal activities
in this phase are the engineering development of the
system or equipment, development testing (DT-II),
operational testing (OT-I1) and, for major
systems/programs, ASARC-l1la/DSARC-Ila; for
nonmajor systems, development acceptance IPR,
low-rate initial production (IP), development testing
DT-I11, operational testing (OT-III), and finally pro-
duction approval by ASARC-III/DSARC-III or a
production validation IPR.

Major milestones include award of the engineering
development contract, approval of test plans for DT-
I1 and OT-II, review of test reports for DT-II and
OT-1l, approval for initial production by ASARC-
[la/DSARC-IIa or development acceptance IPR,
award of [P contract, approval of test plans for DT-
ITI and OT-III, review of DT-1II1 and OT-III test
reports, and approval of full-scale production in

2-33



DARCOM-P 706-410

ASARC-IITI/DSARC-IIT or production validation
IPR.

EMC considerations and actions include preparing
EMC portions of equipment development specifica-
tions, preparing EMC portions of test plans for DT-
I and OT-II, reviewing EMC test results, verifying
that EMC performance of developmental equipment
is satisfactory, preparing EMC portions of equip-
ment specifications for initial production, preparing
EMC test requirements for DT-IIl and OT-III,
reviewing DT-IIl and OT-III test results, and
verifying that the system or equipment is ready for
production from an EMC viewpoint.

During the initial production (IP) phase of the pro-
gram, applications must be made for operational RF
spectrum allocations based on previously ascertained
FS data. Prior to DSARC-III, which authorizes full-
scale production, DA approval of organization-
equipment authorization document and training
material — including table of organization and
equipment (TOE), technical manuals (TM), and
field manuais (FM) — is required in order to provide
time for publication and use prior to introduction of
the equipment to the field.

Application for frequency assignments, also keyed
to current inputs on FS feasibility, should be made
immediately after ASARC-III/DSARC-III or the
production validation IPR.

Thus, there are seven critical EMC decisions/ac-
tions in the full-scale development phase of the
LCSMM:

*6. Determine developmental equipment specifi-
cations.

7. Verify developmental equipment performance.

8. Apply for operational RF spectrum alloca-
tions.

9. Determine IP equipment specifications.

10. Approve TOE and training material.

11. Verify 1P equipment performance.

12. Apply for frequency assignments,

2-7.1.4 Production and Deployment Phase

The production and deployment phase of the
LCSMM begins after ASARC-III/DSARC-III or
production validation IPR decision to enter into full-
scale production.

Principal activities in this phase include the pro-
duction of the system or equipment; publication of
field manuals, technical manuals, tables of organiza-
tion and equipment; resident training; introduction

*Numbers correspond to EMC Decisions. Tables 2-7 and 2-8.
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of the system or equipment into the field; unit train-
ing; operational use of the system or equipment; and
finally disposal.

Major milestones include award of the production
contract; publication of FM, TM, and TOE; achiev-
ing initial operational capability (I0C); identifying a
requirement for a new or revised system of equip-
ment; and finally replacement or disposal.

EMC considerations and actions include preparing
EM portions of the production equipment specifica-
tions and verifying performance by review of opera-
tional performance reports and reports of inter-
ference or electronic warfare (meaconing, intrusion,
jamming, interference: MIJI).

The following are the critical EMC decisions in the
production and deployment phase of the LCSMM:

3. Determine production equipment specifica-
tions.

14, Verify operational equipment performance.

2-7.1.5 Summary

Of the fourteen EMC decisions/actions identified
as critical, it is clear that all of them apply to both C-
E and non-C-E equipment with the exception of
those concerned with radio frequency spectrum
allocation and frequency assignment.

Timing of the decisions has not been fixed precise-
ly: in fact, the timing will vary and must be es-
tablished as a part of the development plan. Thus, in
the conceptual phase, selection of preliminary equip-
ment characteristics will be made on the basis of per-
formance requirements stated in the required
operational requirements and must be made prior to
the determination of feasibility in ASARC-
I/DSARC-I or the feasibility IPR. EM decisions on
equipment specifications must be made prior to
award of prototype, development, initial produc-
tion, or production contract bid solicitation. Ob-
taining FS supporting data for experimental,
developmental, and operational RF spectrum
allocations must be accomplished early enough to
permit timely applications, planning for tests, and to
be considered as a factor in equipment parameter
selection. Verification of equipment performance in
the validation, full-scale development, and produc-
tion and deployment phases of the LCSMM depends
upon DT and OT test results and must be ac-
complished prior to ASARC or IPR action.

2-7.2 GUIDANCE CATEGORIES

EMC decisions during the LCSMM are deter-
mined by analysis of program milestones and pro-
gram document requirements, as well as by an
evaluation of a group of EMC guidance categories
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which serve as a standard grouping of EMC informa-

tion (see Fig. 2-7). The information in the guidance

categories is based upon EMC selection factors which
make use of comparisons of similar programs and
upon evaluations of depth of guidance required.

2-7.241

Program Milestones

A typical relationship between EMC decisions,
LCSMM phase, and LCSMM program milestones is
shown in Table 2-8. It is apparent that EMC

TABLE 2-8. EMC DECISIONS IN RELATION TO LCSMM MILESTONES

LCMM PHASE

LCMM MILESTONES

EMC DECISIONS

Conceptual Future Requirements Approval 1. Select preliminary equipment charac-
teristics and ascertain frequency sup-
portability.

ASARC-I, Feasibility IPR 2. *Apply for experimental RF spec-
trum allocation.

Validation Prototype Contract 3. Determine prototype equipment.

DT-1
OT-1
4. Verify prototype equipment perform-
ance.
5. *Apply for developmental RF spec-
trum allocation.
ASARC-II, Validation IPR
Full-scale 6. Determine developmental equipment
Development Development Contract specifications.
DT-I1
OT-1l
7. Verily development equipment per-
formance.
ASARC:-IIa, Development Acceptance
IPR
8. *Apply for operational RF spectrum
allocation.
9. Determine 1P equipment specifica-
tions.
IP Contract
10. Approve TOE and training material.
DT-III
OT-11
11. Verify IP equipment performance.
ASARC-III Production Validation IPR
12. *Apply for frequency assignments.
Production and 13. Determine production specifications.
Deployment Production Contract
Publication of FM, TM, TOE
Initial Operational Capability
14. Verify operational equipment per-

Requirement for new/modified materiel
Disposal

formance.

*Not required for non-C-E equipment; frequency assignment must be obtained for all equipment which requires an RF allocation before
any radiation is permitted.
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decisions must be made in the proper time sequence
to support LCSMM activities primarily associated
with EMC, It is not so apparent that other system
decisions, such as system power levels, are not pri-
marily EMC oriented but may be influenced heavily
by EMC decisions and therefore must be considered
in the decision process.

2-7.2.2 EMC Guidance Categories

Fourteen categories of EMC information have
been identified to assist in EMC program decisions.
These guidance categories are:

1. C-E System Feasibility and Performance Re-
quirements. Supports preliminary evaluations and
analyses of the ability of candidate C-E equipment
and system concepts to achieve the system perform-
ance specified by requirements, such as required
operation characteristics, within given technical, mis-
sion, and environmental constraints.

2. Command and Organizational Principles.
Assessments of the impact of EMC factors on the
development of organization and command prin-
ciples of a combat force.

3. System Operational Factors. Equipment and
system EMC performance data to assist in evaluating
system operational performance.

4. Economic Assessment. Cost comparisons, life
cycle costing analyses, cost-benefit analyses, and
similar economic assessments in connection with
equipment or system development.

5. Electromagnetic Environment Evaluation.
Available frequency spectrum resources and RF
power flux densities and/or EM field distributions as
functions of frequency, time, and space coordinates.

6. Natural Environmemt Evaluation. Terrain,
meteorological, and other physical factors which can
affect the performance of C-E equipment.

7. Hazard Evaluation. Potential hazards to elec-
trical equipment, munitions, electroexplosive devises,
personnel, and ecology due to specified electromag-
netic emissions.

8. Equipment and Performance Characteristics.
Circuit, equipment, and subsystem performance pa-
rameters.

9. Conformance to or Waivers of EMC Standards
or Specifications. Determination that equipments or
equipment designs conform or do not conform to the
EMC portions of military standards or specifica-
tions; and determination of whether to request
waivers of specific equipment requirements.

10. Spectrum Signatures. Time and frequency-
dependent amplitude response and phase character-
istics of an electromagnetic emitter.
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11. Measures of System Effectiveness. Determina-
tion of how well a specified combination of equip-
ments, links, or networks provides a system function
for C-E support of deployed forces.

12. Site Survey and Selection. Electrical, physical,
and topographic characteristics of one or more sites.

13. EMC Training Data. Technical data, designs
of training equipment, analysis techniques, com-
putational aids, and curricula to ensure properly
balanced emphasis on EMC in all formal training
courses on concept, doctrine, operation, and main-
tenance of C-E equipment subsystems, and systems,
including preparation and evaluation of MIJI re-
ports.

14. MIJI Report Analysis. This category of EMC
guidance information consists of evaluations of the
sources and types of reported interference.

Table 2-9 shows EMC guidance categories being
used to select and define EMC decision points in a
typical program.

2-7.2.3 Depth of Guidance

Preparation of material for each EMC guidance
category entails gathering information, and the effort
needed in each case depends on a number of circum-
stances and requirements. The depth of EMC
guidance required in the various guidance cate-
gories, in terms of needed effort and resulting infor-
mation, can be characterized by:

a. Total time and resources expended.

b. Complexity of required imput parameters and
associated analytic techniques employed.

c. Level of detail of EMC information obtained.

d. Resolution and accuracy of EMC information
obtained.

The following circumstances must be considered:

a. State of finalization of C-E system parameters
and of input data

b. Detail, resolution, and accuracy demanded by
the documentation, decision, or action that the EMC
guidance information is intended to support

c. Availability of prior substantiating or related
EMC guidance information

d. Confidence in the available analytic techniques,
in terms of the intended application. For example,
the accuracy with which the characteristics of the EM
environment are determined has a different payoff
for a hazard investigation than for a computer-
simulated EMC study.

e. Ready availability of inexpensive analytic tech-
niques. For example, a developer may use a
computer-aided EMC analysis methodology which
provides much greater accuracy and detail than he
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TABLE 2-9. EMC GUIDANCE CATEGORIES THAT MAY BE REQUIRED FOR
EMC DECISIONS/ACTIONS

EMC DECISIONS/ACTIONS WITHIN LCSMM PHASES

EMC GUIDANCE CATEGORIES
123456789 ([10]11]|12]13 |14

Conceptual phase:
1. Select preliminary equipment characteristics
and ascertain frequency supportability
2. Apply for experimental RF spectrum allocation

Validation phase:

3. Determine prototype equipment/specification
4. Verify prototype equipment performance

5. Apply for developmental RF spectrum allocation

Full scale development phase:

6. Determine developmental equipment specifications

7. Verify development equipment performance
8. Apply for operational RF spectrum allocation
9. Determine IP equipment specifications

10. Approve TOE and training material

11. Verify IP equipment performance

12. Apply for frequency assignments

Production and deployment phase:

13. Determine production specifications
14. Verify operational equipment performance

> X
> X
X X
> XK
> X

> X
> X
> X
> KX
> X
> X
> X

> X
> X
X X XX

XK MK
X X XX
bele’

>
P I e

> X

> X
> X
>
X

requires, when the model is readily available and
costs less than simpler analytic techniques.

Within the preceding rationale, the depths of
guidance will, in general, increase with succeeding
LCSMM phases. The three depths of guidance are
somewhat arbitrarily defined as follows:

a. Basic. Guidance is needed to select tentative C-
E equipment characteristics. Application of planning
factors and rules of thumb is sufficient. The EMC
guidance information provided to the developer is
expressed in broad, tentative, and general terms.

b. Detailed. Guidance is needed for firmer deci-
sions on C-E equipment characteristics. Prototypes
or development models are available. Theoretical
data are validated with the use of computer-aided
techniques or measurements on simplified develop-
ment models.

¢. Very Detailed. Guidance is needed to aid in
making final decisions concerning equipment pa-
rameters, BOI, and operational use. Precise analytic
techniques are required including comprehensive and
detailed error and sensitivity analyses.

2-7.2.4 EMC Selection Factors

EMC selection factors are used to influence the
selection of EMC guidance categories and the depth

of detail of the information required within a
guidance category. They are judgment aids rather
than precise rules for determining the required EMC
guidance information. The four EMC selection fac-
tors are:

A. Functions of the C-E portion of a system (func)

B. System type

C. Basis of issue (BOI), site selection, and deploy-
ment

D. Evolutionary versus technologically new
development (evol/new).
Each factor is described in the paragraphs that
follow.

2-7.2.4.1 Factor A, Functions of the C-E Portion of a
System (func)

This EMC selection factor is concerned with the
overall functions of the system under development,
and particularly the functions of its C-E portions.
The following fourteen C-E system functions are es-
tablished, with abbreviations as indicated:

1. Surface-to-surface weapon system (SSWS)
2. Surface-to-air weapon system (SAWS)

3. Air-to-surface weapon system (ASWS)

4. Air-to-air weapon system (AAWS)
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5. Counter mortar-counterbattery system (CM/
CB)
6. Communication system (comm)
7. Electronic warfare system (EW)
8. Tactical data system (TDS)
9. Navigation and IFF system (nav/IFF)

10. Simple combat surveillance and target acquisi-
tion system (simple CSTA)

I1. Variable time fuzes (VT fuze)

12. Complex combat surveillance and target
acquisition system (complex CSTA)

13. Unintended C-E or non-C-E receptor unit (un-
int rec)

14. Unintended C-E or non-C-E emitter (unint
emit).

The application of Factor A (func) is primarily to
establish the over-all general pattern of EMC support
requirements, rather than for specifying the detailed
data to be obtained in each EMC guidance category.
The general pattern of EMC support requirements
for a development that involves one of the first 12
system functions should be in line with that of
previous experience with developments that involve

this function. Prior Army developments of C-E
equipments with the same function have patterns of
EMC support in the various EMC guidance cate-
gories that can be used as a checklist.

2-7.2.4.2 Factor B, System Type

The systems involved in the 14 system functions
listed under EMC selection Factor A can be classified
into five distinctive types. Each of these types in-
cludes system functions that are technically similar.
The relationships between these system types and the
previously defined functions are shown in Table 2-10,
along with descriptions of the major composition of
each system type in terms of system subfunctions.

The usefulness of these broad definitions of system
types is that the developer can now rapidly establish a
framework within which to specify detailed EMC
guidance requirements in terms of technical system
characteristics. From prior experience with these
system types, the significance of high emitted power
requirements, directional versus omnidirectional

TABLE 2-10. RELATION OF SYSTEM TYPES TO SYSTEM FUNCTION
AND COMPOSITION

SYSTEM TYPE SYSTEM FUNCTION  SYSTEM COMPOSITION
1 (a) SSWS Weapons
(b) SAWS Sensors
(c) ASWS Transmission/reception
(d) AAWS Processors
11 {(¢) Comm
(h CM/CB Baseband generator
() EW Data entry (modulation)
(h) TDS Transmission /reception
() Nav/IFF Demodulation
() Simple CSTA Display/readout
(k) VT fuze
111 (1) Complex CSTA} Complex platform with sensors,
communications, processors
(multiple site)
v (m,n: non-C-E) Munitions
Unint rec/emit} Humans
Animals

A% (m.n: C-E)

Ecological systems
Other non-C-E systems

Unintended emission
Unintended reception {C—E system
Spurious emanation
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antenna, high versus low information rate require-
ments, high versus low operating duty cycles, recep-
tion requiring high signal/noise contrast ratios, elec-
troexplosive devices and other power-density sen-
sitive components, etc., can be readily recognized.
The technical characteristics and performance re-
quirements can then be reflected in narrowing the
selection of guidance categories and determining the
depths of guidance required as an input for EMC
decisions.

Systems in the same type classification generally
share the need for the application of similar planning,
analysis, measurement, and test methodologies, even
if the data resulting from other EMC support ac-
tivities are not directly applicable to the developer’s
needs, This can offer the developer broader insights
into the applicability of available techniques, and
their payoffs and costs than can reference to the more
restricted range of choices available through selection
Factor A.

2-7.2.4.3 Factor C, Basis of Issue (BOI),
Site Selection, and Deployment

The BOI, site selection, and deployment determine
the impact that an equipment will have on the EM
environment in the field army. A sufficiently large
number of equipments densely deployed in the mis-
sion area tend to be self-)amming. The actual de-
ployment and use of the equipment, as specified by
doctrine reflected in TOE unit organization descrip-
tions and DA field manuals, also impact on EMC
analysis requirements.

The BOLI, site selection, and deployment factor has
a major impact on planning for the use of inter-
ference models and may be summarized in terms of
the complexity with which the various EMC analysis
techniques are employed. When a substantial number
of C-E radiators or receivers are deployed in the mis-
sion area, and their performance may be affected by
many friendly or hostile equipments in the same area,
the developer must consider the use of analytical
techniques which will take these wide-area effects
into account. The need for a full computerized simu-
lation of the field army and the hostile threat is not
necessarily implied by this requirement, for rules of
thumb or planning factors may be applicable to this
case, depending upon circumstances considered in
par. 2-7.2.3, “Depth of Guidance”.

However, the BOI for a new C-E equipment may
result in a sparse distribution compared to other
radiators which already have been fielded. In this

case, some EMC information categories may either
be omitted entirely, or may be broad and general.
Hazard evaluations and economic assessments are
examples of categories which may be omitted or
receive more general treatment if the radiators have
modest BOI's and emit low powers.

2-7.2.4.4 Factor D, Evolutionary vs Technologically
New Development (evol/new)

An equipment or a system development may be
evolutionary, i.e., it may involve only changes in
equipment characteristics such as weight and cube, or
reliability and ease of operation and maintenance.
Operational changes may consist of modest im-
provements in communication or radar ranges, quali-
ty or resolution of received signals, or more suitable
pulse repetition frequencies. In contrast to such evo-
lutionary development, a development may be tech-
nologically new. A technologically new development
may result in the capability to satisfy a new mission
requirement, or it may include radical innovations in
circuit design of components which result in sub-
stantial improvements in performance.

In the case of an evolutionary development, there
may be relatively minor and predictable EMC prob-
lems, requiring only a few EMC guidance informa-
tion categories. Opportunities for using the results of
previously conducted EMC analyses may be con-
siderable if the changes incorporated in the new
equipment are primarily internal upgradings to
reflect improved component technology. However,
for a technologically new development, the effects of
EMC guidance requirements must be assessed in-
dividually for each information category. The oppor-
tunities for use of the prior EMC analytical results on
similar systems, as in the case of Factors A and B,
will be substantially fewer than for evolutionary
development cases.

2-7.3 PROGRAM DOCUMENTATION

LCSMM flow charts, Figs. 2-8 and 2-9, show the
time phasing for the preparation of typical material
development documents. In order to have the appro-
priate EMC data available for the documents, EMC
decision points must have been achieved, and appro-
priate EMC guidance category information collected
on schedule. Table 2-11 shows the EMC guidance
category information required for the principal
material development documents of a typical pro-
gram.
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TABLE 2-11.  EMC GUIDANCE CATEGORY INFORMATION REQUIRED FOR THE PRINCIPAL
MATERIEL DEVELOPMENT DOCUMENTS
MATERIEL DEVELOPMENT DOCUMENTS 1
EMC GUIDANCE CATEGORY | Speetrum T
DP | BR* | DCP | CFP | BOIP | CTP |QQPRI| Alloc. FM | T™
. i Request
— . ——— S | SR ,%_,- SO R
1. C-E system feasibility and per- : ! , | , i
formance requirements [ x X X X X CoX
2. Command and organizational | | i
principles R X X X X lox : x| % X
3. System operational factors .I X X X X X L X X X X
4. Economic assessment o X X i '!
1
5. Electromagnetic environment : i
evaluation X X l X X X 70X X X x|
6. Natural environment evaluation X X | | fox X X o
7. Hazard evaluation [ox X A : b Y X
8. Equipment and performance !
characteristics ox o x X X A : b b X
9. Conformance 1o or waivers of l |
EMC standards or specifica- | l !
Yions X Y ) A
10. Spectrum signatures } " X X X
11. Measures of system
effectiveness X X X X |
12, Site survey and selection . { X X X
13. EMC training data | X | X X X
14. M1}l report analysis | x J | X X X
| | A |

[

istics.
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APPENDIX A
OUTLINE OF CONTENT OF EMC PROGRAM PLAN (REF. 6)

A-1 INTRODUCTION

1. Purpose of plan

2. Scope of program

3. Description of system, subsystem, or equip-
ment.

A-2 ORGANIZATION AND
RESPONSIBILITIES

1. Contractor responsibilities
1.1 Interface with procuring activity
1.2 Key personnel
1.3 Line and functional organization
1.4 EMC advisory board (EMCAB)
1.5 Facilities
2. Subcontractor responsibilities
2.1 Interface with prime contractor
3. Coordination between prime contractor and
subcontractors (how, when, and with whom?)
4. Reporting of problems to procuring activity and
how such problems are to be handled within com-

pany.
A-3 EMC MILESTONES

A-4 APPLICABLE EMC DOCUMENTS
AND REQUIREMENTS

1. Military
2. Company
3. Other.

A-5 EMC ENGINEERING ACTIVITIES

1. Application of applicable documents
2. Design review and schedules

3. Degradation criteria

4. Safety margins

5. Radiation hazard considerations
6. Frequency allocations.

A-6 EMC DESIGN CRITERIA

1. Design techniques to preclude EMI (bonding,
grounding, shielding, cable separation, etc.)

2. Precautions to preclude spurious emanations,
responses and unwanted resonances

3. Precautions to conserve frequency spectrum

4. Consideration of operational electromagnetic
environment

5. Utilization of suppression techniques.

A-7 PREDICTION OF PROBLEM
AREAS

1. Description of prediction and analysis tech-
niques to be employed

2. Identification of aperational problems antici-
pated

3. Proposed solutions for problems.

A-8 EMC TESTING FOR
SYSTEMS, SUBSYSTEMS,
AND EQUIPMENT

. Engineering development
. First article

. Acceptance

. Integration

5. Spectrum signature.

A-9 DOCUMENTATION AND
SCHEDULE

1. Control plan

2. Test plan

3. Test report

4. Charter for EMCAB.

W R —



DARCOM-P 706-410

APPENDIX B
CONTENT FOR EMI CONTROL PLAN (REF. 6)

B-1 MANAGEMENT

The EMI Control plan shall include the specific or-
ganizational responsibilities, lines of authority and
control, and the implementation plan, including mile-
stones and schedules. In addition, the detailed EMI
and EMC requirements to be imposed on associated
suppliers and subcontractors for vendor items, test
requirements to be placed on independent testing
laboratories, a complete listing of all EMI and EMC
requirements in supplier’s procurement documenta-
tion, and additional requirements for GFE shall be
enumerated.

B-2 SPECTRUM CONSERVATION

The program is employed to minimize emission
spectrum and receiver bandwidths and to control os-
cillator frequencies, pulse rise times, harmonics, side
bands, and duty cycles within the constraints of the
equipment or subsystem. Specified design parame-
ters shall be defined. A completed copy of DD Form
1494, shall be included for information purposes on-

ly.

B-3 EMI MECHANICAL DESIGN

The control plan shall describe the material and
construction to be used to provide the inherent at-
tenuation to electromagnetic emissions and suscepti-
bilities while still meeting the contract end item speci-
fication requirements. Specific data shall include but
need not be limited to the following:

a. Type of metals, castings, finishes, and hard-
ware employed in the design

b. Type of construction, such as compartmental-
izing, filter mounting and isolation of other parts,
type and characteristics of filtering used on openings
including ventilation parts, access hatches, windows,
meter faces and control shafts, and type of attenua-
tion characteristics of RF gaskets used on all internal
and external mating surfaces

c. Shielding and design practices employed for
determining shielding effectiveness

d. Corrosion control procedures.

B-4 ELECTRICAL AND ELECTRONIC
WIRING DESIGN

The proposed electrical and electronic wiring
design, cable separation, and routing to minimize
emission and susceptibilities shall be described in ac-
cordance with the classification procedure required
by the contract. Grounding philosophy shall be
described in detail and methods of shielding and
routing of cables shall be enumerated. Equipments or
subsystems, consisting of a number of black boxes
shall have interconnecting cabling diagrams supplied.

B-5 ELECTRICAL AND ELECTRONIC
CIRCUIT DESIGN

The EMI control and suppression techniques
which will be applied to all parts and circuitry,
whether capable of generating undesirable emana-
tions or suspected of being susceptible to the fields
and voltage levels specified by the contract, shall be
described fully. The specifically required design data
shall include but not be limited to the following:

a. Choice of parts and circuitry, the criteria for use
of standard parts and circuitry, and bonding and
grounding techniques

b. Justification of selected filter characteristics in-
cluding type and attenuation, technical reasons for
selecting types of filters (for example, absorptive ver-
sus nonabsorptive filters) and specific circuit appli-
cations

c. Part location and separation based on orienta-
tion of EM fields for reduction of emissions, suscep-
tibility, or both

d. Indicate valid technical reasons for selection of
pulse shape. Pulse shapes utilized shall minimize the
electromagnetic spectrum employed consistent with
achieving design performance.

e. Location of critical circuits and decoupling
techniques employed for each

f. Shielding and isolation of critical circuits.

B-6 ANALYSIS

Prediction or analysis techniques employed to
determine adequacy of supplier’s conclusions shall be

B-1
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included. Specific aspects of the mechanical, electri-
cal, and electronic design to be included are as
follows:

a. Adequacy of mechanical construction, and an
analysis of the shielding afforded by the proposed
designs over the specified frequency range and energy
level

b. Complete frequency matrix of all frequencies
associated with receivers and transmitters (see Fig. B-
1), expected spurious responses of receivers at input
signal levels and at frequency range(s) specified in the
contract, and expected spurious outputs of items such
as transmitters, local oscillators, and frequency syn-
thesizers. Spurious responses f,, will be determined
by use of the following equation:

fp = M (B-1)
q
where

p = allintegers, including zero, representing
harmonics of the local oscillator ({o)

g = all integers, excepl zero, representing
harmonics of the spurious signal

Ji» = local oscillator frequency

Jiy = intermediate frequency

The frequency matrix is to used to formulate a sub-
system test matrix of source and victim equipments.
The test matrix will be included in the subsystem test
plan.

c. Worst case analysis of multivibrators, switch-
ing (single and repetitive) and logic circuits, and clock
and strobe signals.

d. Analysis of circuitry, subassemblies, and total
equipment, or subsystem, including cabling and loads
for:

(1) The prediction of susceptibility to internally
and externally generated fields and voltages, whether
below or above the limits specified in the contract

(2) The prediction of emissions, whether below
or above the limits specified in the contract.

e. Subsystem analysis for mobile or fixed installa-
tions with two or more antennas shall include a
description of radiation characteristics from antennas
including fundamental and spurious energy, and dis-
cuss minimizing antenna coupling and isolation
achieved by placement and location of antennas.

B-7 PROBLEM AREAS

Plans for potential EMI and EMC interface prob-
lems shall be presented, including the procedures for
defining problems, formulating solutions, imple-
menting and testing the solutions, and documenta-
tion procedures.

B-8 UPDATING

The method of updating the control plan shall be
indicated.
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APPENDIX C
CONTENT FOR EMI TEST PLAN (REF. 6)

C-1 INTRODUCTION OR SCOPE

The following shall be included:

a. An opening statement indicating the purpose of
the plan and its relationship to the overall EMC pro-
gram for the equipment and subsystem

b. A table listing all the tests to be performed, the
paragraph number of the plan, and the correspond-
ing test method of the basic standard.

C-2 APPLICABLE DOCUMENTS

Documents shall be listed as follows:

a. Military (standards, specifications, etc.)

b. Company (any in-house documents for calibra-
tion or quality assurance)

c. Other documents (Society of Automotive Engi-
neers procedures, drawings, etc.)

C-1 TEST SITE

The following shall be included:

a. Description of test facility, shielded enclosure
(size, power availability, filters, attenuation charac-
teristics of room to electric, magnetic, and plane
waves)

b. Description of ground plane (size and type) and
methods of grounding or bonding test sample to the
ground plane in order to simulate actual equipment
installation

c. Spot check measurements of the ambient elec-
tromagnetic emission profile of the test facility, both
radiated and conducted, to determine ambient suita-
bility,

C-4 TEST INSTRUMENTATION

Instrumentation to be used shall be described as
follows:

a. When matching transformers or band-reject
filters are used, their characteristics must be
described.

b. Bandwidth of the measurement instrumenta-
tion shall be specified.

c. List of test equipment.

d. Scanning speed used to drive EMI measuring
equipment.

e. Monitoring equipment utilized during measure-
ments.

C-5 TEST SAMPLE SET-UP

A description of the test sample shall include the
actual physical layout of equipment under test, de-
picting position of test sample and feedthrough
capacitors or line impedance stabilization networks
on the ground plane, lead dress, bond straps, real or
simulated loads, electrical or mechanical, and any
test sets employed in the test. (Notes may be used to
indicate height above ground plane for leads).

C-6 TEST SAMPLE OPERATION

a. Modes of operation for each test and operating
frequency

b. List of control settings on the test sample

c. List of control settings on any test sets employed
or characteristics of input signals

d. Test frequencies at which oscillators, clocks,
and similar equipment may be expected to approach
test limits

e. Performance checks initiated to designate the
equipment as meeting minimal working standard re-
quirements

f. Circuits, outputs, or displays to be monitored
during susceptibility testing shall be enumerated, as
well as the criteria for monitoring for degradation of
performance

g. Normal, malfunction, and degradation of per-
formance criteria (i.e., change in output spectrum,
change in (S + N)/N ratio, loss of synchronization,
change in output waveform) for susceptibility testing
shall be described.

C-7 TEST PROCEDURE

Test procedures to be employed to demonstrate
compliance with the contractual requirements shall
be fully described as a minimum and the following
shall be included:

a. Block diagram depicting test setup for each test
method

b. Test equipment used in performance of the test
and methods of grounding, bonding, or achieving
isolation for the measurement instrumentation

c. Detailed step-by-step procedures enumerating
probing of the test sample, placement and orienta-
tion of probes and antennas, frequency range of test,

C-1
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selection of measurement frequencies, detector func-
tions used, data to be recorded, frequency of record-
ing data, and the units of recorded data

d. During susceptibility testing, the actual modu-
lation characteristics of the interfering signal (ampli-
tude, type, degree, waveform) shall be specified.

C-8 SUBSYSTEM TESTS

The test matrix similar to Table C-{ shall be in-
cluded in subsystem test plans and enumerate poten-
tial:

a. Receiver to receiver interactions

TABLE C-1.

b. Transmitter to receiver interactions
¢. Transmitter to active and passive devices
(magnetic devices).

C-9 DATA TO BE RECORDED

The data to be recorded shall be outlined as
follows:

a. Sample data sheet

b. Sample test log

¢. Sample graphs.

SAMPLE TEST MATRIX (Ref. 6)

1. Receiver-to-receiver interaction:

Source Victim
Source Victim receiver receiver Test
receiver receiver frequency, frequency, frequency, Interaction
MHz MHz MHz
AN/ARC-100BX AN/ARC-1000 230.00 17.1 17.1 1st LO of Source with Victim
AN/ARC-100BX AN/ARC-1000 238.80 25.1 25.1 1st LO of Source with Victim
11. Transmitter-to-receiver interaction:
Source Victim
Source Victim transmitter  receiver Test
transmitter receiver frequency, frequency, frequency, Interaction
MH:z MH:z MH:z
AN/ARC-1000 AN/ARC-100BX 3.85 225.95 3.85 Source frequency with 2nd IF
of victim
AN/ARC-1000 AN/ARC-100BX 22.500 232.50 22.500  Source frequency with IF of
victim
AN/ARC-1000 AN/ARN-115E 22.000 110.00 110.00 Sx source frequency with
victim
AN/ARC-1000 AN/ARN-115E 29.000 116.000 116.00 4x source frequency with
victim

C-2
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CHAPTER 3
EMC PHENOMENA

In this chapter models are developed for repre-
senting electromagnetic phenomena which are funda-
mental 1o electromagnetic compatibility. The parame-
ters of the equivalent circuits of sources and susceptors
are all functions of frequency over the range from below
the power frequency to about 30 GHz. Because it is a
practical impossibility to identifv details completely,
e.g.. of impedances over this range, actual data on
specific devices are limited.

Furthermore, many EMC phenomena vary more or
less randomly from moment to moment, or from fre-
quency 10 frequency (in the case of hroadband phe-
nomena). It is practical to describe these variations
only in a statistical sense hy using appropriate distribu-
tion functions or their paranteters such as means,
variances. or other measures.

3.0 LIST OF SYMBOLS
A = articulation index: effective area of circuit,
m*: attenuation factor (plane earth or sur-
face wave). dimensionless; local oscillator
frequency. Hz; amplitnde, dimensionless;
amplitude, V or A: area of a loop, m*
A, = effective aperture, m’
A, = effective area of receiving antenna, m*
A, = effective area of transmitting antenna, m*
dA4, = incremental area of the source, m?
a = loop radius, m: bandwidth constant; satu-
ration voltage magnitude; radius of earth,
m
a, = bandwidth constant
a, = constants in power series expansion; con-
stants in Fourier series expansion
a, = fraction of output current resulting from
saturation, dimensionless
B = magnetic flux density, T: bandwidth, Hz
AB = bandwidth of an ideal bandpass filter;
bandwidth over which radio noise power
is uniformly distributed, Hz
x |2
B, = f M— df, effective noise power
0 LH( DO bandwidth of a network,

Hz

B = f M/—)! df. effective impulse band-
o IHD)I width of a network, Hz
B, — narrow hbandwidth. Hz

B, = wide bandwidth. Hz

1

B, = 3-dB bandwidth, Hz
B, = 6-dB bandwidth, Hz

h

EHH

f:
Af =

e/(kT) = (40 V-' at 300 K): height to
ground plane. m: interference amplitude;
magnitude of output current at saturation,
A

constants in Fourier series expansion
bandwidth constant

capacitance, F

stray capaciance (between wires), F
carrier-to-noise ratio, dimensionless

- carrier-to-interference ratio,

dimensionless

speed of light, 2.00 x 10* m/s
desired component at the output of a
mixer, V: distance between wires, in.;

antenna diameter, m
ratio of upper decile to median value F,,,,,

dimensionless

ratio of median value F,,, to lower decile,
dimensionless

duration, s: diameter of conductor, in.;
distance of separation of parallel wires;
loop diameter, m; helix diameter, m

level in decibels expressed with respect to
guantitv in parentheses

voltage; electric field strength, V/m
interfering voltage, V

generated noise, V

peak voltage. V

Thevenin equivalent source voltage
voltage at saturation, V

electronic charge. 1.602 x 10-" C;
induced electromotive force, V; naperian
base

peak value of output voltage, V
electromotive force induced in circuit 2 by
circuit I,V

complementary error function

noise figure, dimensionless

average noise figure, dimensionless

spot noise figure, dimensionless

noise figure (isothermal), dB

median value of F,, dB above kTb,
frequency, Hz

Doppler frequency shift, Hz
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3-2

normalized surface transformer imped-
ance function, dimensionless
probability distribution

frequency of desired signal, Hz
frequency of interfering signal, Hz
fundamental frequency, Hz; center fre-
quency; reference frequency, Hz

signal carrier frequency, Hz

desired signal frequency, Hz
interfering signal frequency, Hz

power gain, dimensionless

available power gain, dimensionless;
transfer function, dimensiconless

gain pattern of antenna, dimensionless
receiving antenna gain, dimensionless
transmitting antenna gain, dimensionless
transconductance (time varying), mho
conversion transconductance, mho
transconductance, mho

nth order conversion transconductance,
mho

= magnetic field strength, A/m

clearance, voltage or current transfer
function, dimensionless

= nth Fresnel zone clearance, m

component of magnetic field in r-direc-
tion, A/m
component of magnetic field in 8-direc-
tion, A/m

= relative response, dimensionless

Hankel function of the kth kind, order n
antenna height (distance to ground plane)
m; Planck’s constant 6.626 x 10-% Js;
height above ground, in.; height of ob-
struction, ft

impulse response, 57!

minimum effective antenna height, m
undesired or interfering component, V;
current, A

current at harmonicn, A

interference

common-mode current, A
differential-mode current, A

direct current, A

equivalent leakage radiation current, A
current in loop (antenna); interference
current, A

= measured current, A

Oth order Bessel function of the first kind
peak current, A

rms value of current at antenna terminals,
A

= reverse saturation current, A

instantaneous current level, A

i(1) = desired component located on center fre-
quency, A
i; = load current, A
Ij;,e = line current, A
i, = noise current, A
i, = I'ms current, A; rms spectrum amplitude,
A/Hz'?
i, = current in circuit 1, A
j = integers designating various signals; v—1
K = voltage amplification of interfering signal
relative to that of desired signal, dimen-
sionless; ratio of gains from receiver input
to mixer input at the undesired signal fre-
quency and the desired signal frequency,
dimensionless
k = Boltzmann constant 1.38 x 10-2 J/K
. = modified earth radius, m
k;, k3 = parameter in coaxial cable leakage
equation
L = inductance, H; luminance, W /(sr-m*-Hz);
length of cable, m; loss associated with dis-
tance, dB
L( f) = cable noise figure, dimensionless
/ = [ength of cable, ft; integer in series expan-
sion; dipole length, m
M = mutual inductance, H

Rn
il

M,, = magnetic dipole strength, A-m?
m = integer in series expansion
m, = mean of x

number of turns (loop or inductor)
N(f) = noise power spectral density per unit solid
angle and per unit area at source,
W/(sr'm?*Hz)
Nf) = equivalent noise power spectral density at
the input contributed by the network,
V?/Hz
N{f) = power spectral density (mean square per
unit bandwidth) of shot noise current,
A?/Hz

N, = power spectral density of white noise,
V?/Hz

N/ f) = power spectral density (mean square per
unit bandwidth) of the noise voltage
across aresistor, V?/Hz

N(f) = available input noise power spectral
density at frequency f, V2/Hz

Ny( /) = available output noise power spectral
density at frequency f, V?/Hz

n = order of harmonic; integer in series expan-
sion; number of braided strands; ratio of
propagation constants, dimensionless

n{t) = added interference, V
P = power
P(x) = cumulative probability (distribution) of x
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S(f) =
S =

das =

T, =

= average desired signal power, W or dB
= average interfering signal power, W or dB

= power density, Poynting vector, W/m’
= power of an unmodulated interfering

signal, W or dB

= received power expected in free space, W

received power, W
radiated power, W

= helix pitch (twisted pair), m; order of local

oscillator harmonic

= probability density function of x
= wd/p, helix parameter, dimensionless;

order of signal harmonic
reciprocity; resistance, 2; earth’s reflec-
tion coefficient, dimensionless

= bipolar rectangular waveform, A

radiation resistance of antenna,
contact resistance, §
load resistor, @

= dc resistance per unit length of outer con-

ductor {coaxial cable), & /m

distance, cm or m; true radius of earth, m;
loop radius, cm; distance from axis of
helix, m

= signal level, V

spectrum amplitude; s, Vs, or I's

signal input to the phase detector; unit
amplitude sampling waveform,
dimensionless

noise power spectral density per unit area
at the observer, W /(m?*Hz)

= equivalent surface transfer impedance, Q
= power spectral density of an interfering

signal
unit voltage pulse spectrum amplitude,
Vs

= unit voltage step spectrum amplitude, Vs

signal-to-interference ratio, dimensionless

= ratio of the rms spectral density of average

speech to rms spectral density of the noise
at the output in the nth band, dB

absolute temperature, K; thickness of
outer conductor, m; length, s; period of
waveform, s

= brightness temperature, K
= antenna temperature, K

equivalent network temperature, K
thermal temperature of the earth, K;
reference temperature, K

system temperature, K; sky temperature,
K solar noise temperature, K

system temperature referenced 1o receiver
input, K

Var(x)
VSWR

v
v(1)
VPJ
V(1)

ms

equivalent temperature of source, K;
reference temperature, K

= time, s

time at saturation, s

voltage, usually fixed, V

voltage Fourier Transform, V-s

peak amplitude of the desired signal at the
receiver input, V

ratio of the rms voltage to the average
voltage of the noise envelope, dB
median value of V,, dB

V4 for narrow bandwidth, dB

V, for wide bandwidth, dB

peak amplitude of the interfering (unde-
sired) signal at the receiver input, V

= interfering voltage, V

(1) =

n

x(N
x ()
x,(7)

Y(f)
}.‘

load voltage, V

peak voltage. V

voltage at saturation, V

peak amplitudes of the envelope of the
desired signal at mixer input, V

peak amplitude of the envelope of the
undesired signal at mixer input, V

variance

= voltage standing wave ratio,

dimensionless

applied voltage. V

time varying voltage, V

noise voltage, V

random noise voltage, V

amplifier output voltage, V

rms voltage, V; rms spectrum amplitude,
V/HZW

signal amplitude modulation function, V
articulation index parameter

input to nonlinear device

signal voltage waveform, V

= oscillator voltage, V

signal voitage, V

admittance

output of nonlinear device, frequency
integration variable

= interference signal

interference cross-modulation compo-
nent, A

desired cross-modulation component, A
impedance,

load impedance, {; line impedance,
measured load impedance, &

Thevenin equivalent source impedance, Q;
generator impedance, Q

= surface transfer impedance, Q /m

impedance of free space, 377 Q
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z = z-coordinate; polarization constant;

k=

€

Mo

«(f)

I

mutual impedance, Q

parameter of cable braid (coaxial cable),
dimensionless; earth’s absorption coeffi-
cient, dimensionless

= phase constant, 27 /A, m™"

propagation constant, m~'; carrier-to-
noise ratio, dimensionless

envelope of filtered random noise divided
by the rms value of the envelope, dB;
47h hy /(Ar), dimensionless

depth of penetration (skin depth), m;
phase difference, rad

= error; permittivity, F/m

permittivity of free space,
8.85 x 10" F/m

= relative dielectric constant, dimensionless

displacement of the center conductor of a
coaxial cable from the true center

wave impedance = vu/e ,Q

Ho /€ , characteristic impedance of free
space,

co-latitude angle in spherical coordinate
system, rad; angle between reflected wave
and ground level, rad

= wavelength, m; random phase angle, deg

permeability, H/m
permeability of free space,
47 x 1077 H/m

= standard deviation; conductivity, mhaos/m

b =

b;

®sp

mean square value of noise, V2
variance of x

time constant, s; deviation from unper-
turbed zera crossing time, s; switching
time, s; duration of nonsaturation
interval, s

longitude angle in spherical coardinate
system, rad; phase angle, rad

phase vs frequency characteristic of 1F
amplifier. rad

phase angle, rad

power spectral density of an interfering
signal, W/kHz

grazing angle with respect to the earth’s
surface

angular frequency, rad/s

= intermediate angular frequency, rad/s

local oscillator angular frequency, rad/s
angular frequency of signal carrier, rad/s
desired angular frequency, rad/s

angular frequency of undesired signal,
rad/s

solid angle, sr; pointing angle, sr

dQ

()

3-1 SOURCE MODELS

3-1.1 GENERAL COMMENTS

For the purpose of simplifying analysis and pre-
diction it is convenient to use “linear” mathematical
models for representing various circuit elements. This
is so in spite of the fact that nonlinear mechanisms
are frequently responsible for interference generation
and susceptibility. The usual procedure is to use the
linear model and modify it as necessary to account
for observed phenomena. Thus a typical source of
conducted interference is represented as an electro-
motive force of specified value in series with a defined
impedance. Although it should be recognized that
such a representation is an approximation to the true
model, fortunately it does appear to have general
validity.

Emitters usually are identified as narrowband or
broadband, in accordance with the nature of the
spectrum of the emitted energy. Since these are
relative terms, the dividing line between them is not
sharp; one of the best bases for distinction is the
acceptance bandwidth of any susceptible device (sus-
ceptor) whose operation may be degraded by the
emission, If the bandwidth of the dominant energy is
less than that of the susceptor, the emission is
“narrow-band”, otherwise it is “broadband’. Emis-
sion arising from modulated sine wave oscillations
are usuvally narrow-band, while those arising from
switching action are usually broadband.

i

increment of solid angle, rad

mean value

3-1.2 NATURAL NOISE SOURCES

Sources of natural noise include thermal noise of
resistors and warm body radiators, shot noise in elec-
tronic devices, atmospheric noise, cosmic noise
emanating from the sun and from sources in outer
space, and triboelectric (frictional charging and dis-
charging) noise. The statistical properties of noise
from these sources range widely from spectrally flat
Gaussian noise, to sporadically impulsive noise. In
some cases the statistical parameters remain essen-
tially constant in time. In instances where they are
not constant, variations with time of day, season, and
year may be given.

3-1.2.1 Electrenic Noise
3-1.2.1.1 Sources of Electronic Noise

Associated with the real part of the impedance seen
at a pair of terminals of a passive electrical network,
is a Gaussian noise process called thermal or Johnson
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noise, which arises as a consequence of thermal agi-
tation of the charge carriers in conductors.

3-1.2.1.2 Levels and Power Spectral Density
of Electronic Noise
The open circuit noise voltage v, across the
terminals of a resistor is a Gaussian random process
(Ref. 1) with a power spectral density* N,( /) given
by

AhfR

3.
oxp A/ (D] — 1 G-

N(S) =

,V3/Hz

where

k = Boltzmann constant = 1.38 x 10-*'J/K

T = absolute temperature, K

h = Planck’s constant, 6.626 x [0~ J-s

f = frequency, Hz

R = resistance, {
Below about 100 GHz, the power spectral density is
uniform with frequency and is given by

N,f) = 4kTR ,V?/Hz (3-2)

If the resistor is connected to a network with voltage
transfer function H( ) the effective bandwidth B, is
given by

8. = f |H(N P dff |H( )P Hz  (3-3)
0

*As is common in the literature, the term *‘power spectral density”
refers to the mean square voltage or current per unit frequency.
Later the term *“available noise power spectral density” is used
and has the dimension power/frequency.

—O

(A) Thevenin Equivalent

Figure 3-1.

where f, is the center frequency of H(f), and the
expected or mean square value of the output voltage
s
()" = 4kTRBH(f)| ,V? (3-4)
For analysis purposes the resistor can be repre-
sented by the equivalent circuits shown in Fig. 3-t
where R is a noiseless resistor, v,(f) is a random noise
voltage with an rms spectrum amplitude given by

Ve = VKTR ,V/Hz"” (3-5)

and i,(f) is a random noise current with rms spec-
trum amplitude given by

. 4kT /
s = T vA/HZ]lz

(3-6)
The maximum available noise power spectral density
from the resistor R is obtained when its load is
matched, i.c., the load resistor R, equals R. The
power density is then k7. Within an effective band-
width B,, the maximum power is k7B, in wallts.

Shot noise occurs whenever current can be iden-
tified as due to the motion of individual electrons.
Such is the case in a solid-state device where current
flow is a result of the random generation of carriers,
or in a vacuum diode where current flow is due to the
motion of electrons from cathode to anode. The

*The notation < > indicates the expected or mean value of the
quantity enclosed by the symbol.

(B) Norton Equivalent

Noise Source Equivalent Circuits of a Resistor

3-5
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current is comprised of a collection of pulses, each
having an area equal to the electronic charge. A
current so constituted will have a randomly fluc-
tuating component with a power spectral density

N{(f) given by

NAf) = 2el,, ,A?/Hz (-7

where
e = electroniccharge = 1.6 x 10-"°,C
I,. = average (or direct) current of the pulses, A

Eq. 3-7 is correct at frequencies which are low relative
to the reciprocal of the pulse widths.

If such a current source feeds a noiseless network
with a current transfer function, H( f), the output
mean square value is

(i,f>=fm ely | H(f) Idf
0

= zeld('Be|H(f)|z ’ AZ/HZ (3'8)

where the effective bandwidth B, is defined in Eq. 3-3.

3-1.2.1.3 Noise Figure and Noise Temperature

The noisiness of active and passive networks due to
shot, thermal, and other noise sources, usually is
measured by the noise figure F(f) of the network,
defined by

Ny (f) Nf)
= ——— = |4+ ———-
A N G(S) ~M)
T,+ T,
= ,d’less (3-9)

1

where
N f) = available noise power spectral density at the
network output at frequency f, V?/Hz
N(f) = available power spectral density at the net-
work input at frequency f = kT;, V?/Hz
G(f) = available power gain of the network,
dimensionless
N, f) = equivalent noise power spectral density at
the input contributed by the network
= kT, V}/Hz
k = Boltzmann constant = 1.38 x 1073, J/K
T, = equivalent temperature of the source, K
T. = network equivalent temperature, K
The noise figure as written if Eq. 3-9 is a function
of frequency, and is sometimes called the shot noise

3-6

figure. If it varies significantly with the frequency one
uses the average noise figure F given by

_ ﬁ N(f)df

F = -, d’less (3-10)
le(f)G(f)df
0
Or, using Eq. 3-9
fF(f)Nl(f)G(f)df
F="2 dless  (3-11)
’/0‘ NG df

The noise figure Fi;( f) of a cascade of two net-
works in which the individual networks have noise
figures F| and £, and available power gains G,(f)
and G,( f), respectively, can be written

Fi(f) = F(f) + M , d’less

3-12
Gl (-12)

Defining T,,, T,,, and T, as temperatures corre-
sponding to F(f), Fa(f), and Fip(f),

T,
€2
7.,.. =T, + ——— ,K 3-13
I T G
Frequently, the first network in a system is a lead-
in cable which is somewhat lossy. It can be shown

that for a matched cable

input power

= L(f)>1 ,dless
output power

(3-14)

where L( /) is the noise figure of the cable. The over-
all noise figure of the cable plus the rest of the system
(assumed to be the second network) is

Falf) = LU+ LR ~ 1] 51s)
= L(S)R(S) . dless
Or, in terms of temperature with 7‘(,l =T
T., = L) = T + LT,
= [L(f) = 1T, + LINIR) - 1T
= [L(NHRS) - 1T, K (3-16)
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Eq. 3-15 shows that the cable attenuation is reflected
directly as a proportional increase in the noise figure.

In receiver applications, the first element in the
system is an antenna which is immersed in a noise
emitting environment. The noise may arise from the
natural sources — atmospheric, terrestrial, and cos-
mic — or it may arise from the man-made causes to
be discussed in par. 3-1.3. The noise entering the
system may be accounted for through an antenna
temperature 7,. The overall system temperature of a
receiver connected to a transmission line and antenna
is obtained by augmenting Eq. 3-16 by 7,,. That is, the
system temperature T, referred to the input of the
transmission line, is

T, =T, +IL(f)- 1ITy + LLNT,, ,K (3-17)

The system behaves as would one in which the anten-
na radiation resistance was at temperature T,, and the
system was otherwise noiseless. Sometimes it is
preferable to reference the temperature to the receiver
input. In this case the system temperature is denoted
T, and it is given by Eq. 3-17 divided by L( /), or,

T, 1
T, = I/ + [1 - m]n +T,,, K (3-18)

The system behaves as would one in which the
resistance looking toward the transmission line from
the receiver input terminals was at temperature T,,,
and the system was otherwise noiseless.

3-1.2.2 Atmospheric Noise
3-1.2.2.1 Origin

At frequencies below 20 MHz, the natural elec-
trical noise associated with thunderstorm activity
throughout the world plays a dominant role in radio
communication. Often, noise of this origin is great
enough to make all other sources of noise negligible.

Unfortunately, atmospheric noise is highly change-
able with time and place, and in its short term prop-
erties may not be represented by any simple random
process. One mode! of atmospheric noise suggested
by physical phenomena is a low level Gaussian noise
representing distant effects, plus a high level impulse
process to represent local effects. However, simple
impulse processes, such as the Poisson process in
which pulses occur at random, do not accurately
represent the local activity. The actual phenomena
occur in bursts, so that there is interdependence
among adjacent impulses.

3-1.2.2.2 Probability Distribution of Envelope

The first order probability distribution of the enve-
lope in a 200-Hz bandwidth is shown on Fig. 3-2
(Ref. 3). Because the noise is non-Gaussian, the shape
of the probability distribution depends on the re-
ceiver bandwidth. Empirical techniques for convert-
ing these results to other bandwidths are shown in
Fig. 3-3.

The distribution depends on a parameter given by
the ratio of the rms value to the average value of the
envelope, and denoted V,. For Gaussian noise, the
instantaneous value of the envelope has a Rayleigh
probability density, and V; is equal to 1.05 dB. Fig. 3-
2 shows the probability distribution of the instanta-
neous noise envelope normalized to the rms value of
the envelope (denoted A) for various V.

Predictions of the value of ¥, are also available in
CCIR Report 322 (Ref. 3), and a typical estimate is
shown in Fig. 3-4. The estimate is of a quantity
designated V,,,, where the subscript m signifies medi-
an value; i.e., this is the value estimated to be
exceeded half the time. Generally, ¥, falls off with
increasing frequency, suggesting that at higher fre-
quencies the noise as seen in the 200-Hz receiver band
becomes more nearly Gaussian. Examination of the
range of estimated median values of V,; shows it to be
from around 2 to 14 over all frequencies below 20
MHz, and for its entire time history,

Conversions to other bandwidths using Fig. 3-3 are
illustrated by example. Suppose an estimate of the
envelope distribution is sought at | MHz in a band of
2 kHz for the time block and season appropriate to
Fig. 3-4; the median value of ¥, is about 7 in a 200-
Hz bandwidth. In a bandwidth of 2 kHz, implying a
bandwidth ratio of 10 (8,,/B, in Fig. 3-3), the value of
V,in the wide bandwidth (V,, in Fig. 3-3) is obtained
by reading the ordinate corresponding to the inter-
section of B,/B, = 10 and the curve labeled V¥,
(subscript n stands for narrow) = 7. A value of ¥V,
(subscript w stands for wide) = 16 is obtained. The
proper probability distribution curve for this case is
the one marked ¥, = 16 in Fig. 3-2.

Note the following in Fig. 3-3: (1) if ¥,;is 1.05dB in
any noninfinitesimal bandwidth, the input noise is
Gaussian and ¥, is 1.05 for any bandwidth, and (2) as
bandwidth is decreased, V; decreases, tending to
approach 1.05 dB; i.e., decreasing bandwidth makes
the noise more nearly Gaussian.

3-1.2.2.3 Spatial and Temporal Variations —
Long Term Properties

The distributions discussed in par. 3-1.2.2.2 are
determined from the instantaneous noise voltages

3-7
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Normalized Filtered Noise Envelope A, dB

3-8
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Corresponding values of de and v, are read
along the appropriate line for the bandwidth

ratio.
Bw = the wider bandwidth
Bn = the narrower bandwidth

Figure 3-3. Conversion of V; in One Bandwidth to V, in Another Bandwidth

measured over relatively short intervals of time,
typically about 0.25 h. The atmospheric noise intensi-
ty exhibits important long term variations, and vari-
ations with location. To represent these variations,
Fig. 3-5 shows isothermal lines, or lines of equal noise
temperature, covering the earth. The isothermals are
given in terms of a noise figure F,

F, can be converted to field strength in a 1-kHz band-
width by

E = F, — 655 + 20 log f(MHz), dB(zV/m)* (3-20)
CCIR Report 322 (Ref. 3) contains 24 figures such as
Fig. 3-5, each for a specified 3-month season, and for
a 4-h block in each day of the season. Fig. 3-5, for
example, gives the noise temperature in the hours

Fa = 1010g(T./T.) 0000-0400, during the months of June, July, and

(3-19)

T, = antenna temperature of a short vertical an-
tenna above a highly conductive earth, K
= reference temperature, 288 K

P
|

August, in the Northern Hemisphere, and during the
months of December, January, and February, in the

® dB( )= levelin decibels expressed with respect 10 the quantity
in parentheses; in this case, microvolt per meter.

3-9
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Figure 3-5. Expected Values of Atmospheric Radio Noise F,,,, dB Above kT, b at
1 MHz (Summer: 0000-0400 h)

Southern Hemisphere. By organizing the blocks in
this fashion, the variations within a time block are
kept low. Within each time block, there are about 90
days per yr, and about 360 h. The predictions shown
in Fig. 3-5 are based on measurements of F, over a
0.25-h interval in each hour. The value plotted is F,,,,
where m implies the median value of the observed
data over the time block. Other parameters of the em-
pirical distributions of F,, such as thé upper and
lower deciles, are given in CCIR Report 322, but are
not reproduced here. The F, statistics are short term
averages, as are the V statistics mentioned earlier.
The data of Fig. 3-5 apply at a frequency of 1
MHz. The results vary with frequency, and to repre-
sent this we show Fig. 3-6 abstracted from CCIR
Report 322. Fig. 3-6 is used with Fig. 3-5 to obtain an

estimate of noise figure at any frequency below about
20 MHz. For example, if one requires the estimated
noise figure at the time applicable to these figures at
100 kHz, and at 60° N. Lat., 45° E. Long., one first
enters Fig. 3-5 at the proper position, and finds the
noise figure at 1 MHz to be about 50 dB. Then one
enters the 50-dB curve on Fig. 3-6 and reads 105 dB
at 100 kHz. Note that F, is a measure of power spec-
tral density, and for moderate bandwidths is not
dependent on bandwidth. Fig. 3-6 is plotted only to
L0 kHz at the low end. Atmospheric noise levels tend
to peak in this region, usually around 2 to 5 kHz.
More detailed information on atmospheric noise in
this range of frequencies may be found in Watt and
Maxwell (Ref. 4).

Fig. 3-6 also shows estimates of man-made noise in

3-11



DARCOM-P 706-410

F 1% T S T
R g T ]
(=] 1 1 1 T
= 10 RN : INEIN |

NN | { 1
o NI R R |
o NN : L
© \\ b N ! 1
o TSR SINENEN B
O < 120 AN 3 \§ N I
— .
S o NICRINTN ]
O By T N Y I
< . 8 N oo 1
o o 100 AN N \ I
(%] X N N t
o > Y N \\\ TWRY PR 1 i
g5 2 VYAUUNANIN TRNAN i i
p -o ao X \ \ ~ T
< \§ = ] N

N 70 N
Y4 m AV - N N
-
©CT w NOSR ] :\’
[7 ] ARV S SRS
<3} g IHAN NJ RN
> @ ] N0 e SHSONNN
— K .. Ty ~ SN
o 1 30 SR
- ] IR EEATEEEANNN »
v ® ] , NN
9 ] g LAVWIN RN
Q T + 4 ] "y
GQJ_ 0
> — 4Lq 4 NESS 4 -
wl 4
0o 0® 003 005 007 0! 02 0.9 1 23 51010 20 30 5 M 100

Frequency f, MHz

Expected Values of Atmospheric Noise

Expected Values of Man-nade Noise at a

Quiet Receiving Location

Expected Values of Galactic Noise

Figure 3-6. Variation of Radio Noise With Frequency {Summer: 0000-0400 h)

relatively quiet areas, as well as galactic noise. From
these it is seen that below about 10 MHz, atmos-
pheric noise will predominate at virtually all loca-
tions on earth. Galactic noise becomes most signifi-
cant above 20 MHz. Man-made noise does not
appear to be significant here, but that is only because
the curve shown applies to quiet locations. In areas of
industrial concentration and much auto traffic, man-
made noise may be as much as 20 dB greater. Typical
levels are shown on Fig. 2-1.

3-1.2.2.4 Atmospheric Pulse Properties —
Lightning
Communication systems operating in the HF range
will — by choice of signal power level, and by circuit
design — be tolerant of atmospheric noise up to some
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design level. By this means it will be possible to
guarantee satisfactory operation for a specified frac-
tion of time. When there are thunderstorms in the im-
mediate vicinity of the receiver, however, the im-
plusive fields generated by lightning will exceed any
reasonable quality design level.

Lightning discharges may take place between
clouds, within clouds, and from cloud to ground. The
latter is the most significant. Watt (Ref. 5, pp. 454-5)
makes a distinction between short discharges, in
which a single stroke occurs lasting perhaps 4 ms, and
long discharges in which there are multiple strokes
each lasting about 100 ms, with a stroke separation of
about 40 ms. Between strokes there is a small but
continuing trickle of charge. Typical measurement
results are shown in Fig. 3-7 (Refs. 4 and 6). Field
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strengths of more than 70 V/m occur with a dura-
tion of the high amplitude part of about 200 us at |
mi from the discharge.

The multiple stroke phenomena are typified by the
current waveform shown in Fig. 3-8 (Ref. 7). Shown
there is a succession of 5 strokes, with an average
separation of about 70 ms. The distribution of the
number of peaks in a discharge is shown in Fig. 3-9
(Ref. 8).

The pulse separations between strokes are seen to
be sufficiently long to allow a typical receiver used in

Actual measurements made at
20 km by H. Norinder

m

1
PRNPRT I PRI EPUTU U U RPN T EPE
D Er== 000 1200 2000

Time ¢, us

to one mile) # , V/m

=500

Field Intensity (referred

Figure 3-7. Waveform of Effective Radiated
Electric Field (Refs. 4 and 6)

the HF band, with a bandwidth from several hundred
to several thousand Hertz, to recover to a quiescent
state. The pulses will appear as separate discharges,
though there may be overlap between discharges oc-
curring simultaneously at different places in the
thunderstorm. The phenomenon, as seen at a receiver
output, will then appear to be a quasi-random succes-
sion of pulses with random amplitudes. Because of
the clustering nature of the pulses, the process is not
of the nature of Poisson noise where pulses occur
totally at random. The probability density of the time
between pulses of atmospheric noise is found to be of
the form shown in Fig. 3-10 (Ref. 5). It shows a
tendency for the time spacing to be around 20 ms. A
Poisson process shows a smooth decrease as time
spacing increases.

3-1.2.2.5 Antenna and Brightness Temperature

The noise power spectral density N( /) per unit
solid angle, and per unit area at the source (Fig. 3-11)
is given by Planck’s radiation law

N = 20

4

fexp (hf/(kT)] — 1} =, W/(sr'm*"Hz)
(3-21)

where ¢, is the speed of light, or by its approximate
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AND END OF DISCHARGE, s

Figure 3-8.

Lightning Stroke, Complete Discharge Current (Ref. 7)
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Figure 3-10. Probability Density of the Time
Between Pulses of the Atmospheric Noise Envelope

version at low frequencies, known as the Rayleigh-

Jeans law

_ %T kT
NS = S S

(3-22)
where A is the wavelength.

In an increment of solid angle d2, measured at the
observer’s position as seen in Fig. 3-11, the area at the
source is r’d) = dA;, so that the received power spec-
tral density per unit solid angle due to d4, is N/d$ in
W /(sr*Hz). The noise power spectral density dS per
unit area at the observer arising from d4, is

dS = NdQ, W/(m*-Hz) (3-23)
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The luminance L is defined as

ds _ . _ 2kT
L=S5=N=5—.

W /(sr'm**Hz) (3-24)
As the pointing angle @ changes, the brightness, L
varies so that

2kT(8, ¢)

L#,e) = N

(3-25)

where

T(8,¢) = brightness temperature, K
and 8 and ¢ are the angular dimensions in a spherical
coordinate system; # measures the co-latitude angle
and ¢ measures the longitude angle.

An antenna with gain pattern G(f,¢) will have an
antenna temperature 7, given by

2r L4
T, = _l_f f G(8, ) T8, ¢)sind dpdf , K
4r _ _
¢ =0 =0

(3-26)

and the available output noise power spectral density
of the antenna is KT, *.

If the antenna has an impulse pattern at the point
(A, vo) then, since by definition,

—1-f f G, ¢)sinBded8 = |
dr J, o Jo-0

Ta = T(BOv ﬂa()) » K (3'27)
i.e., the antenna temperature is the same as the source
temperature at the point at which the antenna is
aimed. Eq. 3-26 is therefore an average temperature
of the source, weighted by the antenna gain pattern.

The brightness temperature has become a stand-
ard for quantifying the emissive properties of radiat-
ing noise sources, whether or not they satisfy the radi-
ation laws Eqs. 3-21 or 3-22. For real sources the
brightness temperature will vary with frequency as
well as with angular position.

3-1.2.2.6 Temperature of Earth, Sea,
and Atmosphere

One component of the radiation received by an
antenna arises from the electromagnetic emissions of
hot bodies. Fig. 3-12 (Ref. 9) shows a polar plot of
brightness temperature as a function of angle relative
to the vertical at 3 GHz for various conditions. 1f the
antenna is above typical ground with vegetation, the

* If the antenna is movable the gain pattern is a function of anten-
na position.
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Figure 3-11. Increment of Solid Angle Measured at the Observer’s Position

applicable parts of the figure are the part labeled 7;
(representing sky temperature) and the dotted curve
C. The curves T, and B apply if the antenna is above
calm sea. Finally, if the earth is a hypothetically
perfect reflector, the appropriate curves are 7, and A4.
If 8 is the angle from the vertical, the antenna tem-
perature of a sharply directed beam antenna is

«®) T, + RO Tx = ), 5 <8 <

(3-28)

T,(0)

i

T,(9) Lot

a(f) + R(O)

il
~~
T
(U8
<
A=

where
T.(#) = sky temperature, K
T, = thermal temperature of the earth, K

a(f) = earth’s absorption coefficient, dimension-
less
R(0) = earth’s reflection coefficient, dimension-
less

When —#/2 <8 < 7/2, the antenna sees only the
emissive sources above earth. These may be extrater-
restrial sources such as the sun and the stars. 7,(8)
arises from the process of energy absorption and re-
radiation by components of the atmosphere. In the
radio frequencies, oxygen and water vapor are the
main absorbers, with water vapor being predom-
inant. Fig. 3-13 (Ref. 9) shows a typical set of curves
of antenna temperature for various angles 8, relative
to the vertical, as a function of frequency. The peaks
are due to the effects of water vapor. The variation
with 8 comes about because for small values of 8, the
antenna looks into a thickness of atmosphere equal
only to the height of the atmosphere (effectively
about 10,000 ft), while at § = 7 /2 the antenna looks
along the horizon seeing a much greater depth of at-
mosphere. At VHF and below, the contribution due
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Figure 3-12, Brightness Temperature Distributions, Frequency—3 GHz (Ref. 9)

to these causes 1s negligible in nearly all applications.

When the antenna looks at the earth itself, it sees
the sky sources partly reflected from the earth with
contribution R(#)T,(x — ), and a part of the tem-
perature of the earth a(f)7,. Because a(6) is close to
unity over earth with vegetation, the brightness tem-
perature seen by the antenna is very nearly the ther-
mal temperature of the earth, as is indicated by Fig.

3-16

3-12. Because the sea is a poor absorber [a(f) = 0.5],
the brightness temperature seen by the antenna is
much less. If the earth were a perfect reflector, the
brightness temperature seen by the antenna looking
at the earth would be a mirror image of the sky tem-
perature. An antenna which in omnidirectional, or
which sees symmetrically above and below the hori-
zon, will, over ground, see a temperature of about
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150 deg. This is a consequence of the antenna seeing
the ground in half of its pattern and the sky in the
other half,

3-1.2.3 Extraterrestrial Noise

A receiving antenna on earth will be exposed to
radiation emanating from sources outside the earth,
as well as from the terrestrial sources discussed in

par. 3-1.2.2.5. The sun and stars are the primary
sources, with a minor contribution from nonemitters
that act as reflectors. The temperature of the
receiving antenna is given by Eq. 3-26, where the
brightness temperature 7(f,¢) is the temperature seen
by an ideal antenna, with an impulse pattern in the
direction (f,¢). The brightness temperature deter-
mined in this manner by an antenna on earth will in-
clude the effect of absorption in the atmosphere, and
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will, at some frequencies, poorly represent the source
temperature.

3-1.2.3.1 Cosmic Noise

Cosmic noise refers to the electromagnetic emis-
sions from bodies outside our own solar system.
While some individual radio stars such as Cassiopeia
A and Taurus are observable, the largest emissions
come from our own galaxy. Fig. 3-12 shows the ap-
proximate brightness temperature estimated by Hogg
(Ref. 9) looking into the center of our galaxy, for fre-
quencies beyond 100 kHz. Fig. 3-6 shows the noise
level estimated in CCIR Report 322 (Ref. 3) (refer to
par. 3-1.3.2.3 for conversion from antenna noise
figure to antenna temperature). These curves do not
exactly correspond if they are linearly extrapolated;
however, they are both based on an inverse square re-
lationship between temperature and frequency. The
curves show that significant effects due to cosmic
noise are to be expected in the frequency range from
about 20 MHz to about 500 MHz, with atmospheric
noise dominating below 20 MHz, and various other
noise sources such as thermal emission from the
earth, and receiver noise, dominating above 500
MHz. When the antenna points away from the galac-
tic center, the noise level falls off, and at the galactic
poles might be 20 dB less.

3-1.2.3.2 Solar Noise

The sun is a significant contributor to receiver
system noise, particularly when the antenna main
lobe is directed close to or at the sun. A substantial
contribution will occur, at times, even when side or
back lobes are aimed at the sun. A table of the quiet
sun brightness temperatures is given in Table 3-1
abstracted from Panter (Ref. 10). Because the solar
disc subtends a solid angle of about 6 x 10~%sr on
earth (about 0.5 deg across the face of the disc), a
receiving antenna with gain G across the disc
(assumed to be approximately constant across the

TABLE 3-1
SOLAR BRIGHTNESS TEMPERATURE
(Ref. 10)

Frequency f, MHz Brighlncss Temperature 7,, K

100 10°
200 9 X 10°
300 7 X 10°
600 4.6 X 10°
1,000 3.6 X 10°
3,000 6.5 X 10¢
10,000 1.1 X 10¢

disc) will have a temperature contribution due to
solar noise given by

—-$
T, = (ﬂ)c(e.som K
4r

(3-31)
where T, is the solar noise temperature as given in
Table 3-1. At 1000 MHz, for instance, with G(6,
¢) = 1000(30 dB) the antenna temperature arising
from this source alone would be 1800 K. If a side lobe
of 20 dB below the main lobe were pointing at the
sun, a contribution of 18 K would be made to the
antenna temperature.

During periods of high solar activity temperature
increases of 10 to 20 dB may be found. (See, for
example, Ref. 2, p. 27-4 Fig. 4 which shows such an
increase when measurements are made with a dipole
antenna.) Intense activity takes place at isolated
regions on the solar disc, so that the brightness iem-
perature within these regions is even greater. The
regions of intense activity have varying lifetimes,
change in size, and move. While the steady solar
noise is unpolarized, the short intense bursts give rise
to circularly polarized waves. Table 3-2 classifies the
observed phenomena and their properties.

3-1.2.4 Other Natural Noise Mechanisms
3-1.2.4.1 Triboelectric Noise

Triboelectric noise is noise generated as a conse-
quence of frictional separation of charge. Noise im-
pulses are generated when the charges separate, and
when the accumulated charge on a body leaks off.
Categorizing this kind of noise under natural phe-
nomena is somewhat arbitrary, since the important
manifestations of such noise are in applications in-
volving machinery.

Frictional noise may occur between metals, be-
tween a metal and a nonmetal, or between non-
metals. The degree of seriousness is determined by
the amount of friction encountered. It may occur
between any two moving surfaces or the contact
points of two charged surfaces. Examples of these
phenomena are:

a. Belt noise. A charge between a dielectric (non-
conducting) belt and its pulleys

b. Bearing noise. Occurs between bearings and
their lubricant or housing

c. Tire and track noise. Appears between the tires
or tracks of moving vehicles or tanks and the road

d. Gear noise. Results from two gears moving
against each other.

Static charges on belts are a common occurrence in
industry. The charges develop on both power-trans-
mission and conveyor belts. Low temperatures
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TABLE 3-2. SOLAR EMISSIONS

Class Basic Slowly Short Term Unpolarized Burst
Characteristic | Component Varying Interference | Outburst | Isolated
(Thermal) | Component Burst
Wavelength Unlimited |3-60cm 1-15m lcm-15m |50 cm-50m
range
Duratio Weeks or Hours or Minutes Seconds
uration months days
. Trace of Strongly
Polarization Random circular circular Random Random
Place of Whole Number Small Small area |Small area
origin sun of small area above rapid move-
areas sunspot ment
Associated Sunspots Large Flare Unknown
optical and sunspots
features others
Remarks Constant 27-day With or No certain |No certain
over component | without distinc- distinc-
years numerous tion tion
bursts

appear to be more favorable for the accumulation of
charge, although the effect may become serious in dry
atmospheres at any temperature. Noise arising from
vehicular tires is quite evident in mobile trans-
mitters, and is very pronounced when a vehicle is
traveling on paved roads. When two gears made of
similar metals mesh, little noise is generated; when
two gears of dissimilar metals mesh, noise in the form
of pulses at the beginning of motion appear. The elec-
trolytic action between two different metals causes
an electrical discharge to occur as the gears mesh.

Frictional (Ref. 11) charge separation is en-
countered in aircraft. It occurs between the aircraft
and particles in the air, or between the aircraft and
nonconductive liquids such as fuel flowing into the
tanks of the aircraft. The phenomenon is of impor-
tance in dry weather, when considerable charge can
be accumulated without the opportunity to dissipate
itself slowly through leakage. Large amplitude noise
is generated when a substantial charge is accumu-
lated, giving rise to high field intensities at sharp
points on the aircraft exterior, and attendant corona
discharge.

Frictional charging can take place on the ground,
for instance in a dust storm, or in the air under a
variety of conditions. The particles involved include
snow, ice crystals, sand, dust, smoke, and exhaust
system particles from lead aircraft in tight formation

flying. The type of particle present controls the
resulting polarity of charge, to some extent.

Dry snow impinging upon aircraft almost always
produces a negative charge, as has been demon-
strated in the laboratory as well as in flight. Air tem-
perature controls the rate of charge, with the rate
becoming maximum at about —10°C. Snow con-
ditions prevail in any weather at intermediate alti-
tudes, to produce severe interference. Fine ice crystals
encountered at high altitudes, or the form described
as ice spicules composing cirrus clouds, occurring
generally above 30,000 ft, produce equally severe in-
terference at all seasons.

Sand, dust, smoke, and exhaust particles generate
charges, but the polarity depends upon aircraft finish,
air temperatures, and atmospheric charge centers.
The most commonly used aircraft paints and waxes
lead to a negative charge on the aircraft at air tem-
peratures between —5° and —15°C. On the other
hand, a finish using titanium dioxide (Ti0,) or a pig-
ment of colloidal silica in cellulose nitrate, generates
a positive charge on the aircraft at air temperatures
between 0° and —10°C. The polarities cannot be
predicted reliably at temperatures higher or lower
than those indicated. Experience has shown that
clean bare aluminum is the most neutral material
over the widest temperature range for all types of par-
ticles encountered. Even nonconductive surfaces such
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as radomes develop a local charge accompanied by a
type of discharge known as streamering, unless they
are protected with a thin, somewhat conductive
coating, that is properly grounded to the aircraft
metal structure.

Helicopters, while hovering in snow, sand, or dust,
may experience frictional charging. Potentials from
— 200,000 V to + 60,000 V have been recorded on
different occasions which — depending upon the type
of aircraft, the windborne particle material, and the
atmospheric field gradients — can reach 5,000 V/m
or more causing incipient lightning conditions. To
neutralize these potentials, active static discharges in
the form of high voltage power supplies capable of
delivering at least 100 uA at either polarity as the oc-
casion demands have been installed in helicopters.

3-1.2.4.2 Precipitation Static

Closely related to the frictional charge separation
on aircraft discussed previously, is the phenomena of
precipitation static—also referred to as p-stat-
ic—which arises in wet weather conditions. Two
different kinds of phenomena are encountered which
give rise to charge separation and discharge. These
are:

a. Frictional charge separation as the aircraft
passes through uncharged raindrops, leaving the
raindrop positively charged and the aircraft nega-
tively charged. The rate of charge accumulation
depends here on the density of raindrops, being
directly proportional to the weight of material struck.

b. Charge induction in the airframe arising when
the aircraft passes through the electric field of
weather makers. It has been explained that, as a rain-
drop falls through the air, the friction between the air
and the raindrop causes a physical separation of a
negatively charged mist, which remains hanging in
the cloud, thus leaving the falling drops positively
charged. This is the fundamental mechanism whereby
clouds are said to acquire charge. When the aircraft
passes through the field between these regions, charge
reorientation takes place on the aircraft by the
mechanism of static induction. Corona discharges
into the air occur at sharp points of the airframe, and
into dielectrics which are part of the airframe. This is
a consequence of the large fields that build up at
sharp points on the surface of a charged conductor.
Furthermore, different parts of a cloud, and different
clouds, carry different amounts of charge; hence,
fields exist within and between them and induce
charge on the airframe.

While the breakdown potential gradient at sea level
may be 30,000 V/cm, its value may be reduced to
lower values at higher altitudes. Both the air density
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and the surface density of charge are parameters that
influence the breakdown potential gradient. Air den-
sity obviously decreases as the altitude above sea level
increases. It also becomes less at high-lift areas, such
as along the upper surface of wings and at propeller
blades. Surface density of charge depends upon the
geometry of the material immersed in the field.

Once breakdown has occurred, a discharge will
follow. Impulsive and continuing discharges, rich in
both AM and FM components and their harmonics,
are generated in the 0.1- to 400-MHz range, and oc-
casionally beyond. Direct pickup by a receiving
antenna may result in a received level as high as 100
1V /kHz; indirect pickup by way of the conduction of
interference from the source to receivers via anten-
nas, power lines, or other electric circuits in the air-
craft may also result in significant effects. Special
consideration is required for communication and
navigation equipment in the low-frequency (LF) and
medium-frequency (MF) bands because of their par-
ticular susceptibility to p-static interference. For
manned aircraft, the problem is especially severe
because this type of interference occurs during times
of low visibility, when the pilot must fly by instru-
ments, using voice communication and radio naviga-
tion aids.

A number of remedies for reducing p-static have
been developed. One obvious method is to minimize
corona by avoiding sharp points. Another method is
to shield and ground sufficiently to minimize pickup.
A third method is to use static dischargers, active or
passive.

Further information on triboelectric noise and p-
static will be found in Refs. 12 through 14,

3-1.3 MAN-MADE SOURCES

Man-made sources of electromagnetic energy may
be intentional, such as radio transmitters, or inciden-
tal, as in the case of ignition noise or local oscillator
radiation*. In considering levels of electromagnetic
energy at a given location, it is important to recognize
the fact that, while an incidental emitter can be a
significant source, intentional radiation can be equal-
ly or more important.

A breakdown of man-made sources, listing exam-
ples of both broadband and narrowband types, is
given in Table 3-3 (Ref. 15). It has been further sub-
divided to give a general indication of whether each
source is active for long periods of time {(continuous),
for short periods (intermittent), or for very short and

® This description is not enlirely consistent with that of FCC

which places these two devices into two separate classes, in-
cidental radiation devices and restricted radiation devices — see
Chapter 2.
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TABLE 3-3. TYPICAL MAN-MADE INTERFERENCE SOURCES (Ref. 15)
Broadband Narrowband
Transient Intermittent Continuous Intermittent Continuous
Mechanical Electronic Commutation | CW-Doppler | Power-line
function computers noise radar hum
switches
Motor speed | Rectifiers Radio Receiver
Motor controls transmitters local
starters [gnition and their oscillators
Poor or systems harmonics
Thermostats | loose ground
connections Arcand Signal
Timer vapor lamps generators,
units Arc oscillators,
welding Pulse and other
Thyratron equipment generators types of
trigger test equip-
circuits Electric Pulse ment
drills Radar
transmitters Transponders
Sliding Diathermy
contacts equipment
Teletype-
writer
equipment
Voltage
regulators

infrequent time periods resulting from solitary-event
switching action (transient). Extremely short dura-
tion transients are considered to be impulsive. Tran-
sients from repetitive switching action — such as oc-
cur in SCR’s, printers, and fluorescent lamps — pro-
duce waveforms containing harmonics of the switch-
ing rate. Harmonics also may result from the applica-
tion of a sine wave to a nonlinear device.

3-1.3.1 CW Sources

The waveforms included in this category are:

a. Sine waves, pure or modulated (except those
modulated with very narrow pulses)

b. Periodic signals, whose harmonics are spaced
far enough apart that no two of them appear in the
acceptance bandwidths of potential susceptors.

3-1.3.1.1 Transmitters

Potentially interfering signals generated by trans-
mitters include intentional emissions, harmonically
related spurious emissions, and nonharmonically
related spurious emissions.

The minimum bandwidth requirements for trans-
mitter emissions are determined by the character-
istics of the functional signal and the modulation
method employed. In an amplitude-modulated wave.
the width of the spectrum occupied is twice that of
the highest modulation frequency. 1n frequency mod-
ulation, the bandwidth is approximately equal to
twice the sum of the highest modulating frequency
and the peak frequency deviation. With pulse modu-
lation, the bandwidth is a function of the rise time
associated with the pulse. Table 3-4 (Ref. 16) sum-
marizes the bandwidth requirements of a variety of
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TABLE 3-4. TYPICAL BANDWIDTH REQUIREMENTS (Ref. 16)
Narrowband | Wideband
Information Single- FM FM
Transmission Bandwidth, AM, sideband, | (m, > 0.5), (m; = 10),
: Hz Hz Hz Hz Hz
Telegraph
Morse Code 100 words
per min 0-120 240 120 240 2,400
Speech
High fidelity 40-15,000 30,000 15,000 30,000 300,000
Typical broadcast
program 100-500 10,000 5,000 10,000 100,000
Long distance tele-
phone quality 250-3500 7,000 3.500 7.000 70,000
Intelligible but
poor quality 500-2000 4,000 2,000 4,000 40,000
Television
Standard 525-line
picture interlaced,
30-cycle repeti-
tion rate 60-4.5 X |0¢ 9 X 10 4.5 X 10* 9 X 10° 90 X 10
Pulse
1 uslong 0-1 X 10* 2 X 10 1 X 10 2 X0 20 < 10

typical signals for each of the applicable types of
modulation.

Spuricus emissions are signals emitted at fre-
quencies outside the *“necessary” bandwidth of the
generating source, the levels of which may be reduced
without affecting the quality of the intentional trans-
mission. Spurious emissions include:

a. Harmonics of the transmitter fundamental fre-
quency f,

b. Nonharmonically-related outputs

c. Sideband splatter and noise.

Fig. 3-14 shows a simplified block diagram of a com-
munication transmitter that uses conventional vac-
uum tubes, a master oscillator, and a multiplication
scheme to generate the fundamental output. A typical
output spectrum is shown in Fig. 3-15 (Ref. 16). In
addition to the normal harmonic outputs, there are
outputs that occur at a multiple of a frequency lower
than the fundamental. These outputs usually are har-
monics of the master oscillator used to generate the
transmitter carrier frequency.

Fig. 3-15(B) shows the output spectrum that may
be obtained from a system that uses a klystron for the
final power amplifier. In this case, the output spec-
trum consists only of the fundamental, and har-
monics of the fundamental. The output spectrum
from a typical radar transmitter with a magnetron
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output tube is shown in Fig. 3-15(C). In this spec-
trum, in addition to the harmonics of the funda-
mental, there appear additional spurious outputs that
do not bear any definite frequency relationship to the
fundamental or to each other. These are usually at-
tributed to multimoding phenomena associated with
the muitiple-cavity resonator that is used in the
device. Although measures are taken to suppress the
undesired modes, it is not possible to eliminate them
completely.

Sideband splatter occurs in amplitude-modulated
transmitters when the modulation exceeds 100 per-
cent, and when the carrier is cut off on the negative
modulation peaks. In single-sideband transmitters,
splatter is caused most often by overdriving the
power amplifier, so that it operates in a nonlinear
region. With frequency-modulated transmitters,
over-modulation causes the frequency swing to ex-
ceed the design maximum system deviation. Trans-
mitters also radiate broadband noise. Although the
level is quite low, it is sometimes high enough to pro-
duce interference with colocated receivers.

The emissions which have been discussed can be
radiated not only from the antenna but also from the
transmitter equipment cabinet itself, and also can be
conducted along any signal or power lines connected
to the cabinet.




DARCOM-P 706-410

Master Frequency

Oscillator

Figure 3-14,

=1
(-]
2o
£z 2
gz § 2
S Sg £ 5
o w K] E
e — -]
3= p:] -
8 a N b
Fo ™
R 2 O I O O O I O I
—

Frequency ——
(A) Typical Communication Transmitter Spectra

Fundamental
Amplitude —=

—— 2nd Harmonic
— 3rd Harmonic

Frequency—=
(B) Klystron Transmitter Output Spectra

Fundamental
Ampiitude —
nd Harmonic

— 3rd Harmonic-

: il ||:T ||

FrequenCy—=

(C) Magnetron Transmitter Output Spectra

Figure 3-15. Typical Transmitter Qutput Spectra

When the transmitter cabinet is located close to the
radiating antenna, direct leakage from the cabinet
may be no more troublesome than that from the
antenna. When the transmitter is in a shielded enclo-
sure or a metallic building which offers shielding
from the antenna, direct leakage from the trans-
mitter cabinet may be the primary source of inter-
ference and must be controlled where sensitive equip-
ment is present in the enclosure.

Multiplier |——

(Power) Amp Load

Basic Parts of CW Transmitter

3-1.3.1.2 ISM Devices

A class of equipment that generates RF energy for
noncommunication purposes but for which the levels
can be as large as, or larger than, those used for com-
munications is known as *‘'Industrial, Scientific, and
Medical” (ISM) equipment. ISM equipment gener-
ates sine wave signals at frequencies in the range from
10 kHz to 30 GHz, usually for the purposes of clean-
ing, heating, or plasma stabilization. Equipment
designed for civilian use is subject to special limita-
tions on emissions by Part 18 of FCC Rules and
Regulations as described in Table 2-5.

Considerable data exist on measured emission
levels from such devices. Pearce and Bull (Ref. 17)
measured levels of emissions from wood gluers,
plastic welders, and preheaters which appear at nu-
merous frequencies between 30 MHz and 1 GHz. At
a distance of 1000 ft the levels varied from 0 to about
60 dB (uV/m).

Garlan and Whipple (Ref. 18) measured emissions
from arc welders, also at 1000 ft. In this case the
emissions are broadband, but on any one emitter
vary considerably with frequency over the range from
0.5 MHz to 30 MHz. Levels varied from —5 to about
38 dB[uV/(m-kHz)}.

3-1.3.1.3 Local Oscillator Emissions

Local oscillators, used for heterodyning or detec-
tion in receivers, are potential sources of emissions
via conduction on the power line or radiation either
directly from the chassis or via a connected antenna.

In digital computers, clock oscillators are used to
generate repetitive pulses to trigger logic circuits in
synchronism. The associated emissions can be rich in
harmonics, and can be radiated and/or conducted.

Some typical conducted and radiated narrowband
emissions from receivers, transmitters, and a com-
puter are shown in Figs. 3-16 and 3-17 (Refs. 19 and
20). The emissions shown below 10 kHz in Fig. 3-16
are power frequency harmonics, not related to local
or clock oscillator emissions.

3-1.3.2 Switching Transients

Transients occur whenever electrical power sud-
denly is applied to or removed from a load. The
power may be direct or alternating and the switching
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action may be intentional, as in the case of a me-
chanical or electronic switch; or it may be uninten-
tional, as in the case of intermittent contact due to a
faulty mechanical connection between two parts of a
circuit. The prototype switching action is to initiate
or interrupt a steady current or voltage. A simplified
circuit is shown in Fig. 3-18. In this figure, Z
represents the generator impedance, and Z; the load
impedance. At high frequencies the lengths of the
lines connecting the switch S to the source and the
load are important,

3-1.3.2.1 Switching Action

At low frequencies if the impedances are purely
resistive, the switch can be considered to function in-
stantly, to establish (upon closing) a voltage across
the load impedance or a current through it. The
mathematical model for this action is the unit step
(see Fig. 3-19) which has a spectrum amplitude S(/)

S(fy=1/(=xf) s (3-3)

For a step of amplitude A (A nondimensional)
S(fy=A/(f) s (3-33)

For a step of amplitude V¥ volts or f amperes, the
spectrum amplitude is

S(fy=V/(=f) .V (3-34)

or

S()=1/(xf) , Ass (3-35)

The spectrum for step S, of one volt is plotted on
Fig. 3-20. Also shown on this figure are formulas
showing how this spectrum is modified for an ampli-
tude of 4 volts; i.e., for a 10-V step the line shown

should be raised 20 dB. By changing the ordinate
dimensions to dB (uA/MH?z), the same figure can be
used for a current step.

An actual switch and circuit differs from the ideal
prototype in that the current or voltage is not im-
mediately initiated or interrupted due to imperfect
switching action, or because the circuit in which the
contact is placed may have reactive or unmatched
loads. Frequently the equivalent load or the connect-
ing transmission line may be considered to contain an
equivalent series inductance.

On closing such a circuit, the voltage w(t) across the
load resistor rises exponentially according to the rela-
tion

)=Vl —exp(— 1],V (3-36)
where
T=L/R,s
L = inductance, H
R = resistance,
V = final voltage, V
t = time,s
The spectrum amplitude is given by the expression

14

SU) = ey Vs (3-37)

Note that at frequencies for which 27f7 « 1, the
spectrum is identical to that of the step. For some
purposes, this spectrum can be approximated by that
of a linear rise of voltage to the maximum value V. It
is given by the expression for S; shown on Fig. 3-20
(Ref. 15). Its envelope (substitute 1 for sin 7f7) is
plotted for t = 0.1 pus, A = V=1 V. Note that for
frequencies above 1/(wt), the spectrum amplitude
falls off as 1//? rather than 1//, and that in this range,
it is 6 dB above that for an exponential rise with
T=1=0.1 ps.

|———‘1 —h‘/t‘— t,

Switch S

Source Impedance 2 s

Source ——
of
Power

Load Impedance ZI

Figure 3-18. Simplified Switching Circuit
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For comparison purposes the spectrum of a trape-
zoidal pulse having amplitude unity, rise and fall
times ¢, and duration d is shown on Fig. 3-20 (see for-
mula and plot for §,). In the portion of the spectrum

Limiting Case ¢ = 0

1/ (nd) 1/{=t)

Frequency f, MHz

§ 1o where the amplitude varies as 1 /f, the spectrum of the
= unit step is 6 dB below that of the unit amplitude
= pulse. The dependence on the rise time for both is
similar, but the pulse spectrum levels off at fre-
quencies below |/(xd).
Time £ 3-1.3.2.2 Arcing Phenomena
When a switch opens, the current tends to change
rapidly from a finite value to zero, and the large
Figure 3-19. A Unit Stepatt = resulting di/dt can produce a large instantaneous
= 0.1 x 10° 6s
'InTr
Ss n ft 1/
N
x : :
= S (f) = 2ag( S1nm_fd sinnft
;1 160 p F d( nfd nfE
= h\Q: N
s
5 120+
A
U)m Ss = ﬂf :
2 100f i
S 1
>y |
e sof |
=T
= !
= |
s 60f |
o |
Q
(a8 I ~
<80 ! | s 1
0.01 0.1 | 1 | 10 100 1000

Only envelope values are shown.

Refer to formulas for other shapes (different £, 4, or d).

Figure 3-20.

Interference Level for a 1-V, 1-us Trapezoidal Pulse and 1-V Unit Step (0.1 s rise time) (Ref. 15)
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voltage pulse across any circuit inductance. The large
voltage easily can cause an arc to be struck across the
switch contacts, so that current continues to flow.
Riidenberg (Ref. 21) shows that if the contacts open
in such a way that 1/R. decreases linearly with time
— R, is the contact resistance — to a value 0 in time
7, then the peak voltage V,; appearing across the
contacts (see Fig. 3-21(A)) is

4

v, = — " v 3-38
P Y — LI(R.7) (3-38)
where
T = switching time of contact, s
L = circuit inductance, H
R, = contact resistance (initial value), @

For typical circuits, 7 is greater than L/R. and V,
can be substantially larger than V.

If the circuit had distributed an intentional capaci-
tance across the inductance, as shown in Fig. 3-21(B)
(Ref. 21), the arcing can be reduced or effectively
eliminated. In this case the voltage may become os-
cillatory, and the maximum voltage V,,,,. is

Viae = {L]O)'? .V (3-39)

With resistances in the branches (Fig. 3-21(C)) oscil-
lation is eliminated if R, = R, — (L/C)/.

With practical snap switches, on ‘““make” the con-
tacts may bounce apart several times before finalily
settling together; while on “break™, the voltage spike
generated may cause an arc to develop across the
contacts which may be extinguished and restruck
several times before the contacts are far enough apart
to prevent it. The net effect of arcing and contact
bounce is that the switch opening or closing is accom-
panied by not one but several rapid changes in
current, and the overall switching transient voltage is
actually a series of several pulses.

Typically, bounces and arcs may occur on the
order of milliseconds apart, while the duration of the
voltage ‘“‘spikes” may be of the order of micro-
seconds (see Fig. 3-22, Ref. 22). Such a “‘burst” of in-
terference may be serious particularly in digital
systems, where several data bits may be corrupted.

The effects of multiple arcs or oscillations on the
emission spectrum is to increase the spectrum ampli-
tude at the arc or oscillation frequency. The low fre-
quency portion of the spectrum is determined only by
the magnitude of the current or voltage change. En-
hancement at one frequency can be expected to
reduce the spectrum at higher frequencies.
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Load
L, R

(A) Model for Contact Opening

] —e

(B) Undamped Inductive Load With
Shunt Capacitor

(C) As in (B) Above With Damping

Figure 3-21. Contact Arc Suppression (Ref. 21)

Transients on power lines can be particularly
severe, due to the large currents and inductances that
may exist in a given circuit. Observed levels of such
transients are as high as several hundred volts on a
110-V line (Ref. 23). Observed duration may vary
widely, on the order of 1-100 us, but fractional micro-
second pulses also occur. The dominant component
of power line inductance may be that of the line
transformer, which may be of the order of 10-100 o H.
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(C) EMI Generated by Six Pole Relay Opening

*EMI = electromagnetic interference

Figure 3-22. Typical Switching Transients (Ref. 22)

Although spikes on power lines usually are generated
by the switching of differential mode current, they
may be coupled readily into common mode or
ground loop circuits, thereby considerably increasing
the effectiveness of the power line as a radiator. This
situation is discussed further in par. 3-3.3.3,

Transients are generated in circuits containing
relays both by opening and closing of the contacts of
the relay itself, and by operation of the activator coil,
usually by other contacts. Transients also appear in
circuits containing solenoid valves. The relay coil or
solenoid, as an inductance, generates a voltage spike
when deactivated. Although the current in the coil
may be small compared with that switched by the
contacts of the relay, the voltage spike generated by
the coil circuit may be comparable in level, due to the
large inductance of the coil compared with power cir-
cuit inductance. Transients associated with relay or
solenoid operation, other than those caused by the
coil, are similar to those associated with mechani-
cally operated switch circuits.

Representative spectra are shown on Figs. 3-23 and
3-24 (Ref. 24). On Fig. 3-23, peak conducted EM]
levels measured in a circuit containing a relay coil are
shown as a function of the magnitude of steady
current after contact. The levels are seen to be a func-
tion of the current level and indeed, except at very
low currents, directly proportional to the current. At
high currents, the rate of fall off of spectrum is ap-
proximately inversely proportional to frequency, in
accordance with theory, as is its magnitude (see Fig.
3-20). At lower currents the increase in spectrum level
with frequency is not understood, but may be caused
by decreased damping of the circuit inductance by in-
creased load resistance.

Fig. 3-24 shows corresponding results for contact
“break”. Note that here the spectrum is better
behaved, probably because the load resistance has
less effect in an open circuit.

Measured levels of EMI radiated from the circuit
containing the relay coil are shown on Fig. 3-25 (Ref.
24). No attempt is made to provide a radiation model
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Figure 3-25. EMI Radiated from a Conventional Electromagnetic Relay Coil (no relay cover) (Ref. 24)
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here because of uncertainty as to the actual con-
figuration of the test circuit. Other data on conducted
and radiated spectra from various relays or solenoid
operated devices are shown in Table 3-5 (Ref. 22).

The principles of switching transients just dis-
cussed apply in alternating as well as direct current
circuits, but in alternating current circuits the magni-
tude of the transient and contact arcing is very much
a function of the time during a cycle that circuit inter-
ruption begins. The magnitude of the expected tran-
sient is of the same order for equal maximum voltage
or current. However, the transient itself may be
affected significantly by saturation effects in mag-
netic circuits caused by large inrush currents. Ref. 21
should be consulted for details.

3-1.3.23 Repetitive Switching
3-1.3.2.3.1 Rotating Machines

Because a commutator is, effectively, a device
which performs an automatic and repetitive switch-
ing function in which one of the principal elements is
the inductance of the machine windings, it can be
expected to generate EMI in the same way. Actually,
the brush used in commutation acts as a varying con-
tact resistance in a way corresponding to the dis-
cussion leading up to Eq. 3-1.

Fig. 3-26 (Ref. 25) shows experimental data for a
commutator type of generator.

Fig. 3-27 (Ref. 25) shows that the effective ac im-
pedance of the equivalent noise source for a dc
generator is independent of the load, although it
varies rapidly with frequency. The dotted curve on

Fig. 3-27 shows that on the basis of open circuit volt-
age and impedance measurements, the output noise
level from this device can be predicted with reason-
able accuracy for any load. Similar results are ob-
tained for ac generators measured as noise sources.

Fig. 3-28 (Ref. 26) shows conducted noise voltage
measured on a dynamotor in the frequency range 150
kHz to {5 MHz.

3-1.3.2.3.2 Gaseous Discharge Lamps

Gaseous discharge lamps operate on the principle
of an arc breakdown, a phenomenon that occurs
twice during each ac cycle.

Fig. 3-29 (Ref. 27) shows the electromagnetic inter-
ference (EMI) voltage from a fluorescent lamp in a
limited frequency range, measured directly across the
lamp terminal. Fig. 3-30 (Ref. 27) shows, however,
that the impedance of the lamp (including its ballast)
is so large that very little conducted noise voltage
results. However, in the frequency region of imped-
ance resonance, the lamp exhibits fairly sustained os-
cillations (in the neighborhood of 12 kHz). This os-
cillation might create serious radiated EMI in some
circumstances.

Radiated EMI measurements on a different fluo-
rescent lamp in a higher frequency range are shown
on Fig. 3-31 (Ref. 28). In making these measure-
ments, the electric antenna was placed 3 ft from the
lamp. Electric fields from fluorescent lamps usually
can be eliminated entirely by using glass with a con-
ductive coating and whose surface is electrically
bonded to an otherwise complete metal enclosure.

TABLE 3-5. EMI FREQUENCY SPECTRA OF
ELECTROMECHANICAL SWITCHES (Rel. 22)

Switch Type

EMI Frequency Spectra

Latching power relay

Power transfer relay

Switching relay

Solenoid-operated valves
Power contactors

Coil-operated coaxial
switch

15 kHz to 400 MHz radiated
1 MHz to 25 MHz conducted (coil lines)
30 kHz to 25 MHz conducted (contact lines)

15 kHz to 150 kHz, 25 MHz to 400 MHz radiated
150 kHz to 25 MHz conducted

130 kHz to 60 MHz radiated
600 kHz to 12 MHz oscillation conducted on coil lines
87 to 150 kHz oscillation conducted on coil lines

1 to 8 kHz conducted
150 kHz to 25 MHz conducted

150 kHz oscillation conducted on coil lines
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Figure 3-29. EMI Source Voltage of Fluorescent Lamp (Ref. 27)

3-1.3.2.4 Automotive Ignition

Data on a number of incidental radiating devices
have been summarized by Myers (Ref. 29). He
reports the work of Newell on a simulated ignition
system as shown here in Fig. 3-32 (Ref. 30). The com-
parison between measured and theoretical current
spectra shows remarkable agreement, the peak at
about 20 MHz being due to a resonance in the
system. The extension of this model to predict radi-
ated values is almost impossible, because of the ex-
treme dependence on the amount of shielding contri-
buted by the metal body of the vehicle.

Fig. 3-33 (Ref. 31) shows the range of field strength
(both horizontal and vertical polarization) as a func-
tion of frequency for 2! vehicles and also shows the
limits of SAE Standard J551. These data were taken
in 1969 at a distance of 10 m.

When vehicles are moving, a spread in levels even
larger than shown on Fig. 3-33 will be experienced.
Fig. 3-34 (Ref. 32) shows the distribution function for
vehicles on a 7-lane freeway when measured by an
antenna 51 ft from the nearest lane of traffic. In this
case a power measurement was made. Although the
average value of measured power was only 18 dB

3-37



DARCOM-P 706-410

4 0L 8 9 14

(LT 1Y) amxy dwe jJuassaion) 3 jo dduspadw] dIN0G  Qg-¢ 31
Zy§ °Sf Adouanbauy

" ; — ] 70
... : 98 EENRRE Sy . S
.. e baee . - U R ¢.|I.l?|_.|,.||+l‘
_
=t
. - R o e T S o
i - e ada .III.‘..l.i.Iu
“ . by — o
[ AR I B T B . 1. . . R VN PN PO P S P N NG S USRS HB S D S S
—
R V B oL
. . . R P N \ PN [ [P B T A DRPURU RPN IS N YO S w
. P B S et D S B P P . . . .o N HNEN S CUE DI P R Rt Rl SN R R et o
e e .l?..r; P B o yenen PPN PP .. P TN (RN R N . P B L B e Tt s
e e RN N N N . . . AR VRO SOV SO UUURE AN DR PN PSRRI SIS SO S
i .
7 el T
e PRI MO N S P [ O N T - B acs TR AR R R EECTRNNN SR PR TE
PP . L.y o] .- . L. . .. 1P A I SPUUPDUR KIS EUUE SN S S
. . . Firgere e-- Y RN R TN S SN P RO PRSP B s
C e N . . P S P N e -4 - - e
» - : : i B Summsa——— ]
. . e . -} N B T T TR N T
...... . fom voe e e o e gD ]
- B I G P Y
MAEEE NS D =+
———e
b b . (R EOO G DU O P S
ORORY VSR N NONIRY IOEXSORRNN ORI
e -
. . Y
..... be-
1.
. .
- N )

By ¢z 9ouepadui

3-38




DARCOM-P 706410

100,000
10,000
~ f \ Metal
x } | grille
E 000 ' removed
= ¥
= \‘-\
p=1
~ 4
©
=
-~ 100
=
-
o
o=t
a
|
FS)
w
© 1o
—
a
o
L.
10
01 |
0.01 Gl 1o 1] 100 1000

Frequency f, MHz

Figure 3-31.

above kT,B, the value exceeded 1% of the time was
about 50 dB above kT, B.

Military vehicles for tactical use are suppressed to
lower levels than SAE Standard J551 (see par. 5-
6.3.2). This is because they frequently carry com-
munications equipment which must be usable while
the vehicle is moving or standing with engine oper-
ating. Furthermore, because equipment mounted on
the vehicle or connected to its power supply is po-
tentially susceptible, levels of conducted interference
must be controlled. Even if tactical vehicles do not
carry communication equipment, they must be sup-
pressed because they can be located close to com-
munication installations.

Broadband Radiated Interference (Peak) (Ref. 28)

3-1.3.2.5 Semiconductor Switching

Fig. 3-35 shows a source of interference arising
from a switching transient (Ref. 113) in a semicon-
ductor diode. The source of interference is a pulse
generated at diode turnoff by stored carriers in the
junction.

3-1.3.2.6 High-voltage Power Lines

EMI generated by power lines is of two types,
namely:

a. That due to various forms of corona which
generally has a random waveform, but which is mod-
ulated at the power frequency or multiples of it. This
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Figure 3-32. Spark Current Generation and Current Spectra (Ref. 30)

source has a high duty cycle and is usually not impor-
tant at frequencies above 100 MHz.

b. That due to localized static discharges across in-
sulators or other forms of line hardware which is
more impulsive in character. This type of inter-
ference has substantial components at frequencies of
the order of 100 MHz and does not propagate on the
line.

Measured data compiled by Skomal (Ref. 33) are
shown on Fig. 3-36, for a variety of line voltages and
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distances from the line, under fair weather con-
ditions. [n fog, mist, or rain, levels may be 10 to 20
dB higher.

3-1.3.3 Nonlinear Phenomena

The term nonlinear phenomena could be inter-
preted to include almost any mechanism of EM]I
generation., For example, almost all switching in-
volves some nonlinear action in the arcing that must
always occur, Here the term is reserved for those
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mixers, and frequency multipliers — or they may

rrent and voltage. The arise unintentionally, as in the case of saturation in

nsistors, and magnetic materials.
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sine wave signal will produce harmonics of that sine
wave. [f the nonlinearity is quite severe, the signa
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— as in the case of rectifiers,
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Figure 3-35. Oscillograms of Reverse Current
Transients for a 1N345 Diode at 880-mA dc Load
(Ref. 20)

level, and may appear as a succession of switching
transients rather than a sine wave corrupted by har-
monics. These concepts are illustrated in Figs. 3-37
and 3-38, The nonlinearities represented in Figs. 3-
37(A) and (B) are typical of the “switching” type of
nonlinearity, i.e., the slope of the output-input curve
increases as input increases in magnitude (although
not necessarily symmetrically as shown). The outputs
of such nonlinearities are quite rich in harmonics; in-
deed, in the extreme case of Fig. 3-37(C) the level of
the harmonics can be constant up to quite high fre-
quencies. Examples of devices having this kind of
nonlinearity to a lesser or greater degree are mixers,
detectors, rectifiers, magnetic core inductors, and
devices utilizing gas discharges, such as fluorescent
lamps. Another type of nonlinearity is the *‘satu-
rating” type shown in Fig. 3-38. In this type of non-
linearity, the output waveform is “clipped” and in the
extreme case, represented in Fig. 3-38(B), becomes a
square wave with fundamental frequency equal to the
frequency of the sine wave input. The harmonics of a
square wave fall off inversely with frequency. An
example of a device with saturating nonlinearity is
the linear amplifier when operated at too-high an in-
put level.

Harmonic generation by nonlinear phenomena
also creates problems due to the mixing of signals
presented to the nonlinear device. Sometimes this is
intentional, as in mixers, converters, and detectors.
But intermodulation and cross-modulation are un-
desired phenomena in circuits designed to be linear,
primarily radio frequency amplifiers.

3-1.3.3.1 Power Frequency Harmonic Generation

The primary sources of harmonics in ac electric
power lines and distribution systems are rectifiers and
magnetic saturation in transformers.

3-1.3.3.1.1 Rectifiers

The load and line currents for ideal single-phase,
unfiltered half-wave and full-wave rectifiers are
shown in Fig. 3-39. For the half-wave rectifier the
magnitudes of the harmonic currents /(n) for both
line and load are given by

I
—%A.n=l,A (3-40)
I(n) =
I —2—-— neven ,A (3-41)
Ko = Dn + 1) ° '
where
fy = peak value of current, A
n = order of harmonic
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For the full wave rectifier the harmonics of the load
current /(n) are given by

4l

In) = m

A (3-42)

Note that the line current for the full-wave rectifier is
sinusoidal, so that there would be no harmonics
generated on the power line by an ideal full-wave,
single-phase rectifier. The same conclusion holds for
a full-wave bridge rectifier.

For most purposes the harmonic content of the
load currents of simple rectifiers is too large for
satisfactory use. To reduce these harmonics, filters
are inserted between the rectifier output and its load,
thus smoothing the waveform. However, generally

these filters increase line harmonics, which are usual-
ly the harmonics of most concern from an EMC
point of view. The effects of these filters are discussed
in detail in par. 5-5.

For multiphase power supplies, analysis of line
current is more complex than for single-phase
supplies; however, multiphase circuits may be used to
advantage to minimize ripple in the dc output as well
as harmonic emissions on the power line. By proper
choice of circuit, the rectifier may be designed in-
herently to cancel out certain harmonics. This is dis-
cussed in detail in par. 5-5.4.2.

3-1.3.3.1.2 Transformers and Inductors

Transformers and inductors using magnetic ma-
terials for cores have nonlinear current-voltage char-
acteristics due to saturation effects in the core. In
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power circuits, the forcing function is generally a
sinusoidal voltage, so that the current waveform is
distorted. This distortion results in generation of har-
monics of the power frequency which may be coupled
into other circuits by induction or by common im-
pedances.

The mechanism by which this occurs is that shown
in Fig. 3-40. The magnetic field strength H is propor-
tional to the current 7, while the magnetic flux density
B is proportional to the voltage E. As the applied
voltage is increased beyond the saturation value £,,,
then, because of the smaller increment of magnetic
flux per unit current increment, the current must in-

(A)

— Magnetic
D Material sat

crease by a relatively large amount to generate suffi-
cient back emf in the inductor to equal E.

In well designed power transformers the third har-
monic current generated at rated voltages will not
exceed a few percent of full load current, and har-
monics of higher order will decrease rapidly as the
order increases.

3-1.33.2 External Mechanisms of Interference
Generation
Nonlinear effects have been observed at radio fre-
quencies in structures in the vicinity of transmitter

. - -

-

Figure 3-40. Generation of Harmonics in Magnetic Materials
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antennas, resulting in the generation of spurious fre-
quencies due to intermodulation. The phenomenon is
known to arise in metals having magnetic properties,
corroded metals, and corroded joints between met-
als—particularly where the joint is loose. The essen-
tial conclusions of a study on this matter (Ref. 34)
were as follows:

a. The nonlinear phenomena found invariably had
an odd symmetrical voltage-current characteristic;
i.e., the power series expansion around the origin has
only odd powers.

b. Welded joints are far superior to riveted or
bolted joints. Turnbuckles and cable clamps are
potential sources of nonlinearity.

c. The effect appears in magnetic materials such as
steel, nickel, and mu-metal. Coating magnetic ma-
terial with conducting material such as copper sig-
nificantly reduces the effect.

d. Rough surfaces and oxide surfaces on steel
exhibit the effect as do copper oxide formations on
copper. Cleaning and polishing such metals are effec-
tive in reducing the effect.

e. The effect frequently is observed near sharp cor-
ners and bends. The interference level developed at
the input of a receiver depends on the energies
reccived from the transmitters by the nonlinear
device, the efficiency of the conversion to the un-
desired frequency, and the re-radiation properties of
the structure involved. If a receiver antenna is close
enough to the structure, the interference might indeed
be substantial. But if the receiving antenna was, for
instance, 10 ft away, the interference very likely
would be of negligible magnitude.

3-2 SUSCEPTIBILITY

3-2.1 MASKING AND ERROR INDUCTION

Measures of functional impairment, arising as a
consequence of interference, depend on the purpose
of the system. In a speech communication system, in-
telligibility is an important factor, and measures
based on subjective articulation tests are used to
assess its effects. Other criteria may be used in some
cases, e.g., criteria based on speaker recognizability.
Systems using visual displays — TV, radar displays,
facsimile, graphic, and alphanumeric readouts —
require a variety of measures, ranging from amor-
phously defined observed quality preferences to
rigorously defined probabilistic quantities. Digital
data systems invariably use average probability of
error over all symbols used, but in many cases it is
necessary also to know the transition probabilities for
the different error pairs, and whether errors occur at
random intervals or in bursts. Analog data systems

348

typically make use of the mean square error as a basis
for assessing system quality, though other quantities
such as peak error and average absolute error some-
times are needed.

Training and fatigue also affect performance.
Trained operators frequently can read signals cor-
rectly in interference in which an untrained operator
would find them hopelessly lost. However, the con-
centration required to do this will tire the trained
operator more quickly than will receiving under in-
terference-free conditions. Resentment at the intru-
sion of an interferer also can be expected to have an
effect on the quality of reception. These psycho-
logical factors have not been quantified adequately,
and are only mentioned here as a caveat.

Performance measures usually are expressed as one
or more curves giving the relationship between the
quality measure, and the noise level for various levels
of signal. In some instances, quality is related to the
signal-to-noise ratio, and one curve is adequate for
any signal level. The forms of these relationships
sometimes vary smoothly and gradually, and some-
times abruptly, exhibiting a sharp threshold. Typical-
ly, where synchronization is affected by interference,
loss of synchronism means total loss of output. Sharp
thresholds also are characteristic of interference
reducing modulation systems.

Ultimately in system evaluation a functional rela-
tionship between impairment and cost must be iden-
tified, a relationship which is often elusive. In a
digital system, where the error probability is the
quality measure, one might assess cost in terms of
that required to provide the higher transmitting
power needed over that needed in the absence of im-
pairment. But then other costs must be accounted
for; for example, the increased power may resultin an
increase in interference with another system.

3-2.1.1 Speech Systems

Audio systems intended for speech communica-
tion are evaluated in terms of syllable, word, or
sentence intelligibility, as determined by psycho-
acoustic tests. The degree of intelligibility, called the
articulation, is the ratio of the number of language
elements currently understood to the total number of
elements used. The results of articulation tests de-
pend on the language itself, the class of talkers, what
words (or other language elements) are used in the
test, and the class of listeners.

The most common tests make use of lists of words.
These words are read to a listener through the system
being examined. An easy test to grade is the Rhyme
test (Ref. 35) in which single syllable words are read
to a listener who is given the word ending and must
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supply the initial sound (letter). Another test uses the
Phonemically Balanced (PB) word list. Each suc-
cessive group of 50 words is balanced to contain a
proportioning of phonemes typical of that found in
the English language. Listeners are informed that all
words used are valid English words, and not non-
sense syllables. The listener writes the entire word on
this score sheet, and scoring can be based on the
number of words or the number of phonemes in
error. Both of the tests described here are used for
diagnostic purposes to determine which phonemes
are apt to be misinterpreted and whether or not a
member of one class of phoneme (e.g., a stop sound)
is apt to be interpreted as a member of another class
(e.g., a fricative). A discussion of these procedures
will be found in Drucker (Ref. 36).

The use of articulation tests is costly and time con-
suming. In their place one may use an analytical
method that gives estimates of articulation, using pre-
determined spectral properties of speech and the
spectral properties of the interference. The method is
based on the spectral distributions shown in Fig. 3-41
(Ref. 37), and a derived quantity called the articula-
tion index (Refs. 37 through 40). The curves per-
taining to speech show spectral density levels of
sound pressure at one meter in front of a talker using
a raised voice; the raised voice is 6 dB above the level
of a normal speech. Three curves corresponding to
peak speech levels, average levels, and minimum
levels are shown. Peaks are 12 dB above the average
level, and minimums are 18 dB below the average
level. The frequency ranges from 200 to 6100 Hz, and
the abscissa is divided in such a way that equal width
intervals correspond to equal contributions to the ar-
ticulation index. If all of the area between the peak
and minimum curves is uncontaminated by inter-
ference, is not filtered away, and does not fall below
threshold or above overload, the articulation index is
100%. If part of this region is obscured, the loss of ar-
ticulation index is determined by the area of the
obscured portion. The abscissa is marked off in fre-
quencies which are the centers of 20 critical bands,
each band contributing 5% to the articulation index.
The articulation index A4 in a particular application is
given by

A = )2:0: 0.05W, (3-43)
where "
W, = articulation index parameter
= [(speech peak of nth band)
— (noise rms value in nth band)]
+ 30 (3-44)
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Figure 3-41. Plot, on a Spectrum Level Basis,
of (1) the Speech Area for a Man Talking in a
Raised Voice; (2) the Region of “Overload”™ of
the Ear of an Average Male Listener; and
(3) the Threshold of Audibility for Young Ears
(All curves are plotted as a function of frequency
on a distorted frequency scale.) (Ref. 37)

Both terms in the numerator of W, are measured in
dB relative to 0.0002 pbar in a 1-Hz band. The speech
peak is taken from the curve of Fig. 3-41. The factor,
30, in the denominator corresponds to the 30-dB
range between peaks and minimums. W, is set equal
to zero if Eq. 3-43 is negative, and it is set equal to u-
nity if Eq. 3-43 is greater than unity. By assuming a
speech communication system in which normal
volume levels are set so that one is never below
threshold or above overload, and where the speech
band at the output is unchanged from that shown in
Fig. 3-43, £q. 3-44 can be rewritten

S
W, = (/N;—"O’le L= 12<(S/N), < 18 (3-45)
where

(§/N), = ratio of the rms spectral density of
average speech to rms spectral density of
the noise at the output in the nth band,
dB

3-49



DARCOM-P 706-410

Shown superimposed on Fig. 3-41 is a flat spectral
density of about 31 dB, which is an assumed level for
an interfering noise signal whose total rms value over
the band from 200 to 6100 Hz equals the total rms
level of the average speech curve. This is 69 dB in a
band of 5900 Hz or an average of 31.3 dB in a band of
| Hz. By using Egs. 3-44 and 3-45 and Fig. 3-41, the
articulation index -~ corresponding to a unity ratio
of total signal power of average speech to total noise
power — is found to be about 40%. The articulation
index at other levels of total signal-to-noise ratios is
obtained by drawing a horizontal line which lies
above or below the horizontal line drawn on Fig. 3-41
by an amount equal to the total signal to noise ratio,
and making the calculation indicated by Eqs. 3-43
and 3-45.

The articulation index is related to syllable, word,
or sentence articulation. By using Fig. 3-42, taken
from Kryter (Ref, 40), sentence articulation is found
to be about 95% if the articulation index is 40%.
Word articulation for a PB test is on the order of
90%..

THESE RELATIONS ARE APPROXIMATE. THEY DEPEND
UPON TYPE OF MATERIAL AND SKILL OF TALKERS
AND LISTENERS.
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If this method is applied to noise consisting of a
pure audio tone, it can reside in only one of the 5%
articulation index bands, and it would degrade the ar-
ticulation index to no less than 95% no matter what
its amplitude is. The intelligibility loss, however, does
depend on the noise amplitude. Results of masking
by pure tones are given by Stevens, et al. (Ref. 41)
and Christman, et al. (Ref. 42). By using PB word
lists, Ref. 43 shows that at a speech level of 69 dB
(which corresponds to the total rms speech level for
average speech at 1 m from a loud talker, see Fig. 3-
41) the articulation is as shown in Table 3-6. The
results vary with speech level and the frequency of the
masking tone. At a speech level of 69 dB, 90% articu-
lation is obtained with noise levels ranging from 87
dB at 100 Hz to 114 dB at 1000 Hz. At lower speech
levels, the spread in noise levels over this frequency
range is smaller.

The Christman report also gives results for the ran-
dom noise masking of speech. In general, random
noise is much more effective than are sine waves.
Typically, for 75-dB speech, random noise requires
about 30 dB less power to produce the same loss of
intelligibility as do sine waves.

3-2.1.2 Visual Display Systems

Visual displays cover a wide range of types that
need very different quality measures. In television,
verbal descriptions of quality or preference are used.
In radar, measures such as increased time for detec-
tion are used.

Measurements of observer reaction to television
pictures affected by interference have been made by
Weaver (Ref. 43) on 405-line (3-MHz bandwidth)
and 625-line (S-MHz bandwidth) systems. Gaussian
random electrical noise with a bandwidth appro-
priate to the two video systems was used. The addi-
tion of signal and noise was carried out in the video
circuits (i.e., not in RF circuits). Essentially, flat elec-
trical noise which was passed through a differenti-
ator giving a 6-dB-per-octave decrease of attenua-
tion was inserted. Observer reaction was rated on a

TABLE 3-6. ARTICULATION AS FUNCTION
OF SIGNAL-TO-NOISE LEVEL
(SIGNAL LEVEL 69 dB)

NOISE LEVEL,dB  S/¥ ARTICULATION
115 —46 0.35
105 —36 0.57
95 —26 0.82
85 ~16 0.92
75 -6 ~1.0
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scale of | through 6, the scale elements having the
associated descriptions:

. Imperceptible

. Just perceptible

. Perceptible but not disturbing

. Somewhat disturbing

. Objectionable

. Unusable.

The results obtained are indicated in Fig. 3-43. The
signal-to-noise ratio is based on the peak-to-peak
signal amplitude, and the rms value of the noise. For
the US standard 525-line system, it is reasonable to
assume the results would fall somewhat to the right of
a curve midway between the 405 line and 625 line
curves shown here. For example, if ““just perceptible”
noise is acceptable (rating 2) about 38 dB (peak-to-
peak signal)/(rms noise) is indicated as being
required for flat noise.

A more recent set of tests on US Standard 525-line
television using a 7 step quality scale has been
reported by Cavanaugh (Ref. 44). This scale is similar
to the Weaver scale, with the addition of a level in the
middle described as ‘‘impairment but not objec-
tionable”. The objective of this study was to devise a
noise weighting curve as a function of frequency

N R W N e

which accounts for subjective effects, and which suits
both monochrome and color television. It was with
such a weighting curve,which falls off 14 dB from low
frequencies to 4.5 MHz, that the tests were made. The
noise spectra used were those typically found in the
Bell System transmission networks plus two flat spec-
tra noises, one going to 4.5 MHz and the other to 200
kHz. The data show that for flat noise to 4.5 MHz,
more than half of the observers judged the noise just
perceptible or imperceptible with a 49 dB (peak-to-
peak)/(rms noise) signal-to-noise ratio for both color
and monochrome pictures. With a signal-to-noise
ratio of about 43 dB, more than half the observers
judged the pictures to have at most some impair-
ment, but not to be disturbing,

Results of tests of the effect of co-channel and ad-
jacent-channel interference on television reception
are reported by Alinatt, et al. (Ref. 45). These tests
were scored using a 5 point scale. With co-channel in-
terference, the observer reaction was influenced
strongly by the degree of frequency offset between the
desired and undesired signal, certain offsets giving
much improved results. In the worst case of fre-
quency offset, a 44-dB signal-to-interference ratio
was needed to achieve a 50 percent favorable
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Figure 3-43. Relation Between Signal-to-Noise Ratio and Mean Opinion on a 6-point Scale
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response. In the best case, 26 dB was needed. No sub-
stantial difference is found between the two stand-
ards used in these tests, 625 lines and 405 lines. One
set of adjacent channel tests was made with the idea
that adjacent channel interference is frequently of the
kind where the audio information in a channel falls
into the picture band of the adjacent channel. The in-
terfering signal was placed accordingly 1.5 or 2.5
MHz below the vestigial sideband picture carrier.
The undesired signal was either CW, or an FM or
AM wave modulated with a 1-Hz sinusoid. Under
worst conditions, an 8-dB signal-to-interference ratio
resulted in a favorable reaction from half or more of
the observers. The interference, in this case, was
measured in terms of its rms value, and the values of
both signal and interference were measured at the
receiver input. In another set of adjacent channel
tests with the interference above the desired signal
frequency, the interference was due largely to the pic-
ture components of the undesired signal. In this case,
with the two carriers separated by 7 MHz, a worst
case result of 14-dB signal-to-interference ratio for 50
percent or better favorable reaction was found. It
should be pointed out that adjacent channel results
depend heavily on the receiver selectivity character-
istic. Results found in one application only should be
applied in other applications with caution.
Subjective interference with target location on a
radar PPI (plan position indicator) has been reported
by Hudson and Limburg (Ref. 46). Interference
typical of unwanted signals from nearby radars was
mixed with one or more desired target signals, and
the increased time required for detection by trained
operators was measured. Interference conditions
used in this test are shown in Fig. 3-44 (Ref. 46) (these
categories have been established by the Rand Corp.
and are specified in Ref. 47), and the decrease in
detection range (which can be related to increase in
detection time) as a function of target velocity is
shown in Fig. 3-45. Values of S/I to obtain the five
interference conditions are given by Katz (Ref. 48).
Effects of electrical noise in systems used for trans-
mission of printed and written documents will be
found in the literature. Schlaepfer, et al. (Ref. 49) dis-
cusses the effect on systems using data compressing
run-length codes which obliterate several lines of in-
formation when an error occurs. A literature review
of legibility of displays is given by Shurtleff (Ref. 50).

3-2.1.3 Digital Systems

The error probability in coherent and differentially
coherent phase-shift keyed (PSK and DPSK) digital
transmission systems operating in noise and inter-
ference has been calculated by Rosenbaum in several
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papers (Refs. 51, 52, and 53). The result for coherent
binary PSK is reproduced in Fig. 3-46 (Ref. 5I);
results for multiphase coherent and differentially
coherent PSK will be found in the references cited.
The curves shown are based on ratios of carrier-to-
noise (CNR) and ratios of carrier-to-interference
(CIR) where carrier, noise, and interference are
observed at the input to an ideal phase detector
followed by a threshold device that determines which
binary alternative was sent. The RF-IF filter is ac-
counted for indirectly by specifying the mean square
value of the noise at the phase detector input; thus the
signal input S(¢) to the phase detector is written

S() = cos2xfit + ¢, ()] (3-46)

where
J; = signal carrier frequency, Hz
@,(1) = signal phase which, in the binary case, is a
random rectangular wave shifting 0 deg or
180 deg every ¢ seconds
The interference I(f) is written in simplified form
here as

I(1) = bcos2xfir + A) (3-47)

where

b = interference amplitude

A = random phase angle uniformly distributed

in 2w

Any phase modulation which may exist in the inter-
ference has no effect because of the randomness
assumed for A. The noise is assumed to be a Gaussian
random process, with mean square value of ¢*, ¢ de-
pending on the RF-IF bandwidth. If it is assumed
that the signal is sent in a sequence of instantaneous
phase changes lasting the baud length T, and that the
noise input to the receiver is a white Gaussian ran-
dom process with power spectral density (PSD) of N,
in V?/Hz, the optimum RF-IF filter is the matched
filter with impulse response h(f) given by

,0<1<T,s!
(3-48)

k(1) —;—,cos 27/ (T — 0]

= 0, telsewhere

The output of this filter is observed at intervals of T
seconds to measure the phase, the exact instants
being the ends of each baud interval. At these instants
the magnitude of the signal is maximum relative to
the root-mean-square value of the noise. The mean
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CONDITION V

Figure 3-44. Interference Conditions of PPI Display (Ref. 45)
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Figure 3-45. Search Radar Detection Range vs Interference Level (Ref. 48)
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Figure 3-46. Binary Error Probability ys CNR — Coherent Detection

square value ¢? of the noise at these instants of ob-
servation (and at other times as well) can be shown to
be

gl = ﬁ V2 (3_49)
T A
where
No = power spectral density of white noise,

V2/Hz
In terms of the effective bandwidth B, of the receiver,
the mean square value is given by

o = 2N,B, ,V? (3-50)

The gain of the RF-1F amplifier defined by Eq. 3-48
is normalized to unity at the signal frequency and | /T
is the effective bandwidth of the matched filter.
The RF-IF filter, matched or not, affects the inter-
ference component of the input. If this component is
a pure sinusoid, the amplitude will only change by a
constant amount; 4 in Eq. 3-47 is the amplitude after
the RF-IF filter. If the interference component con-
tains phase modulation, the RF-IF output fluctuates
in amplitude — the degree of fluctuation depending
on the relative bandwidths of the interference and the
RF-IF filter. For the purposes here, assume that the
interference bandwidth is small relative to the band-

width of the RF-IF amplifier, so that fluctuation is
negligible.
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The carrier-to-noise ratio (CNR) in dB in Fig. 3-46

is

10log(1/0*) = 20log(1/0) ,dB 3-51)
since the carrier level is taken to be unity at the phase
detector input. The carrier-to-interference (CIR) level
in dB is

20 log (1/6) , dB (3-52)

The effect of a given mean square value of inter-
ference at the phase detector input is not as severe as
the effect of random noise of the same mean square
value. This is generally true of all the systems
analyzed in the papers cited and is shown specifically
for the binary case by example. Suppose both CNR
and CIR are 15 dB. From Fig. 3-46 the error rate is
found to be somewhat higher than 10-'2_ If the inter-
ference were random noise, the CIR would be infinite
and the CNR would be decreased by 3 dB to a value
of 12 dB. Fig. 3-46 contains no curve for CIR = «,
but it is adequate to assume CIR = 30 dB. The error
probability shown is about 10-%, a substantial in-
crease. The increase in error probability is not so
dramatic at lower CNR; it will in fact be found that
for low values of CNR, the effect of random noise is
only scmewhat greater than it is for interference.

Since analysis of the effects of arbitrary inter-
ference on the many kinds of systems apt to be found
is neither known nor easy to compute, the foregoing
discussion suggests that the effect of interference be
approximated by assuming it to be random noise of
the same power. As a rule, this approach will result in
a pessimistic estimate of error probability. In cases
where the interference is broadband relative to the
bandwidth of the RF-IF amplifier, the output of the
latter will look more nearly like Gaussian noise to the
interference input, and as a result the approximation
will be close. If the interference is a composite of
several independent signals, as happens in a heavily
used frequency division multiplex system where inter-
ference is the result of intermodulation, the com-
posite is approximately Gaussian.

Analyses of error probability in Gaussian noise are
available for virtually all known communication
systems. Fig. 3-47, abstracted from Ref. 54, gives
error probability in terms of CNR for several com-
monly used binary communications systems. CNR is
measured at the output of the RF-IF amplifier at in-
stants spaced at baud intervals, for which it is maxi-
mum. For the nonbinary case, in addition to the
results in noise and interference given by Rosen-
baum (Refs. 51 and 52), results in Gaussian noise will
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be found in Sakrison (Ref. 55), Lindsey (Ref. 56), and
Viterbi (Ref. 57).

The discussion thus far has been limited to the
single digit error probability. For some purposes,
such as where error control coding is used, it is
necessary to know the error burst properties; i.e., the
probability of a number of errors in a block of digits.
If the probabilities of error in successive digits are in-
dependent, the burst error statistics can be obtained
from the single digit error probabilities. Where they
are not independent, joint probabilities of error in
different digit positions are required. Independence
exists in the case of white Gaussian noise but not
generally otherwise, In the case of narrowband inter-
ference where there is a high degree of correlation in
the interference from one signal digit to the next,
there is a tendency for multiple errors. It is worth
pointing out that in cases of high correlation, it is
possible, in principle, to improve the signal detection
process by tracking the undesired interference and
subtracting in from the received signal. Also, some
systems such as differentially coherent PSK have an
inherent tendency to generate double errors in pairs
of digits because the detection process compares the
signals received in the adjacent digit positions.

3-2.1.4 Acceptance Ratios

The results cited in pars. 3-2.1.1 through 3-2.1.3
were based on signal and interference levels as they
appear to the recipient. In the case of digital systems,
signal and noise levels were those found at the input
of the device making the digital decision. It is more
directly useful to know the relationship between out-
put quality and signal and interference, at the points
of entry of signal and interference. This requires that
signal and interference be traced through the device
from their points of entry to the output, and then
related to the interference effect at the output. This
process is difficult to carry out accurately, except for
interfering signals that are simple deterministic wave-
forms. Typical interfering waveforms which are
modulated random processes are not, as a rule, ana-
lytically tractable. Where particular kinds of inter-
ference are expected, and points of entry are known,
experimental determination of the acceptable ratio of
signal and interference levels is in order.

Attempts at determining such ratios by analytical
methods have been made by Schwartz (Ref. 58) and
by Tierzza, Mayher, and Pressman (Ref. 59). Accept-
ance ratios for various radio communication systems
exposed at the antenna to co-channel interference by
other systems of a similar kind are given in Table 3-7.
This table, originally published in a NASA hand-
book (Ref. 60), is based on Refs. 58 and 59 and on
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Figure 3-47. Error Rates for Several Binary Systems

results obtained informally from Georgia Institute of
Technology (entries in Table 3-7 from this source are
denoted G). The figures shown were determined
using rough approximations and intuition wherever
no other approach would be manageable. The per-
cent figures given in each box represent the “‘accept-
ability” criterion at the output, and are to be inter-
preted loosely as the degree of intelligibility. The
figures in dB in each box are the acceptance ratios in
rms units except for interference to pulsed radar
{denoted “Pulse” in the Table) for which the ratios
are of peak amplitude levels. Furthermore, the cri-
terion for interference on the display was assumed to
be equal signal and noise peaks. Users of Table 3-7

are urged to consult the original sources to assure
themselves that the figures given are adequate for
their purposes.

3-2.1.5 Synchronization Error

Timing information for detection of pulsed and
digital signals is obtained from the received wave-
form by filtering or tracking a component whose fre-
quency is related to the digital rate. The component is
extracted frequently using a phase-locked loop
which, in its steady tracking condition, is equivalent
to a narrow-band filter centered on the received
sinusoid.
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The output v, of the tracker-filter (when referred to
the receiver input level) is of the form

v(t) = Scoswyt +n() ,V (3-53)

where
S = the input signal amplitude, V
w,; = 27 x digital data rate, s~
n(¢) = added interference, V
{ = time, s
With no interference, the zero crossings of the co-
sine wave provide perfect timing information. In the
presence of noise, the zero crossings are not perfectly
periodic and the deviations from unperturbed zero
crossing times 7 contribute to the phenomena of jitter
in the detection process.
If n(t) is flat and Gaussian over its filter band-
width, the mean square timing error is

() - 2N,B,

3.54
o (3-54)

where
7 = deviation in zero crossing time from unper-
turbed value, s
N, = input noise power spectral density, V?/Hz
B, = effective noise power bandwidth, Hz
S = inputsignal level, V

Narrowing the filter-tracker bandwidth will reduce
the jitter. However, it also results in sluggishness of
the tracker thus making it slow in acquiring the cor-
rect timing, and slow to respond to variations in the
transmitted timing. The transient behavior of phase-
locked loops is discussed in specialized books by
Viterbi, Lindsey (Refs. 57, 61), and in less detail in
many general books on communications.

The effect of jitter is an increase in bit error rate.
This occurs because the decision on the signal
transmitted in one signal interval is being made by
sampling the signal only partly in that interval and
partly in a neighboring interval.

In systems depending on coherence and timing,
noise and interference which substantially disrupt
synchronism destroy the signal virtually completely.
In many systems there are different levels of syn-
chronism which must be maintained. The system may
depend on RF coherence such as coherent phase shift
keying and single-sideband transmission for non-
voice signals. It may require bit timing and various
higher levels of timing. Pulse code modulation, for
example, requires bit and word timing. The conven-
tional TV system depends on line timing (horizontal
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synchronism) and frame timing (vertical synchro-
nism). Protection of synchronizing circuits is of great
importance and, in a well-designed receiver, total
failure of these circuits in noise should come only
after degradation due to the normal effect of additive
noise is large.

3-2.2 ADMISSION MECHANISMS

Devices susceptibility to undesired inputs are
classified according to the mechanism of unwanted
signal intrusion as follows:

a. Linear intrusion via normal input terminals

b. Nonlinear intrusion via normal input terminals

c. Intrusion through ports not intended as signal

inputs.
In this paragraph the first two items are treated in
detail. The third mechanism is covered in par. 3-3.
The discussion that follows is oriented to a typical
communication receiver; however, the principles can
be applied to any device for which a normal signal
acceptance bandwidth can be defined, and which also
may contain nonlinear elements.

The block diagram of Fig. 3-48 shows the essential
elements of a receiver. The acceptance band of the
receiver and the spectrum of an adjacent-channel
signal are both shown in Fig. 3-49. In the linear intru-
sion mode, the receiver acts as a normal bandpass
filter that accepts any input containing frequency
components in the receiver passband, as indicated in
Fig. 3-49. Unwanted inputs, whose spectrum is
centered at or near the frequency to which the RF
filter is tuned, originate from communication systems
or from other noise sources that cause interference.
In the second mode, called the nonlinear intrusion
mode, unwanted signal energy that lies outside the
normal passband of the receiver acts on a nonlinear
element in such a way as to enable the receiver to
accept undesired signals. The RF filter in Fig. 3-48 is
a preselector network that limits the frequency band
of energy passing through the succeeding active
elements. These elements nearly always have some
residual nonlinear properties that play a significant
role when the input amplitudes are large. When the
RF filter is inadequate to limit large out-of-band in-
puts to a satisfactory low level, the nonlinear devices
(vacuum tubes, transistors, and diodes) will generate
frequency components not originally present. Inter-
ference can occur when these new frequency compo-
nents are within the passband of the portion of the
receiver following the nonlinear device. Phenomena
typical of nonlinear intrusion include single spurious
response, multiple spurious response (intermodula-
tion), and sideband transfer (cross modulation).
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Figure 3-48. Block Diagram of Basic Receiver Elements
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Figure 3-49. Interference Produced by a Signal

in an Adjacent Channel

3-2.2.1 Linear Intrusion

Unwanted signals fall into one of the following
categories:

a. Broadband noise arising from natural or man-
made sources

b. Signals from communication or noncommuni-
cation sources designed to act as generators at or near
the frequency to which the receiver is tuned, and con-
fined to a limited bandwidth.

3-2.2.1.1 Broadband Noise

Broadband noise usually is characterized as ran-
dom or impuisive. Random noise can be best de-
scribed by its power spectral density (Ref. 62). The
mean-square value of the noise v, admitted through
an amplifier of a receiver is

<vs,>=f N H( ) df v (3-59)
4]

where

N\(f) = power spectral density of the noise at the re-
ceiver input, V2/Hz

H( /) = complex transfer characteristic from the re-
ceiver input to the IF amplifier output, di-
mensionless

H(f) may be expressed in terms of an ampli-

tude| H( /)| and a phase characteristic ¢( f ), accord-

1ng to

H(f) = |H(f)| explje(f)] .dless  (3-56)

If impulses applied at the input are spaced suffi-
ciently in time so that they do not overlap in passing
through the receiving device, they are best described
in terms of their Fourier spectrum.

The instantaneous output voltage v, (¢) of an ampli-
fier to an input that has a Fourier transform V(f) in
volt-seconds is

vo(t) =f VISYH(S) exp(j2nftydf |V (3-58)

If V(f) is virtually constant over the passband at a
value V(f,), then using the amplitude and phase
notation for H( /), this reduces to

volt) = 2V(fo)f LH(f)| cos 2mft + ¢(/)]df .V
0

(3-59)

If|H(f)| has even symmetry around the center

frequency £, and ¢( /) has odd symmetry and is linear
around f), the peak value of the output is

Vo = VU HS) B = VISMIH() B .V
(3-60)

where

V(s

" H(, :
B; = f Il—HL)la’f , the effective impulse
o THUDL™ " bandwidth of the IF
amplifier, Hz

spectrum amplitude at f, V-s

(3-61)
3-61
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From the given relations, and a knowledge of the
input signal level, the signal-to-noise ratio at the in-
put to any detector used in a susceptible device can be
determined. The output signal-to-noise ratio depends
upon the detection process used in the susceptible
receiver or device, and the exact waveforms of the
modulating signal and the noise.

3.2.2.1.2 Interference from Sources Intended

as Generators
3-2.2.1.2.1 Co-channel Interference

The term *‘co-channel interference” designates in-
terference that involves communication systems that
have been assigned equal, or nearly equal, carrier fre-
quencies. Co-channel frequency assignments ordi-
narily are made when the probability of the simul-
taneous encounter of signals from the two systems is
insignificant. Such systems are separated physically
by large distances or do not operate at the same time.
Sometimes co-channel interference will arise because
of unusual propagation conditions or because co-
channel sources operate under conditions for which
they are not intended to operate.

The term *“‘adjacent-channel interference” desig-
nates interference between communication systems
that have been assigned neighboring channels.
Channel-spacing policy varies, but the term ‘‘adja-
cent” is used to mean channel separation by a fre-
quency difference greater than the average of the two
signal bandwidths. Fig. 3-49 illustrates interference of
this kind; energy on the skirt of the adjacent-channel
signal spectrum is shown overlapping the bandpass
characteristic of the receiver. Although, in the typical
case, the receiver skirt sensitivity is low, compared to
the in-band sensitivity, receivers located close to an
adjacent-channel transmitter can be exposed to very
large magnitudes of unwanted signals.

Estimates of interference arising from linear intru-
sion can be made in several ways without excessive
numerical complexity by treating the unwanted signal
as: (1) a pure sinusoid, (2) a broadband waveform
perfectly centered in the band, (3) a broadband wave-
form whose center frequency is sufficiently removed
from the frequency to which the receiver is tuned so
that the unwanted spectrum is nearly constant over
the receiver band, or (4) a band-limited waveform
falling on a small portion of the receiver selectivity
curve. The first of these is useful for the estimation of
both co-channel and adjacent-channel effects. The
second is appropriate for the evaluation of co-
channel interference, and the third is appropriate for
the determination of adjacent-channel interference.
In the third case, the bandpass filter is exposed to a
portion of the one sideband of the unwanted signal.
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The effect is not much different from that produced
by thermal noise having equal mean-square value.
Therefore, the spectral density of the unwanted signal
1s estimated at the center of the reception band and,
as in the case of nonperiodic broadband noise
previously discussed, the mean-square value of IF
amplifier output is determined by use of Eq. 3-56.
The fourth way of estimating interference arising
from linear intrusion is illustrated in par. 3-2.2.1.2.3.

3-2.2.1.2.2 Receiver IF Channel Interference

Penetration of unwanted signals that are centered
at one of the IF channels within a receiver is 4 some-
what different mechanism involving linear phenom-
ena. For instance, a large-amplitude signal centered
at the frequency of one of the IF amplifiers may
manage to pass through the input selective RF cir-
cuits to the IF amplifier in question. Once there, it
proceeds through the rest of the receiver in the nor-
mal manner. To overcome this difficulty, the selec-
tivity of the input RF circuit and/or stray paths to
the sensitive circuits must be controlled. As would be
expected, the most susceptible frequency is that of the
first [F amplifier, but consideration needs to be given
to all succeeding IF amplifiers as well.

3-2.2.1.2.3 Adjacent-channel Interference

The level of interference arising from an unwanted
signal in a band adjacent to the desired band can be
estimated in the manner that follows.

Assume the receiver selective circuits consist of n
identical single-tuned parallel RLC circuits, with
bandwidths a small fraction of the center frequency

Jo- In terms of the 3-dB bandwidth, B,* of the pass-

band, the relative response H,( f)is

— Y (2= /2
H(f) = l:l + XS S) B(zz ])] ,d’less
3

(3-62)

When the receiver is tuned to the frequency [ = ,
the power P, of an unmodulated interfering signal at
frequency f; at the output of the selective circuits is

P = |H(/)I* P W (3-63)

* The 3-dB bandwidth of n-identical, single-tuned circuits in
cascade is given by

33 = Bvli'/_":—l

wherc B is the 3-dB bandwidth of one single-tuned circuit (Ref.
63). Similarly, the 6-dB bandwidth is given by

By = B4 —1
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where

P, = average interfering signal power, W

If the desired signal is concentrated near the band
center and has a mean square value of F,, the output
signal-to-interference power ratio S/I is

S P, 4
— T T €ss
I |H(B PR

P 4h-fr@"=nl" |
Fb [l + B, ] ,d’less (3-64)
If n = 3, the frequency separation is only one band-
width [( £, — £)/B; = 1] and both signals are of equal
power, S/I = 4. If the separation is equal to 2 band-
widths, S/I = 27.

If the interfering signal is single-sideband modu-

and is assumed equal to zero elsewhere, the inter-
fering power P, is

(s + )

E4_«I—LPQ“—41 oW
By?

(3-66)

By an appropriate change of variable, the integral in
Eq. 3-66 can be reduced to a standard integral (e.g..
Ref. 2, p. 44-20) of the form

b
lated with broadband noise with the power P, distri- ) -n
. . c ay? + 1) " dy 3-67
buted uniformly over a bandwidth AB centered a (ay )" dy (3-67)
about the interfering frequency f;, the power spec-
trum of the undesired signal and the receiver response  where
curve are shown in Fig. 3-50 where the power spec- c = o8B
tral density of the interfering signal is ¢, W/kHz. i
With the receiver tuned to the frequency [, the power _ n
. a = 42V 1]
of the unwanted interference that gets through the
passband is given by b =1
o0
(f- L)
Pi =f ¢1|Hn(f)lzdf ,W (3'65) yz = __._21._
0 B,
Since ¢; is assumed constant over the interval* dv = daf
AB AB B
(=5 <<+ 3
2 2 AB
kot SE -
* It will sometimes be sufficiently correct to assume that the entire ar = = aconstant
unwanted signal band is attenuated uniformly by the relatively B,
flat portion of the tail of the receiver bandpass characteristic;
i.e., it will be possible to let
AB
H(f) = H( ) -5k
by = = aconstant
for all values of fin the band AR. B,
0d8
BANDPASS
CHARACTERISTIC
-3dB
B POWER SPECTRAL DENSITY
OF UNDESIRED SIGNAL
=== =& Wkhz
fo [ -42 f [+ 48 f

b

2

Figure 3-50. Unwanted Signal Spectrum and the Receiver Bandpass Characteristic
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If, for example, the selective circuits consist of
three single-tuned stages, i.e,, n =3, a~ 1.0. For
n = 3, the expression for P, from Eq. 3-66, is

P, = &8 &l
T g + 1y

2 I:L + lTan"(af):l
4 2@+ 2

by
4(b} + 1y

_ 2 b + lT (b, 6
Y m - Tan b)) (3-68)

Following the assumption that the unwanted signal
power is uniformly distributed over its band, the
quantity ¢; is obtained from the average signal power
by

b = (3:69)
" "AB ’
and the signal-to-interference ratio is then
S LA (3-70)
I b

As a numerical example, suppose
P, = P,= - 115dBm (= 3 x 10~ W)

AB = 30kHz
33 = 30kHZ

and
S — S, =25kHz

then

ay = 1.33,b,=0.33 and from Eq. 3-68
(3 x 107%)(0.267) = 8 x 10-1* W
— 121 dBm

v
Il

thus the value of £, turns outto be — 121 dBm or 6 dB
below the desired signal power.

3-2.2.2 Nonlinear Intrusion

Nonlinear effects arise as a result of inadequate
rejection of the unwanted signal in the input filter cir-
cuits of the receiver, followed by some nonlinear pro-

3-64

cess in an electronic device. Less common nonlinear
admission mechanisms include the effects of im-
perfect joints between conductors prior to the
receiver filter circuits.

3-2.2.2.1 Spurious Responses

Spurious responses of a receiver result from: (1)
nonlinearity in an early stage, which gives rise to har-
monics of incoming signals; (2) nonlinearity in the
mixer, which results in oscillator and signal harmon-
ics; and (3) frequency multiplication in the local os-
cillator and its related circuits. At each frequency to
which the receiver is tuned, a specific set of possible
spurious response frequencies exists, and each of
these sets has its own level of significance {Ref. 64).

The nonlinear device — such as a transistor, diode,
or vacuum tube — has an input-x output-y charac-
teristic that may be specified by the power series

N
y= X ax 371

where

a, = aconstant
The mixing operation occurs with the simultaneous
application of a signal voltage x{t), and oscillator
voltage x,(1)

x{t) = v(t)cos(wt + ¢;) ,V (3-72)

x,{1) = Acosw,t ,V (3-73)
where
v{1) = signal amplitude modulation function, V
w, = angular frequency {(2=f, ) of signal carrier,
rad/s
Jf. = signal carrier frequency, Hz
¢, = phase angle, rad
w, = local oscillator angular frequency, rad/s
A = local oscillator amplitude, V
Then x = x, — x, and

5

(1)

N
Z:Oan[xs(t) + xo(t)]n

Il
||M2
D

N
n "n- G
x 3 (k) xk(1) cos* (wt + ;) A" Y cos” Pyt
n=20

(3-714)
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The periodic cosine functions can be expanded (Refs.
65 and 66) in a Fourier series so that, when Eq. 3-74 is
written as a sum of individual cosine terms, the result
contains all frequencies

qu; £ pw,
where
¢=0,1,2,.,N
p=012,...N

Whenever one of these frequencies coincides with
the intermediate angular frequency wy, a potential
spurious response exists; i.e., any input frequency «
that satisfies the equation

lpw, £ wyl

@ = T rads (3-75)

with any combination of the signs, leads to a poten-
tial spurious frequency.

Frequently, the amplitude of the signal compo-
nent x,(t) is small compared to that of the oscillator
component x,(f), and terms involving x*(f) can be
ignored when & > 1. The significant portion of Eq. 3-
74 is, then,

' N
n@® = 3 nax " (Ox(0 = %) (3-76)

The quantity g(¢) is the transconductance as a func-
tion of time when an oscillator voltage, x,(¢) is
applied, i.e., the transconductance is the derivative of
Eq. 3-71, or

N

g = = Zﬂanx(”"’
dx n=1

3-7

so that with x = x,(t) = A4 cos w,f asin Eq. 3-73,

2z

na, A"~ "cos [(n — 1) w,r]
0

g(n)

i {

n

'z

-1
£, Cos" w,!
0

(3-78)

n

where

2. = nth order conversion transconductance, mho
The last sum on the right of Eq. 3-78 is the form that
is obtained when cos[(n — 1),!] is expanded and all
terms of the same harmonic are collected. Thus, for
Eq. 3-76, using Eq. 3-72,

N
0 = w0 T eos e, = ) + ]
n=0

+ [(“’.\' + nwo)' + V’x]} (3'79)

le., frequencies «, £ nw, will be obtained. The
quantity g, /2 is the conversion transconductance cor-
responding to the nth oscillator harmonic. If g(f) is a
cosine function at the frequency w, (i.e., if g versus x
is a straight line over the region of oscillator swing),
then the only output frequencies are «, £+ w,. From
the viewpoint of minimizing interference, those elec-
tronic devices which can operate close to this ideal
over a portion of the frequency range should be
restricted to that range. However, designers fre-
quently do not, or cannot easily, control the level of
oscillator voltage applied to the mixer. Maximum
conversion transconductance at the desired fre-
quency (i.e., with n = 1) is obtained with a large os-
cillator input, and this often results in more than a
proportionate increase in the conversion transcon-
ductance at undesired frequencies (i.e., with n > 1).
Also, the output of a variable-frequency oscillator is
rarely constant over an appreciable range of fre-
quencies; the conversion gain generally varies over
the band.

When the mixer is a diode, as it often is in micro-
wave receivers, the mixing of the signal with a har-
monic of the local oscillator ordinarily cannot be
avoided. The signal voltage is multiplied by a square-
wave switching function containing all odd harmon-
ics of the oscillator frequency, so that harmonic
mixing with all odd oscillator harmonics is un-
avoidable. The current-voltage characteristic i of the
diode is given by

i=1TIlexp(bv) — 1] ,A (3-80)
where
I, = the reverse saturation current, A
b = aconstant which, in theory, is
e/(kT)(= 40 V=" at 300 K)
v = applied voltage, V
e = electronic charge, 1.602 x 10-'*C
k = Boltzmann constant, 1.38 x 10-#* J/K
T = temperature, K
The transconductance is
di
gm = v = bl exp(bv) ,mho (3-81)

so that when the applied voltage is

v=Acosuw,t .V
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The time varying transconductance is

I

g.(1) = bl exp (bA cosw,l)

I}

bl, I:lo(bA) +2 ‘fj 1,(bA) cos nwor] (3-82)
n=

In this expression, 1,(b4) is the modified Bessel
function of the first kind of ordern (n = 0, 1, 2, ..)
and of argument (bA4) (Ref. 65). The conversion
transconductance, as defined by Eq. 3-79, is

En

= = bll(b4) ,mho (3-83)

From Bessel function theory it will be found that for
values of (bA4) apt to be used here (ranging around
10), values of 1,(b4) up to about n = 6 are of the
same order of magnitude; i.e., harmonic conversion
will be very significant for the sixth harmonic of the
oscillator. For higher values of the argument (bA),
the value of I,(A4) becomes significant for even
greater values of n.

The interference-to-signal ratios are not calculated
easily, because the gain or loss of amplitude of the
undesired signal between the input and the point at
which the nonlinear effect takes place is not ordi-
narily known. Furthermore, the oscillator level and
harmonic and subharmonic content, as a function of
the frequency to which the receiver is tuned, ordi-
narily are not known. It is more common to measure
the intensity of the spurious responses than to calcu-
late them. The usual procedure is to set the tuning
control to three frequencies in each band, one at the
center and the others in the vicinity of the band
extremes. With the receiver fixed at each frequency,
an input signal is applied from a generator that is
tuned through the frequencies of potential response.
A desired signal, modulated or unmodulated, may be
applied simultaneously. The observed quantity is the
ratio of signal input voltage to interference voltage
required to give a stated output. This ratio may de-
pend on the input level. The intensity of the spurious
responses, nevertheless, can be calculated in many
cases, especially when only approximate values are
needed. An example of calculated spurious responses
intensities follows.

Let ¥ = 3 in Eq. 3-71. The collection of signals
produced in the nonlinear device is found by expand-
ing Eq. 3-74 to obtain
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y(®) = a, + ayv(r) cos (w ! + ;)

+ a4 cos w,t

+ ald () + 47
+ —;—az‘%(r) cos 2wt + ¢;)

|
+ -?azAz cos 2w,t

+ aZVS(r)A cos {(ws - wo)r + ws]
+ ayv (1) A cos [(w; + w,)t + @]

+ [—%am! + -i—ayivf(t)] €os w,!

3
+ [Zan) + Jaao)
4 4 >(3-84)
x cos (wf + ¢;)
+ 71{03"}(:) cos 3(w,t + ¢y)
1
+ ) a3 A® cos 3ot
3
+ Sras(0) 4 cos (e = @)t + 2¢,]

+ -g—aJv}(r) A cos [(2w, + w)1 + 2¢,]

+ -%am () A% cos [(w;, — 2w,)t + ¢,]

+ —3—03vs (1) A% cos [(w; + 2w,)t + &,]

-

From the collection of components in Eq. 3-84
consider the terms for which the angular frequency of
the interfering or undesired signal, now written wxy, is
see Eq. 3-75, and wy is an intermediate angular fre-
quency.

stl - 20)' = wr , rad/s (3'85)

The receiver is tuned to the desired component,
whose frequency is
Wgp — W, = Wy, rad/s (3'86)

where wgp, is the desired angular frequency.
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The intensity of a spurious response at frequency ax;
when receiving a desired signal of frequency wyp is
determined from the coefficients of the appropriate
frequency terms given in Eq. 3-84. Suppose for exam-
ple that wgp = 140 MHz, w, = 110 MHz, and
wy = 30 MHz. Then, the frequency of the interfering
signal wg; = 2w, * wy has the two values of 250 MHz
and 190 MHz. From Eq. 3-84, the desired compo-
nent D at the output of the mixer has an angular fre-
quency of w, — w, and is given by

D = ay(r) Acos [(w — w)t + o] ,V (3-87)
The peak voltage of this component is
D=aAVg ,V (3-88)

where
Vsp = peak amplitude of v,(r), the envelope of the
desired signal at the mixer input, V
The undesired or interfering component / has angular
frequency satisfying wy, = lwg; — 2w,| and is given by

I = -:—aJVS(l) Atcos [(w; £ 2w, + ¢,] ,V (3-89)

Its peak value is

3

I = —4_(13 Vs,Az ,V (3‘90)

where
Vsi = peak amplitude of v (r), now the envelope of
the undesired signal at the mixer input.
At the output of the mixer, the ratio of the level of the
desired signal to that of the interfering or undesired
signal is, therefore,

= ————  dless

D 4a, V.
— 220 (3-91)
I 3aVgA

However, the quantity of interest is the ratio of the
voltage of the desired signal to that of the interfering
signal at the receiver RF input rather than at the in-
put to the mixer.

- The voltages given in Eq. 3-91 may be converted to
voltages at the input of the receiver by taking account
of the RF gain of the receiver. Let K be the voltage
amplification of the interfering signal relative to that
of the desired signal resulting from gain in the RF cir-
cuits preceding the mixer. Then, if ¥, and ¥ (in place

of Vsp and V) designate respectively the peak volt-
age of the desired and undesired signais at the input
of the receiver, and Vg, = KV;, the required ratio

bCCOmCS
I i!!]Tll[

K represents the ratio of gains from receiver input to
mixer input at the undesired signal frequency and the
desired signal frequency. For example, if two single-
tuned circuits each of bandwidth B are used in the RF
stage, then, to an approximation good for large
separation of center frequencies relative to the band-
width-

4(13 VI)

= —————  dless
30].4KV,

(3-92)

B 2
K = |7/ , dl 393
[2(f31 - fsn)J e (399

where

Js; = desired signal frequency, Hz

Jfsp = interfering signal frequency, Hz
With fi; = 190 MHz, f;p = 140 MHz, and B = 15
MHz; K = 0.0225. If & = 2.6 x 107 A/V*and g =
8 x 1077 A/V? (Ref. 66, Section 2.11), and local
oscillator level 4 = 10 V, from Eq. 3-92.

D < 4 x 2.6 x 10 >VD
1 Ix8x 107 x 10x 225 x 107 /¥

Vb

192.5
!

For equal values of desired and undesired compo-
neats, D/I = [, and the input ratio must be

Vi 192.5
“}‘I; = .

That is, for equal signal and interference at the mixer
output, the interfering signal at the receiver input has
to be 20 log(192.5) = 45.7 dB above the level of the
desired signal.

Fig. 3-51 shows a plot of Eq. 3-75 relating f;p and
fs; for several values of m and n for a receiver
covering a range from 100 to 200 MHz, and having
an oscillator frequency £, set 30 MHz below the tuned
frequency. Measured or computed values of strength
of response can be indicated on the diagram at appro-
priate points, as shown in one case. Or, for each
spurious response line on Fig. 3-51, a corresponding
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curve can be plotted as shown in Fig. 3-52, showing
the relative response at each tuned frequency.

3-2.2.2.2 Intermodulation and Cross-modulation

Intermodulation in receivers results when two or
more unwanted signals are present simultaneously at
the device input, generating a new composite un-
desired signal in the desired band. Cross-modulation
is the transfer of information from an undesired
carrier onto the desired one. In either case, non-
linearity in a circuit near the receiver input is usually
the cause.

Intermodulation is the more important of these
mechanisms. It becomes especially important when a
range of frequencies is subdivided into separate com-
munication channels, and when a number of closely

spaced channels must be used simultaneously. Then,
two unwanted signals of the form

give rise to a component of the form (see Eq. 3-74)

() = vt cos (2w — wy) + 2¢1(1) — 2 (D]
(3-95)

where

y/(1) = interference signal generated
When they are applied together to a device with a
third degree nonlinearity, the component y(f) is sig-
nificant because 2uy — w, is not too different from

< FREQUENCY OF POTENTIAL INTERFERENCE
é.’_:_‘ "l= Zfo*f“ fst{‘ 2'0_ 'i'
Lo N 250 ¥ - 1517150
;L-é % 200 - P’/K /fsx=(zfo""if)/2
= —45.7 dB (2. -1
R m:.-/ ?..—— _--"____"’f‘_.-——-":.-’:d/"sx (Z'Of tig)/2
: = 100 __—"'”#ffifm: :Z;::;+|:if)/z
=9 S { St
*S,_,-' ?oo 120 140 160 180 200
= FREQUENCY TO WHICH RECEIVER
IS TUNED fSD’ MHz
Figure 3-51. Possible Spurious Responses in a High-frequency Receiver With Local

Oscillator Frequency £, Set 30 MHz Below Desired Frequency
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Figure 3-52. Relative Signal-to-Interference Response for Equal Outputs
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either frequency w, or w, if the two are not far apart.
For instance, if f; = 100 MHz, and £ = 101 MHz,
the new unwanted frequency is 99 MHz.

Similarly with three channels at frequencies f, 4,
and f;, intermodulation products having frequencies
near to but not coincident with the original gen-
erating frequencies are

fith =4
h—hth
2~ h
2 -5
26 = 4
2 -5
26 -4
25~ A

The components at these frequencies are obtained by
expanding

k)
3
[Z V(1) cos (wt + ‘oj):l

j=1

The even-degree terms in Taylor’s series expansion
for the output-input characteristic of the nonlinear
element also give rise to intermodulation com-
ponents, but they are all far from the range of fre-
quencies in question. Though the third-degree term is
generally the most important, the fifth-degree term
may have to be accounted for also. Possible inter-
ference components due to a fifth-degree non-
linearity are of the form

fthth—fi—5

Yorh=f~h
hth+th6-2
N +hH -2
N-L-45
-2

The components at these frequencies are obtained by
expanding

[_Zl V1) cos (wt + v,-)]
F=

These are only representative forms; the subscript on
these frequencies may be permuted in any way among

the assigned frequencies. Thus, if there are 10 fre-
quencies, 3, — 2fio or f; — L + 5 — S + 5 are fre-
quencies that can be significant. Techniques for
channel selection to avoid interference are given by
Babcock (Ref. §7) and also by Beauchamp (Ref. 68).

Tests of susceptibility to intermodulation in actual
receivers have been described in detail. McLenon
(Ref. 69) applied signals to commercial grade
receivers to give potential intermodulation at 3.1
MHz, He obtained a resultant equivalent inter-
ference carrier level of 0.5 uV for inputs ranging from
0.01 V to 0.1 V. The highest input was required in a
receiver that had two tuned circuits before the first
amplifier tube.

A sample calculation of the magnitude of inter-
modulation interference is now given. Third-degree
nonlinearity is assumed. Carrying out an expansion
similar to that given in Eq. 3-74, but with x(¢) and
x,() replaced by two incoming signals x, (¢) and x, ()
as given by Eq. 3-94 and with n = 3, one of the out-
put interference components is

b1

VD) = ;Vlz(l)vz(‘)cos [Qw - w)]  (3-96)

The tuned frequency of the receiver is 2wy — @y = .
A desired signal, x,(r) = v.(f) cos w1, entering the re-
ceiver at the same time produces an output term
determined by the first-degree term (with coefficient
a;) of the Taylor series. This desired signal term is
then y (1) = av(t) cos w,t.

The signal-to-interference voltage ratio 5/ is
defined as the ratio of the coefficients of the desired
signal term and the undesired signal term as given in
Eq. 3-96; i.e.,

4(1[\’_‘(1)

S/l = el
3ay v (Hva(0)

, d'less 3-97)

If, for simplicity, v (1), w(¢), and v,(¢) are taken to be
the constants v, w, and v, respectively, and the two
unwanted signal amplitudes are assumed equal so
that v, = w, then the signal-to-interference ratio is

unity when
4al Yo -
VvV
303

v, =10 x 107* V
a; = 5 X 10 mho
@ = 5X 107 A/V?

v, =

(3-98)

For example, if
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then » = 0.11 V. At VHF, an interfering signal of
this magnitude could be produced by a 50-W trans-
mitter with a spacing of about 150 ft between the
transmitting source and the receiving antenna.

The intermodulation interference has amplitude y
at the input to the nonlinear element, but its ampli-
tude at the antenna terminals will be greater than this
value. However, if the selectivity of the input circuit is
not sufficient to cause much attenuation to the un-
wanted signals, the unwanted input signal voltage can
be about the same value.

In the case of cross-modulation arising from a
third-degree nonlinearity, the interference compo-
nent y; — again using Eq. 3-94 and expanding in a
form such as Eq. 3-74 with w(¢) cos [wi + ¢ ()]
viewed as the desired signal — is

3a; v (v (D)

5 (3-99)

o= cos [wyt + (] LA

This component contains a mixture of sidebands

from the unwanted v, and the wanted » signals. Since
the desired component y,, in this case, is

(0 = am(1) coslwyt + @(D] LA

the signal-to-interference voltage ratio, defined as the
ratio of the coefficients of y,(r) and p,(r) with v (r) and
v,(1) constant at v; and v,, respectively, is

201
3ay v}

S/ = , d’less (3-100)

Only unwanted signals of large amplitude will make
this ratio significant. When the signal-to-interference

ratio is unity,
201 1/2 V
v = — ,
! 303

for cross-modulation. For example, if the values of ¢
and a; given previously are used,

(3-101)

= 8.1V

3-2.2.2.3 Desensitization

Desensitization refers to a reduction in overall
receiver gain, or sensitivity, or both, without other
discernible effects when a large unwanted signal
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enters the receiver. Possibly the most important de-
sensitization mechanism results from limiting in the
input-output transfer characteristic such as shown in
Fig. 3-38(A).

As indicated in Fig. 3-53, the desired signal
denoted x(7) (units of voltage are assumed for input)
is assumed small compared with the undesired pure
sinusoid denoted A coswt. The latter drives the device
into its limiting state on both positive and negative
peaks, and during limiting the desired signal is
obliterated. The output current i(¢) is approximated
by

iy = %[x(t) + Acoswt] JAcoswt|<a ,A
= 45 JAcoswt|=a A
(3-102)
where

a = magnitude of input voltage at which the
output current saturates, V
b = magnitude of output current at saturation, A
This can be written

i = i[.vc(t) + A coswt]S(r) + R(1) ,A (3-103)
a

where S(¢) is a unit amplitude sampling waveform,
and R(r) is a bipolar waveform of amplitude b, as
shown in Fig. 3-53. These waveforms have periodici-
ties determined by the period of the unwanted sinu-
soid, and they can be expanded in Fourier series

S = a, + Y a, cos(%q) T = 2 , d’less
n=1
(3-104)
= n2xt
Ry = D b, cos(—T> A (3-105)
n=1
Thus
. b -
ity = — l:x(t) + A cos wt] l:a,, + 9 a,cos2n wl]
a n=1
+ Y b,cosnwt A (3-106)
n 3

Assume the spectrum of the desired signal x(r) is as
shown in Fig. 3-54, not overlapping the frequency of
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Figure 3-53. Waveform Diagram for Desensitization Analysis

the unwanted sinusoid but being close to it (if it were
not close, the sinusoid would be strongly attenuated
before reaching the nonlinear device). Examining Eq.
3-106 it will be found that of the many components
only one will be located on the desired center fre-
quency w, and that component is

L) = %aox(l) VA 3-107)

A zonal filter which sees only components around w,
therefore will see Eq. 3-107 only; it is affected only by
the dc component of the sampling waveform. Before
determining the value of this dc component, which
will determine the amount of desensitization, it is
pointed out that if the undesired signal is modulated

it is still possible for the output to be of the form of
Eq. 3-107, i.e., only attenuated and not affected by
the modulation on the undesired signal, provided
that the bandwidth of the undesired signal is not so
wide as to produce spectral overlap from the limited
unwanted signal to the wanted one.

Defining 7 as the duration of the nonsaturation in-
terval, it is determined from

A*cos’wi, =a*> A 2a (3-108)

or

2
cos 2 wi, = (21 - l) AZa (3-109)

37
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Spectrum of
Undesired Signai

Spectrum Amplitude (Relative)

Spectrum of x(t)

w

_}
We

Figure 3-54. Spectra of Undesired and Desired Signals

where f, is the instant at which the sinusoid ampli-
tude is equal to the saturation level. The nonsatura-
tion time 7 is

2
T =l—2tJ =T 1Cos" 21—l ,
2 2 :
A=2a,s (3-110)

The value of g, is

2
a, = 2—T =1 —iCos"<2i - l),A 2 a,dless
T ™ A?
= 1 ,A < a,dless
-111
so that
2
iy = -b—|: —LCos"<2i - l>]x(1) ,A=2a ,A
a T A?
= -b—x(t) ,A<a A
a
(3-112)
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The form of g, the fraction of output current
remaining from saturation, which represents the de-
sensitization effect, is shown in Fig. 3-55 as a function
of a/A.

A mechanism related to the one just described is
based on the change of input impedance of the elec-
tronic device over the period of the interference wave-
form. Typically, a normally reversed bias input junc-
tion of a solid-state amplifier may be forward biased
part of the time by interference creating a virtual
short circuit to the desired signal source.

Other important mechanisms are associated with
the AGC system, its filters, and bias generating RC
filters.

The AGC voltage is determined by the carrier level
at the detector input, and any signals present there
will affect it. Should interference of large amplitude
penetrate the receiver as far as the detector, it will
contribute to the AGC voltage whether or not it pro-
duces a discernible detected output,

In systems having RC networks for bias generation
or in those having AGC filter networks in the early
stages, overload will cause a change in bias and a
reduction in gain. The bias is sustained for an inter-
val of time depending on the RC time constant and
the peak value of the undesired signal.

Pulsed signals of low duty cycle, such as radar
emissions, can be especially troublesome in active cir-
cuits with bias or AGC filters because of their large
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Figure 3-55. Desensitization Curve

peak amplitudes. Microwave radar interference to
low-frequency communication systems, by overload
of an early receiver stage, is not uncommon — largely
because the lumped tuned circuits at the input are vir-
tually useless as filters of microwave energy. Once the
unwanted pulse appears at the input amplifying
device, it will overdrive the input during peaks and
charge filter capacitors; thus creating a long duration
bias.

The capture phenomena encountered in envelope
detection systems, in FM systems and in receivers
using frequency tracking are, in effect, desensitiza-
tion mechanisms when the undesired signal is un-
modulated. When it is modulated, the modulation on
the undesired signal appears at the output.

In par. 3-2.2.2.1, it was shown that diode mixers
naturally act as harmonic mixers to create spurious
responses. Diode mixers are also subject to desensiti-
zation effects (Ref. 70). The effect is found to arise in
microwave receivers (e.g., radar receivers) where the

mixer is the first electronic device following the input
terminals. It can be shown that the conversion trans-
conductance (defined below Eq. 3-79) is altered by
the presence of a large unwanted signal. A more im-
portant effect, however, appears to be associated with
impedance mismatch; the effective output imped-
ance of the mixer at the IF frequency is altered by the
unwanted signal. If the input impedance of the IF
amplifier is matched to the impedance of the mixer in
the absence of unwanted signals, it will become un-
matched when the unwanted signal appears. Tests
reported (Ref. 69, p. 28) show a drop in conversion
efficiency by approximately 3 dB for an unwanted
sinusoid whose amplitude is equal to that of the local
oscillator signal (Fig. 3-56); the greater the local os-
cillator power fed to the mixer, the larger will be the
magnitude of the unwanted signal that can be
tolerated. It was shown previously, however, that
with increasing local oscillator inputs, the harmonic
conversion transconductance g, becomes significant
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Figure 3-56. Tests Results of Conversion Loss in a Crystal Mixer

for higher values of n. Therefore, a compromise is
needed between high local oscillator power (to mini-
mize desensitization potential) and low local oscil-
lator power (to minimize spurious response poten-
tial).

It is evident that with adequate filtering prior to the
active elements in the receiver, the effects of non-
linearity in these elements can be reduced. Ideally, the
bandwidth of circuits ahead of a potentially non-
linear element should be equal.to the bandwidth of
the IF amplifier, but this generally is impractical and
difficult to accomplish. Unwanted signals whose fre-
quency is relatively near that of the desired band
therefore will not always be easy to reject in the RF
amplifier. Where such interference is expected, it is
desirable to use input circuits with large dynamic
ranges to avoid such effects as overload and desensi-
tization. However, sharp rejection filters (wave traps)
have been devised (Refs. 71 and 72) especially for
rejecting fixed-frequency unwanted signals in an ad-
jacent channel.

3-3 COUPLING PHENOMENA

The coupling of the interference signal from the
source to the susceptor occurs in two basic ways: (1)
by way of a mutual impedance, and (2) by radiation.
It also can be coupled by a combination of both
methods. For example, interference can be radiated
from one equipment, picked up on interconnecting
cables of another equipment, and thereafter con-
ducted into the equipment enclosure. Conversely, in-
terference can be conducted to the outside of the
cabinet or enclosure of the source by cables, and then
radiated.

Conductive coupling occurs when a susceptible cir-
cuit shares a common circuit path with the inter-
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ference source as illustrated schematically in Fig. 3-57
(Ref. 11). A current flowing in circuit | directly pro-
duces a voltage in circuit 2. The magnitude of the
mutual impedance z is the ratio of the open circuit
voltage of circuit 2 — with all other sources of volt-
age in circuit 2 removed — to the current in circuit 1.
The common impedance may be any circuit ele-
ment, including structural elements. Typical exam-
ples are:
a. Common ground return impedances, including
chassis grounds and cabinet bonds and ground straps
b. Common power supply impedances, including
distribution cables and decoupling networks.
Inductive coupling occurs when two circuits are
located physically close to each other so that there is
a common flux linkage between them, even though
there may be no direct interconnection, as shown in
Fig. 3-58 (Ref. 11). The electromotive force &
induced in circuit 2 by circuit 1 is given by

e M i] V
2 It ’
Where

M = coefficient of mutual inductance, H
I, = currentin circuit 1, A
Likewise, circuit 2 induces an emf in circuit |.

In a similar way, mutual electric coupling can oc-
cur between two circuits because of distributed
capacitance, as shown in Fig. 3-59.

The coupling here is quite similar to that shown in
Fig. 3-57(B), and calculations can be made using that
circuit at low frequencies. At high frequencies, i.e.,
when the length of circuit over which inductive
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Figure 3-59. Mutual Capacitance Coupling

coupling occurs approaches about a sixth of a wave-
length, the distributed nature of the coupling path
must be taken into account.

Radiative coupling (as distinguished from induc-
tion field coupling) usually occurs when the circuits
involved are widely separated physically when
measured in terms of the wavelength of the emission,
and in terms of the physical dimensions of the
objects.
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3-3.1 INDUCTION FIELD COUPLING

At distances from the source that are small com-
pared with approximately one-sixth of a wavelength,
the fteld is dominated by the static or induction field,
also called the near field. The characteristics of this
component of the field are such that:

a. At distances greater than the source dimensions,
but small compared with about one-sixth of a wave-
length, it diminishes rapidly with distance from the
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source — e.g., in the case of sources which may be
represented as dipoles, as the reciprocal of distance
cubed.

b. It may be predicted employing *‘static’’ models
for the source, e.g., Ampere’s law for magnetic fields
and Laplace’s equation for electric fields.

For internal circuit-to-circuit coupling, such as oc-
curs within an equipment cabinet, stray mutual in-
ductances or capacitances can be as important as
conductive coupling. Outside of a cabinet or cables,
and below about 100 kHz, magnetic induction is
usually much more important than electric induction
because it is relatively easy to provide electric shield-
ing. Above this frequency, and up to about 10 MHz,
both electric or magnetic field effects may be impor-
tant. Above 10 MHz, it is usually not significant to
differentiate between electric and magnetic field
effects, but it is customary in the literature to refer to
the electric field component.

3-3.1.1 Magnetic Field Coupling

The mutual inductance between two circuits
depends upon the geometry not only of the circuits
involved, but any others in the vicinity. Except in the
case of multiconductor cables where the several con-
ductors show a mutually symmetrical configuration,
it is customary in EMC work to consider muliple cir-
cuit arrangements on a pair by pair basis. This is
done because of the necessity of simplifying analysis,
and also because it is adequate in most cases.

3-3.1.1.1 Magnetic Fields from Devices or Cabinets

Magnetic fields can arise from equipment or
cabinets enclosing equipment containing large induc-
tors, which may or may not have magnetic cores. At
spacings close to such devices, sensitive circuits can
exhibit susceptibility. A convenient model for such
sources is the magnetic dipole.

3-3.1.1.1.1 Dipole Properties

For an infinitesimally small magnetic dipole
source, the field components at a distance r are given
by (Ref. 73)

H, = Mo - l+j ! +-‘— sin ¢
! B Br) ’

Cam \ Br
A/m
H = 2M,B° | 4 1 0 A
" T T am (ﬁ‘,_)T "W cosv, ./m
M8 (1 1 i
E, = o <_ﬁ_r + J 62’2) sinf ,V/m
(3-113)

where

H,and H, = respectively, the components of the
magnetic field in the r- and 6-direc-
tions (see Fig. 3-60)

E, = compoaent of the electric field in the
¢-direction
2
& = phase constant = TW = 2_7rf 1/m
¢

f = frequency, Hz
A = wavelength, m
= speed of light, 3 x 10* m/s

» = magnetic dipole strength, A'm’
J=aT
n = wave impedance = 2w 60Q for free

space
For 8r < 1, the magnetic field strength is dominated
by the terms varying as (1/r)*, and in the direction of
maximum 0 (§ = 8/2) its magnitude is given by

M

M"l
H, = ;
27r

.A/m (3-114)
For example, if r < 20 m, and /< | MHz, it is satis-
factory to model the magnetic field strength as falling
off as (1/r).

The magnetic flux density B is given in terms of the
magnetic field strength by

u MI"

27r?

B = uH = LT* (3-115)

= permeability, H/m

If the flux density B’ is measured at a distance r’,
then the flux at any other distance within the induc-
tion field is found by

(3-116)

i.e., the (1/r) relationship of Eq. 3-115 is used.

3-3.1.1.1.2  Flux Density from a Loop

If the maximum dimension of a source is com-
parable in size with the distance at which the field is
to be calculated, a better model is a current loop. The
equations for the field from a loop are relatively com-
plex off the axis of the loop: however, at any distance
the field off axis lies between its values on axis and in
the loop plane.

* T = tesla = weber/meter?

3-77
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Figure 3-60. Coordinate System for Magnetic Source
(loop lies in plane normal to # axis)

Far from the loop, the loop acts like a magnetic di-
pole of moment Nwd*l; /4, so that the field strength
is, by Eq. 3-114

d'.‘
H = NLL-— r>»d ,Af/m

= A 3-117
8r ( )

where

N = number of turns

d = loop diameter, m

I, = loop current, A

Fig. 3-61 (Ref. 74) shows the variations of the mag-
netic field strength as a function of distance measured
from the center of the loop, normalized with respect
to the dipole moment, in a direction in the plane of
the loop, and in a direction along the axis of the loop.
At large distances, the field varies inversely as the
cube of the distance in both directions, with the field
along the axis being 6 dB higher than the field in the
loop plane. At close distances, the field is lowest
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along the axis of the loop, and approaches an asymp-
totic value that depends upon the loop radius, being
(for loops of equal dipole strength) lower for loops
having the larger radii. For a direction in the plane of
the loop, the value of the field increases rapidly
without limit as the position approaches the location
of the actual loop conductor. Fig. 3-62 (Ref. 74)
shows the same information as shown in Fig. 3-61,
except normalized with respect to the loop radius a.

As a practical matter, it should be recognized that:
(1) in the usual device it is generally not possible to
get closer to the effective loop than the loop radius
itself, and (2) any susceptible device has an effective
pick-up area of finite size and therefore responds to
the average field strength over that area. Because of
these factors it is considered reasonable to expect that
the effective value of the field at any distance r will lie
between the two straight lines shown on Fig. 3-62,
which are drawn coincident with the actual field lines
at large distances. In any event, one would not expect
it to exceed the upper curve. Thus, a prediction of
coupling based upon the upper curve should provide
a conservative estimate of any possible interaction
effects due to a source of this type.

For some purposes it may be more useful to have
the data on Fig. 3-62 in terms of the distance
measured to the edge of the loop. Fig. 3-63 (Ref. 75)
show plots of the asymptotic relations as one moves
away [rom the loop. The line with slope = 1/r gives
the flux density from a long straight wire (see par. 3-
3.1.1.2). Note that this figure gives values of the mag-
netic flux density B as compared with field strength
on Figs. 3-61 and 3-62 (Refs. 74 and 76). In free space
one can convert from one of these forms to the other
by means of the relationship

B[dB(uT)] = H[dB(A/m)] +2  (3-118)

where

[dB( )] indicates that the preceding quantity is
to be expressed in decibels with respect to the unit in
parentheses.

3-3.1.1.1.3 Experimental Data

Fig. 3-64 (Ref. 74) shows field strength vs distance
for a configuration of a steel box surrounding a 500-
W isolation transformer.

In addition to showing the approximate levels to be
expected, these results show that, for the source used,
an inverse cube-distance relationship (allowing for a
6-dB spread) applies over practical distances for
measurements beyond the loop radius.
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The effective strength of any such source is prob-
ably described most correctly in terms of its effective
dipole strength M,,. Taking 20 x log of Eq. 3-114
yields

M, [dB(ampere-turns-meters?)]
= 16 + H,,[dB(ampere-turns/meter)]

+ 60log r (3-119)

where 7 is the distance from the center of the dipole in
meters. The data on Fig. 3-65 were measured at dis-
tances of 0.5 m and 1.0 m for two transformers, and
show the levels of the effective dipole strength at har-
monic frequencies up to 1020 Hz.

The dipole model has validity except in a situation
where there are two or more similar dipoles located
together but oppositely oriented, i.e., effectively a
*“quadripole”. Then field cancellation effects take
place and the dipole model becomes invalid. On the
other hand, due to cancellation, the resultant field
will be reduced considerably over what one would
expect if the generating fields are aiding. A prediction
based upon a single dipole is a conservative predic-
tion.

Devices with a farge number of turns, such as cath-
ode ray tube deflection yokes or a large area such as a
power distribution switchboard, will have large effec-
tive dipole strengths.

3-3.1.1.2 Magnetic Fields from Wires and Cables

The magnetic flux density B from a long, straight,
isolated wire surrounded by free space (or other non-
magnetic material) is given by the relation

ol

B = , T (3-120)
2nr
where
I = currentin the wire, A
r = distance from the wire to the point at which

B is calculated, m
o = permeability of free space, 4w x 10" H/m
The direction of the magnetic flux density is perpen-
dicular to the wire and uniform circumferentially
around the wire (see Table 3-8).

The isolated, single wire cannot exist in reality,
because there must be a return path for the current.
However, at points very close to the wire compared
with the distance to the return path, Eq. 3-120 is
valid.

o 0 —= v - T T

@

E -10 F @ = Transformer at 0.5 m i
w =20 | A = Transformer in Cabinet at 1.0 m .
g

Tt |
| =

&

E -40 t )
©

=

® 50T ~
\NS

= -60 |
o
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Figure 3-65. Dipole Strength vs Frequency
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TABLE 3-8. LOW-FREQUENCY MAGNETIC FIELDS FROM WIRES AND CABLES

SINGLE WIRE
I
=2
2xr
[ .
I i 1
BX=“2°:’ — _ -
+=) +y -Z) +p
(x 2) Y (x 2) y
Jc—i Jc+i
uol 2
> dy B 1
(—--)+y2 (x+—)+y2
2 -
pold

B = = = e —— e —
max l By(y 0) I 2xr (r T d)

uold
Bpox = 53—+
2xr(r+ ¢)

d a function of frequency
as given in Fig. 3-67.

EFFECTIVE
ECCENTRICITY [

CENTER CONDUCTOR

G wol
TWISTED PAIR CABLE <N Boux = — qlo(q) exp(—2xr/p)
o pLs P

nd
q=—
p

Iy(x) = Oth order modified Bessel function of
r - first kind.

‘\yﬂ Correction to B,,, for parallel wire line of same spac-
ing to obtain twisted pair B,,,, in Fig. 3-68.

SEPARATION OF WIRES

COMMON MODE
-]

A
r
. ‘—E g - Mol
; %—;— GROUND PLANE 2xr(r + 2h)
i RETURN

!
I J

CABLE CARRYING COM.
I '/— MODE CURRENT I
_’
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If there are n current-carrying wires, all long and
straight, then the total magnetic field from the ensem-
ble is the vector sum of the fields from each wire
alone

B, = 2B (3-121)

i=1
where
tol;

B,'= ,i=l,-..,n
2xr;

I, = currentin wirei, A

distance from wire { to point at which B,
is calculated, m

The direction of B; is tangent to a circle of radius r,
concentric with wire 7, and is related to the direction
of the current by a right-hand screw relation.

|

33.1.1.2.1

The formulas for the flux density are shown in
Table 3-8. The maximum value at a given distance r
from the parallel-wire occurs in the plane of the two
conductors. Near the line, the nearest conductor
dominates, and the flux density can be estimated as
that from a single-wire line, falling off as the recipro-
cal of distance from that wire. For r>»d the flux den-
sity falls off as the reciprocal square of distance.

The asymptotic relations are plotted in Fig. 3-66
(Ref. 75).

At frequencies for which distances of interest are
comparable with the wavelength, the current distri-
bution along the line is not uniform, transmission line
effects become important, and the field computation
becomes more complex. Also, a significant electric
field component may exist.

Parallel-wire Line (Low Frequencies)

3-3.1.1.2.2 Coaxial Cables

At low frequencies, a coaxial cable carrying a
current will have an external field much like that of a
two wire line if the outer conductor is not exactly
concentric with the inner conductor, but is displaced
by a small distance { due to manufacturing
tolerances, or other causes. The fields external to the
cable are identical to those from a parallel-wire line
spacing {. The maximum magnetic flux density from
such a cable will be

Hol §

= m ,T (3-'22)

-where r is taken from the center of the cable (see
Table 3-8).

Values of { for several common coaxial cable types
are shown as functions of frequency in Fig. 3-67 (Ref.
76). As frequency increases beyond 10 kHz, the effec-
tive ¢ for larger cables decreases due to skin effect
and redistribution of current on the inner wall of the
outer conductor, such that the current distribution
centroid moves closer to the center conductor.

At higher frequencies, radiation from the cable is
caused by leakage due to imperfections in the shield
and/or imbalance in the terminating circuits leading
to generation of common mode currents. These
topics are covered in later paragraphs.

3-3.1.1.2.3 Twisted-pair Cables

If a current-carrying conductor and its return path
are two identical wires twisted about each other to
form a double helix, the magnetic field emitted is
reduced considerably from what it would be for a
parallel-wire line of the same spacing. The reduction
factor in dB is shown in Fig. 3-68 (Ref. 76).

The formula for the maximum magnetic flux densi-
ty from a twisted pair line is approximately

I 1 2
B = “’—0_- glogexp(—2nr/p), —<g<— ,T

\pr 20 3
(3-123)
or
Id
B = _ Ho® close to cable, r < s , T (3-124)
2nr(r + d) 3
where

d = helix diameter, m
p = helix pitch, m
r = distance from axis of helix, m
g = wd/p, helix parameter, dimensionless
Io(x) = Oth order modified Bessel function of the
first kind

3-3.1.1.2.4 Common-mode Generation of
Magnetic Fields

The formulas in pars. 3-3.1.1.2.1 through 3-
3.1.1.2.3 apply when the current in one conductor in
a cable equals the return current in the second con-
ductor. If this is not the case, then effectively a net
current flows in the two conductors {taken as a unit).
This current is called the common-mode current. At
low frequencies, common-mode current flows usually
because of the existence of an alternate return path
through the ground plane. In this case, the cable and
its image in the ground plane may be considered to be
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Figure 3-68. Correction Factor for Estimating Field from Twisted Wire Pair (Ref. 76)

an effective two-wire radiator, as shown in the bot-
tom figure of Table 3-8, with the maximum field
given by the two-wire model, or

B = — 2" g 3125
max TI'(hz + rz) s ( - )
where
h = distance between the cable and the ground

plane, m
r = distance along the ground plane, m
Because the distance h is generally much greater
than the conductor separation d or ¢ in the two-
conductor cable models previously discussed, the
cancellation effect of the field from the cable image in
the ground plane becomes significant only at a dis-
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tance substantially greater than A. Thus, the com-
mon-mode field drops off much more slowly than the
differential-mode field and can be an important
source of EMI if it is not properly controlled.

The parallel-wire plot, Fig. 3-66 (Ref. 75), may be
used to predict the magnetic flux density from all of
the previously described cable types, if the parameter
d is interpreted properly as in the following list (refer
to Table 3-8 for meaning of symbols):

Cable Type Value for din Fig. 3-66
Single Wire o
Parallel Wire d

¢ (Fig. 3-67)
d (correction factor in Fig.
3-68 must be added to B)
Common Mode 2h

Coaxial Cable
Twisted Pair
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3.3.1.1.2.8 Leakage Fields of High Frequency
3.3.1.1.2.5.1 Solid Cables

Fig. 3-69 (Ref. 76) shows the coaxial cable geome-
try. The solution for the fields outside an infinitely
long cable carrying a current / cos wt and whose outer

conductor is several skin depths in thickness yields
(Ref. 77)

Z 1 jw e HE (k3r) exp(jwt — vz)

H,, = ,A/m
s k; H§ (k3b) /
Z1 k jwt —
E, _ Z1H (r) explot — v2) , V/m}(3-126)
3 H§ (k3b)
E = ZyI Hi (k3r) exp(jwt — v¥z) V/m
3 k3 Hg (k3b)
where
v & — w’u e, = propagation constant, m-'
kP ~ — o' — pe3) = —(B7 — B7)
k) = = joou,
w = angular frequency, rad/s
g=2x/A,m!

A; = wavelength in medium i, m
= permeability in medium i, H/m
o; = conductivity in medium i, mhos/m
¢; = permittivity in medium i, F/m
H) = Hankel function of the kth kind, order n

¥
!

r,8, z = cylindrical coordinates of system
Z, = surface transfer impedance, 2/m
EZ |r =}
Z, = 7
k ] f a j
o LT b \exp[—jky(b - a)]

(3-127)
I = current carried on center conductor, A

An examination of Eq. 3-126 reveals that the exter-
nal near fields all depend in the same manner on the
characteristics of the shield which are embodied in
the surface transfer impedance. Increasing the con-
ductivity o,, permeability (u,), inner and outer radii
(a and b), and thickness of the shield results in a
reduction of the magnitudes of the external fields.
The external fields are also dependent on the permit-
tivity of the inner line ¢;, decreasing with an increase
in ¢. It should also be noted, however, that an
increase in ¢; reduces the line power for the same
current.

Eqgs. 3-126 are rather complex to evaluate numer-
ically, however they all exhibit the same dependence
on the surface transfer impedance Z, which can be
expressed as

22T

1z = R, exp(—=T/8) ,Q/m (3-128)

where

6 = depth of penetration =-‘{ 2 ,m
wl’zﬂQ

T = thickness of outer conductor, b — a, m
R, = dc resistance per unit of length of outer con-
ductor, 2/m
This can be written in terms of a normalized surface
transfer impedance function f (1) where

= R, f(w) ,Q/m

|Z,} (3-129)

where
_ 2T
“T3
J () is shown on Fig. 3-70 (Ref. 78). Fig. 3-71 (Ref.
79) shows the surface transfer impedance for 1/8-in.
OD copper, mild steel, and stainless steel as a func-
tion of frequency.

U3s€3,03 = 0

H23€92509
P — ——
\ b a H1s€1507 = 0
/ Region I
/ Regi I
/ egion II
Region 111

Figure 3-69. Coaxial Cable Geometry and Parameters (Ref. 76)
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Normalized Surface Transfer
Impedance f(u), dimensionless
L

Figure 3-70. Plot Showing Frequency Dependence of
Normalized Surface Transfer Impedance for
Solid Shields {Ref. 78)

3-3.1.1.2.52 Leakage from Braided Shields

Electromagnetic leakage fields, leaking through
single gaps and apertures in conductive shields, can
be interpreted as emanating from fictitious magnetic
and electric dipoles located in the gaps or apertures
(Ref. 80).

The equations which are given for leakage from
solid cables are valid for the braided shield if one uses

n “‘equivalent surface transfer impedance” in place
of the transfer impedance given by Eq. 3-127.

4

zZ, = (%)(0.3 oS «) (%)

x (1 + tan'a — sin’ ) ,for-g-< 1,2/m

(3-130)
where

A = wavelength in free space, m
Z, = impedance of free space, 377Q
n = number of braid wires or braid wire strands
which form the diamond shaped mesh aper-
tures

&, a, and « are shown in Fig. 3-72
Fig. 3-73 (Ref. 79) shows the general shape of the
curve for a braided cable.

The transfer impedance, Eq. 3-130, increases
linearly with frequency. This is observed at the higher
frequencies where the transfer impedance behaves as
an inductance. At the lower frequencies the resistive
component of the transfer impedance is dominant;
the curve is flat with respect to frequency, then
decreases as frequency increases as in the case of a
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solid conductor until the inductive component
becomes dominant. Results from Ref. 79 are shown
on Figs. 3-73, 3-74, and 3-75 for RG-59 C/U, RG-
223U, and RG-213/U cables, respectively, as
measured with a triaxial tester. Figs. 3-76 through 3-
80 show results taken from Ref. 78 for RG-62B/U
single shield, RG-216/U double shield; RG-58/U
triax, and RG-12/U with the armor: (a) floating, and
(b) connected at both ends.

3-3.1.1.2.5.3 Induced Fields

When the distance r <« L, where L = the actual
length of the cable, the infinite cable approximation
can be used.

For the case of | k37| < 1, Egs. 3-126 reduce to

— 2Z,1w ¢y exp(jwt — vz)

iy = 2] /2
ki r 31 +j ?En(@)— o.srz]f
A/m (3-131a)
3! +_]% l}n - 0. 57'I:|Eexp(jwt - ¥z2)
E,

o 31+, [m(kzb) 0.577]‘ ’

V/m (3-131b)
E ~ 2Z 1vjexp(jwt — ¥z)

R, H-zm(i)dom '
} T "\ib)

V/m (3-131c¢)

To give some idea of the magnitudes involved in
the expansion, we have the following example: for
w =10 ¢ =2¢, ky of the order of 10? and
kyr < 0.1, r can be as large as 100 m.

For the case of the distances of observation of the
order of the outer radius of the coaxial cable

A/m

-

Hy

j I
oy 7y [— ],
ks kyrln <£)
? kb
1

E’ = (l) ZII —_—
3
k3 k3" In <i)

, V/m
> (3-132)

|
N
Wy

Ez3 =
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Figure 3-71. Surface Transfer Impedance
3-3.1.1.2.54 Radiation from Cables of Finite Length the fields of an antenna with a traveling wave type

In the far-field, leakage emanating from cables of
finite length (Ref. 76) may be thought to be caused by
an equivalent leakage radiation current J, flowing
along the axis of the cable. This equivalent leakage
radiation current is obtained from the angular mag-
netic field leakage component close to the cable for
infinitely long cables.

2mjwey Z, ] exp(jwt — vz2)

2
kKin( —
3 n<k3b)

Thus, the evaluation of the leakage fields from
cables of finite length can be treated by solving for

I, =

A (3-133)

current distribution. A typical radiation pattern is
shown in Fig. 3-81 (Ref. 80). However, the possibility
of a standing wave must be considered.

3-3.1.1.3 Magnetic Induction Susceptibility

A magnetic field generates a voltage in the suscep-
tor circuits by Faraday’s law, which for sinusoidal
signals takes the form

V =wAB,V (3-134)
where
A = effective area of circuit, m?

B = magnetic flux density normal to plane of
area 4, T

w = 27wf = radian frequency, rad /s

391
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Figure 3-72. Dimensional Notation for
Braided Shield

Eq. 3-134 may be used to predict the interference
voltage generated in cables as well as circuits, pro-
viding the effective area is known or can be deter-
mined from the cable geometry.

For cables, the effective area A is found as in the
following table (Ref. 75). (Refer to Table 3-9 for
definitions of symbols.)

Cable Type A

Parallel-wire d x length

Coaxial ¢ % length

Twisted Pair projection of helix =~ 0.318

pd (independent of length)

Common Mode 2h x length

Eq. 3-134 is plotted in Fig. 3-82 (Ref. 75) as V/B ver-
sus f with 4 as a parameter. For all cables except the
twisted pair, the voltage obtained from the plot is the
voltage induced per meter of length, per unit flux
density. For twisted pair the induced voltage is in-
dependent of length.

3-3.1.2 Electric Coupling

Two circuits with a mutual capacitance were illus-
trated on Fig. 3-57(B). If the capacitance is distri-
buted, the equivalent circuit may be difficult to define
and computations may not be accurate because of
uncertainty as to how to assign proper capacitance
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values. Capacitance effects can be quite serious in
cases of internal coupling, so the designer must have
some way of estimating their magnitudes. Formulas
for standard configurations can be found in hand-
books on radio engineering (Ref. 2).

For cables, electric coupling is probably most im-
portant between unshielded wires in a common cable
harness. The capacitance per unit length depends not
only on wire sizes and spacing between any given
pair, but also on the presence of other wires in the
cables.

Fig. 3-83 (Ref. 81) illustrates a simple model for the
electric coupling in a cable. The interfering voltage £
couples through stray capacitance C, to produce volt-
age £, on an adjacent cable. The interfering cable and
the adjacent cable have stray capacitances to ground,
C, and C,. Each cable has its system loads, Z; and Z,,
and Z, and Z,, across which the stray capacitances
appear. If Z, is a high resistance load R,

7]

E__ G R; (3-135
E, -13%)

CHG |, | 2
x 2Tf(Cc + Cb)

The plot of E,/E; against frequency is shown in
Fig. 3-84 (Ref. 81). When Z_ contains inductive
reactance, resonances may cause variations in coup-
ling with frequency. Such effects are likely to be
noticeable at the higher frequencies and are likely to
exhibit broad resonances due to loading in dielec-
trics and connected circuits. When Z  contains
capacitive reactance, it is equivalent to an increase in
G,.

The capacitance between two parallel wires above
a ground plane can be calculated using the formulas

S
(7.35 x 10°12%(D) [108(%2)] Koy

¢ 2 2 F
| 4h 1 | (Sn)
0g ? = = og D
o .,f,_
D
(3-136)
where
%)
~) -1
Ky =1+ — (-1
eff | <d1 . D .
2 \d d
SlZ = \fDZ + 4h2 .
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Figure 3-73. Surface Transfer Impedance of RG-58 C/U Cable (Ref. 79)

! = length of wires, ft 3-3.1.3 Combined Electric and Magnetic Coupling,
D = separation of wires, in. Low Frequency Case
h = height above ground plane, in.
d = diameter of the wire conductor, in. At low frequencies, the effects of electric and mag-

2
|

€ =

r

= diameter of the wire including insulation,

in.
relative dielectric constant of the wire
insulation, dimensionless

The factor (2 — vd/D)~'/* in the capacitance equa-

tion has

been determined experimentally.

netic coupling may be approximated by lumping
these parameters, as shown on Fig. 3-85 (Ref. 81). It
is seen that the total mutual inductance is considered
to be located between two capacitors, each of which
is one-half of the static coupling capacitance between
the two lines, This approximate summation has
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Figure 3-74. Surface Transfer Impedance of RG 223/U, Formerly RG-55/U, Cable (Ref. 79)

validity only at frequencies well below those for
which the line is a quarter wavelength long.

Note from the formulas in Fig. 3-85 that at the end
of the susceptible circuit adjacent to the noise
generator E,, the coupled-in voltage E,; is the sum of
the electric and magnetic components. At the op-
posite end of the susceptible circuit, the coupled-in
voltage is shown as the difference of the electric and
magnetic components. For the approximation made
here, the two components of E,, are in phase
opposition. Rather than depend upon a difference
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voltage, the larger of the two components is assumed
to be the coupled-in interference. As frequency in-
creases, it is common to assume that voltage transfers
are proportional to frequency until unity transfer is
reached, and then the transfer is approximated at uni-
ty for all higher frequencies.

Fig. 3-86 (Ref. 81) shows a plot of the approx-
imate voltage transfer ratio, E, /E, which has a 6
dB/octave rise up to unity. Typical experimental data
are plotted with the approximation. It will be noted
that the approximation results in slightly more
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Figure 3-75. Surface Transfer Impedance of RG-213/U, Formerly RG-8A/U, Cable (Ref. 79)

-coupled-in interference than is shown by the experi-
mental data, This usually will be experienced; how-
ever, in situations of light circuit loading, resonances
in the wiring may produce an inversion, so that ex-
perimental data may rise above the approximation in
a narrow frequency band.

For a considerable variation in loading in the
vicinity of 300 Q, K; = 2K, (K;, K defined on Fig.
3-85) is a very good approximation.

3-3.1.4 Solutions at Higher Frequencies
General solutions of the coupling between two
cables are available only in formal notation. In some

cases specific solutions have been worked out (Refs.
79 and 114),

3-3.1.5 Multiconductor Coupling

The general configuration of #n conductors with dis-
tributed capacitance and inductance coupling is dif-
ficult to analyze. Although no general solution has
been found, various approximate solutions appear in
the literature. Ref. 82 discusses lumped mutual
capacitances and conductances.

3-3.2 RADIATION FIELD COUPLING

When source and susceptor are separated by dis-
tance large compared with (1) one-sixth of a wave-
length, and (2) the maximum dimensions of either,
the coupling can be considered to be by means of the
radiation field. At these distances the field generated
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Figure 3-76. Transfer Impedance vs Frequency, RG-62B/U, Formerly RG-13A /U (Ref. 78)
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Figure 3-77. Transfer Impedance vs Frequency, RG-216/U, Formerly RG-13A /U (Ref. 78)
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Figure 3-78. Transfer Impedance vs Frequency, RG-58 A /U Triax (Ref. 78)
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Figure 3-79. Transfer Impedance vs Frequency, RG-12/U Armored (armor floating) (Ref. 78)
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Figure 3-80. Transfer Impedance vs Frequency, RG 12/U Armored (armor bonded to cable shield at ends)
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Figure 3-81.
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Induced Voltage per Unit Flux Density (per meter for Coaxial Cables) v/B, dB (uV/uT)
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Figure 3-82. Cable and Loop Susceptibility (Ref. 75)
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Figure 3-84. Frequency Dependence of Voltage Ratio for Electric Coupling
(See Fig. 3-83 for definitions of G, + C,) (Ref. 81)

by the emitter resembles that of a plane wave, but the
field components fall off inversely as the distance
from the source. The presence of the susceptor pro-
duces negligible reaction on the emitter.

The treatment here is based upon antenna theory,
because devices which are emitting or receiving
energy by “‘radiation’ are acting essentially as anten-
nas. An equipment cabinet at a frequency at which its
length is a multiple of a quarter wave length has the
potential to be as effective an antenna as a device that
is intentionally designed for the purpose.

3-3.2.1 The Elementary Dipoles

The elementary electric and magnetic dipoles may
.be considered to be the prototypes for all antennas or
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radiating objects. The radiating properties of objects
of finite size can be synthesized from assemblies of
such dipoles.

3-3.2.1.1 The Magnetic Dipole

Equations for the field of an infinitesimal mag-
netic dipole, as a function of distance from the di-
pole are given in Eqgs. 3-113, par. 3-3.1.1.1. Specific
components of these fields vary inversely with the dis-
tance, the distance squared, and the distance cubed.
The magnitudes of the several components of any one
field vector are equal to a distance of r = A/(27); at
closer distances, in the reactive near ficld region (sce
Glossary), the (1/r)* and (1/r)’ terms are dominant;
at greater distances in the “radiation” field, the 1/#
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Figure 3-85. Circuit and Equations Representing Electric Coupling and Magnetic Coupling Between
Parallel Lines (Ref. 81)

terms are dominant. Phenomena due to the (1/r)

term were discussed in par. 3-3.1.1.1.
In the radiation field

where
A = area of a loop (assumed to consist of only a
single turn) carrying a current of / amperes,
m?. The product A[ is the magnetic dipole

0B IA ) moment.
E, = (——4—) sinf ,V/m (3-138) r = distance from source, m
wr 5 o e
Ny = VMo /€ = characteristic impedance of free
814 space, 2
Hy = - (— =2 ) sin6 ,A 3139 B =2x/\, m™'
b < 4mr ) sin fm ( ) 6, ¢ = space coordinates defined on Fig. 3-60.
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The power density, defined as the rate of energy
flow through unit area, is obtained from the Poynting

vectorFD
— — —_ Ewl
[Pyl =|E x H| = E,H; = —
)
nB'rA’
= UOH:- = —1—6;2r2—51n70 ,\N/m2 (3-]40)

3.3.2.1.2 The Electric Dipole

The fields produced by an elementary electric di-
pole are given by (Ref. 73)

g’ o1 | R
E = me <—] T + B3r2>cosﬂ,V/m
1B’ < [ . | ) .
= —\|-=—-j—==+ 0
B = e\ B e T/ baaa
V/m
1?71 1 .
H, = e <E + ﬂzrz)smﬂ ,A/m )
where

E,, E; = rand 8 components of the electric field,
respectively, V/m
H, = angular component of magnetic field, A/m
I = dipole current, assumed in direction of
0-axis (Fig. 3-60), A
{ = dipole length, assumed small compared
with r and located at origin of coordinates,
m
w = angular frequency,
and other terms are as defined in par. 3-3.1.1.1.1, Eq.
3-113.
From these relations, the Poynting vector yields

— ZFIZ
Pyl = EH, = <"°ﬁ ) sin?f ,W/m? (3-142)

16722

In this field region, the main factor that distin-
guishes different emitters is their radiation pattern.
The equations for the infinitesimal dipole can be used
for finite size dipoles if their dimensions are sub-
stantially less than a quarter wave length.

3-3.2.2 Antenna Gain

As the frequency increases, the relative size of any
given object increases wheén measured in terms of
wavelengths. In general, as the size increases in this
way the possible radiation patterns become more
complex. To obtain directivity, antennas usually are

designed using dipole arrays for frequencies up to at
least 100 MHz, and ‘‘aperture” antennas above that.
An aperture antenna is usually a continuous metal
surface. Its properties can be computed in various
ways, including representing it as an extensive dipole
array.

Detailed properties of arrays or apertures are dis-
cussed in par. 5-10. One of their significant prop-
erties is that of antenna gain.

Antenna gain, sometimes called directive gain, is
the ratio of the power required at the input of a
reference antenna to the power supplied to the input
of a given antenna to produce, in a given direction,
the same field at the same distance. When not other-
wise specified, a stated gain is the gain in the direction
of the main radiation lobe. Two types of reference
antenna have been used in the past: (1) the half-wave
dipole, and (2) the isotropic radiator. The first has
been used primarily at frequencies where dipole types
are prevalent. The second is commonly used for
antennas operated in the microwave region of the
spectrum. Even though it cannot be realized in prac-
tice, the isotropic antenna is a convenient reference,
and is used in this handbook. An alternate term used
to express the same property is effective aperture. The
effective aperture A, is given in terms of the gain G
by

\G
4r

Aejf = y n']2 (3'143)

This usually is given for the maximum gain; i.e.,
G = Gmax

It is customary to define the boundary separating
the Fresnel (close) and Fraunhofer (far) regions of an
antenna as

2D?
3 (3-144)
where
r = distance measured from the antenna whose
greatest dimension normal to the direction of »
is D.
[t is only at locations in the Fraunhofer region that
one can count on the electromagnetic field compo-
nent magnitudes (£ and H) varying inversely with the
distance from the antenna. For an aperture antenna
in the microwave region, the critical distance can be
hundreds or even thousands of meters, whereas for
an elementary dipole it is effectively A/6.
In the Fraunhofer region, the electric field strength
at a distance » from a lossless antenna with gain G

3-103



DARCOM-P 706-410

(ratio) and radiated power P, (in watts) is given by the
expression

V0 P,G,
E = —,v/m
r

(3-145)

This formula is useful in estimating the field
strength due to any given source at the location of a
possible susceptor, if both its radiated power and its
effective gain in the direction of the susceptor are
known. This relation is plotted on Fig. 2-3.

In the Fresnel region, the field components cannot
be calculated accurately using Eq. 3-145. Correction
factors for certain types of antennas are given in par.
5-10.

3-3.2.3 Characteristics of Simple Antennas

The effectiveness of an antenna as a radiator can be
specified in terms of its radiation resistance R, in
accordance with the relation

P =R,)L. W (3-146)

where
I, = rms value of the current at the antenna
terminals, A
At frequencies below 10 MHz, most incidental radi-
ators can be considered to be electrically short. As a

consequence, they radiate poorly. The short linear
antenna has low radiation resistance, but has a high
input impedance (corresponding to a capacitance of a
few picofarads for typical configurations). For com-
parable dimensions, the loop also has a low radia-
tion resistance, but has a relatively low input imped-
ance (an inductance of several microhenries). Table
3-9 summarizes formulas for radiation resistance and
gain for these types and the half-wave dipole.

As one moves in frequency above 10 MHz, the
dimensions of equipment are such as to permit
almost any metallic structure to become an efficient
radiator at some frequency. To avoid this phenom-
enon, special attention should be paid to: (1) avoid-
ing excitation from stray or leakage currents and
fields, and (2) installation using proper grounding
and bonding techniques as discussed in par. 4-7.

3-3.2.4 Field Susceptibility

Undesired electromagnetic fields can be coupled
into sensitive circuits either directly, by means of an
antenna as in the case of a receiver or an exposed in-
put terminal, or indirectly through power or control
cables.

Just as a changing magnetic field induces a voltage
in a closed loop (see par. 3-3.1.1.3), an electric field

TABLE 3-9. CHARACTERISTICS OF SIMPLE ANTENNAS

Antenna Radiation Gain Effective
Resistance, Q Length, m
Short Linear ,
(above ground ! !
plane) 20~m? ~ 1.5(1.7dB) 5
A
&€ —
4
Half-wave
i A
Dipole 73 1.64 (2.14dB) A
A T
] = 2
2
Circular
Loop 3.8 x 10-%(Nf2P)? 1.5(1.76 dB) 6.57 x 107°— (Nfr)
diam < A—
4

! = antenna length, m
= wavelength, m
r = loop radius, m
f = frequency, MHz
N = number of turns
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will induce a voltage in an exposed metallic conduc-
tor. The effective length of the conductor is defined as
the ratio of the open circuit voltage appearing at its
terminals to the component of the electric field
parallel to its length.

Effective length is used frequently to describe ver-
tical antennas over a ground plane. For lengths /,
which are small compared with a quarter wave-
length, the effective length is {/2. This definition is
useful at low frequencies for estimating currents
appearing on the outer surface of cabinets and cables
due to external fields, but the accurate estimation of
field susceptibility levels requires careful analysis of
the exact configuration, including neighboring me-
tallic structures.

Receiving antennas can also be characterized by a
gain G, applicable to the far field. Gain is a recipro-
cal property of an antenna, i.e., the gain of an anten-
na used for receiving will be the same as when used
for transmitting. At the higher frequencies where the
structure size is comparable with, or more than, a
wavelength, the power received F, can be estimated in
terms of the power transmitted, and the transmitter
and receiver antenna gains G, and G, (both expressed
as ratios), respectively, by

AZ
P, = —GGP W

= (3-147)

For isotropic antennas, the ratio of power received to
power transmitted is, in free space,

P, %

P, = (4=nry (3-148)

A nomograph for this relation is given on Fig. 3-87
(Ref. 83), where the loss is given in dB. For antennas
with specified gains, the loss can be reduced by the
corresponding number of dB for each antenna. In
terms of effective areas, 4, and 4,

b A4 (3-149)
P, T
where
A, = effective aperture of transmitting antenna,
m2

A, = effective aperture of receiving antenna, m*

3-3.2.4.1 Propagation Effects (Refs. 83 and 115)
The concept of free space transmission assumes

that the atmosphere is perfectly uniform and nonab-

sorbing, and that the earth is either infinitely far
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Reprinted with permission from The
Bell System Technical Journal, ES;&-
righted by The American Telephone
and Telegraph Company.

Figure 3-87. Free Space Transmission (Ref. 83)

away, or its reflection coefficient is negligible. In
practice, the effects of the earth, the atmosphere, and
the ionosphere need to be considered. The treatment
here is confined to phenomena of significance only
over distances of tens of miles, so that ionospheric
and tropospheric scatter effects are ignored.

3-3.2.4.2 Transmission Within Line of Sight

The presence of the ground modifies the genera-
tion and the propagation of radio waves so that the
received power or field strength is ordinarily less than
would be expected in free space, see Fig. 3-87. The
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effect of plane earth on the propagation of radio
waves is given by

Induction
Field und
Secondary
Direct Reflected “*Surface Effects of
Wave Wave Wave” the Ground
£ +  Red 4+ (1 - RAde+ ... (3-150)
E,
where
Ey = free space electric field, V/m
E = electric field due to a given source, V/m
R = reflection coefficient of the ground
A = “surface wave™ attenuation factor,
dimensionless
47|'h|h2 . .
A=- . , dimensionless
h,; = antenna heights measured in same units as

the wavelength and distance
r = distance from source, m
The parameters R and A vary with both polariza-
ion, and the electrical constants of the ground. For

near grazing paths, R is approximately equal to —1,
and the factor 4 can be neglected provided both
antennas are elevated more than a wavelength above
the ground (or more than 5 to 10 wavelengths above
sea water). Under these conditions, the effect of the
earth is independent of polarization and ground con-
stants, and Eq. 3-150 reduces to

|[E| P, . /A . [ 2mhhy
= — = 2sm<~—) = 2sin
| Ey | P 2 Ar
(3-151h)
where

P, = received power expected in free space, W

More precisely, the reflection coefficient R = | R|
exp (j), assuming a plane earth has magnitude |R |
and phase shift ¢ which are typically of the form in
Fig. 3-88 (Ref. 84). The curves apply to the case of a
vertically polarized plane wave whose normal makes
an angle ¥, called the grazing angle, with the reflec-
ting earth’s surface. The quantity n is the ratio or
propagation constants of the region above the earth
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Reprinted with permission from Ulira High Frequency Propagation,
1953. by Reced and Russell. copyrighted by Boston Technical Publi-

cations. Inc.

Figure 3-88. Values of R and ¢ as Functions of tany (Ref. 84)
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(taken to be empty space) and the region below the
earth’s surface. This quantity is given by

n = ¢ —j18 x 107*¢/f ,dimensionless (3-152)

¢, = relative dielectric constant, dimensionless
conductivity of the reflecting region, mho/m
= frequency, Hz

The above-ground region is assumed to havee = |
and ¢ = 0. The curves in Fig, 3-88 are plotted for
typical values of permittivity and conductivity as
found in sea water and wet earth and indeed show
that for small grazing angles |R|= 1 and ¢ = 180
deg.

For horizontal polarization, the reflection coeffi-
cient magnitude tends to be closer to one than it is
with vertical polarization and the phase shift at
reflection is close to 180 deg for all conditions.

It is emphasized that the foregoing applies to un-
obstructed plane earth. Rough earth, violent seas,
and obstructions complicate the interaction causing
multiple reflections (scattering) and time variation.
Refs. 85-88 deal with measurements and models of
propagation in the presence of irregular terrain and
structural obstacles in an urban environment. Inone
and Akiyama (Ref. 89) report typical data of line-of-
sight transmission over sea paths.

Eq. 3-151 is the sum of the direct and ground
reflected rays. As a function of A, the height of the
receiver above ground, the field pattern shows an os-
cillatory lobe structure. The first maximum occurs
when the difference between the direct and ground
reflected waves is a half-wavelength. In most appli-
cations (except air to ground) the principal interest is
in the lower part of the first lobe; i.e., where
A/2 < =/4. In this case, sin (A/2)~ A/2 and the
transmission loss ratio over plane earth is given by:

P, (hh IGT

P, rz ter
This relation is plotted in Fig. 3-89 (Ref. 83) for iso-
tropic antennas. Fig. 3-89 is not valid when the in-
dicated transmission loss is less than the free space
loss shown in Fig. 3-87, because this means that A is
too large for this approximation.

Although the transmission loss shown in Eqg. 3-153
and in Fig. 3-89 has been derived from optical con-
cepts that are not strictly valid for antenna heights
less than a few wavelengths, approximate results can
be obtained for lower heights by using & (or /4 ) as the
larger of either the actual antenna height, or the
minimum effective antenna height shown in Fig. 3-90

q
1

~
|

(3-153)

(Ref. 83). The error that can result from the use of
this artifice does not exceed %+ 3 dB, and occurs
where the actual antenna height is approximately
equal to the minimum effective antenna height.

Frequently the amount of clearance (or obstruc-
tion) is described in terms of Fresnel zones. All points
from which a wave could be reflected with a path
difference of one-haif wavelength from the boundary
of the first Fresnel zone; similarly, the boundary of
the nth Fresnel zone consists of all points from which
the path difference is n/2 wavelengths. The nth Fres-
nel zone clearance H, at any distance r; is given by

nir(r—r
o - r=n)
r

(3-154)

Although the reflection coefficient is very nearly
equal to — 1 for grazing angles over smooth surfaces,
its magnitude may be less than unity when the terrain
is rough. The classical Rayleigh criterion of rough-
ness indicates that specular reflection occurs when
the phase deviations are less than about (= /2), and
that the reflection coefficient R occurs when the
phase deviations are less than unity when the phase
deviations are greater than %(x/2). In most cases this
theoretical boundary between specular and diffuse
reflection occurs when the variations in terrain
exceed 1/8 to 1 /4 of the first Fresnel zone clearance.
Experimental results with microwave transmission
have shown that most practical paths are “‘rough”,
and ordinarily have a reflection coefficient in the
range of 0.2 to 0.4. In addition, experience has shown
that the reflection coefficient is a statistical problem
and cannot be predicted accurately from the path
profile (Ref. 90).

3-3.2.4.3 Miscellaneous Effects

This paragraph describes some miscellaneous
effects of line of sight transmission that may be im-
portant at frequencies above about 1| GHz. These
effects include variation in angles of arrival, maxi-
mum useful antenna gain, useful bandwidth, the use
of frequency or space diversity, and atmospheric ab-
sorption.

On line-of-sight paths with adequate clearance,
some components of the signal may arrive with
variations in angle of arrival of as much as 0.5 deg to
0.75 deg in the vertical plane, but the variations in the
horizontal pfane are less than 0.! deg (Refs. 91 and
92). Consequently, if antennas with beamwidths less
than about 0.5 deg are used, there occasionally may
be some loss in received signal because most of the in-
coming energy arrives outside the antenna beam-
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Figure 3-89. Transmission Loss Over Plane Earth (Ref. 83)

width. Signal variations due to this effect usually a:e
small compared with the multipath fading.
Multipath fading is selective fading, and it limits
both the maximum useful bandwidth and the fre-
quency separation needed for adequate frequency
diversity. For 40-dB antennas on a 48-km path, the
fading on frequencies separated by 100 to 200 MHz is
essentially uncorrelated regardless of the absolute fre-
quency. With less directive antennas, uncorrelated
fading can occur at frequencies separated by less than
100 MHz (Refs. 93 and 94). Larger antennas
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(narrower beamwidths) will decrease the fast multi-
path fading and widen the frequency separation
between uncorrelated fading, but at the risk of in-
creasing the long term fading associated with the
variations in the angle of arrival.

When ground reflections are controlling, optimum
space diversity requires that the separation between
antennas be sufficient to place one antenna on a field
strength maximum while the other is in a field
strength minimum. [In practice, usually the best
spacing is not known, because the principal fading is
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caused by multipath variations in the atmosphere.
However, adequate diversity usually can be achieved
with a vertical separation of 100 to 200 wavelengths.

At frequencies above 5 to 10 GHz, the presence of
rain, snow, or fog introduces an absorption in the at-
mosphere which depends on the amount of moisture
and on the frequency. During a rain of cloudburst
proportions, the attenuation at 10 GHz may reach
3.1 dB/km and at 25 GHz it may be in excess of 15.5
dB/km (Ref. 95). In addition to the effect of rainfall,
some selective absorption may result from the oxygen
and water vapor in the atmosphere. The first absorp-
tion peak due to water vapor occurs at about 24
GHz, and the first absorption peak for oxygen occurs
at about 60 GHz.

3-3.2.5 Tropospheric Transmission Beyond
Line of Sight

Though the scope of this handbook limits the
region of concern around potential sources and
receptors to the order of 10 miles, beyond line-of-
sight transmission is of significance in this region.
The distance to the horizon for an antenna 20 m off
the ground is about 10 mi. Furthermore, the direct
path between relatively close sources and receptors
often is obscured by buildings, hills, and other
obstacles.

Energy can be transmitted beyond the line of sight
by three principal phenomena: reflection, refraction,
and diffraction. The reflection mechanism of greatest
significance for beyond-the-horizon-transmission is
ionospheric reflection. This mechanism, which is
effective at HF frequencies and below, is used mainly
for long distance transmission. Reflections from
extended conductive surfaces at close range are also
important, but the mechanism is essentially the same
as that covered in par. 3-3.2.4.2 (the ground reflected
wave).

3-3.2.5.1 Refraction

The dielectric constant of the atmosphere normally
decreases gradually with increasing altitude. The
result is that the velocity of transmission increases
with the height above the ground and, on the average,
the electromagnetic energy is bent or refracted
toward the earth. Provided the change in dielectric
constant is linear with height, the net effect of refrac-
tion is the same as if the waves continued to travel in
a straight line but over an earth whose modified
radius k, is

(3-155)
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where
a = true radius of earth, m
de .
a'—l: = rate of change of relative dielectric constant

with height

Under certain atmospheric conditions the dielec-
tric constant may increase (0 < k,/a < 1) over a
reasonable height, thereby causing the waves in this
region to bend away from the earth. Since the earth’s
radius is about 6371 km, a decrease in dielectric cons-
tant of only 7.85 x 10~* per km of height resultsin a
value of k, = 4/3 which is commonly assumed to be a
good average value (Ref. 96). When the dielectric
constant decreases about four times as rapidly, or by
about 3.1 x 10=* per km of height, the value of
k, = =. Under such a condition, as far as propaga-
tion is concerned, the earth then can be considered
flat, since any ray that starts parallel to the earth will
remain parallel.

When the dielectric constant decreases more rapid-
Jy than 3.1 x 10~* per km of height, radio waves that
are radiated parallel to, or at an angle above the
earth’s surface, may be bent downward sufficiently to
be reflected from the earth. After reflection, the ray is
again bent toward the earth, and the electromagnetic
energy appears to be trapped in a duct or waveguide
between the earth and the maximum height of the
wave path. This phenomenon is variously known as
trapping, duct transmission, anomalous propaga-
tion, or guided propagation (Refs. 97 and 98).

Duct transmission is important because it can
cause long distance interference with another station
operating on the same frequency; however, it does
not occur often enough nor can its occurrence be pre-
dicted with enough accuracy to make it useful for
communication services requiring high reliability.

An important mechanism of beyond-the-horizon
transmission at VHF and above is that of tropo-
spheric scatter (Refs. 99 and 100). The phenomenon
described earlier in this paragraph is based on a
smooth variation of refractive index with altitude. It
generally is believed that there are irregular spatial
and temporal variations of refractive index in the at-
mosphere which have the effect of multiple reflecting
or refracting bodies turning back some of the im-
pinging energy to earth. The mechanism is used for
long-range transmission, usually exceeding 50 mi and
extending to about 700 mi.

3-3.2.5.2 Diffraction Over a Smooth Spherical
Earth and Ridges
As an object passes between a source and receiver
so as to interrupt the direct path between them, a
radio signal at the receiver does not immediately drop
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to zero because of the phenomenon of diffraction.
The magnitude of the loss caused by the obstruction
increases as either the distance of separation or the
frequency is increased, and it depends to some extent
on the antenna height (Ref. 101). The loss resulting
from the curvature of the earth is indicated by Fig. 3-
91 (Ref. 83) as long as neither antenna is higher than
the limiting value shown at the top of the chart. This
loss is in addition to the transmission loss over the
plane earth obtained from Fig. 3-89.

When either antenna is as much as twice as high as
the limiting value shown on Fig. 3-91, this method of
correcting for the curvature of the earth indicates a
loss that 1s too great by about 2 dB, with the error in-
creasing as the antenna height increases. An alter-
nate method of determining the effect of the earth’s
curvature is given by Fig. 3-92 (Ref. 83). This method
is approximately correct for any antenna height, but
it is theoretically limited in distance to points at or
beyond line-of-sight, assuming that the curved earth
is the only obstruction.

Fig. 3-92 gives the loss relative to free-space trans-
mission (and hence is used with Fig, 3-87) as a func-
tion of three distances: r is the distance to the hori-
zon from the lower antenna, r, is the distance to the
horizon from the higher antenna, and n is the
distance beyond the line-of-sight. In other words, the
total distance between antennas is r=r +n +ny.
The distance to the horizon over smooth earth is
given by

.2 = v2ksh , ,m (3-156)
where

h;, = appropriate antenna height, m

k, = effective earth’s radius, m

The preceding discussion assumes that the earth is
a perfectly smooth sphere, since the results are
critically dependent on a smooth surface and a uni-
form atmosphere. The modification in these results
caused by the presence of hills, trees, and buildings is
difficult or impossible to compute, but the order of
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Figure 3-91.

Diffraction Loss Around a Perfect Sphere (Ref. 83)
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Figure 3-92. Diffraction Loss Relative to Free Space Transmission at All Locations Beyond Line-of-sight
Over a Smooth Sphere (Ref. 83)

magnitude of these effects may be obtained from a
consideration of the other extreme case, which is a
propagation over a perfectly absorbing knife edge.
The diffraction of plane waves over a knife edge or
screen causes a shadow loss whose magnitude is
shown on Fig. 3-93 (Ref. 83). The height of the ob-
struction A is measured from the line joining the two
antennas to the top of the ridge. It will be noted that
the shadow loss approaches 6 dB as A approaches 0
(grazing incidence), and that it increases with in-
creasingly positive values of 4. When the direct ray
clears the obstruction, A is negative; and the shadow
loss approaches 0 dB in an oscillatory manner as the
clearance is increased. In other words, a substantial
clearance is required over line-of-sight paths in order
to obtain “free-space” transmission. The knife-edge
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diffraction calculation is substantially independent of
polarization provided the distance from the edge is
more than a few wavelengths.

At grazing incidence, the expected loss over a ridge
is 6 dB (Fig. 3-93), while over a smooth spherical
earth (Fig. 3-92) indicates a loss of about 20 dB.
More accurate results in the vicinity of the horizon
can be obtained by expressing radio transmission in
terms of path clearance measured in Fresnel zones as
shown in Fig. 3-94 (Ref. 115). In this representation
the plane earth theory and the ridge diffraction can
be represented by single lines, but the smooth sphere
theory requires a family of curves with a parameter
M that depends primarily on antenna heights and fre-
quency. The big difference in the losses predicted by
diffraction around a perfect sphere and by dif-




DARCOM-P 706-410

B —10,000
20 - 5000
n ~3000
0 [ 2000
—5
5 rIOOO
-2 - 500
& | ~300
05 <«
_ ~100
g 2000 4 £ E
o 1000402 ~.2 |50
R 0.l N
200 10
100 5
3
50~ [ 3
20 —1
10~
*
Note:

When occuraocy greoter thon

5-’—7

4t 8

319
2410 @
g H,°
LS

~14
30.¢ © s
1= 8 91 &
1 2 o2
g ~ % 09420%3p
oo & 3 0% 5
3000 & .2 25 >
6000 8 & =
15000 & 9 8
'm—‘u- 3 _sov
on on
8
_8| F35_|

- 40

45

5o

+ 1.5 dB is required ,volues

on the r'

h

scale should be:
2

=

Ty ]
r2

Reprinted with permission from The Bell System Technical Journal,
copyrighted by The American Telephone and Telegraph Company.

Figure 3-93. Knife-edge Diffraction Loss Relative to Free Space (Ref. 83)

fraction over a knife-edge indicates that diffraction
losses depend critically on the assumed type of pro-
file. A suitable solution for the intermediate problem
of diffraction over a rough earth has not yet been ob-
tained.

3-3.2.5.3 Effects of Nearby Hills — Particularly on
Short Paths

The experimental results on the effects of hills in-
dicate that the shadow losses increase with the fre-
quency and with the roughness of the terrain (Ref.
102).

A summary of the available empirical data is
shown on Fig. 3-95 (Ref. 115). The roughness of the
terrain is represented by the height A shown on the
profile at the top of the chart. This height is the

difference in elevation between the bottom of the
valley and the elevation necessary to obtain line of
sight from the transmitting antenna. The right hand
scale of Fig. 3-95 indicates the additional loss above
that expected over plane earth. Both the median loss
and the difference between the median and the 10
percent values are shown. For example, with varia-
tions in terrain of 152 m (500 ft), the estimated me-
dian shadow loss at 450 MHz is about 20 dB, and the
shadow loss exceeded in only 10 percent of the possi-
ble locations between points A and B is about
20 + 15 = 35 dB. This analysis is based on large-
scale variations in field strength, and does not include
the standing wave effects which sometimes cause the
field strength to vary considerably within a few centi-
meters,
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Figure 3-95. Field Intensity for Vertical Polarization Over Sea Water for 1-kW Radiated Power from a
Grounded Whip Antenna as a Function of Roughness of Terrain (Ref. 115)

3-3.2.5.4 Effects of Buildings and Trees

The shadow losses resulting from buildings and
trees follow somewhat different laws from those
caused by hills. Buildings may be more transparent to
radio waves than the solid earth, and ordinarily there
is much more back scatter in urban areas than in
open country, Both of these factors tend to reduce the
shadow losses caused by the buildings but, on the
other hand, the angles of diffraction over or around
the buildings are usually greater than for natural
terrain.

Typical values of attenuation through a brick wall
are from 2 to 5 dB at 30 MHz and 10 to 40 dB at 3
GHz, depending on whether the wallis dry or wet. At
frequencies in the UHF range, attenuation near win-
dows can be quite negligible.

When an antenna is surrounded by moderately

thick trees and 1s below tree-top level, the average
foss at 30 MHz is usually 2 or 3 dB for vertical polar-
ization, and negligible with horizontal polarization.
However, large and rapid variations in the received
field strength may exist within a small area, resulting
from the standing-wave pattern set up by reflections
from trees located at a distance of several wave-
lengths from the antenna. Consequently, several
near-by locations should be investigated for best
results. At 100 MHz the average loss from surround-
ing trees may be S to 10 dB for vertical polarization
and 2 or 3 dB for horizontal polurization. The tree
losses continue to increase as the frequency increases,
and above 300 to 500 MHz they tend to be indepen-
dent of the type of polarization. Above | GHz, trees
that are thick enough to biock vision are roughly
equivalent to a solid obstruction of the same overall
size.
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3-3.2.6 Medium and Low Frequency Ground Wave
Transmission

Wherever the antenna heights are small compared
with the wavelength, the received field strength is or-
dinarily stronger with vertical polarization than with
horizontal, and is stronger over sea water than over
poor soil. In these cases the “surface wave” term in
Eq. 3-150 cannot be neglected. This use of the term
“surface wave” follows Norton’s usage and is not
equivalent to the Sommerfeld or Zenneck “surface
waves’’.

The parameter A is the plane earth attenuation fac-
tor for antennas at ground level. It depends upon the
frequency, ground constants, and type of polariza-
tion. It is never greater than unity, and decreases with
increasing distance and frequency, as indicated by the
following approximate equation (Ref. 83 and 103):

—1

A = ,d'less (3-157)
, 2nd .
| +JT (sinf + 2§
where
Je, — cos? 8 . L
z = ——  for vertical polarization
E0
z = ve, — cos? 8 |, for horizontal polarization
€, = € — j60aA
6 = angle between reflected ray and the ground,

il

0 for antennas at ground level, deg

¢ = dielectric constant of the ground relative to

unity in free space

¢ = conductivity of the ground, mho/m

A = wavelength, m

d = distance from source, m

In terms of these same parameters, the reflection

coefficient R of the ground is given by (Ref. 104).

l

_ sinf—z

3-158
sinf + z ( )

, dimensionless

When sin 8§ < |z|, the reflection coefficient ap-
proaches —1; when sin > |z |(which can happen
only with vertical polarization), the reflection coeffi-
cient approaches +1. The angle for which the reflec-
tion coefficient is a minimum called the pseudo-
Brewster angle, and it occurs for sin § =|z|.

For antennas approaching ground level the first
two terms in Eq. 3-150 cancel each other (4 and A
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approach zero and R approaches —1) and the mag-
nitude of the third term becomes

2 4k

(1 - R)M| ~ (2”)22 — (159
A
where
h, = minimum effective antenna height shown in
Fig. 3-90
A
T | 27z

z = as defined for Eq. 3-157

The surface wave term arises because the earth is
not a perfect reflector. Some energy is transmitted
into the ground and sets up ground currents which
are distorted relative to what would have been the
case in an ideal perfectly reflecting surface. The sur-
face wave is defined as the vertical electric field for
vertical polarization, or the horizontal electric field
for horizontal polarization which is associated with
the extra components of the ground currents caused
by lack of perfect reflection. Another component of
the electric field associated with the ground currents
is in the direction of propagation. It accounts for the
success of the wave antenna at lower frequencies, but
it is always smaller in magnitude than the surface
wave as previously defined. The components of the
electric vector in three mutually perpendicular coor-
dinates are given by Norton (Ref. 105).

In addition to the effect of the earth on the propa-
gation of radio waves, the presence of the ground also
may affect the impedance of low antennas, and there-
by may have an effect on the generation and recep-
tion of radio waves (Ref. 104). As the antenna height
varies, the impedance oscillates around the free space
value, but the variations in impedance are usually un-
important provided that the center of the antenna is
more than a quarter-wavelength above the ground.
For vertical grounded antennas (such as are used in
standard AM broadcasting) the impedance is
doubled and the net effect is that the maximum field
strength is 3 dB above the free space value instead of
6 dB as indicated in Eq. 3-15] for elevated antennas.

Typical values of the field strength to be expected
from a grounded quarter-wave vertical antenna are
shown in Fig. 3-96 for transmission over poor soil,
and in Fig. 3-97 for transmission over sea water.
These charts include the effect of diffraction and
average refraction around a smooth spherical earth
as discussed in par. 3-3.2.5, but do not include the
ionospheric effects. The increase in signal obtained
by raising either antenna height is shown in Fig. 3-98
for poor soil, and in Fig. 3-99 for sea water.
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3-3.3 CONDUCTIVE COUPLING
3-3.3.1 Introduction

In concept, direct or conductive coupling paths are
readily modeled in terms of a simple coupled circuit
as shown in Fig. 3-100 (Ref. 106). These coupling
paths may exist in a variety of forms, especially in
complex circuits; however, it is convenient to identi-
fy three types:

a. Common power supplies

b. Common ground return paths

c. Signal lines.
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Signal line coupling can occur in two modes,
known as differential and common modes. In the dif-
ferential mode, the interference is unintentionally
coupled into the signal line directly from the circuit to
which it connects, and is propagated along the line in
a manner similar to that of the desired signal. Com-
mon mode coupling, which is discussed in par. 3-
3.3.3, can occur wherever circuits which are inter-
connected by a signal cable are at different reference
potentials. This mode of coupling is quite similar to
that classified as common ground return path cou-
pling, which is discussed in par. 3-3.4.
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Coupling through a common power supply is
probably the most common form of conductive
coupling. Usually it occurs between equipments
through ac or dc main power lines, or between cir-
cuits in the same equipment through a common elec-
tronic rectifier dc power source. In the [atter case, the
model of Fig. 3-101 (Ref. 106) applies, and the cou-
pling impedance is the output impedance of the sup-
ply. Methods of calculating the coupling and of
reducing it through use of filters are discussed in par.
4-3.1.14,

Coupling through the main or primary ac or dc
power line is the most difficult situation to analyze
because of uncertainties as to the impedances of
various items connected to the line, and its length.
Furthermore the line actually consists of several con-
ductors which may be connected in a variety of ways
at the distribution transformer. For these reasons it
can be treated properly only from a statistical ap-
proach,

3-3.3.2 Powerline Coupling

A general model of power line conducted interfer-
ence is shown in Fig. 3-100. In this figure the inter-
ference source represents an equipment which gener-
ates undesired signals (interference) on the line; the

power line system, a standard single-phase, three-
wire, 60-Hz, power line with switching and protec-
tive circuits; and the susceptor, an equipment whose
performance may be degraded by the interference
from the source.

There are several features of this diagram that
should be noted:

a. The square blocks represent cabinets. 1n effect,
the presence of a local ground plane shown on the
figure requires that to represent accurately the inter-
ference source and the susceptible device one needs a
four-terminal equivalent circuit, one of the terminals
being the cabinet itself. If there is no direct connec-
tion between the cabinet and the ground plane, as is
frequently the case, it is necessary to recognize that
there is in effect at least a capacitive coupling be-
tween them. This coupling can play a major role in
the interference properties of either a source or a
susceptor.

b. The power line system itself may or may not at-
tenuate signals coupled through it, depending upon
the frequency and the ways in which the source and
susceptor are connected. Although connecting the
susceptible device to the power line system can affect
the impedance seen by the interference source, in in-
dividual cases. it is best considered as having little

High High
Power .
Interference Low Line Low Susceptible
Source |Safety (Ground)| System Ground Device

[777777777777777777777777777777777 Srownd Prane

Figure 3-100. Power Line Conducted Interference Model (Ref. 106)

High
Interfer- Low Power
ence Line
Source Safety (Ground) Svstem

777 7 TS 77777 Ground Plane

Figure 3-101.

Model of Interference Source and I¢ts Load (Ref. 106)
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effect in a statistical sense. That is, the average im-
pedance as seen by the interference source is assumed
independent of the connection of the susceptor.*

c¢. For most circuits, at frequencies below about 10
Hz, the low and safety ground lines can be consid-
ered to be connected together, and indeed connected
to the cabinet. At interference sources and suscep-
tors, usually the safety ground is connected to the
cabinets, effectively reducing them to three terminal
devices. At a distribution panel where the low line is
connected also to the neutral or safety line, a two-ter-
minal representation may be adequate. On the other
hand, at frequencies above about 500 Hz, the imped-
ances as seen from any of the three lines — high, low
and safety — when looking towards either the power
system, the source, or the susceptor, will be substan-
tially affected by the impedance of the individual con-
ductors themselves and it is difficult to distinguish be-
tween these lines on the basis of impedance. An exact
analysis at high frequencies is extremely difficult to
carry out because of the complexity of the equivalent
circuit.

In order to simplify the analysis of such circuits, it
is common to approximate them in terms of their
two-terminal characteristics. At low frequencies, each
of the power conductors is considered to act inde-
pendently against a neutral if one exists; otherwise,
they are considered to act against each other, At fre-
quencies above about 10 MHz, each of the line con-
ductors can be considered to act against the cabinet
in the case of a source or susceptor, or against the
ground plane in the case of the power distribution

% This assumption may not be accurate in certain cases, for exam-

system. At intermediate frequencies a transition re-
gion must be recognized in passing from one model
to the other.

3-3.3.2.1 Source and Line Models

For the purpose of analyzing the spurious voltage
output impressed on the line by the interference
source of Fig. 3-100, one considers only the source
and the load presented to it by the power line system,
as shown in Fig. 3-101.

3-3.3.2.1.1

The source and line are represented as shown in
Fig. 3-102 (Ref. 106). E; and Z; are the Thevenin
equivalent voltage and impedance of the source, re-
spectively, at the frequency of interest, while Z; is the
line impedance at this frequency.

The power generator is not shown, but it is under-
stood in this and subsequent discussions that the in-
terference source is drawing its normal power current
from the line.

Conducted emission measurement techniques pres-
ently in use provide the magnitude of the current J,,
flowing from the source through a known load Z,,.
Typical technigues are

a. Short-circuit current technique: Z,, =0

b. Line impedance stabilization network tech-
nique (Refs. 107 to 109).

The ratio of the voltage appearing across the ter-
minals of a susceptible device connected to a line of
impedance Z;, to the current through an impedance
Zy is

Two-terminal Representation

ple, if the succeptor has a power line input filter containing _,VL _ ’Z | Zy + 72y, (3-160)
capacitors which may dominate the line impedance in a specific I L Zs+ Z;
frequency range.
High
P
Interference 1 7 il
Source | | L L | [ Llne
System
s
- Low-Gnd-G.P.
L w-Gnd-G.P B

Figure 3-102. Two-termina! Representation
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Thus if Z,, matches the line impedance, the volt-
age measured across Z, is equal to the voltage that
the susceptible device will experience.

Typical values of line impedance as a function of
frequency are shown in Fig. 3-103 (Ref. 110). The
separate curves are for different outlets in a labora-
tory where the measurements were made between the
line conductor and earth (presumably the safety
ground). This figure shows that the impedance at fre-
quencies below about 200 kHz increases linearly with
frequency as would be simulated by an inductance.
Above about 500 kHz the impedance oscillated above
and below a nominal value of about 50 .

Other measurements have been made which show
similar results. The solid curve on Fig. 3-103 corre-
sponds to an inductance of about 30 pH. Evidence
indicates that most power circuits have equivalent in-
ductances ranging from about 20 ¢H to 50 uH, with
the lower values for those with the higher current rat-
ings and the higher values typical for the home and
office or small laboratory.

3-3.3.2.1.2 Statistical Approach

Fig. 3-103 shows that, as a practical matter, it is
not possible to know the exact impedance of the line
to which a given source will be connected, especially
since the impedance measured at any frequency and
at any given time can be modified substantially by the
connection of any additional device to the line in the
vicinity of the point of measurement. Thus the
prediction of the current or voltage produced by a
given source can be determined only in a statistical
sense. In setting a limit for the current measured from
a given source, one selects a value which insures that
when the source is connected to a potentially sus-
ceptible load (receiver), its susceptibility threshold is
likely to be exceeded by more than a given proba-
bility, say, one or two percent. To do this one must
have statistical data on the values of impedances like-
ly to be experienced. Resistance and reactive compo-
nents are discussed separately.

3-3.3.2.1.3 Resistance Distribution

A two-parameter, one-sided distribution which
seems to be suitable for a wide variety of data is the
gamma density, shown in Fig. 3-104 (Ref. 106), and
given by

0 ,forx <0
Sx)y = {! b (3-161)
I‘(b+l)x e ,forx>0

where
b> -1
c>0
I'(b + 1) = gamma function

'e+1)= f yeerdy = bI(D) (3-162)
0

The mean m, and variance o of this distribution are
given by

(x)=m =221 (3-163)
¢
var(x) = o7 = 22! (3-164)
¢
where
o, = standard deviation of x
Solving for b, and ¢, we find
2
m(
b = ( : )— l (3-165)
UI
mX
¢ = — (3-166)

The function f(x) may be fit to any set of resistance
data by computing the data mean and standard de-
viation, and thence b and ¢ from Eqs. 3-165 and 3-
166, respectively.

Typically, the resistance data are found to have a
standard deviation greater than the mean, i.e., the
data have a large spread, with most of the values con-
centrated at the low end. Therefore, the appropriate
form of the assumed distribution is the curve in Fig.
3-104 for b < 0 or m < g, viz., the one having a
vertical asymptote at zero.

3.3.3.2.1.4 Reactance Distribution

Since reactance is equally likely to be positive or
negative, at least at frequencies above about | MHz,
a suitable distribution is one that is symmetrical
about its mean value. The Gaussian density func-
tion, which has a good fit with experimental data, is
shown in Fig. 3-105 (Ref. 106) and given by

S() = ——exp[ - (x — m2/@0d)

o, V2w

(3-167)

Values of m, and o, determined from the react-
ance data may be substituted directly into Eq. 3-167
to obtain the assumed distribution for reactance.

3-121



DARCOM-P 706-410

Main Rejection

Filters
N
2.2 ko T 2.2 ko
VAN WA
Signal
Generator
75 0 75 @
4 ) 750
L 75
= A |
l Attenuator = R Tuned
75 o eceivers
Circuit for Measuring Impedance of Mains
]OOO.. | L rl‘rlnl T 1 lll'll’ll 1 LI AR LA R>
) A T
{3 "
3 P o3 oA
N
A it N il B
100F 7 I RINEE
® b ).,\[J.: ';L‘! AT\
-« F WL e ¥ ’ﬂ’ii Y !:‘%%_L_;
s | NUSEL. B
2 A Yk g
g NI R TR
E /I N B
10 A} Y,
: N_7 \ v k
8 l\ 3
\ 1, \/ d
\\f / J
Lol ISR N S S R L
0.1 1 10

Frequency f, MHz

Figure 3-103. Impedance Between Live and Earth Connections at Ring Main Sockets in ERA Laboratory
(Measurements made at four suitably disposed points in the building.)

3-122




DARCOM-P 706-410

flx)

1.b>0;m>>ox
2. b>0; m>¢
3. b=0; m
4. b < 0; m

x

Figure 3-104. Gamma Probability Density for Several Parameter Values (Ref. 106)
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Figure 3-105. Comparison of Uniform and Gaussian
Probability Density Functions With Same Mean and
Standard Deviation (Ref. 106)

Typical means and standard deviations for imped-
ance data in the frequency range 5-30 MHz are given
in Table 3-10 (Ref. 1068). These data were used to
compute the statistics of | V; /I,,| given by Eq. 3-160
for the short-circuit (§C) measurement case, Z,; = 0.
In this case, | ¥, /I, | is simply the magnitude of the
parallel combination of Z; and Zg

Vi _1Z 1 Zs)

= (3-168)
Iv|sc  1Zp + Zs|

3-3.3.2.2 Typical Characteristics

3-3.3.22.1 5-30 MH:

Fig. 3-106 (Ref. 106) shows the distribution for the
ratio defined by Eq. 3-168 for interference injected
into the power line by various receivers when con-
nected to the power line by power cords of both 20
cm length and 6 ft length. The 20 cm length repre-
sents the shortest possible cord length between the
power duct and the receiver. The 6 ft length repre-
sents the length of a flexible cord connection. Perti-
nent data for this figure are:

Average V, /1, 66.7 2
Standard deviation 116.9 &
Minimum computed value 1.90 ©
Maximum computed value  3970.7 Q

3-33.2.22 0.4-4.9 MH:

Fig. 3-107 (Ref. 106) shows data juite similar to
those for both high and low lines.

Separate calculations were made for the neutral or
safety ground line in this frequency range because of
its consistently low impedance values. Here the data
lie to the left of those for the high and low lines. The
lower impedance at low frequencies results from the
diminishing inductive impedance as frequency is
lowered.

3-3.3.22.3 50 kHz 10 200 kH:

In this frequency range, one is almost always be-
low the first maximum or “resonant” frequency of
the impedance vs frequency curve. Two conclusions
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TABLE 3-10. TYPICAL MEAN AND
STANDARD DEVIATION OF IMPEDANCES, 5-50 MHz

(Ref. 106)
Resistance Reactance
Meanm,, | Std. Dev.s,, | Meanm,, | Std.Dev.o,,
ohm ohm ohm ohm
Source 25.58 44 .44 — 095 106.60
Line 27.21 36.75 42.65 66.83

are obvious: (1) the spread in values of V, /I;, on Fig.
3-108 is less than that for higher frequencies, and (2)
the safety ground line curves lie considerably to the
left of the high and low line curves.

From each of these figures, the probability that a
given line voltage will be exceeded can be determined
if a specified short circuit current is measured from a
given source. For example, if the susceptibility of all
equipments is required to be above a certain level —
for example, 1 V — one can determine where the lim-
it current should be set in order that the probability
of interference does not exceed, for example, 2.5%.
This statement implicitly assumes that all equipments
become susceptible when the voltage on any of the
conductors of the power line exceeds the specified
limit. Actually, there will be a distribution of sus-
ceptibility voltages for groups of equipments on each
of the respective lines, even though the lowest sus-
ceptibility on any of the three conductors may be at
least 1 V. A more exact calculation of the probability
of interference would have to take this distribution of
susceptibility voltages into account.

3-3.3.3 The Common-mode Concept

The common-mode current is important for two
reasons: (1) it usually appears directly in a ground
return path which may be shared with several circuits
and, (2) it can be a primary source of an induction
magnetic field in the vicinity of cables on which it
exists. The relationships between common-mode
currents, differential-mode currents, and the actual
line currents are explained by Fig. 3-109 (Ref. 106).
This shows a susceptible device B connected to a
power source A by a two-conductor cable, both
devices located on a ground plane. For this system,
the common-mode current is defined by I- = I; + 4,
where the direction of the current must be taken into
account and the differential-mode current, is defined
by Ip = (I, — hL)/2. The differential-mode compo-
nents of the current are equal in magnitude on the
two conductors and in opposite directions. In the ab-
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sence of a ground or return circuit, the common-
mode current must be zero. The definition of com-
mon mode current can be extended to cables con-
taining more than two conductors, i.e., to be the net
current (taking sign into account) carried by all con-
ductors. If it is other than zero there must be a return
path for the current —— usually through a ground
return conductor or ‘“‘ground plane”.

The configuration of the ground return path
may have a significant effect on the amount of
common-mode current that can flow in a given con-
nection. At frequencies below several hundred kHz
where capacitive reactances between the cabinet of
a device and the “‘ground’ plane may be high, the ab-
sence of a direct connection to the ground plane can
reduce the common-mode current to quite small
values. For significant common-mode current, both
the source and the susceptor must be coupled
through fairly large capacitors such as with line to
ground filters. At higher frequencies, the capacitive
reactance becomes low — and indeed since the power
hne itself can be represented as an inductance to
common-mode currents, it is possible that at a given
frequency series or parallel resonance will occur —
and the impedance to common-mode current flow
will vary rapidly with frequencv.

rxperimental data cemonsirawe these effects. The
common-mode impedance of the power line of a
receiver connected by a large ground strap to a
copper-covered test bench is shown in Fig. 3-110.
These measurements were made by using a two-
current-probe method. In the frequency range be-
tween about 800 kHz and 25 M Hz, the impedance is
inductive, increases with frequency approximately
linearly, and has a relatively constant phase angle
near 90 deg. Fig. 3-111 shows a similar impedance
measurement in which the large ground strap was
removed and effectively replaced by an antenna con-
nection. This antenna connection was a coaxial cable
connected between the receiver and a connector, the
outer shell of which was conductively connected di-
rectly to the ground plane. The total length of this
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lead was about 3 ft. In this frequency range the impe-
dance is generally higher in Fig. 3-110 than in Fig. 3-
111, but passes through a resonance at approxi-
mately 15.5 MHz. The phase angle of the impedance
shown in Fig. 3-112 shifts from 90 deg positive to
about 90 deg negative at the resonant frequency. The
resonant impedance is of the order 5000 £,

Figs. 3-113 and 3-114 show common-mode imped-
ances for another receiver in the grounded and un-
grounded conditions. With the ground (Fig. 3-113)
the reactance is inductive and increases linearly with
frequency. When ungrounded, the impedance is ca-
pacitive at low frequencies and passes through reso-
nance at about 11 MHz.

3-3.4 GROUNDING

3-3.4.1 General

The name “‘ground” originates from the use of the
term in connection with the general practice of pro-
viding a path for the return of lightning discharge
current which could otherwise produce potentials
hazardous to both personnel and equipment. Its use
has been extended to include return paths and refer-
ence potentials for power and signal currents,
whether or not an actual connection to earth exists.
The basic principle is to maintain all portions of the
system — electrical, mechanical, or structural — at
the same reference potential by providing low-im-
pedance paths at all frequencies for current returns
throughout the system. In some systems, reference
potential variations on the order of volts may be tol-
erated. In others, a few microvolts of variation may
be quite intolerable.
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In designing for electromagnetic compatibility, the
objective is to prevent any electromagnetic field, volt-
age, or current generated or used at one point of the
system from being transferred through a common
ground impedance to other units with whose opera-
tion it could interfere. Sometimes this can be
achieved best by segregating grounding connections
among the various parts of the system. For example,
there may be a signal ground, a control ground, a
power ground, and a safety ground.

3-34.2 Static and Structural Grounds

Static and structural grounds include all those con-
ductive parts of the system which are not designed es-
pecially to carry current. These parts may be me-
chanical strength members and mechanical parts and
enclosures that act as static shields, cable shields,
shafts of rotating machinery, or control shafts.

They may serve a twofold purpose: (1) to prevent
the build up of a static charge on structural members,
and (2) to prevent electric fields from penetrating into
areas where they might degrade equipment perform-
ance. For the purpose of preventing static charge
from building up on structural members, all that is
required is a continuous connection to a ground ref-
erence plane which itself usually is connected to
earth. This arrangement is used in lightning protec-
tion systems where the purpose is to return any dis-
charges to earth in such a way as to avoid high po-
tentials on any equipment since these may be haz-
ardous to personnel or the equipment itself. Meth-
ods of obtaining good connections to earth are dis-
cussed in Refs. 16 and 1 11. The same techniques are
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Figure 3-110. Common-mode Impedance of Receiver Bonded to Ground Plane

used where equipments or systems are exposed to
high level radio transmitter fields which otherwise
could subject the equipment to high radio frequency
potentials. For the second purpose, a complete en-
closure of the circuit to be protected is required, and
the structure becomes a “‘shield”. The properties of
shields are discussed in par. 4-6.

3-3.4.3 Power System Ground

In the U.S,, the National Electrical Code requires
that the prime power system neutral be grounded at

the service entrance equipment, and at no other
point.

Equipment that is powered by such a system
should have, in addition to the necessary high and
low lines, a separate conductor connected to power
system neutral. This conductor should not normally
carry current. Its presence is necessary to protect per-
sonnel and equipment in the event of a short circuit
to the equipment case. The grounding conductor and
associated bonds must have cross-sectional areas suf-
ficiently large to carry the required current.
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3-3.4.4 Ground Planes

Since the performance of electrical systems gener-
ally is dependent on a number of related and inter-
acting functions, acting in a precise way, their inter-
actions must be controlled and carefully limited to
those designed into it. Unintentional interactions be-
tween various circuits can degrade the design per-
formance seriously. The use of common potential
planes or ground planes is frequently necessary for
two possible reasons:

3-130

Common-mode Impedance of Receiver Grounded by Means of 3-ft Coaxial Antenna Cables

a. Convenience. Circuit construction can be sim-
plified by returning circuit elements to the nearest ap-
propriate point on the chassis.

-b. Circuit efficiency. At the higher frequencies the
lengths of leads must be short in order to keep the
self-inductance of the leads to acceptable values.

An ideal ground plane is an equipotential surface
having zero impedance. Practical ground planes may
be conductive metal surfaces or a network of wires.
The dimensions of the ground plane can be critical if
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they are comparable with system wavelengths. In
many cases, a specific ground plane may not be easy
to identify.

Circuit arrangements with respect to a ground
plane may be of several types (Ref. 111): (1) a floating
ground system as shown in Fig. 3-115, (2) a single-
point ground system as is shown in Fig. 3-116, and (3)
a multi-point ground system as is shown in Fig. 3-
117.

3-3.4.4.1 Floating Ground System

The floating ground is most feasible at low fre-
quencies where the circuits can indeed be isolated,
and any stray capacitance between the circuits and
the ground plane is sufficiently low to limit circulat-
ing currents. The inductive coupling shown can in-
hibit such currents. To the extent that such currents
can be controlled, the system itself is not subject to
the quality of the ground plane.

Phase Angle of Common-mode Impedance of Receiver Connected as for Fig. 3-111

3-3.4.4.2 Single-point System

This system is used where a ground is essential,
such as to provide a power supply return where the
circuits operate at frequencies such that the lengths of
the several connections to the single tie point are
small fractions of a wavelength. This arrangement
also tends to make the system performance inde-
pendent of currents flowing in the ground plane.

3-3.4.4.3 Multipoint System

Where the various parts of a system are physically
separated by distances which are a substantial frac-
tion of a wave-length (say A/10)* of signals used by
the system or which can couple into it, a multipoint
grounding system must be used. In this case a con-
tinuous conducting sheet or plane will provide the
lowest possible impedance path between compo-
nents.

* In critical cases A/50 has been recommended.
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Figure 3-115. Floating Ground Plane
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Figure 3-116. Single-point Ground System
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Figure 3-117. Multipoint Ground System

To increase the effectiveness of multipoint
grounds, each stage or unit of the system should be
wired with a single point ground as shown in Fig. 3-
118 (Ref. 111). Thus the two stages have their own
single-point grounds. High currents associated with
the output stage circulate only in this stage, and do
not couple into the low level input.

In some multipoint ground systems, it may be ad-
visable to cut holes or slots in the ground plane to act
as baffles and thus channel ground currents to proper
points,

Where the circuits are separated by long distances
so that cables are required for interconnection, sev-
eral factors must be considered. The length of the ca-
ble may be such as to be resonant. If so, the cable can
act as an efficient radiator of energy; likewise, it can
receive energy radiated from some other source. The
possibility of such radiation can be reduced substan-
tially by connecting the cable to the ground plane at a
large number of points.
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3-3.4.4.4 Balanced Coupling Circuits

Fig. 3-119 (Ref. 111) shows the arrangement of a
balanced coupling circuit. Current flowing in the
loop formed by the signal cable and the ground will
induce voltages across the twisted pair signal leads. If
these leads are perfectly balanced, the voltages (also
known as *‘common” mode voltages) on these leads
separately will produce equal and opposite effects in
the receiver; hence they tend to cancel. The circuit is
then said to have a high common-mode rejection
ratio. Current in the shield of the cable can be mini-
mized by connecting only one end of the shield to the
ground as shown, but then a substantial potential
may appear between the end of the shield and the
receiver input leads. The balance of the circuit should
also help to reduce the effects of this, however. In
particularly sensitive circuits, the balance may be
adjustable to obtain a maximum common-mode
rejection.
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Figure 3-118. Multipoint Ground Detail
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Figure 3-119 Balanced Coupling Circuit (Ref. 111)

The use of balanced circuits can be made most
effective where conductive coupling is not required in
the original circuit, such as when the signal is ac, and
transformer coupling can be used. Even with dc, a
balanced system can be used, but it may be less satis-
factory. In some cases, dc to ac inverters have been
inserted in signal circuits to avoid this difficulty,
Details of common mode voltage rejection circuits
and their analysis are given in Ref. 112.

3-3.4.45 Ground Loops

Ground loops are most likely to arise where paral-
let grounds are possible because of conflicting re-
quirements. For example, where coaxial cable is
required for low loss or distortionless signal trans-
mission, the outer conductor may appear in parallel
with the power supply ground. The appearance of a
magnetic field in the loop formed by the parallel
grounds may result in a current induced at the
frequency of the magnetic field. If the magnetic field
arises from switching or pulsed currents, it may have
a broad frequency spectrum. To reduce the effects of
such loops, the power grounds should be run close to
the signal cable, or triaxial cable may be used so that
the signal carrying portion of the cable may be insu-
lated from such loop currents.
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CHAPTER 4

EMC DESIGN TECHNIQUES

In order to obtain electromagnetic compatibility, the
design engineer has a variety of techniques at his dis-
posal. These can be defined as Iving in two broad
divisions: (1) initial design, in which one attempis 1o
select components and circuit arrangements which
cause the minimum amount of undesired interaction
and, where this is not possible or does not result in an
optimum design, (2) isolation, in which circuits that
would mutually interact in an undesirable way are
prevented from doing so by interposing an electrical
barrier. The ivolation can he obtained by filiers,
shields, or phvsical spacing. As an example, one can (1}
design a circuit so that the spurious frequencies are not
generated in the first place. or {2} design a circuit in
which the frequencies are generated but are prevenied
from reaching a susceptible circuit by the interposition
of an appropriate filter.

in this chapter, initial design considerations are
treated in the early paragraphs covering emission con-
trol, susceptibility control. and coupling control. Isola-
lion techniques are (reated in the later paragraphs
covering wiring and cabling, jiltering, shielding. and
grounding and bonding. The emphasis is on circuil
design. but the principles and techniques apply to ob-
taining electromagnetic compatibility between the
larger units such as specific equipnients or systems. For
the latter, design details may be found in various para-
graphs of Chapters 5 and 6.

4-0  LIST OF SYMBOLS

A = area, m* absorption power loss, dB; pene-
tration loss, dB: amplitude, V
A, == aperture attenuation, dB
A;> = shielding factor, susceptible circuit un-
shielded (transient), dimensionless
= shielding factor, emitter and susceptor
shielded (transient), dimensionless
Ag = shielding factor emitting circuit shielded
(transient), dimensionless
a = width of conductor between holes. m
a. = shielding factor, susceptible circuit shield-
ed (ac), dimensionless
a,» = shielding factor, susceptible circuit un-
shielded {ac), dimensionless
aq; — shielding factor, emitting circuit shielded
{ac). dimensionless

as, = shielding factor, susceptible circuit shielded

(ac), dimensionless

B = re-reflection loss, dB: loss factor due to

multiple reflections in shield, dB
correction factor for aperture reflections,
dB

length of a rectangular hole, m; width of
conductor, in.

= capacitance, F; mutual capacitance, F

emitter bypass capacitor
decoupling capacitor
thickness of conductor, in.

= depth of aperture, in.; distance between

conductors, in.; damping coefficient, di-
mensionless

diameter of conductor, in.; damping factor
(dimensionless). diameter of circular aper-
ture, m

electric field strength, V/m

load voltage, V

load voltage with filter, V

load voltage without filter, V

source voltage, V

input voltage, V

voltage, V

common-mode voltage, V
differential-mode or balanced voltage, V

= feedback signal, V

interference generator voltage, V
source voltage, V

= difference between input and feedback

signals, V

voltage induced in the susceptible circuit, V;
noise voltage, V

frequency, Hz

center tuned frequency. Hz

notch frequency, Hz

cutoff frequency, Hz; center frequency, Hz
relative conductance, dimensionless; gain
without feedback, dimensionless

= gainwidth feedback, dimensionless

conductivity relative to copper, dimensionless
magnetic field strength, A/m

voltage transfer function, dimensionless
height above ground plane, m

fault current, A

complex load current, A
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K5

K;

complex source current, A

insertion loss, dB

current, A

source current, A; emitting circuit current, A
current induced in the susceptible circuit, A;
current induced in victim circuit, A
parameter ratio for twin T-filter, dimension-
less

correction factor for number of openings per
unit square — antenna is far from shield
compared with distance between holes in
shield, dB

correction factor for penetration of the con-
ductor at low frequency, dB

correction factor for coupling between close-
ly spaced shallow holes, dB

ratio of shield impedance to impedance of
magnetic field, i.e., Z, /Z;;, dimensionless
gyrator constant, Q7 ratio of aperture char-
acteristic impedance to impedance of an in-
cident wave, dimensionless

self-inductance, H: filter inductance, H;
conductor length, m

net self-inductance of a shielded suscepti-
ble wire, H

= self-inductance of shield, H
= foil inductance, H; self-inductance of

source circuit, H

= self-inductance of victim circuit, H

\l

length, m

mutual inductance, H

number of holes per square inch, 1/in.?
power density, W /m?

incident power density, W/m?
transmitted power density, W/m?

helix pitch, cm; ratio of wire diameter to
skin depth, dimensionless; ratio of con-
ductor width to skin depth, dimensionless
resonant circuit quality factor, dimension-
less

= unloaded @, dimensionless

resistance, ©; reflection power loss, dB
aperture reflection loss, dB; source resis-
tance of emitting circuit,

= load resistance,

terminating resistance (nearest the emitting
circuit source), Q

circuit terminating resistance (nearest the
emitting ctrecuit load),

= electric field reflection loss, dB

emitter resistor, €1
magnetic field reflection loss, dB

resistive component of shield conductor, Q;
shunt resistance, Q

= short circuit resistance; source resistance,

resistance of metalized foil, ; first bound-
ary reflection loss, dB

second boundary reflection loss, dB
distance from source to shield, in. orm
output impedance, Q

shielding effectiveness, dB

= transverse electric mode (in waveguide)

time, s; material thickness, m or in.
collector bias voltage, V
magnitude of interference voltage, V

= maximum magnitude of interference

voltage, V

emitter bias voltage, V
voltage, V

carrier signal, V

predistorted carrier signal, V

- output voltage, V

= load voltage, V

modulating signal, V
predistorted modulating signal, V

= diameter, in.; width of rectangular aperture,

It

in.; width of center conductor, m or in.
internal reflection correction factor, di-
mensionless

impedance of a rectangular waveguide well
below cutoff,

ground impedance, Q

collector impedance, Q2

decoupling impedance, Q2

interference generator impedance, Q
ground plane impedance,

input impedance,

load impedance,

impedance at resonance, {1

source impedance, ; impedance of metal
(shield), Q/m?; aperture characteristic im-
pedance, 1 /m?

= impedance of incident wave, Q
= impedance of magnetic field,

= waveguide attenuation, neper

6 =

€
€

>\_

fraction of output fed back to the input,
dimensionless

helix conductor separation, mm
permittivity, F/m

permittivity of free space = 107°/(36x) F/m
wavelength, m

u = permeability, H/m
to = permeability of free space, 47 X 10" H/m
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u, = permeability relative to free space, dimen-
sionless
p = resistivity, Q'cm or Q'm

¢ = complex propagation constant; conductiv-
ity, mho/m

characteristic rise time, s

x = multiplying factor, dimeasionless

w = angular frequency, rad/s

4-1 EMISSION CONTROL

The emission of electrical energy that can cause in-
terference may be directly associated with the genera-
tion of the desired signal, or indirectly as a second-
ary effect associated with providing equipment
operational control, switching, ignition, or power.

4-1.1 SIGNAL DESIGN

An electrical signal is used to convey information.
As such, it will occupy a limited but necessary part of
the frequency spectrum. In the interest of mini-
mizing interference, such a signal should occupy no

4
Il

more spectrum space than absolutely necessary for
the information rate required.

The minimum bandwidth required is dependent on
the baseband signal. Voice at baseband requires
about 3 kHz, while analog data requires a band-
width dependent upon the expected rate of change of
the variable being transmitted (current or voltage).
Digital systems required a bandwidth somewhat
greater than the maximum pulse rate.

Digital signals are particularly easy to anaiyze. As
was shown in par. 3-1.3.2.1, the simple step function
has an infinite spectrum. By limiting the rise time of
the step function, the spectrum energy is reduced, as
shown on Fig. 3-20. Similarly, the spectrum of a pulse
is critically dependent upon its shape. Fig. 4-1 shows
the spectra of several pulse types (including rectan-
gular, triangular, trapezoidal, raised cosine, and
Gaussian) for pulses of equal area. It is seen that the
Gaussian-shaped pulse occupies the least spectrum.

Where signal transmission is required over long
distances, utilizing wire or radio transmission media,

NOTE: 4 = Amplitude, 1 V i
d = Average duration, 107° s i
+ = Rise time (trapezoidal only), 0.1 x 107% s
1. RECTANGULAR I |
160}
1 2. cLIPPED SAWTOOTH [N
f = 2nd 1
—~ . 3. TRApEzoloAL /N
N 140F | . d 1
> : ST 4. CRITICALLY DAMPED
= _ | r 1 * ___/\_
2 rag=1e6d8 y__\ | ZTrg EXPONENTIAL
3 120F 5. TRIANGULAR 7 '\
>
> COSINE _/\_
= 100f
V]
Q
=
[*Y
| 5
fhd
s 80F
¥
=
60f
1
0.01 0.1 1 10 100

Frequency f, MHz

Figure 4-1. Interference Levels for Eight Common Pulses
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translation in the frequency spectrum and modula-
tion may be necessary. In addition, analog-to-digital
conversion may be desired. The bandwidth con-
siderations in the choice of modulation are discussed
adequately in texts on communication systems (Ref.

1) and are not repeated here, but in the early stages of

system design they are important considerations, not
only from the point of view of emission of inter-
ference by the system, but also from that of suscepti-
bility of the system to external signals.

Except for signal design considerations, inter-
ference generation in most emitters results from sec-
ondary effects associated with the normal functioning
of the device. Hence, interference control measures
applied at the design stage call for minimizing un-
desired effects without degrading the efficiency with
which the device in question performs its intended
function.

4-1.2 MECHANICAL SWITCHES

As discussed in par. 3-1.3.2, mechanical switches
cause sudden changes in current and produce energy
over a broad frequency spectrum. For many func-
tions the changes in current are much more rapid
than required, and considerable interference results
from arcing and restriking phenomena at the switch
contacts caused by circuit inductance. The arcing and
restriking phenomena can be minimized by using
fast-acting swtiches. Otherwise, suppression tech-
niques — such as application of filters, nonlinear
devices, and shielding, described in par. 5-3.1 — must
be applied.

4-1.3 DIODES

These circuit elements operate much as switches,
and indeed are capable of very short effective
switching times. The broad frequency spectrum can
be controlled in the same way as for mechanical
switches. Extremely sharp impulses may arise from
minority carrier storage (see par. 3-1.3.2.5).

The typical diode used in rectifier or detector cir-
cuits switches at zero voltage. The Zener diode
switches from off to on at some negative voltage and,
because of the avalanche effect associated with break-
down, it can produce a very rapid rise in current. This
can be controlled by series circuit resistance and reac-
tance.

414 TUNNEL DIODES

These devices have an inherent negative resistance
characteristic and usually are used in circuits for ob-
taining high switching speeds, or in conjunction with
reactances to generate sustained oscillations at par-
ticular frequencies. In a circuit that has multiple reso-

4-4

nant frequencies (because of multiple or distributed
reactances), oscillations can be generated at fre-
quencies other than the intended one. Such behavior
can be avoided by using elements having a minimum
of distributed reactance, short leads, and small series
parasitic damping resistors in circuits not part of the
main resonant path.

4-1.5 TRIODES AND TRANSISTORS

When operated in a switching mode, transistor and
semiconductor controlled rectifiers (SCR’s) may pro-
duce shorter rise times and larger currents than
diodes. The emission spectrum can be controlled by
similar techniques in which the suppression elements
are placed between the emitter and the collector. For
use in amplifiers, modulators, or detectors, vacuum
or semiconductor devices should be operated without
excessive voltages or currents in order to limit har-
monic or other spurious frequency generation (see
par. 3-2.2). One of the first steps to be taken is to
select the operating point on transistor or tube
transfer characteristics to optimize performance. For
amplifiers one should maximize the linear range,
while for modulators and detectors usually a square-
law characteristic is optimum.

4-1.6 POWER AMPLIFIER DESIGN

Where it is desired to obtain large power output, it
is expedient to operate transistors or vacuum tubes in
a “‘large signal”” mode. Inherently, such operation is
likely to generate large amounts of harmonics. The
types of operation have been divided into broad
classes known as Class A, B, and C (Ref. 2). In Class
A operation, the plate or collector current flows
throughout a complete ac cycle and usually is con-
sidered to generate the lowest harmonic levels of all
three classes. In Class B operation, it flows only over
one-half cycle in any one tube or transistor, but two
of these elements are used connected back to back so
that current flows in the output circuit over the full
cycle. With balanced circuit elements there is a
tendency for even harmonics to be cancelled, but odd
harmonics can be quite large without careful design.
In Class C operation, current flows in the active ele-
ment only over a small fraction of the cycle. Large
amounts of harmonics are generated which must be
filtered in order to prevent them from reaching the
output of the device. Class C amplifiers are used pri-
marily at radio frequencies where the signals to be
amplified are narrow-band and where sharply-tuned,
high-Q filters are available to control levels of har-
monic frequencies.
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4-1.7 LINEARIZATION TECHNIQUES

Reduction of harmonic generation in amplifiers
can be achieved by use of feedback and compensating
nonlinearity (Ref. 3).

The use of negative feedback to improve linearity is
relatively well known (see Fig. 4-2). By using the tech-
nique, one reduces the gain of the stages over which it
is applied from the gain without feedback G to

G

TrGE (1)

G, = , dimensionless
where 8 is the fraction of the output voltage v, fed
back to the input. This gain reduces to 1/8 when Gf8
is much larger than 1.

The advantage of negative feedback is that it per-
mits the amplifier output stage to be operated at a
large signal level, with distortion much reduced from
what is obtained without it. Fig. 4-3 shows how feed-
back can be applied to reduce distortion in the output
of a modulator by connecting a demodulator in the
feedback path,

0SCILLATOR
(HIGH FREQ)

An example of the use of predistortion of the
applied signal to overcome nonlinearity is shown in
Fig. 4-4, A parametric diode modulator was used.
The predistortion network contains a compensating
diode. Through this technique, considerable im-
provement in modulator performance may be ob-
tained.

Figure 4-2, Feedback Network

MODULATOR

20,

——1-—-—

DEMODULATOR ey

B

Figure 4-3. teedback Around Modulator
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v
CARRIER c PREDISTORTION
SOURCE o NETWORK 2
v
cc
v PREDISTORTION v
SIGNAL SOURCE -
SIGNAL

carrier signal

predistorted modulating signal

Ve
ve = modulating sianal
Vo T output signai
v =
SS
Vee * predistorted carrier sianal

Figure 4-4. Predistortion Block Diagram

4-1.8 BALANCED CIRCUITS

As shown in par. 3-3.3.3, common-mode currents
in cables are more effective in producing external
fields than differential-mode currents. To reduce
common-mode emissions, balanced circuits should
be used. With such circuits, balanced output cables
consisting of twisted-pair conductors can be used to
maintain the balance.

Where single ended circuits are used, a balanced
output can be obtained using a transformer or a
“balun”, as shown in Fig. 4-5 (A). At frequencies up
to at least 100 kHz, transformers are available for this
purpose. Some are designed specially to provide a
kigh degree of balance, and have internal shields to
minimize capacitance between primary and second-
ary windings, which could couple common-mode
voltages into the output circuit.

Where sensitivity to common-mode signals is of
special concern, it may be appropriate to insert a
common-mode choke into the output line. A com-
mon-mode choke (Ref. 4) is essentially a one-to-one
transformer in which the windings are connected in
series with the lines to the load as shown in Fig. 4-
5(B). The windings are polarized and the device
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presents an impedance jwl, where L is the self-
inductance of one of the windings, to the flow of
currents excited by the common-mode voltage e,. To
be effective, the coefficient of coupling between the
two windings should be as near unity as possible
(Ref. 9).

4-2 SUSCEPTIBILITY CONTROL

If undesired energy does appear in a circuit, mal-
function can occur as a result of changes in operating
characteristics such as stage gain or triggering volt-
age, or as a result of blocking or spurious signal
generation. In addition, high level undesired signals
can produce permanent performance degradation
because of burnout. The energy can be considered to
enter the circuit in three ways: (1) via signal leads, (2)
via control or power leads, and (3) via radiation
effects of local fields.

Susceptibility to local fields can be reduced by
minimizing wiring loop areas and lengths of exposed
wires. Quantitative relations between induced volt-
ages and field levels are given in pars. 3-3.1.1, 3-3.1.2,
and 3-3.2.4. If the field susceptibility cannot be

o —
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(A) Use of Transformer for Balanced Qutput
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(B) Circuit With Common-mode Choke
Véb = collector bias voltage
eg = differential mode or balanced voltage
ZL = load impedance
e, = common-mode voltage

Figure 4-5. Circuits for Controlling Common-mode Currents

reduced adequately in this way, shields must be used current as possible. Techniques for improving lineari-

(see par. 4-6). ty have been discussed in connection with emission
The most important circuit design technique for control techniques (par. 4-1.7). Just as these tech-
limiting susceptibility of signal circuits is to maintain niques reduce spurious frequency generation and

linearity over as broad a range of input voltage or subsequent emission, they also limit response of a

4-7
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signal-receiving device to unintended signals. The
techniques include setting the operating point, using
negative feedback, and compensating nonlinearities.

4-2.1 SELECTIVITY

Susceptibility to frequencies outside of the normal
range of a given device can be reduced by the addi-
tion of selective circuits or filters, especially ahead of
the first nonlinear circuit element. Filters also can be
used to reject specific frequencies such as image or in-
termediate frequencies. These techniques are dis-
cussed in more detail in par. 5-7 on receivers.

The effects of undesired signals at frequencies close
to the desired one can be reduced by use of auto-
matic frequency control (AFC). The function of this
circuit is to compensate for shifts in receiver local os-
cillator frequency which otherwise would result in
receiver mistuning.

Other specialized techniques for reducing suscep-
tibility include limiting and noise pulse blanking.

4-2.2 LIMITING

The limiter makes use of the relatively sharp cut-
off characteristic of a diode (or the base of a tran-
sistor, or grid of a vacuum tube) by which the element
switches from a nonconductive state to a conducting
state when the bias voltage reaches zero. By proper
circuit design, this technique can be used to limit volt-
ages in following amplifier stages to those near the
maximum for which the circuit is designed. The
limiter is most effective in reducing the effects of large
short-duration transient voltages. Since the circuit in-
volves rectification of large signals, the circuit should
provide for rapid discharge of any accumulated
charges.

Silencers are used to reduce the output of a receiver
to an inaudible level during the time when high inter-
fering voltages are applied to minimize interference
with the received message. They are used also on
devices having other than an audio output.

4-2.3 COHERENT AND MATCHED
FILTER DETECTION

Coherent detection is distinguished from envelope
detection in that it makes use of the reference or
carrier phase to detect signals modulated in ampii-
tude or phase. The reference phase is obtained from
the signal source, usually in the form of a small un-
modulated sinusoid sent along with the information
signal. The technique has been shown to have some
advantage in detecting signals in random noise and to
be useful in rejecting some forms of co- and adjacent
channel interference.
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The matched filter or correlation detector also is
used to improve interference rejection (Ref. 6).

4-3 COUPLING CONTROL

As pointed out in par. 3-3, coupling is of two basic
types: conducted, and radiated (including induced).

4-3.1 CONDUCTIVE COUPLING

The general principles underlying conductive (im-
pedance) coupling are discussed in par. 3-3. It can be
reduced by inserting filters which are frequency selec-
tive to permit the desired signal to pass, but attenu-
ate any undesired signal which is presumably of a
different waveform and frequency. In certain cir-
cumstances, where the desired signal is much stronger
than an undesired signal, coupling control might be
effected by inserting an attenuator which would be
nonfrequency selective. It would reduce the undesired
signal to a level which would render it harmless, while
at the same time passing the desired signal with suffi-
cient amplitude to allow it to perform its function.

4-3.1.1 Decoupling

Electromagnetic energy in any given functional
electronic circuit can be unintentionally conductively
coupled to other stages using the same bias power
supplies. It is frequently necessary to decouple the
bias supplied on a stage-by-stage basis.

4-3.1.1.1 Power Output Stages

For high-current stages, such as a transistor power
output stage, the collector current which does not
flow through the load should be bypassed to the same
point as the emitter as shown in Figs. 4-6(A) and (B).
This technique reduces signal current through the
power source V,, and hence the coupling to other cir-
cuits connected to that supply. In addition, the
current through the wiring may induce voltages in
other wires. A series impedance Z; is provided to

Lmitlicr Returned to Bias
Supply VEE

(A} Emitter Returned to (&)
Ground

Figure 4-6. Output Stage Decoupling
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raise the impedance of the path through the power
supply which shunts C;. There will be a frequency
below which the high impedance of C; will force the
current to flow through the power supply. The value
of C; and Z, shouid be selected so that this frequency
is much lower than any frequency likely to be im-
pressed on the input to the stage.

The signal current that flows through Z; is the
desired output of the device. This current also should
be returned to the emitter with a minimum of dis-
turbance to other circuits. If both the emitter and the
load are connected to the chassis, the return current
can provide a voltage drop in the chassis impedance
which might interfere with other circuits. For low-fre-
quency circuits, where the signal system is grounded
at only one point, the best return path is a wire which
is twisted with the other wire to Z;. At high fre-
quencies, the capacitance of the lead which connects
to Z, will cause currents to flow to the chassis along
its length and to adjacent wires. This current, too,
must get back to the emitter, A shield around the
cable will provide a defined return current path if the
shield is connected to the emitter return point. If both
emitter and load are grounded, a percentage of the
return current will flow on interchassis grounds.
Twisted pairs inside of shields and transformer
coupling should be considered for decreasing this
coupling. Fig. 4-6(B) shows the emitter bypass
capacitor used with two-supply biasing. With the
connection shown, the transistor current flows
through the emitter bypass capacitor G,. It might
seem preferable to connect C; to the emitter side of G,
so that the collector current does not pass through
the emitter bypass capacitor. However, that connec-
tion allows disturbances on the power supplied to be
coupled into the base emitter signal loop, hence the
method shown in Fig. 4-6(B).

4-3.1.1.2 Tuned Circuits

Interference to tuned output currents can be mini-
mized by connecting any tuning capacitor across the
tuning coil rather than between collector and ground.
The two configurations are shown in Figs. 4-7(A) and
(B). With the capacitor across the coil (Fig. 4-7(A))
the current through the decoupling capacitor at reso-
nance is v,/(Q,wL), where @, is the unloaded Q (reso-
nant circuit quality factor) of the tank circuit, wi is
the impedance of one arm of the tank at resonance,
and v, is the output voltage. If the capacitor is
connected instead to ground (Fig. 4-7(B)), the
current through G is v,/(wL), which is higher by a
factor Q,, which may be approximately 100. Hence,
for easier decoupling the former connection is
preferred. In many cases, most of the current is

through distributed capacitance to the chassis and for
those cases C; will have to be chosen large enough to
handle the full tank current.

4-3.1.1.3 Emitter Followers

Fig. 4-8 shows an emitter-follower stage with the
collector bypassed to the emitter ground. However, if
Z; < Ry (typical case when a separate emitter supply
is used), the current through the chassis can be
reduced by returning C; to the point at which the
load current is returned to the chassis.

4-3.1.1.4 Interstage Decoupling

The interstage coupling of a pair of transistors is
shown in Fig. 4-9. The second stage transistor is
represented by its input impedance Z;, and its base
biasing resistors by R, and R,. The function of this
stage is to amplify the input signal represented by e,
and supply maximum current in Z and minimum
current to the impedances in common with other cir-
cuits. At the same time, disturbances on the supplies
or in the chassis impedance should supply minimum
current to Z;. The emitter is shown bypassed to the
input signal ground to return the base current signal
directly to the driving source without going through
the chassis impedance. The ground point of C; has

(A) Tuning Capacitor Across Inductor (B} Tuning Capacitor Returned to Ground

Figure 4-7. Tuned Output Stage Decoupling

I
B

Figure 4-8. Emitter-Follower Decoupling

4.9
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conflicting requirements. In the connection shown,
all of the transistor current flows through the chassis
so that coupling to other stages may exist. If G, is
connected back to the first-stage ground, this chassis
current is reduced by the amount of current that
flows through Z. and R,. If a current exists in the
chassis due to some other source, however, the con-
figuration of Fig. 4-9(A) minimizes the amplification
of this undesired current by the stages which follow.
This is demonstrated in equivalent circuits shown in
Figs. 4-9(B) and (C). The transistor has been replaced
by its output impedance r,. The circuit of Fig. 4-9(A)
is shown in Fig. 4-9(B), where ¢, and Z, represent the
interference source, e.g.,, chassis currents. Any
current which passes through Z; must pass through
r,, which is usually a high impedance. However, in
Fig. 4-9(A), which represents the circuit with G,
returned to the emitter ground, the current through
Z; can flow through R, and Z. which are usually
much lower impedances than 7.

4-3.1.1.5 Flip-Flops

When flip-flops change state, the current required
from the supply changes momentarily. The generated
pulse is rich in high-frequency components and can
couple into wires adjacent to those carrying the sup-
ply current. These transients should be kept on the
flip-flop board with a decoupling network and by
locating all circuit elements as close as possible.

Some computer circuits use a reference voltage to
bias clamping diodes to obtain constant-level pulses.
The resulting pulse currents in the reference supply
and wiring are a potential source of interfering

Figure 4-9. Interstage Decoupling
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signals. A decoupling network consisting of an induc-
tor and resistor, and shunt capacitor usually will
enable control of high-frequency current in the
reference supply and wiring.

4-3.1.1.6 Switching Power Supplies

Power supplies may use a square-wave chopper to
generate the high voltage from the low voltage input.
The sharp transient currents associated with the
chopper may have rise times in the order of 1 pus.
Filtering and shielding may be required. Usually, a
transformer is incorporated which enables input and
output circuits to be isolated so that the power supply
might have the configuration shown in Fig. 4-10.
Switching power supplies are discussed also in par. 5-
5.

4-3.1.1.7 Sensitive Audio Amplifiers

Since the amplifier itself usually is grounded, in
order to avoid coupling to various currents flowing in
the ground plane, it is necessary to use a transformer
to isolate the input from common-mode voltages.
With a reasonably well-balanced primary winding,
the rejection of common-mode voltages can be as
high as 120 dB. The signal wiring should use twisted
pairs, and single-point grounding should be used
within stages of amplification.

4-3.2 INDUCTIVE COUPLING

Coupling, through induction, is an inherent prop-
erty of all closely spaced circuit configurations. The
coupling can be reduced by isolation of an emitter
and a susceptor by: (a) spacing by sufficient distance.
(b) judicious arrangement of components, or (c) in-
sertion of appropriate shields between the circuits.
Pars. 3-3.1 and 3-3.3 cover the mathematical models
used for inductive and capacitive coupling.

At the circuit level, inductive coupling usually
takes place between wires and cables. Cables, which
consist of pairs of wires carrying currents in both
directions, should be twisted, or should be of the
coaxial type to minimize emission and susceptibility

+ O————— v

3
L—] CHOPPER

= RECTIFIER FILTER
L b REGULATOR %

COMPLETE SHIELD

— 3| {(— 1| {—

Figure 4-10. Typical Final Power Supply
Configuration
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characteristics. In many cases, single conductors are
used. Their placement can be critical in some cir-
cuits.

4-3.2.1 Mutual impedance

Inductive coupling can be looked upon as a form
of impedance coupling. Fig. 4-11 shows the mutual
inductance per centimeter between two parallel wires,
and Fig. 4-12 shows the mutual capacitance. From
those figures, the voltages and currents which can be
coupled unintentionally between co-located circuits
can be estimated at the various frequencies of con-
cern. It can be noted that the coupling falls off rapid-
ly as the distance is increased. The presence of a near-
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Figure 4-11. Mutual Inductance Between
Two Wires Over a Ground Plane

by ground plane contributes to a more rapid fall off
than otherwise. Where circuit loops can be well
defined, the area subtended by the loops should be as
small as possible.

These formulas may not be accurate for circuit di-
mensions and spacings larger than about 1/10 of a
wavelength since the coupling can be influenced by
resonant conditions. At such frequencies, special care
is necessary to avoid undesired coupling, and shields
must be used extensively.

Also, it should be noted that where there are many
different circuits in close proximity, there will be mul-
tiple coupling paths between any two points. In such
complex circuits, special care must be taken to reduce
unwanted coupling paths to the minimum possible.

4-3.2.2 Transient Coupling

Where the circuit contains pulses, approximate
analysis can be made in terms of rates of change of
voltage and current. The current / induced in a cir-
cuit through a mutual capacitance C is given by

av
= C{—),A
: (dx)

and the effective series voltage v induced in a closed
circuit through mutual inductance M is

di
= M(—),V
Y <dt)

From a knowledge of the victim circuit imped-
ances, the current resulting from Eq. 4-2 or the volt-
age from Eq. 4-3, which appears at the susceptible
device, can be estimated. This estimate is valid only if
the total energy transferred between the two circuits

(4-2)

(43)
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Figure 4-12. Capacity per Inch of Two-wire Line With Various Wire Diameters as a Function of Spacing
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is a relatively small part of the energy contained in
the source transient, and the voltage and current time
rates of change are known. If the coupling is not
small, a complete coupled circuit model must be es-
tablished and solved.

Items that produce short rise time pulses are sili-
con-controlled rectifiers {SCR’s); vacuum contacts
and gaps; dc motor and generator commutators;
insulation failures that produce spark-over; and near-
ly all gaseous discharges such as sparks, glow dis-
charges, and arcs. Common gaseous discharge
devices are arc welders, neon lights, and fluorescent
lamps. Some devices that produce heavy fields are
multiturn elements, often with partial magnetic cores,
such as relays and other magnetic actuators. Also,
these devices almost always produce high conducted
interference unless equipped with suppression com-
ponents {(e.g., diodes) (see par. 5-6).

4-3.2.3 Constant Magnretic Fields

When the magnetic field is unchanging or changing
slowly, it can interfere with devices responsive to con-
stant magnetic fields. Well-known examples are a
magnetic compass, a Hall-effect device, a cathode-ray
display tube, and superconductors. The magnetic
field can interfere also with devices which normally
operate with an alternating field, but whose mag-
netic core is subject to saturation. Small RF or AF
reactors and transformers with open ferrite or
powdered iron slug cores are examples. Other devices
such as solid-state rectifiers, transistors, lasers, and
other light-emitting devices can be affected by strong
fields.

Permanent magnetic fields may appear near cabi-
nets or supports made of steel as a result of the manu-
facturing process. This magnetism may directly
polarize nearby components.

4-3.3 RADIATIVE COUPLING

At frequencies above about 100 MHz, it is usually
meaningless to differentiate between electric and
magnetic field components, since both can be
expected to exist simultaneously. The rate of fall off
of coupling with distance is not faster than inverse
distance. Because the wavelength is of the order of
circuit dimensions, the voltages or currents induced
may be quite frequency sensitive due to resonance
effects and, as at lower frequencies, can cause bias to
appear across diodes, transistors, tube grids, and
other circuit elements. The circuits can exhibit non-
linear properties at sufficiently large field levels, and
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can generate beat frequencies between the inter-
ference and the signal frequencies in the circuit along
with harmonic frequencies of the interfering signal.

4-4 WIRING AND CABLING

4-4.1 INTRODUCTION

The term wiring refers to interconnections among
elements of one chassis or device enclosed in a single
cabinet, whereas cabling refers to methods of inter-
connecting separate chassis or cabinets.

442 DESIGN CONSIDERATIONS

During initial design stages, consideration should
be given to proper location of equipment and wiring
to minimize interference coupling between trans-
mission paths. Sensitive components should be kept
as far as possible from units that may be sources of
electrical interference. Cabinet panels or partitions
should be used to separate or shield these compo-
nents.

Power leads, control wiring, and other cabling to
sensitive equipment should not be close to any inter-
ference source or leads that may be carrying inter-
ference because of the inductive coupling that can
exist between wires, If it is necessary for sensitive
signal leads to pass near interference-carrying leads,
relative orientation should be as nearly at right angles
as possible to minimize the magnetic coupling effect.
The distribution of power through multiple lines,
from a primary power source to the components of a
piece of equipment, is recommended to reduce com-
ponent interaction. The signal circuits should be
separated from ac power circuits and any other cir-
cuits that can transfer interference to them.

The use of shielded hookup wire inside a chassis
helps to prevent internal interference coupling to sen-
sitive circuits. At the ends where connections are
made, the shield braid should be pared back for mini-
mum length to keep the shielding as complete as
possible. It should be bonded directly to the chassis at
its end and at convenient points along its length.
Leads that run side by side, or cross over each other,
should have their shields bonded together.

4-4.3 WIRES OVER A GROUND PLANE

44.3.1 Magnetic Coupling

Where the important coupling is magnetic, at low
frequencies, one can use lumped impedance models.
Results for paraliel lines located over a ground plane
with and without shields are given in Table 4-1 (Ref.
7). The coupling is given in terms of the voltage
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across a resistor in the victim loop in terms of the
current in the interference source line. By dividing
these two quantities, one obtains an effective transfer
impedance between the two lines under specified con-
ditions of loading. The table also gives magnitudes of
the transient voltages which are generated in the vic-
tim lines under the various conditions when the
current in the source line is a simple exponential
rising with a characteristic risetime 7. The values of
mutual and self-inductance can be obtained from
Figs. 4-11 and 4-13, respectively. For shielded con-
ductors the appropriate parameters are obtained
from Figs. 4-14 and 4-15. L, is the self-inductance of
the susceptible wire, Lg, and Lg, the self-inductance
of the shields on wires 1 and 2, respectively, and £,
is the net inductance of the shielded susceptible wire,
i.e., the difference in the inductance of the wire taken
by itself and the inductance of the shield. R, and Ry,
are, respectively, the resistive components of the
shield conductors.

In the formulas in Table 4-1, it is assumed that the
shields are connected to the ground plane at both
ends, and that the ground plane is impedanceless.
Generally, these formulas can be used in the fre-
quency range from about 1 kHz up to several hun-
dred kHz, and of course only for those situations in
which the cable is terminated with an impedance that
is low compared with the characteristic impedance.

In these formulas no account is taken of the effect in
coaxial cables which occurs because the center con-
ductor is not precisely in the center of the cable, and
which is discussed in par. 3-3.1.1.2.2. At frequencies
above about 100 kHz, braid leakage and skin effect
become important and calculations should be made
in terms of transfer impedance as discussed in par. 3-
3.1.1.2.5 (Ref. 8).

4432 Flectric Coupling

The discussion in par. 4-4.3.1, takes no account of
electric field coupling. Such coupling can be signifi-
cant with high impedance circuits or where long in-
terconnections and highly sensitive circuits are in-
volved. In such cases, simple braided shields can be
very effective. For low frequencies, where ground cir-
culating currents should be avoided, the shield should
be grounded at one end only.

4-4.3.3 High Frequency Considerations

At very high frequencies, the dimensions of wiring
required to provide significant effective radiation or
pickup become quite small. For instance, at 100
MHz, a | in. length of wire formed into a loop can be
a significant impedance. Return circuit dimensions
on wire shield ground connections, bypass capacitor
ground leads, and similar wiring should be as short as
possible. [t is imperative that the wiring of filters be
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Figure 4-13. Inductance of a Wire Over a Ground Plane
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carefully controlled to prevent inductive coupling
between input and output of the filter, which will
make it ineffective and single-point grounding is not
practical. Where long connections are necessary,
shielded cables must be used and all connectors must
be electromagnetically tight to reduce radio fre-
quency currents external to the shield. In order to
reduce such coupling, double shielding may be
necessary in radio frequency cabling (see par. 3-
3.1.1.2.5.2).

444 TWISTED PAIRS

In par. 4-3.2, it was emphasized that wherever it is
possible to isolate return currents, twisted pairs or
coaxial leads should be used for signal transmission.
The same principle applies to leads from power
supplies, both direct voltage and ac, such as used with
filament supplies where twisted leads are commonly
used. The fields from twisted wire pairs can be esti-
mated from Figs. 3-66 and 3-68 and the suscepti-
bility of twisted pairs to those fields can be estimated

from Fig. 3-82, if the spacings of the wires and their
pitch distances are known. Values of these parame-
ters for a variety of cables now in use are given in
Table 4-2 (Ref. 9).

4-45 POWER WIRING

The three phases of each delta-connected trans-
mission system, and the three phases and the neutral
wire of each four-wire, wye-connected transmission
system, should be twisted to form one cable. Twisting
the wires together effectively cancels the electric and
magnetic fields produced by the 120-deg phase-dif-
ferential voltages and currents for either type of con-
nection. Inclusion of the neutral wire in the four-wire,
wye-connection effectively cancels the magnetic field
produced by the in-phase third-harmonic currents.
These third harmonic currents are generated when
the iron cores of transformers or motors are driven to
near saturation or operate in the nonlinear portion of
the magnetization curve.
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Figure 4-14. AC Inductive and Shield Attenuation Factors
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4-4.5.1 Separatlon of Motor Loads From should be avoided, particularly in the vicinity of RF
Signal Equipment Loads sources. Closed wireways and conduit, suitably
Since a common source of interference is commu-  &rounded, are recommended.

tation in dc motors and slip-ring friction in ac
motors, low-level signal equipment power lines 44.6 CABLE TYPES

should be separated as much as possible from the The principal types of cables that are available in-
power lines to such equipment. clude (Ref. 10) unshielded single and multiple con-
ductor, shielded single wire, shielded multicon-

4-4.5.2 Separation of Utility Lines From ductor, coaxial, unshielded twisted-pair, and shielded
Signal Equipment Loads twisted-pair. Cables are also available with multiple
Likewise, because of the varied types of equip-  shields, in many different forms, and with a variety of

ment which can be connected to general utility lines,  physical and electrical characteristics. Proper selec-
they should be separated from signal equipment lines.  tion and application of appropriate cables for specific
design requirements are highly important in preven-

4-4.5.3 Placement of Conduit and Wireways ting, controlling, and eliminating interference.
Installation plans should identify high- and low- Cables are generally specified or identified accord-

level cables for special routing and segregation (see  ing to:

par. 4-4.11). The use of metal conduit for signal or a. Size

power lines may be necessary. Where cables and wire- b. Number of conductors

ways are tied into junction boxes, separate boxes c. Characteristic impedance

should be used for power and signal equipment lines. d. Attenuation

[f not, separate tie points and internal shielding e. Shielding (single, double, triple)

between lines are needed. Open overhead wireways f. Power rating
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g. Maximum operating voltage including hi-pot
testing

h. Type of jacket (standard black, standard gray,
low-temperature black, polyethylene, fiberglass, or
armor)

i. Type of dielectric {for example, polyethylene or
Teflon, solid or spiral ribbon, pressurized, or un-
pressurized).

An excellent source of information concerning the
characteristics of wire and cable is available (Ref. 11).
It contains details of the more frequently used cable
types including:

4. Dimensions

b. Materials used and their important characteris-
tics

c. Power carrying characteristics

TABLE 4-2. SPACINGS AND PITCH
DISTANCES FOR CABLES (Ref. 9)

Cable Helix Conductor | Helix Pitchp, Area A,
Type Separalion 4, cm m’ X 10 °
mm |
DSGA 3 1.58 7.87 3.94
DSGA 4 1.80 8.64 495
DSGA9 2.39 11.43 8.68
DSGA 14 2.74 13.21 11.52
DSGA 23 3.18 15.24 15.39
DSGA 30 3.58 17.15 19.52
DSGA 40 1.89 18.67 23.08
DSGA 50 424 20.32 2741 |
DSGA 60 472 2261 33.96
DSGA 75 5.18 24.89 41.02
DSGA 100 5.74 27.18 49.61
DSGA 125 6.43 30.99 63.31
DSGA 150 7.06 33.78 75.85
DSGA 200 8.05 38.68 98.86
DSGA 250 B.84 42.42 119.24
DSGA 300 9.50 4572 138.11
DSGA 400 10.95 52.58 183.08
28122 0.84 3.81 1.02
28120 0.92 3.81 .11
28118 1.07 3.81 1.30
28116 1.14 6.35 2.31
28114 1.32 | 635 2.67
DCOP 1 0.74 2.54 0.60
DCOP 1-1/2 099 5.08 1.60
DCOP2 0.99 5.08 1.60
TSP 0.76 6.35 1.54
2SWA 0.76 635 1.54
2SWF 0.76 6.35 1.54
2SA 0.76 6.35 1.54
28U 0.76 6.35 1.54
TTHFWA 0.79 572 1.43
TTRSA 0.99 6.35 2.00
2A40 1.02 3.81 1.23
2AU40 1.02 3.81 1.23
2SWU 1.22 7.62 295
2U 0.64 3.8! 0.77
TTSU 0.97 5.72 1.75
TPNW 0.61 508 0.99
RG-22B/U 1.14 10.80 392
RG-{11A/U 1.14 10.80 392
RG-130/U 2.39 10.80 8.92
RG-108A/U | 1.41 6.35 { 2.10

d. Voltage ratings

e. Capacitance per unit length

f. Characteristics impedance

g. Transfer impedances.
Also included are applicable equations and dis-
cussions of important considerations in selecting
cable and wire types.

4-4.7 CONNECTORS

Cable connectors are made in many styles for a
multitude of power, signal, control, instrumentation,
transducer, audio, video, pulse, and radio-frequency
applications. They are made to fulfill special func-
tions, and may be required to be hermetically sealed,
submersion proof, and weatherproof. They are
manufactured in the straight type, angle type, screw-
on type, bayonet twist and lock type, bayonet screw-
on types, barrier type, straight plug-in type, and
push-on type (Table 4-3). In addition to having
design features which will meet resistance to damage
occurring during insertion and extraction under field
conditions, and have a reliable and adequately low
pin contact resistance, a connector should have
shielding effectiveness characteristics which will not
degrade that of the cable with which it is used.

To assure that the connector adequately shields the
circuits passing through it, the connector shell must
have a conductive finish, and there must be no break
in the shielding through the connector/cable combi-
nation through which unwanted fields may enter.
Where power circuits pass through a connector, the
connector shield at the interface of the two connector
halves must make positive contact before the power
contacts mate, and maintain contact until after the
power contacts break. The entire periphery of the
shield of the cable being terminated must be bonded
to the shell of the connector around the entire pe-
riphery of the cable entryway (see Fig. 4-16 (Ref.
10)). This should be done by soldering or metal form-
ing; “pig-tailing” or bonding with conductive epoxy
is unsatisfactory. Likewise, the entire periphery of
bulkhead connectors must be bonded to the bulk-
head or chassis in which it is mounted.

To assure that a good high conductivity path exists
between mating pins, they should be plated with a
material which has good conductivity and resists tar-
nishing and corrosion. Two layer plating, hard gold
over ductile nickel (elongation of not less than 5%)
has been found to be very effective over a copper
alloy base metal. Where the base metal is a nickel
iron alloy, as often used in hermetically sealed con-
ductors, copper is plated on the contacts as a pre-
liminary step. A fine microfinish will increase corro-
sion resistance and reduce friction as well.
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MIL-STD-454, Standard General Requirements for
Electronic Equipment: Requirement 10 sets forth re-
quirements for connectors to be used in military
equipment. This document should be used to locate
specifications applicable to connectors which are un-
der consideration for inclusion in equipment design.

4-4.8 CABLE APPLICATION

4-4.8.1

General

The choice of cable is dictated by the operating
signal or power level, frequency range, susceptibility
level, and physical isolation. While it is not feasible to

TABLE 4-3. CONNECTOR APPLICATION SUMMARY

Connec- F Coaxial | For RG-/U l Dis- Voltage | Character- Fregq. Method of
tor Cable Cables connect Rating istic Range Assembly
Series Size Style Impedance
Medium | 5,6,8,9, Screw- 500 V 50 ohm up to Manual
N & 10,11,12, on peak 70 ohm 10 GHz
Large 13,14,17, type (constant)
18
Medium 8,9,29,55, Push- 1500 V 50 ohm up to Manual
GR-874 & 58,58A,59, on peak 7 GHz
Large 62,116 type
Medium | 8,9,10,12, | Bayonet 1000 Vv S0ohm | — Manual
C & 14,55,58 Lock peak '
Small type
Medium | 8,9,10,11, Screw- 500V (noncon- up to Manual
UHF | & 12,13,55, on peak stant) [ 200 MHz |
Small 58,62,63, type
65,71
Screw- 5000 V 50 ohm —_ Manual
on peak
LC Large 17,18 type (modi-
fied to
10kV)
Medium 8,9,10,17 Screw- 5000 V 50 ohm — Manual
BN & 18 on peak (constant)
Large type
]
55,58,59, Screw- 250V {noncon- up to Manual
BN Small 62,71 | on peak stant) 200 MHz
type
55,58,59, Bayonet 250V 50 ohm | up to Manual &
BNC Small 62,71 lock peak (constant) 10 GHz Crimp-on
type
174 Screw- — 50 ohm — Crimp-on
Submin- Submin- on& 75 ohm
iature iature Push-on (constant)
types
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set specific rules for cable selection without making
an analysis of signal levels and waveforms, the
following general rules are suggested:

a. Use unshielded wire for external power circuits
such as 115 V acor 28 V dc. An exception to this rule
is when the power source itself generates substantial
EMI, such as with an inverter or an alterpator recti-
fier that is not adequately filtered at the source;
generally, leads to a power source regulator must be
shielded (see par. 5-6). Ac line wires should be
twisted.

b. Use shielded wire for multiple-ground, audio
frequency, or power circuits. Single-conductor,
single-shield cable can be used for low-frequency in-
strumentation applications using ground return cir-
cuits. It is effective when signals to be transmitted are
of moderate levels, and a good low-impedance system
ground is available.

c. Use twisted-pair for audio-frequency circuits
grounded at a single point and for internal power cir-
cuits.

d. Use shielded twisted-pair for single-point
ground circuits and multiple-ground circuits where
maximum low-frequency isolation is required.

e. Use coaxial cable for transmission of RF pulses,
high-frequency applications, and where impedance
match over a broad frequency range is critical,

f. Special measures may be required with short rise
time, for which solid copper transmission lines or tri-
axial cables are used (Fig. 4-17).

Preferred:

Alternative:

Qutline Male

Contacts
Shield

Fillet Weld Around Entire
Periphery of Female Connector Housing—_
Bolt and Tooth Type Lock-
Washer Connection as Shown by Dotted —

4-4.8.2 Multiconductor Cables

Multiconductor cables are of many types. They
may contain groups of unshielded lines, coaxial lines,
or multiple conductor shielded combinations. For
maximum effectiveness of the shields it is essential
that each be insulated individually. The various con-
ductors within a single shield should be used
preferably in pairs and should operate at comparable
voltage and current levels.

Initially unshielded cable may be shielded by
routing it through continuous flexible or rigid
metallic conduit. For economical reasons, rigid con-
duit is generally of aluminum; but from the stand-
point of shielding high-level power circuits, galva-
nized steel conduit is more effective at power fre-
quencies. Continuous, high-g materials are also
available for use with audio-frequency signal cables,

Flexible conduits for high- and low-voltage shield-
ing usually consist of flexible metal hoses over which
are wound one or more layers of braid. Non-
conducting coverings sometimes are used over the
braid. These coverings provide watertightness and /or
added mechanical protection. If applied tightly, they
may decrease contact resistance between wires com-
prising the braid, thereby improving shielding effec-
tiveness. Such coverings should be reasonably rugged
and not subject to physical and chemical attack by
substances with which they come into contact. They
should maintain their desirable characteristics over
the anticipated range of operating temperatures.

P'»
-

.ls; -F.
N

4

ISIITINES,
"‘-—--'/_

I TTTTEEES

N

Continuous Shield-to-Shell Bond by

Solder or Metal Forming (Never Pig- Spring Contacts (Shield Makes Before

Tail the Shield)

and Breaks After Enclosed Conductors)

Figure 4-16. Shield Termination for Connectors (Ref. 10)
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Shielded conduit is used for many diversified pur-
poses, such as:

a. To shield wires and cables electrically that
otherwise would radiate interference

b. To provide a channel through which wires and
cables may be pulled or pushed for installation or re-
placement in inaccessible places

c. To protect insulated wires and cables against
mechanical damage, for example, chafing and abra-
sion

d. To keep foreign matter (moisture, oil, grease,
gasoline) away from electrical conductors or their in-
sulation

e. To facilitate dissipation of heat for protection of
insulation,

To be effective, a flexible shielding conduit should
be:

a. An effective shield against electrical inter-
ference over the entire range of frequencies under
consideration

b. Reasonably flexible and capable of being bent
to a small radius

c. Rugged enough to withstand considerable abuse
and prolonged vibration without serious impairment
of either its electrical or mechanical properties

d. Watertight and airtight. The coverings used
with it should be immune to attack from lubricants,
coolants, antifreeze, and fuels.

e. Capable of withstanding ambient temperatures
likely to be encountered.

SHIELD # 2

CENTER CONDUCTOR

SHIELD # 1}

449 SHIELD GROUNDING

In accordance with the discussion of grounding
principles in par. 3-3.4.4, shields of balanced circuits
operating at frequencies up to about 100 kHz should
be grounded at only oneend. Furthermore, the shield
should be insulated so that the single point ground-
ing practice can be observed. On the other hand, if
the cable length is more than about 1/10 of a wave-
length for any frequency of concern and an es-
tablished ground “plane” exists, the shield should be
bonded periodically to limit the possibility of large
currents or voltages being induced on the external
surface of the shield. MIL-STD-1310 requires that
cable armor be bonded at each metallic bulkhead or
equipment space penetration. On the other hand,
shielding conduits need be bonded only at points 3 to
5 ft from each end. Bonding should be as direct as
possible (see par. 4-7.2), The outer shield of coaxial
cables must be grounded to the chassis at both ends:
“pig-tail” type connections should be avoided. On
the assumption that grounding techniques have been
employed, the following are suggested as guidelines
for good signal cable practice:

a. Shields should not be used for signal return cir-
cuits.

b. All signal circuits, including signal ground
returns, should be individually shielded and have
insulating sleeves or coverings over the shields.
Balanced signal circuits should use twisted pair or

SHIELD # 3

MONEL GASKET

Figure 4-17. Triaxial Cable Application
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balanced coaxial line with a common shield. Where
multiconductor twisted pair cables are used which
have individual shields as well as a common shield,
all shields should be insulated from one another
within the cable.

c. Coaxial cables should be terminated in their
characteristic impedance and grounded at both ends.

d. When electronic and electrical systems are dis-
tributed over a large area, multipoint shield ground-
ing is usually effective for interference control at the
higher radio frequencies. The multipoint approach
allows short ground connections, permits a low-im-
pedance ground return circuit, and improves the
effectiveness of filter installations. At low frequency
in low-level systems with audio or servo amplifiers,
single-point grounding may be necessary since, when
a shielded cable in a sensitive circuit is grounded at
both ends, power-frequency currents in the ground
plane can induce audio-frequency interference.

e. Coaxial cables carrying high-level energy should
not be bundled with unshielded cables or shielded
cables carrying low-level signals.

44.10 CONNECTOR GROUNDING

Where shields are grounded at both ends of a
cable, the objective is to obtain a continuous equip-
ment enclosure shield as shown on Fig. 4-18. To ac-
complish this, wires and coaxial cables must be ter-
minated properly at the connector. The connector
itself must be grounded to its mounting by a clean
metal-to-metal contact. A shielded cable should not

be run into a completely sealed box and grounded in-
ternally; rather the shield should be run well inside
the connector and be bonded to the connector shell.
The arrows on Fig. 4-19 show the path that any signal
or interference, that is picked up on the outer surface
of the shielding, must follow to return to ground. The
currents around the loop generate a field in the
enclosed box, as do coupling loops used with reso-
nant cavities. Fig. 4-20 illustrates the correct method
of treating the shield.

For a low-impedance RF connection, the shortest
length of connecting strap or jumper that is me-
chanically practical should be used, and the bonding
procedures in MIL-STD-1310, MIL-B-5087, and
MIL-E-45782 should be followed (see also par. 4-
7.2). Great care must be taken at connectors if im-
pedance characteristics and shielding integrity are to
be maintained. A shielding shell should be used to
shield the individual pins of a connector; a well-
designed connector has a shielding shell enclosing its
connecting points (Fig. 4-21). The shell of multipin
connectors should be connected to the cable shield.
Coaxial lines should terminate in shielded pins. The
use of pigtail connections for the outer conductor of
coaxial lines is undesirable since it permits RF
leakage. Shields should be grounded on both sides of
a connector to avoid discontinuity. If this is not
possible, the shield should be carried across the con-
nector through a connector pin. Grounding a number
of conductor shields by means of a single wire to a
connector ground pin should be avoided, particularly
if the shield-to-connector or connector-to-ground

EQUIPMENT EQUIPMENT
ENCLOSURE ENCLOSURE
#1 5H17 # 2

LOAD LOAD

T

Figure 4-18. Continuous Equipment Enclosure Shield
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Figure 4-19. [ncorrect Method of Introducing

Shielded Cable

OUTER INSULATION ===

SHIELRING

l
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LOW RESTSTANCE ELECTRICAL BOND ‘—J
BETWEEN SHIELDING AND BOX 2L

Figure 4-20. Correct Method of Introducing
Shielded Cable

SHIELDiING
SHELL

CONNECTING
PINS

COAXI AL
FITTING
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Figure 4-21. Connector With Shielding Shell
Enclosure For Connecting Points
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lead length exceeds 1 in., or where different circuits
that may interact are involved. Such a ground lead is
a common-impedance element across which inter-
ference voltages can be developed and transferred
from one circuit to another.

For grounding the outer shield on a cable, a back-
shell type of connector with a continuous contact
around the shield is the most satisfactory. This may
be accomplished by means of tapered rings whereby
pressure is applied to a continous metal-to-metal con-
tact between shield and connector. Typical arrange-
ments are shown schematically in Fig. 4-22. In Fig. 4-
22(A) the shield is flared and held between a pair of
tapered rings. In Fig. 4-22(B) a compressible ‘“iris”’ is
used to clamp the shield.

If the cable also contains wires which are shielded
individually, the individual shields can be brought
out of the cable assembly just before the connector —
bent back over the outer cable shield and held in the
same manner as the outer shield.

In a similar arrangement an elastomer pressure seal
can be made with a compressible *O’’-ring contacting
a neoprene or other waterproofing jacket located
over the shield.

Fig. 4-23 shows a backshell of the type used for fit-
ting over an unshielded connector. Here again the
outer shield, which may be separate from the cable, is
fastened completely around the shield by means of a
crimping or soldered ring or other means. The mating
surface with the jack is rendered EMI-proof by the
use of an EMI gasket (see par. 6-4.5.4). Also, an EMI
gasket is shown between the jack and the panel on
which it is mounted.

Also note that connectors are available in which
small low-pass filters are incorporated so as to act in
series with individual pin connections (see par. 4-
5.5.3).

Electric plugs and receptacles usually are mounted
on the front or rear of the equipment chassis, or on
the mounting base. If electric receptacles are on the
front of the case, the plugs should be separate units,
Shield grounds should be made in accordance with
Fig. 4-24. If electric plugs and receptacles are placed
at the rear of the case, at least one unit should be at-
tached securely to the case or chassis; the other
should either be separate irom or attached securely to
the mounting base. Methods of grounding cable
shields shown on Fig. 4-25 are not recommended.

To prevent discontinuity of the shield because of
possible disconnect at intermediate connectors,
shields should be grounded to the structure on both
sides of the connector. Where this is not possible, the
ground should be carried across the connector, or
through a conductor pin, to ensure continuity.
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Coaxial fittings should be kept tight at all times, not
only to provide a good impedance match but to elimi-
nate loose connections that might result in possible
rectification of interference energy at the fittings.
Shielding or bonding clamps that may be a part of the
fittings also should be kept tight. Soldered fittings are
recommended, particularly at terminations of shield-
ing and braid.

When any high level pulse lead passes through a
connector in a way that involves a discontinuity in
the coaxial structure of the shielded lead (for exam-
ple, when a pulse lead center-conductor and shield
are attached to separate pins of a connector), an
extremely low-impedance circuit should be provided
for the ground lead of the shield in the connector. If
this is not done, the entire shield along the lead may

radiate or conduct interference. A suitable low-im-
pedance connection can be obtained by the use of an
extremely heavy pin, or by the use of several pins in
parallel, preferably distributed circumferentially
about the pin attached te the pulse lead center-
conductor. The puise lead and nearby susceptible
leads should be shielded 1o prevent transfer 1o other
leads.

44.11 CABLE SEGREGATION AND

HARNESSING

Cable routing should be planned in order to iso-
late sensitive (susceptibility prone) wires and cables
from possible interference carrying conductors.
Traditionally, this has heen done by arranging cables

V\Shield Braid Flared

Cable

Connector

Tapered Ring A

(A)

Tapered Ring Termination

vShield Braid

Cable

Connector

Iris

(B)

L ——f o

Compressed |ris Termination

Figure 4-22. Connector Backshell Arrangement for Terminating (ahle Shields
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Cable Shield

Solder oy Ring

-4—Pana)

:-4—— Jack
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Figure 4-23. Backshell Arrangement for Terminating Cable Shields
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Figure 4-24. Cable Shield Bonding

into compatible groups. MIL-STD-461 identifies the
following five major categories:

a. Power wiring including main power distribu-
tion circuits

b. Secondary power including low voltage power
and lighting circuits, servo and synchro circuits, and
secondary dc power with voltages up to 5000 V

c. Control wiring including that to relays or other
intermittent operating devices involving switching

d. Sensitive wiring including circuits carrying
signals such as audio, digital data, analog control,
and demodulator output.

e. Susceptible wiring including wiring to electro-
explosive, antiskid, spoiler actuator or “'safety of mis-
sion” devices; and coaxial cables to receiving anten-
nas, fire warning, fuel quantity, and liquid oxygen in-
dicator devices.

4-24

A typical installation is shown on Fig. 4-26. In
some installations, rows and tiers of cable trays are
used to facilitate the desired physical cable separa-
tion. Detailed planning is required prior to installa-
tion to ensure that the best overall routing is
achieved.

While arrangements of this kind are feasible, they
must be used with care, since: (a) it is not always
possible to classify easily a given cable into only one
of these groupings; and (b) one must establish appro-
priate minimum spacings between all of these cable
groups in the installation, and it may not be possible
to maintain these spacings everywhere.

Another classification system (Ref. 10) includes 7
wire classes and 9 circuit types as shown in Table 4-4.
Each circuit is assigned a classification on the basis of
its being most similar to one of the following classes:

a. Power and Control Circuits (Class I):

(1) Dc Power Circuit. A dc circuit using current
more than 2 A.

(2) D¢ Control Circuit. A dc circuit which uses
less than 2 A.

b. D¢ Reference Circuit (Class II). A dc circuit re-
quiring critical tolerances on the voltage or current.

c. Ac Circuits (Class I and 1V). Any circuit
which is supplied by ac power sources.

d. Ac Reference Circuit (Class 111 and 1V). An ac
circuit in which a single-phase line is used to supply
critical voltages or frequencies.
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Figure 4-25. Poor Cable Bonding

e. AF Susceptible Circuits (Class 11). 1nose cir-
cuits whose performance may be degraded in the
presence of an undesired audio signal. The voltage or
current of these circuits will normally be less than 1 V
rms or 200 mA rms. Direct current reference circuits
are considered as audio-susceptible circuits.

f. AF1 Circuits (Class 1II or 1V). Those circuits
operating below 15 kHz and whose amplitudes will
normally be greater than | V rms or 200 mA rms.

g. RF Susceptible Circuits (Class V). Those cir-
cuits whose performance may be degraded in the
presence of an undesired RF signal.

h. RFI Circuits (Class V1) are as follows:

(1) Narrowband Circuits. Those RF-inter-
ference circuits in which the signal levels exceed the
following values with respect to 50 ohms:

(a) —45 dBmW at 150 kHz reduced to 20
dB per decade of frequency to —75 dBmW at 5 MHz

(b) —75 dBmW from 5 to 25 MHz

(c) —75 dBmW at 25 MHz increased to 10
dB per decade of frequency to —45 dBmW at | GHz

(d) —45 dBmW above | GHz

(2) Broadband Circuits, Those RF-interfer-
ence circuits which conduct pulse information or
transient disturbances such as caused by relay actua-
tion, switch contacts, or clock pulses.

(3) Antenna Circuits (Class VII). Those RF cir-
cuits connecting subsystems or equipment to system
antennas.

In layout wiring and routing, the maximum prac-
tical separation must be maintained in accordance
with the general rules described in the paragraphs
that follow. A 2-in. separation between wires in
different classes is a minimum design goal.

Route dc power and control circuits (Wire Class I)
in a separate wire group. The ac power and control
circuits are divided into groups when the system uses
more than one source of electrical power. The
following general rules apply:

a. The ac wiring supplied by different power
sources must never be routed together.

b. The ac wiring from different ac power sources
must never be connected to a subsystem or equip-
ment, unless there is a specific design and installation.

c. Route reference and susceptible circuits sep-
arately from power and interference circuits except as
follows:

(1) Reference dc and audio-susceptible circuits
may be routed together in the same way provided
that proper isolation is maintained through shields,
shield terminations, and connectors.

(2) Reference ac circuits may be routed with ac
power circuits if the rules governing multiple power
sources are not violated, and they are not classified as
susceptible.

RF-susceptible circuits may be routed with Class I1
circuits if the RF-susceptible circuit is not a source of
interference to the other circuits.

Where a specific layout is given, computer pro-
grams are available to identify specific cases where
coupling will be sufficient to cause operational degra-
dation (see Chapter 6). To use the programs, one
must put into the computer all cable and location
data. While this procedure can provide high ac-
curacy, it is more involved than the use of the cable
categorization technique.

4-5 FILTERS

4-5.1 INTRODUCTION

Though proper circuit design has been emphasized
as an appropriate means for controlling interference,
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it is not always possible or advisable to control it in
this manner. Thus, for technical as well as economic
reasons, filters should be viewed as legitimate tools of
interference control.

Filter theory is highly developed. A theoretical sur-
vey on lumped element filters is given in Chapters 7
and 8 of Ref. 12, and transmission line, waveguide,
and cavity filters will be found in Chapters 22 and 23
of Ref. 12. A filter is a linear two-port device modeled
by the block diagram shown in Fig. 4-27. The source,
input, and load voltages E;, E,, and E and the
source and load currents /; and [; are complex
quantities representing sinusoids at frequency f.
Given E, Zg, and Z;, the behavior of the filter is
determined from the voltage transfer function H(f)

H(f) = E(f)/Es(f) ,dimensionless (4-4)

and the input impedance seen looking into the input
terminals of the filter.

Manufacturers normally give filter characteristics
for fixed source and load impedances, usually 50
ohms as measured in accordance with MIL-STD-220.
However, actual circuit impedances can vary widely,
especially with frequency, and will influence per-

TABLE 4-4. CIRCUITS AND WIRE CLASSES

(Ref. 10)
WIRE
CIRCUIT TYPE CLASS
DC Power and Control I
DC Reference I1
AC Power and Control
(a) Left Hand Bus 11
(b) Right Hand Bus v
AC Reference
(a) Left Hand Bus I
(b) Right Hand Bus v
Audio-Frequency-Susceptible 11
Audio-Frequency Interference
(a) Left Hand Bus 111
(b) Right Hand Bus v
RF-Susceptibie v
RF-Interference VI
Coaxial Cables | VII

formance significantly, The consequences of this are
discussed in par, 4-5.2.1.6.

The transfer function is a complex quantity
specifying the gain, which is the ratio of the magni-
tudes of E; and Ej;, and the phase shift from input to
output. The reciprocal of the gain is attenuation, a
quantity frequently used to characterize the behavior
of a filter. Because the output is not fully determined
by the transfer function but is affected by the input
impedance as well, a preferred filter characteristic is
the insertion loss defined as

E
IL = 20log <75“-->, dB  (4-5)

1.2

where E;, and E;, are the magnitudes of the load
voltage, respectively, with and without the filter in
the circuit. The insertion loss and the attenuation are
identical if the input impedance of the filter and the
load impedance are equal. The passband of a filter is
the frequency range in which there is little or no at-
tenuation. The stopband is the frequency range in
which attenuation is desired.

Filters can be classified grossly according to the
relative positions of the passband and stopband in
the frequency spectrum. There are four classes —
low-pass, high-pass, bandpass, and band-reject —
and the discussions to follow deal with these classes.
Attenuation as a function of frequency for each of the
classes is shown in Fig. 4-28 (Ref. 13).

Filter synthesis for specified behavior using
lumped parameters has been, and still is, difficult. In
EMC work, precise attenuation characteristics gen-
erally are not demanded and an adequate approach is
to search through a collection of known structures to
obtain one that will perform the task. Sometimes a
simple bypass capacitor or series inductor will be
adequate. Otherwise, the more elaborate L, T or Pi
(i) structure is required.

Certain guidelines are helpful in deciding what type
of filter circuit to apply in any given instance. For
example, if it is known that the filter will connect to
relatively low impedances in both directions, then a
circuit which contains series filter elements may be

Source

Impedance . _;’
T NN —— o
Load Imped
N $ o Filter . £ Lload Impedance
5 ; i
S i b
: -O— O ]

Figure 4-27. Linear Two Port Model of Filter
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best {a T-circuit, for instance). Conversely, a high-im-
pedance system calls for a =-filter. If the filter is con-
nected between two severely mismatched imped-
ances, then an asymmetric filter circuit, such as two-
{-section elements, can be used in which the series
element faces the low-impedance side of the system.

4-52 LUMPED ELEMENT FILTERS (Ref. 13)
4-52.1 Low-pass Filters

Low-pass [ilters are commonly used on ac or dc
powerlines. They are used also in amplifier circuits
and transmitter output circuits to attenuate harmon-
ics and other spurious signals.

4-5.2.1.1 Shunt Capacitor Filters and General

Capacitor Characteristics
In the ideal resistance terminated circuit of Fig. 4-
29 the wnsertion loss /L of a shunt capacitor is:

1. = 10log[l + (f/£)] ,dB (4-6)
where
f, = 1/(#R(C), Hz
[/ = frequency, Hz
R = source or load resistance, (2
C = filter capacitance, F

An actual capacitor contains both series resistance
and inductance in the leads and connections to the
active element, and shunt resistance due to dielectric
losses, as shown in Fig. 4-30. The inductance causes a
capacitor to exhibit a self-resonant frequency above
which the capacitor behaves like an inductive reac-
tance as illustrated in Fig. 4-31. Note the effect of
changing capacitor leadlength on this self-resonant
frequency.

Metalized paper capacitors, while small in physical
size, offer poor RF bypass capabilities because of
high resistance contact between the leads and the
capacitor metal film. They are subject to dielectric
punctures which self-heal by burning away the metal
film. The standard wound aluminum foil capacitor

I
—t

Figure 4-29. Capacitor Low-pass Filter

may be employed as a radio frequency bypass in the
frequency range up to 20 MHz.

Mica and ceramic capacitors of small values are
useful up to about 200 MHz. If the plates are round
as in a ceramic disc, the capacitor will remain effec-
tive to higher frequencies than one of square or rec-
tangular construction. A ceramic capacitor element is
affected by operating voltage, current, frequency,
age, and ambient temperature. The amount the
capacity varies from its nominal value is determined
by the composition of the ceramic dielectric which
can be adjusted to obtain a zero or negative tempera-
ture. In obtaining one characteristic, other charac-
teristics may become undesirable for certain appli-
cations. For example, when the dielectric composi-
tion is adjusted to produce minimum size capacitors,
the voltage characteristic may become so negative
that its capacity is reduced by 50% at full operating
voltage, and high ambient temperature may cause an
additional sizable reduction. In addition, for some
materials, the dielectric constant of the materials used
may decrease with life by 25% of the original value.

Capacitors of short-lead construction and feed-
through capacitors are designed to reduce inherent
end-lead inductances. Fig. 4-32(A) (Ref. 14) shows
that connecting to the short lead has a tendency to
distribute the lead inductance between the two cir-
cuits connected to the capacitor and reduces the in-
ductance exclusively in series with it. This principle is
carried to the extreme in the feed through arrange-
ment shown in Fig. 4-32(B). An equivalent circuit is
shown in Fig. 4-32(C). Feedthrough capacitors come
in a variety of shapes and sizes. Fig. 4-32(D) shows
one example which can be mounted directly in a hole
in a partition or cabinet wall. A mounting of this type
is essential to obtain maximum usefulness of this type

= Lead Inductance

L
R = Lead-ta-FoliContact Restetance
R, = Resistance of Metalized Foll

C = Capacitanas

LI = Foll laductance

Rs= Shunt Resistance

Figure 4-30. Metalized Capacitor
Equivalent Circuit
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of component since then the separate circuits on in-
put and output sides are otherwise isolated from each
other.

The short-lead capacitor is suited ideally for EMI
suppression in the frequency range of 1to 1000 MHz.
Feedthrough capacitors are available with a reso-
nant frequency well above 1 GHz, The feedthrough
current rating is determined by the stud diameter.
Fig. 4-33 indicates the construction details of a feed-
through unit.

Metalized Mylar capacitors offer compact design
and good reliability. Their dissipation factor is very
low, and lead length generally can be kept short to
improve high frequency performance.

Wet-type electrolytic capacitors are used for dc
filtering and sometimes used in EMI filters. They are
single polarity devices, but their high dissipation fac-
tor or series resistances make them poor RF filters.
An RF bypass capacitor should be placed across the
output of dc supplies using electrolytics. The dissipa-
tion factors of electrolytic capacitors increase, and
their capacitances decrease with age.

Tantalum electrolytic capacitors provide a large
value of capacitance in a small space. They are sen-
sitive to over-voltages and are damaged by reverse
polarity. The dissipation factor is considerably higher
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Figure 4-33. Typical Feedthrough Capacitor Construction

than for Mylar or paper capacitors, and high fre-
quency characteristics are poor.

Capacitors for 120 V ac applications should be
rated at 400 V dc to be suitable for ac use. A unit of
Mylar and foil or of paper-Mylar and foil is recom-
mended. The dissipation factor is low, and high fre-
quency performance is good. For 240 V ac appli-
cations, an oil-impregnated paper and foil unit is rec-
ommended.

4-5.2.1.2 Series Inductor Filters, and General
Inductor Characteristics

Another simple form of low-pass filter is an induc-
tor connected in series with the interference carrying
conductor {Fig. 4-34). Its theoretical insertion loss IL
is given by the relationship:

10 log |:l +<£>j| , dB -7
where

o= R/(wL) ,Hz
L = filter inductance, H

In practice, inductors contain distributed capac-
itance between turns and exhibit a self-resonant fre-
quency. Above self-resonance, it appears as a
capacitive reactance, with the interwinding capac-
itance being dominant.

Filter inductors are usually toroidal, wound on
cores of powdered iron, molybdenum permalloy, or
ferrite material. The size of the core is determined by
required inductance and current rating. The mag-

IL =

S i

2z O

Figure 4-34. Inductor Low-pass Filter

netic flux should not drive the core to more than 50%
of magnetic saturation. Distributed capacitance
effects may be reduced by a careful arrangement of
turns. In some cases, two or more coils wound on
separate cores are connected in series to raise the self-
resonant frequency.

4-5.2.1.3 Low-pass L-Section Filters

In single-element filters, out-of-band falloff rate is
only 6 dB per frequency octave (20 dB per decade). A
two element filter in an L configuration has a falloff
rate of 12 dB/octave.

The two possible low-pass arrangements are shown
in Fig. 4-35. The theoretical insertion loss for the L-
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Figure 4-35. Low-pass L-Section Filter

section filter is independent of the direction of insert-
ing it into the line, if source and load impedances are
equal and is given by

IL = 10log [1 +(-f{—>21)2/2 + (%)il ,dB  (4-8)

where

D= —-d/d

d = L/{CR*) = damping ratio, d’less

£, =1/(x2LC) ,Hz
When source and load impedances are not equal, the
greatest insertion loss will be achieved when the
capacitor shunts the higher impedance. The “‘damp-
ing ratio” d relates the magnitudes of the filter
clements to the magnitude of the source and load im-
pedance. If it is equal to 1 (ideal damping), the
squared-frequency term cancels from the insertion
loss equation and the most abrupt transition from the
passband to the stop band is produced. Correspond-
ing to a Butterworth filter design, Eq. 4-8 is plotted in
Fig. 4-36 for the case d = 1, where it can be compared
with the single element C- or L-filter. Commercially
available L-section low-pass filters can maintain an
adequate rejection level to 1 GHz.

4-5.2.1.4 ~=-Section Filter

The =-section filter, shown in Fig. 4-37 has high in-
sertion loss over a wide frequency range and mod-
erate space requirements.
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The theoretical insertion loss with source and load
resistance R is:

1 = 10tcg E (-2 (2o (%)] ’
dB (4-9)

where _
D = {1 — d)/(3\d)
d = L/(2 CR?*) = damping factor, dimensionless

l 2 I/.\
= \ H
f <RLC’) z

27
The shape of the insertion-loss curve is highly depen-
dent on the damping factor as shown in Fig. 4-36.
Again the sharpest cutoff characteristic occurs for
d=1.

An actual insertion loss curve of a r-section filter
has a slope of approximately 18 dB per octave
beyond the cut-off frequency £, but it will ultimately
level off, Typically, a filter with cutoff at 50 kHz will
level off to about 80 dB insertion loss at about |
MHz. The high-frequency performance can be im-
proved by internal shielding within the filter case.
However, the w-circuit is very susceptible to oscilla-
tory ringing when excited by a transient.

4-5.2.1.5 T-Section Filters

A T-section filter (see Fig. 4-38) has an insertion
loss (with source and load resistance R) given by

I = lOlog|:l +<%)202 - (fi)n + (}f—)] ,
dB (4-10)

where _

D = (1 = d)/(3:d)

d = R*C/(2L) = damping factor, dimensionless

1 2R N\

Y’ 2 (L2C> » Hz
The major disadvantage of the T-type filter is the re-
quirement for two inductors, which under some cir-
cumstances may cause a size penalty. The equations
for the insertion loss of a T-circuit and a »-circuit, as
given by Eqs. 4-9 and 4-10, are seen to be identical.
The filters have three modes of response. When d
equals 1, the response is optimally damped and is the
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ideal (Butterworth) response curve. When 4 is less
than 1, the curve has a maximum in-band loss of:

3
IL = 10log (l + 4TD7—> , dB (4-11)

at the frequency where /= vD/3. A minimum loss
point will also occur at the frequency where f = VD

4-5.2.1.6 Multlple Section Filters

All of the filters just described can be cascaded.
The main objectives of cascading are (1) when similar
filters are cascaded, to obtain a higher rate of increase
in attenuation in the stop band over that obtainable
with a single section; and (2) when dissimilar filters
are cascaded, to provide good attenuation character-
istics over a broad frequency range. For example,
with a simple shunt capacitor filter, two capacitors
commonly are used — one of which is effective at low
frequencies, and the other at high frequencies.

In addition, the performance of a multiple section
filter is less affected by terminating impedances as
discussed in the next paragraph.

4-5.2.1.7 Effects of Filter Terminations

In actual use — especially with power line filters —
the source and load impedances are unequal, may be
reactive, and vary with frequency. Furthermore, im-
pedances can vary with time at any one location.

When the terminating impedances are primarily
reactive, resonance with reactance in the filter may
occur, producing an insertion gain at or near the fre-
quencies of resonance. These are usually in the pass
band or near the cutoff frequency in the stop band.
When the terminating impedances are resistive but
either very much higher or lower than the character-
istic impedance of the filter, the filter elements them-
selves may exhibit resonance because of inadequate
damping and likewise produce insertion gains at par-
ticular frequencies. Fig. 4-39 shows curves for filters
of single T-, L-, and w-sections and two T- and L-
sections under conditions of a 0.00l1-ohm source
resistance and a 3.33-ohm load resistance. Note that
each filter has negative insertion losses at various fre-
quencies.

When the external impedances are not under the
designer’s control, nor are they fully known, it may
be advantageous to use filter structures which are less
sensitive to external influences, such as multisection
filters. Another alternative is to use lossy lumped
filter elements or lossy distributed elements.
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4-5.2.1.8 Lossy Filters

Although these filters are not strictly “‘lumped”
element filters, they are covered here because of the
similarity of their characteristics to those of lumped
filters. Usually they are constructed using lossy fer-
rite cores in the inductances or coaxial transmission
lines with ferrite or other lossy dielectrics. As an
example, Fig. 4-40 (Ref. 15) shows a low-pass filter
made of ferrite tube with conducting silver coatings
deposited on the inner and outer surfaces to form the
conductors of a coaxial transmission line. Lossy fer-
rite beads encircling a wire produce an effective series
inductance of the order of microhenries and series
resistance varying from fractions of an ohm below 1
MHz to tens of ohms at 100 MHz (Ref. 14). More or
longer beads provide additional series inductance and
resistance. High amplitude power frequency or other
currents may cause some reduction in the suppression
effect due to ferrite saturation.

Improvement of high frequency rejection charac-
teristics of a conventional low-pass filter may be ob-
tained by employing a conventional reactive filter in
cascade with a lossy line section. This arrangement
can provide an overall characteristic having both a
rapid cutoff slope and a high-stop band attenuation.
An example of the improvement in stop-band at-
tenuation that can be gained by preceding a reactive
filter with a lossy line section is illustrated in Fig, 4-
41, which shows the performance of a reactive low-
pass filter constructed with lumped constant ele-
ments. The rapid cutoff at 400 MHz is followed by a
high attenuation region between 400 MHz and 3
GHz, but at frequencies above 3 GHz the attenua-
tion is greatly reduced. If the same low-pass filter is
preceded by a section of lossy coaxial line, the at-
tenuation characteristic is altered to that shown in
Fig. 4-42. The addition of the lossy section has in-
creased the passband attenuation only slightly, but
the stopband attenuation has been increased to
greater than 60 dB.

Still another form of ferrite filter that extends the
ferrite bead concept is the filtering connector. Lossy
filters are built directly into a male connector
assembly, as shown in Fig. 4-43(A). The insertion loss
characteristic is shown in Fig. 4-43(B).

A variety of materials in other forms is available
for suppressing EMI. These materials may not be ap-
proved for certain military applications, especially
where exposure to weather or humidity is severe, such
as with ignition systems. When contemplating their
use one should make certain of the acceptability. An
example is tubing that can be slipped over standard
wire and cable, and can provide shielding from low
frequency electric and magnetic fields, and will not
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cause dc or power frequency losses. Representative
data are shown in Fig. 4-44,

4-5.2.2 High-pass Filters

Although not as common as the low-pass type,
high-pass filters also have application in EMI reduc-
tion. In particular, such filters have been used to
remove ac power line frequencies from signal
channels and to reject particular low frequency en-
vironmental signals.

High-pass filters can be designed by inverting the
high-pass filter response requirements, so that they
become requirements on a low-pass filter. Low-pass
filters meeting this new requirement can be readily
transformed back into the high-pass filter of interest.

The low-pass filter transforms into a high-pass
filter by replacing each coil with a capacitor, and vice
versa.

This method is based on the fact that inductors and
capacitors are inverse elements. The impedance of an
inductor L in a given branch at a frequency f, has the
same magnitude as that of a capacitor C at a fre-
quency f, if 2nf,L = 1/(2xf,C). Thus, if a low-pass
filter has been designed as shown in Fig. 4-45(A), it
can be converted to a high-pass filter as shown in Fig.
4-45(B). Each element in (A) has been inverted in (B)
in such a way that LC = 107'%. As a result, filter B
will have attenuation at frequency £, equal to that of
filter A at frequency £,
where

12
omf = L 10

2nf,LC 2nf,

@-12)

Courtesy of Cornell-Dubilier, EMC Compatibility Solution Bulletin 220-2/72/

7.5 (1SD).
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For example, the cutoff frequency of filter (A) is ap-
proximately 10 kHz, The cutoff frequency of filter (B)
is therefore approximately 2.5 MHz.

4-5.2.3 Bandpass Filters

Each low-pass filter also can be the basis for
defining a unique family of symmetrical bandpass
filters with known characteristics and vice versa.

Thus, the requirements of a bandpass filter (a filter
designed to pass a given frequency band and reject
signals outside that band) can be established readily
by use of the following transformation procedure:

a. Convert the desired bandpass filter require-
ments into low-pass filter requirements. The low-pass
prototype has the same 3-dB bandwidth and insertion
loss as the bandpass filter.

b. In the case of single section L, T, and = filters
having equal input and output resistances, select a
low-pass filter with the required attenuation using the
two- and three-element filter design equations dis-
cussed in the Handbook.

¢. Establish the filter element values in the manner
previously described using the RF 3-dB bandwidth
value.

d. Resonate each L and C at the required band-
pass center frequency.

As an example of this procedure, consider a band-
pass filter requirement of a center-tuned frequency,
f. = 1.0 MHz, and a skirt roll-off rate of at least 15
dB/octave at the required input and output resis-
tance. There is to be no ripple in the pass-band, i.e.,
response should be monotonic at all points. Band-
width is to be 100 kHz between the —3 dB points.

A three-element, Butterworth, low-pass w-net-
work is selected as the prototype low-pass filter. Eq.
4-9 is satisfied for L and C values of 160 uH and 0.03
uF, respectively, using a cutoff frequency of 100 kHz,
a damping factor of unity, and R = 50 @,

The L and C values are next resonated at 1.0 MHz
using the relationship

(4-13)

The result is a 150-pF capacitor in parallel with L,
and a 0.8-uH inductor in series with C. The final filter
configuration is shown in Fig. 4-46.

Note that the RF filter response is log-frequency
symmetrical. That means that the response on a loga-
rithmic frequency axis at some displacement above
is a mirror image of the equivalent displacement
below /;i.e., if the attenuation at a frequency xf is ¥
dB, then the attenuation will be the same at £ /x — x
is a multiplication factor. For the example given, the
bandpass filter cutoff frequencies are shown in Fig. 4-
46 as 0.95 and 1.05 MHz.

Note that in this transformation technique after
transforming the low-pass filter section into a band-
pass fiiter, a capacitor is added across each coil of a
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Figure 4-45. Low-pass to High-pass Transformation

size to resonate the coil at .. A coil is added in series
with each capacitor of the low-pass filter of a size to
resonate the capacitor at /.

The preceding approach is conceptually the same
for multiple-section bandpass filters, or for filters
whose input and output impedances differ, but the
process becomes much more complicated. Tabular
techniques are available to simplify the process under
these circumstances. They are based on first convert-
ing the filter requirements to per-unit values (per cy-

cle, per ohm of input impedance, etc.), designing the
low-pass filter on that basis, and then converting
back to the bandpass equivalent.

Butterworth filters have a maximally flat band-
pass response. If some ripple within the passband can
be tolerated, then a steeper descent into the attenua-
tion band can be obtained. Tchebyscheff filters have
a greater roll-off rate than Butterworth filters for the
same number of components, and generally are used
in bandpass designs where bandpass ripple can be
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tolerated. Tabular approaches to the design of
Tchebyscheff bandpass fiiters are also available (Ref.
16).

4-5.2.4 Band-rejection Filters

Band-rejection filters attenuate a specific narrow
band of frequencies. This type of device normally is
used for series rejection between the interference
source and the load. An alternative is to use a band-
pass configuration that shunts the interference to
ground. A notch filter or wavetrap is a filter that
rejects a specific frequency. It may take the form of a
lumped-constant inductor-capacitor circuit, or it may
be a shorted quarter-wave coaxial or waveguide stub,
or a crystal or ceramic filter lattice. The inductive
characteristics of capacitor leads and foil can be
planned so that the capacitor acts as a self-contained
wavetrap. For frequencies below about 1 MHz, a
twin-T resistor-capacitor filter often is found to be an
acceptable configuration.

The simplest types of wavetraps are parallel or
series resonant circuits such as those shown in (A)

160 pH

,—‘Tf\’ﬂ‘e—
| e

0.8 uH 150 pF 0.8 uH
0.03 uf = 0.03 uF
O J I QO
© 1.0 MHz
o T
c
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o
2
3 /
4+
<r
A :
JC‘o

Log Frequency f‘o, Hz

Figure 4-46. Example of Bandpass Filter Design
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and (B) of Fig. 4-47. The configuration of Fig. 4-
47(A) will give a high impedance at the resonant fre-
quency, while the configuration of Fig. 4-47(B) pro-
vides a low impedance at resonance. The disadvan-
tages of these circuits are that their skirt falloff rates
are low (6 dB/octave), and they do not present a
good impedance match to either the source or foad.
Band reject performance can be improved by using
parallel and series-tuned elements in L, «, or T con-
figurations, also illustrated in Fig. 4-47(A) to (D).
The details on the design of the types of band-reject
filters are available in many filter textbooks and
handbooks, and will not be discussed here. How-
ever, some additional comments are considered ap-
propriate on one particular type of notch filter,
because of its wide use in this type of application.
The twin-T notch filter shown in Fig. 4-48 is useful
as a band-reject filter in the lower frequency ranges.
At low frequencies, the twin-T filter can achieve a cir-
cuit Q on the order of 100, which would not be eco-
nomically feasible for a wavetrap or inductance-
capacitance type filter at the same frequency. Shunt-
ing effects reduce its usefulness at high frequencies.
The notch frequency £, is determined by (Ref. 17)

0.1592 K

- ODYR oy, @
(RRGG)

A

Three special cases are of interest: The case when the
twin-T parameter ratio K = | gives the symmetrical
form of Fig. 4-49. With K = 0.5, a circuit with three
equal resistances as shown in Fig. 4-50 is obtained. In
Fig. 4-51, with K = 2, three equal capacitances result.
[t should be pointed out that the twin-T notch filter
parameters must be accurately selected to obtain at-
tenuation at the null frequency. Getting the best
possible null requires careful balancing in network
tuning; a convenient way to do this is by use of trim
capacitors or potentiometers.

45.3 ACTIVE FILTERS

EMI filters made of passive elements are some-
times bulky and heavy. Active filters, using tran-
sistors, can provide large values of equivalent L and
C without excessive size and weight, Moreover, the
low impedance levels existing at low frequencies in
power lines can be accommodated more easily with
active devices.

Active filters for a dc line may contain capacitors
as storage elements, series regulators to create a high
impedance path, and shunt regulators in combina-
tion with high gain feedback systems for cancellation
of interference. In the case of ac lines, cancellation is
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a most effective way to minimize interference. In con-
trast to conventional regulators used in regulated
power supplies, these filters must not regulate the
amplitude of the power to be passed.

Active ac power line interference filters pass, with
high efficiency, only a narrow band about the power
frequency. Voltage attenuation values of approx-
imately 30 dB can be obtained even at very low load
and source impedance levels; two filters may be cas-
caded for higher attenuation values.

The power line filter scheme shown in Fig. 4-52(A)
uses phase cancellation and operates as follows. The
input is fed into an ac-coupled amplifier through a
notch filter, which is tuned to the power line fre-
quency. The amplified interference signal, without
the power line fundamental frequency, and with op-
posite polarity, is returned in series to the source
through the transformer. All signals except the fun-
damental are attenuated by the gain of the amplifier.
Within a limited range, a separate control circuit can
provide automatic tuning of the notch filter to power-
line frequency and correct any change in the filter
tuning itself, The voltage attenuation curve for a 220-
V, 20-A unit is shown in Fig. 4-52(B).

When inserted in the line, the filter introduces the
equivalent of a small inductance of 700 #H at the pass
frequency. The change in output voltage at full
current rating caused by this inductance is negligible,
i.e., 1 V for a load power factor approaching unity
and up to 6 V in the worst case for zero power factor.
This type of filter can handle large interference volt-
ages, but with some loss of efficiency. Efficiencies of
90% have been realized for 200-V, 20-A filters.

Two devices that have been used are two-ports
known as the gyrator and the negative-impedance
converter (NIC). When loaded with a capacitance C,
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the input impedance of a gyrator is that of an induct-
ance of value L = Ck where k is a constant charac-
teristic of the gyrator. Gyrators at low frequencies are
fabricated using conventional amplifying elements
with feedback; a total of four such elements is needed
(Ref. 18).

Negative-impedance converters have the property
of presenting a driving point impedance at one port,
which is the negative of the terminating impedance
connected to the other port. A practical realization of
an NIC is obtained using two conventional ampli-
fying elements (Ref. 18).

Integrated and hybrid circuit technology has en-
abled the construction of small active filters for use in
low-level circuits to perform typical low-pass, high-
pass, or bandpass filtering such as required for
various circuit purposes. Multiple pole Butterworth,
Tchebysheff, and Thomson characteristics are avail-
able and, in some cases, are adjustable. Although itis
possible to construct such filters with relatively large
power handling capacity, they are presently most
useful — in so far as EMC/EMI control is concerned
— when they can be applied in low-level circuits.

4-54 MICROWAVE FILTERS

Microwave filters usually are of coaxial, stripline,
or waveguide construction, The coaxial technique is
applicable up to 4 GHz, while waveguide elements
normally are used at higher frequencies. An impor-
tant consideration is choosing the filter structure to
be used is the power-handling capacity. Waveguide
structures generally are capable of handling con-
siderably more power than either of the other two. A
survey of microwave filters useful in interference con-
trol (Ref. 19) shows the application of all these struc-
tural types to low-pass, high-pass, band-pass, and
band-elimination filtering. The use of electrically
tunable ferromagnetic devices, such as the YIG (Yt-
trium Iron Garnet) crystal, also is mentioned there.

4-5.4.1 Stripline Filters (Ref. 20)

The relative ease of fabricating stripline circuits
and their inherent low losses make them attractive for
microwave applications. Fig. 4-53 shows an example
of the stripline configuration. A single copper strip
forms the center conductor. This strip is embedded
between two dielectric sheets which are in turn
covered by two copper plates considered to be at
ground potential, Filters are constructed using com-
binations of series lines, open or shorted shunt lines,
and series capacitors (formed by transverse slots).
Shunt lines are formed by lengths of stripline at right
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Figure 4-53. Strip Transmission Line Construction

angles to the main line. Short lengths of open-cir-
cuited line appear capacitive; short lengths of short-
circuited line appear inductive. A method of pro-
ducing shorted shunt lines is shown in Fig. 4-54. A
common problem encountered in the use of stripline
techniques is the propagation of higher-order modes.
Such modes can be excited by any unintentional tilt
of the center conductor, yielding narrow spurious
pass responses in a rejection band. These can be
eliminated by loading the line with resistor cards,
powdered iron slugs, or screws located so as to ab-
sorb energy from the higher modes without affecting
the main transverse electromagnetic (TEM) lines. In
addition to preventing the propagation of undesired
higher-order modes by electrical means, the pre-
ceding methods provide a mechanically rigid struc-
ture.

Fig. 4-55 shows the stripline center conductor
pattern and the low frequency equivalent circuit for a
T-type filter. The value of the inductive elements may
be varied by altering the width W of the center con-
ductor and hence the characteristic impedance. The
capacitive clement in the lumped model is produced
by a transverse line of the appropriate electrical
length. Note that the transverse element is placed
symmetrically about the center conductor totally to
one side. Splitting the shunt capacitive reactance into
two equal sections on either side of the line reduces
the necessary physical length of the stubs and there-
fore places spurious responses farther away from the
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cutoff frequency. By combining the basic =- and T-
sections, more complex filters may be fabricated. The
center conductor configuration for a multiple section
low-pass filter and its equivalent low-frequency net-
work are shown in Fig. 4-56.

There are two types of spurious responses generally
encountered in this type of stripline filter. One type of
response occurs at a frequency where the spacing
between shunt elements is equal to a half wavelength
and at integer multiples thereafter. Another type oc-
curs when the shunt element length equals a half
wavelength or an integer multiple thereof. In care-
fully designed stripline filters, these responses occur
far above the pass-band. If it is found necessary, these
responses may be eliminated by cascading the filter
with a low-pass filter having a cutoff frequency slight-
ly lower than the first spurious response, and having
no coincident spurious responses.

Impedance matching networks may be fabricated
readily in stripline. Purely resistive matching can be
accomplished by linearly or exponentially tapering
the width of the center conductor. Fig. 4-57 shows a
line linearly tapered to match two different charac-
teristic impedances Z; and Z,. More complex
matching may be accomplished by including shunt
reactive clements of the proper electrical length.

4-54.2 Waveguide Filters

All waveguides act as high-pass filters with cutoff
frequencies determined by the shape and size of the
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waveguide, and the mode of transmission. Applica-
tion of the principle of the waveguide below cutoff as
a filter in the design of equipment enclosures to pro-
vide openings for control shafts, meters, and ventila-
tion is discussed in par. 4-6.5.2.2.

4-54.2.1 Wide-band Reflective Waveguide Filters

The serrated-ridge type waveguide provides high
stop-band insertion loss over a wide frequency range.
Values of pass-band losses of less than 0.1 dB, and of
stop-band losses greater than 50 dB over a two-to-
one frequency range, easily are attained with these
waveguides. The power-handling capacity of this type

of waveguide filter is only about 1% of the unper-
turbed waveguide. If carefully evacuated, such filters
are able to operate at up to half the power-handling
capacity of corresponding unridged waveguides at
one atmosphere of air pressure. This type of filter
also may be useful as part of a hybrid filter, where the
power is divided into several branches. A similar cor-
rugated waveguide filter (Fig. 4-58) has been
designated the waffle-iron filter because of its con-
struction. As in serrated, ridged waveguides, only the
dominant mode propagates in the stop-band; there-
fore, there is no multimode problem. This filter is
very compact, easily fabricated, and has a power-
handling capacity of about 3% of the corresponding
uncorrugated waveguide. The same filter, when
evacuated, is capable of handling 100% of the power
that the unperturbed waveguide can handle at one at-
mosphere of air pressure. Fig. 4-59 shows the char-
acteristics of this filter.

4-5.4.2.2 Reactive Mode Devices

There are numerous reactive devices that can be
used in filter designs to increase the stop-band inser-
tion loss for a particular mode. Decreasing the height
dimension of the waveguide in the filter will reflect
most of the TE,, modes and the degenerate modes,
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thereby providing high insertion loss (50 dB or more).
However, the power-handling capacity is decreased
in the same proportion that the height dimension is
decreased. The same insertion loss for the same
modes can be attained by placing a septum in the
waveguide, parallel to the y-z plane, which does not
disturb the propagation of the dominant mode. By
tapering and rounding the edges, as shown on Fig. 4-
60, the gradient field enhancement at the front and
back edge of the septum becomes negligible. Thus, a
thin septum has little effect on the power-handling
capacity. It can be constructed either in the form of a
series of rods projecting across the filter, or in the
form of bullets projecting out from the narrow walls
(Fig. 4-61).

4-54.2.3 Tuned Cavities

Another reactive device that is useful for increasing
the stop-band loss is the tuned cavity. Fig. 4-62 shows
a section of such a cavity attached to a waveguide sec-
tion. A few cavities can add 30-dB l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>