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PREFACE

This Volume on Methods of Electromagnetic Interference-Free
Design and Interference Suppreseion is the third in our series of four
Volumes on Radio Frequency Interference. In it we discuss specific in-
terference reduction and suppression practices. System design iv dis-
cussed in the firet part of the Volume and in later parts of the Volume,
attention is focussed on components and auxiliary devices. Some gen-
eral aspects of tho control of interference paths are discussed in the
last Chapter. The Appendices present information on the details of
filter design, and construction of bonds.

Since control of interference and the design of interference-free
systems depend to a large extent upon the ability of instruments to mea-
sure electromagnetic energy precisely, it is necessary that their cali-
bration be accurate. Calibration methode are, therefore, discussed in
Appendix V,

Solutions of electronic compatibility and interference problems,
though difficult, are not impossible. Good design practices are the key
to interference suppression. Electromagnetic compatibility must be
given as much consideration in initial design as other important consider -
ations of reliability, size, weight, and similar parameters.

Designing for electromagnetic compatibility is not an inexpensive
matter. It may be very costly in time and money. On the other hand, the
alternatives - poor performance of electronic equipment, or perhaps
serious degradation of weapon systems — may not be acceptable. In fact,
in some cases, the acceptance of these alternatives may result in com-
plete abandonment of the entire system, or, as a minimum, a consider-
able reduction in system effectiveness.

But it is not alone the cost in time and money which ie important -
in this modern era, lives of thousands of individuals may depend on ac-
curate and complete transmission of intelligence by electromagnetic de-
vices. Only with thorough compatibility design can communication-elec-
tronic systems completely attain the effectiveneces of operation necessary
to meet the requirements of today.

I am grateful to Empire Devices, Inc.; Polarad Electronics Corpo-
ration; and Stoddart Aircraft Radio, Inc., for permission to use material
concerning their interference measuring instruments,
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DESIGN METHODS FOR INTERFERENCE- CHAPTER 1
FREE SYSTEMS

« INTERFERENCE CONSIDERATIONS IN
COMMUNICATION-ELECTRONIC SYSTEMS

1.1 GENERAL

Individual components must be designed both for minimum gen-
eration of, and for minimuwn sueceptibility to, radio interference. It is
important to keep in mind that the component must perform satiefactorily
not only alone but aleo in conjunction with other components as part of a
aystemn. Similarly, each system must be designed for interference-free
operation not only when operating alone, but also when operating simul-
taneously with all other systems and their components,

In the design of equipment and in the layout of a system for in-
terference-free operation, practical considerations will greatly influence
the designer’s decision as to which suppression technique will be applied
to each interference problem as it arises. Factore other than technical
which may influence the designer are as follows:

a. Weight

It is of the utmost importance to apply techniques which effective-
ly provide the highest ratio of attenuation per unit of weight, It ie the de-
signer's responsibility, therefore, to study the interference problem in
order to insure minimum weight consistent with interference levels which
can be tolerated. The most effective suppression techniques are available
during the initial design ot ages of ts or ey . Once a de-
sign is completed, the designer ie limind to techniques which are less
effective, often resulting i n corrective modifications and additione involv-
ing added weight. In many cases proper design may result in elimination,
rather than suppression, of interference. In any event, it is obvious that
the best control of radio interference will result if it is coneidered early
in every stage of component or system design.

b. Space

The use of proper design tec‘ iq in deeigni te and
systeme from the etandpoint of radio lmer{enncc \vﬂl mlnh'nlu the size of
components, the number of filter networks required, and the shields re-
quired in inetallations. This is particularly important in systems where
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bigh perf ie tial, To achieve bigh performance all dimen-
sions are critical and components and systemse must be designed to fit
the space available, This does not mean that radio interference can be
ignored. Rather it requires better design practices in all phases of de-
eign.

c. Materials

Often the designer ie influenced by availability of materiale in
the design of suppression devicee to attenuate or eliminate radio ioterfer-
ence. For sxample, inductances obtainable for filters in high current
circuits are limited by the direct current resistance of the winding, Fil-
ter capacitors, especially those of high values, may change considerably
at high temperatures. As a result of the use of materiale of construction
which will not "stay put” under operating conditions, the attenuation of
radio interference may be permanently impaired, or if these changes vary
rapidly with time, the change of impedance will actually result in addition-
al sources of radio interference. These and similar factors must be borne
in mind throughout the design of P ts and sy if the design ie
to be interference-free under all operating conditions.

Practical design must take into consideration all of the above,
and the best compromise must be used. In addition to these factors the
designer must choose the most efficieot methods of eliminating or sup-
pressing radio interference.

It may be shown that there are three places in which interference
can be controlled: (1) at or in the source; (2) along the coupling path; and
(3) at or in the receiver affected. Depending on the nature of the interfer-
ence, the tr ission path betw source and receiver, and the receiver
characteristice, the designer may find that there is a choice of several
alternative solutions to control the interference. This permits the de-
signer to choose the most effactive thod and to minimize the weight,
size, and use of critical materials., The first and third are areas in which
the designers of P and equip ts have control. The desigaers of
systems control the second.

Practically, a cooperative effort by all designers in all three
areas is the only solution to the problem of radio interference. Since it

is ary to ider weight, size, and materiale in the functioml
dasign of equipment as well as the problems of radio interference, the
designer must ch [ P ise which will permit satisfactory ays-

tem operation. This implies radio noise suppression to a degree rather
than complete elimination. This again is & practical compromise since
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there is no such thing as a realizable filter with infinite attentuation or a
receiver with zero susceptibility to interference. Specifications have
been written covering interference limits and receiver susceptibility.
The limnite were set as high as is believed to be tolerable in order to a~
chieve what is considered interference-free operation.

These limits should never be exceeded and the designer should
strive for as nearly interference-free operation as is practically possible.
While the present limits seem to be satisfactory, they may at some fu-
ture time be made more severe as the multiplicity of equipments in-
creases. It is conceivable also that a particular installation of equip~
ments, each of which is within specified limits, may interfere with each
other because of some installation peculiarity.

In the design of any equipment, system, or installation, the de-
signer should keep in mind the fact that it must operate satisfactorily in
conjunction with all the other equipment which may be in the same sys-
tem and which may operate at the same time. If this is considered at
the inception of the design, it is possible to make most effective use of
techniques for interference control. In many cases a study of various
approaches to a problem yields one in which no appreciable weight need
be added to achieve the required degree of suppression. In fact, proper
design may even decrease the weight originally considered necessary,
simply by careful routing of wires, correctly orienting parts or assem-
blies, shielding, or using correct design values in filter networks.

1.2 BASIC METHODS FOR SUPPRESSION OF RADIO INTERFERENCE

Basically there are three ways of combating an interfering sig-
nal to minimize: (1) its generation, (2) its transmission, and (3) its un-
desirable effect an the receiver.

To prevent the generation of interfering signals means to de-
sign all equipment in such a manner that no interference will be gener-
ated. This is obviously the ideal way of dealing with interference prob-
lems because, if no interference were generated, no further attention
would have to be paid to the problem. In some cases, this can be a-~
chieved simply by & proper choice of components. For example, if
there is a choice between two motors for a particular application, one
with a commutator and one without, then all other things being equal,
the one without a commutator should be chosen because this choice would
eliminate all interference due to commutation. Or, in making a choice
of a device to obtain alternating current from a direct current supply,
vibrators should be avoided, because the arcing that accompanies their
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operation is a more serious source of interference than that associ-
ated with other types of inverters.

If the generation of interfering signals cannot be prevented en-
tirely, as, for example, in those sources for which the generation of
interference is inherent in their normal functions, good design may be
able to minimize it. For example, in an ignition system the spark is
essential and cannot be eliminated. But the sxceedingly steep wave
fronts which usually accompany the spark and are the primary cause
of the strong interference fields may not always be essential to the
proper operation of the ignition syetem. Here proper design may be
able to prevent some of the interfering signals {from being generated,
though it can never eliminate all of them.

The prevention or minimizing of the generation of interfering
signals is properly the task of the designer of components of electrical
systems, though some prevention can also be achieved by the manufac-
turer in the assembly of systems.

Since it is never possible to prevent all interfering signals
from being generated, the designer must try to keep them from reach-
ing the receiver. This problem may be attacked at various points.

The task of preventing the interfering signals from leaving the immed-
iate vicinity of the source also belongs properly to the designer of com-
ponents. For example, interference {rom a motor may be kept "bottled
up' entirely within a metal h g, which is an integral part of the mo-
tor and, if carefully designed, may act as a complete shield. The task
of preventing the transmission of interfering signals at points between
components belongs to the designer of electrical systems and the engi~
neer responsible for the installation of components and systems.

Finally, an effort must be made to prevent the interfering sig-
nals from affecting the receiver. Partly, this is a matter of preventing
its transmiseion into the receiver or ite reaching any sensitive circuits
within the receiver. Partly, this is a matter of incorporating epecial
circuits in the receiver which, in one way or another, reduce its nui-
sance value. The task of minimizing the effect of interference on the
receiver belongs properly to the designer of receivers.

1.2.1 SUPPRESSION AT THE SOURCE
Suppression at the source has two basically different aspects:

The prevention or minimizing of the generation of interfering signals,
which is treated in this section, and the "bottling up' of the generated
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interfering sigoal within the source, which is a problem of transmiseion
and will be treated ia Section 1.2.3

Preventing or minimising the generation of interference consists
of preventing or minimising all ary variations of electromotive
forces and impedances. This means that, for each piece of squipment,
the designer must analyse the causes of variati of electr tive forces
snd impedances, eliminate those that are unessential to the proper opera-
tion, and reduce the essential ones to the absolute minimum, Further
consideration of this aspect will be illustrated by the snslysis of individ-
ual P in other secti of thie Handbook. Two cases, however,
involve coneideratt of a general type and will be taken up here: The
prevention of radio interference by bonding and the suppression of arcs.

1.2.1.1 Bonding

Any two points of a metallic structure whether electrically con-
nected or not, may develop a potential difference at some frequency. At
those frequencies for which the dimensions of the structural member are
of the order of magnitude of a wave length, such potential differences are
impossible to avoid in the presence of an electric or magnetic field. At
the lower frequencies, the circuit concept may be used to show that the
potential difference between two pointe of the structure is proportional to
the impedance between the same points. Reducing the impedance will
therefore reduce the potential difference at all frequencies at which this
impedance may be considered as one lumped element.

Between two points which are in an electromagoetic field and
which are electrically insulated from each other, there will exist a com-
paratively strong electric,but weak magnetic field, the latter being caused
by displacement currents only, which are negligible at frequenties below
about 100 megacycles, When the two points are " bonded', i.e., connect-
ed through a path of low impedance, s conduction current will exist with
which is associated a comparatively weak slectric, but strong magnetic
field. The conduction curreat with jts magoetic field {6 much less impor-
tant as an interference generator than the electric field between insulated
points for the following reasons: (1) when the two points are insulated
from each other, even a small amount of charge accumnulated at the points
may cause a large potential difference. When the points sre connected
permanently, no charge can accumulate and the resulting steady etate
current is usually negligible; (2) if the poi are per. tly bonded,
the impedance between them §s much mor- likely to be constant than Ll
the points are separated by a distance which may vary with any mechani-
cal shock or other random motion of the structure. Thus, bonding will
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eliminate the generation of interference caused by a varying impedance;
(3) if the pointe are insulated from each other, the electric field b

them may become large enough to cause an arc or spark discharge of the
accumulated charge. Arcs and sparks are among the most serious
sources of radio interference. This type of arcing is eliminated by pro-
per bonding.

A truly low impedance path is poseible only so long ae the dimen-
sions of the bonded members are small as compared to a wave length of
the interfering signal. At high frequencies, the members must be consid-
ered as transmission lines whose impedance may be inductive or capaci-
tive and have any magnitude whatever, depending on their geometrical
shape and the frequency. Bonding in itself, therefore, does not assure
the existence of a true '‘ground plane' in a system, i.e., the lack of an
appreciable potential difference between any two points of the bonded
members.

Bonding refers to the provision of a low impedance path not only
between two points of the systemn, but aleo between one point of the sys-
tem and a pisce of equipment for which the system serves as ground.
Poor bonding of this kind is a very frequent cause of interference though
it is not ordinarily considered as a source, Rather, poor bonding keeps
other measures of suppression, such as the insertion of filters and pro-
per "'grounding", from being effective,

1.2. 1.2 Suppression of Arcs

Arcs occurring during switching and other processes, which do
not perform any useful function, must be prevented entirely both because
they are serious sources of radio interference and because they produce
a rapid deterioration of the contacts, Devices which help to extinguish
the arc once it is established, such as the mechanical insertion of a di~
electric between the contacts or the placement of a strong magnet close
to the gap, are not suitable for radio-interference reduction because
shortening the duration of the arc does not reduce its effectiveness as a
source of high-frequency disturbances. The only suitable methods are
those which prevent the formation of the arc at the outeet.

By far the moat effective method of preventing arcing across the
contacts of a ewitch is the insertion, in parallel with the switch, of a cap-
acitance in series with a resistance. The purpose of the capacitor is to
prevent the voltage across the contacts from building up sufficiently to
produce arcing; the resistance helps to damp out any oscillatione that
may occur and provides a means of dissipating the energy stored in the

1-6
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magnetic field of the curreat that was flowing before the switch wae opened.
To understand these actions, consider the circuit of Figure 1-1. In this
diagram, E is 8 direct-current voltage source, R, is the load resistor
which is connected to the source when the switch, S, is closed. Since ev-
ery circuit coantajns inductance, L cannot be gero, though it may be small.
The quantity C, is the capacitance between the contacts of the switch when
open, and Ry and C, are the elements of the external network added for

the purpose of the arc suppression. In general, C, is not constant since

it depends oo the position of the contacts. But if Ry is pot too large and

C, is much larger than C,, then C, may be neglected

R, L

Ra

Figure 1-1. Switching Circuit with
Arc-Suppressing Network

It is assumed that the switch, S, is initially closed so that a
steady current I = l:/l‘ flows through it and there is no voltage across
either capacitor nor any current through R,. If then, at time t = 0, the
switch is suddenly opened, the question is: what happens to the voltage,
V, acrose the switch?

Before answering this question, s simpler circuit will be con-
sidered: what happens to the voltage across the switch in the circuit of
Figure 1-2, in which the external arc-suppreseing network has been omit-
ted? The integro-differential equation for this circuit, for all times sub-
sequent to the opening of the switch, is as follows:

t

dai |j‘
a,uz.dt+c‘ idt = E (1-n
o
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where § is the instantaneous current, and the initial condition is that
i = latt =0, The solution of this equation may be written in the fol-
lowing form:
Ry,
2L

i = (Icosuwts = sin wt) @

2wl

3-2)
where: w = \/( 1/c, L) - (R, /2L)*
From this it follows that:
Rl
p—— §
ER;
vVeES [(l-.L-h—l“).um - Ecos .c] e -y

Both i and V show damped sinusodial oecillations provided that w is real.
To estimate the maximum voltage that can build up across the switch, as-
sume that R, is amall so that there ia little damping, Then the maximum
value of V is approximately equal to Iwl a1 C,. Thus, if there were
no capacitance across the contacts, the voltage would become infinite,

To return now to the circuit of Figure 1-1, let the capacitance C,
be neglected since it is in parallel with C,, assumed to be much larger
than C,. Then the circuit is similar to the simple one analyzed before
with the capacitance Cy substituted for C, and the total resistance R, + R,
aubstituted for R,. The major difference is that the voltage across the
contacte is now the voltage across both Rg and C, instead of being the vol-
tage acrose the capacitance alone. The maxima of the voltages across Ry
and C, do not occur at the same time 80 that the maximum voltage acrose
the switch is not equal to their sum. Nevertheless, in order to keep the
contact voltage small, both these voltages must be small.

R, L

I —

T YRR =

Figure 1-2. Simple Switching Circuit
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Proceeding on the same basis as before, to kesp the voltage
across Cy small for a given I and L, this capacitance should be as large
as possible. In order to keep the voltage across R, emall, this resis-
tance should be as small as possible since the maximum value of this
voltage is simply IR,, using the same approximation as before. It may
be noted here that for a value of R, equal to JL?C. the maximum voltage
across C, and R, become equal.

On the other hand, to increase the damping, the total resistance
of the circuit should be high. If weakly damped oscillations of large
amplitudea are permitted to occur, they may produce as much radio
interference as the arc that was suppreseed. In fact, to prevent oscilla-
tions altogether, the total resistance should be sufficiegt for 'critical
damping", i.e., sufficient to reduce w to zero or even make it imaginary.
{ A sine or cosine function with imaginary argument leads to an exponen-
tially decaying function in this case.) The expreseion far w showe that,
for critical damping, the resistance should be equal to 2 VIL/C,, or just
twice the value obtained before. If R, is very small, there could be no
choice of R, that would satisfy both requirements, that of large damping
as well ae that of emall contact voltage. Fortunately, in most practical
cases, R, by iteelf is large enough to provide the damping, and a value
of R, ae little ae 1/100 of the value required for critical damping may
be a eatisfactory choice.

The choice of C, is determined by the values of I and L, which
must be known and can easily be measured, and by the values of the
breakdown voltage between the contacts. The value of C, should be
large enough to keep the maximum voltage, 1 JL;C.. below that break-
down voltage by a wide margin of safety.

In determining the breakdown voltage between contacts, it muet
be remembered not only that tabulated values of dielectric strength (which
is the ratio of breakdown voltage to the thickness of the dislectric between
contacts) are very approximate and that the actual breakdown voltage is
a function of many fuctors such as shape of the contact pints, frequency
and wave shape of the applied voltage, humidity, and temperature, but
aleo that there io a definite and rapid decrease of the breakdown voltage
with altitude due to the decrease of pressure and increase of ionization.
The ratio of the breakdown voltage at any altitude to the breakdown vol-
tage st sea level, other conditions being kept equal, is shown in Figure
1-3,
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Figure 1-3, Effect of Altitude on Breakdown Voltage
1.2.2 SUPPRESSION DURING TRANSMISSION

Once an interfering signal ie generated, it must be prevented
{rom reaching the receiver., Five methode are available far thie: (1)
location, (2} orientation, (3) grounding, (4) shielding, and (5) filtering.

The first two involve extremely simple principles, which can
be stated in a few sentences. The other three require more detailed an-
alysis and will be treated in later sections.

Prevention of the tranamission of interfering signals by proper
location simply means that equipment likely t> generate interference or
lead wires likely to carry interfering currents shauld be mounted or
placed as far away as poseible from all receivers and all power, control,
input, or ocutput leade connected to any receiver. It aleo means that all
equipment should be placed so as to make the maximum use of natural
metallic shielding., Because of the high sensitivity of modern receivers,
because of the possibility of resonance excitation and because of the pos-
sibility of direct conduction, proper location cannot prevent all inter-
fering signals from reaching and affecting the receiver, but it aide great-
ly in eliminating some and reducing most of the remaining interfering
signals at the receiver. The proper location of equipment and wiring for
minimum transmission of interfering signals is the responsibility of the
systems design lay-out engineer.
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Prevention of the tranemissionof interfering signale by proper
orientation of wiring means the utilization of the fact that the inductive
coupling between two circuits can always be reduced to zero by proper
orientation of one circuit with respect to the other; an example ie illus-
trated in Figure 1-4, Here a comparison is made between the inductive
coupling of two circuite that contain a section of parallel wires and that
of two circuite having wires crossing perpendicularly. The amount of
inductive coupling between the two circuite depends on the t of
magnetic {lux of ons circuit linking with the other. Figure 1-4 shows
that the number of flux linkages is a maximum when the two wires run
parallel, and zero when they are perpendicular.

Wire A Wire B Wire A
Magnetic
Flux Set
Upby A
| e}
Parallel Conductors, Perpendicular Conductors,
Maxdmum Flux Linkages Zero Flux Linkages

Figure 1-4. Coupling of Long Straight Wires

Therefore, whenever conductore carrying interference currents and con-
ductors sensitive to interference pickup must be close together, every
effort must be made by the systems design and lay-out engineer to avoid
paralleling themn and to have them cross as nearly as possible at right
angles.

1.2.2.1 Grounding
The word "grounding’ has two different meaninge in connection
with electrical systems. Sometimes it is used synonymously with bond-

ing to mean: connecting a point to the system through s low impedance
path. At other times it is used to mean: connecting a point electrically
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in such a way that it becomes equipotential with all other "grounding"
points in the system. It is this second meaning which gives rise to much
confusion, and many radio interference problems can be directly traced
to a faulty interpretation of this concept.

It is a common procedure in wiring and circuit diagrams to use
the ground symbol to indicate that a point should be connected electrically
to the system. This procedure is unambiguous for direct and low fre-
quency power currents, but objectionable for radio (requency currents.

As was pointed out and emphasized in Section 1. 2.1. 1, bonding tothe struc-
ture does not, in itself, assure the existence of a true ground plane at moat
of the frequencies encountered in interference problems. And it muet be
remembered that the impedance between two points supposedly at the same
“ground" potential need not be very large to cause interference to be trans-
mitted to the receiver.

Consider, as an example, the circuit of Figure 1-5. There are
four different "grounds', one for the receiver, one to which the antenna
is coupled capacitively, one for the motor, which is a source of interfer-~
ence, and one to which the by-paee cond r of the tor ie connected.
Theese four points are labeled 1, 2, 3, and 4, respectively. Assume that
points 1 and 4 are at the same potential and aleo pointe 2 and 3, but let
there be a small impedance between points 2 and 4 ae indicated by the
dashed connection. This impedance, Z, may be caused by poor bonding
or by the fact that the structural member between these points has a emall
effective resistance or inductive reactance at the frequency of interest,
Inspection of the diagram showe that this impedance is comman both to
the interfering currents from the motor and the desired antenna currents
in the receiver, Because of the high sensitivity of the antenna circuit of
the receiver, even a very small interfering voltage developed across Z
will cause an appreciable interfering signal at the output of the receiver.
This example illustrates a very frequent cause of interference.
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The designer of the equipment and systems and the installation
engineer muet always be conscious of the possible ambiguity of ground
pointe in the electrical system. He must keep clearly in mind the fact
that proper "grounding'is not entirely a matter of good bonding, and that
it may be impossible to have two pointa at the same mtential over an ap-
preciable range of frequencies unless the points are physically close
together.

1.2.2.2 Shielding

A shield is » partition between two regions of space such that
the electric and magnetic fielde of interest are attenuated in passing from
one of these regions to the other. All practical shields are made of met-
als of high conductivity.

The shielding action of metallic sheets may be explained in two
ways depending on whether the field or circuit concept is used. According
to the field concept, the shielding action of a metallic sheet is two-fold:
An electromagnetic wave striking a matallic surface is partially reflected,
and the transmitted part is attenuated in its passage through the sheet,
According to the circuit concept, the currents flowing in circuits on one
side of the sheet induce currents in the sheet. The induced.currents pro-
duce (ields on the other side which just cancel the fields due to the orig-
inal currents. Mathematical analysis on either basis is very difficult,
and is practical only for cases of simpe geometry such as shields in the
shape of infinite plane sheets or infinitely long circular cylinders. The
second example finds application in the shielding of cables, but most
shielding problems are not amenable to simple mathematical analysis.

A compilation of the most important analytical expressions for the
effectiveness of shielding in certain simple cases together with their
derivations is given in Chapter 3.

One of the most significant resulte is that a plane electromagnetic
wave is attenuated very rapidly in a metallic medium after entering it
through a plane boundary surface. The fielde decrease expnentially ac-

cording to the law,
-1, zsav S
F = Fge g (14
where F ie the electric or magnetic field intensity at a distance S inches
away from the surface, F, the same field intensity at the surface in the

same unite as F, p the resistivity of the material in ochm-circular-mile
per foot, p the relative permeability (u = 1 for all non-magnetic materiald,
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and f the frequency in cycles per second. This variation is shown in
Figure 1-6. The above equation is exact only when the metal extends to
infinity in the direction of increasing S, but in case of a shield of finite
thicknese the equation is & good approximation when the field at the far
end is sufficiently small. In practice, even a very thin metallic sheet
will allow only a small fraction of the entering energy to pass through it.
In addition, the reflection coefficients of most metallic surfaces to plane
waves are large 80 that only a small fraction of the energy striking the
surface will enter the metal. If a shield muet support itself mechanical-
ly, the thickness required by mechanical considerations is usually in
excess of that required for effective suppressionof a plane wave except
at low and very low frequencies. However, this does not apply tometal-
lic coatings applied to mechanical supports of other materiale. These
coatings are often so thin that no effective shielding action is obtained.
Of course, even a comparatively thick shield might not offer sufficient
attenaation if the source is very strong and the receiver very sensitive.
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Figure 1-6. Variation of Electric or Magnetic Field Intensity
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It is often convenient to define the ""depth of penetration" of a
plane wave for a plane sheet. This ie that value of S, called Sq, which
makes the exponent in Equation 1 -4)equal ta <1, Thus

1

8y = ml:{ = 0. 5079VE (1-5)

Thus, the depth of penetration is the thickness through which the wave
must travel to be attenuated to 1/e or about 37% of its original amplitude.

The depth of penetration of an electromagnetic wave is a concept
closely related to that of the ""skin effect'. Just as the wave, at high fre-
quencies, is very rapidly attenuated as it progresses into the metal, so
the current decreases with the distance from the surface. This crowding
of the current near the surface of a conductor is called the skin effect,
and it gives rise to the increase of the effective resistance of a conductor
with frequency. The shielding action of a metallic sheet may also be ex-
plained in terma of the ekin effect. If the shield is thick enough so that
the currents induced in one eide of the sheet are practically reduced to
tero on the other side, then no electrornagnetic field can exist on the other
side {provided that there is no source on that side) and the shielding ac-
tion is complets. Since the current decreases exponentially, it actually
never reaches the value of zero no matter how thick the shield is. This
shows clearly that there cannot be a perfect shield theoretically. How-
ever, at higher frequencies the decay ia so rapid that the shield need not
be very thick to make the fields on the other side practically undetectable
by the most aensitive receivers available.

Equation (1-4) shows that the effectiveness of shielding, as far as
abeorption within the metal is concerned, is directly proportional to the
thickness of the shield, to the square root of ite conductivity, and tothe
square root of its magnetic permeability. It also shows that the shielding
effectivenees increases as the square root of the frequency so that the
thickness, conductivity, and permeability of the shielding material should
be chosen for the lowest frequency. However. when magnetic materials
are used, it must be remembered that the permeability of most magnetic
substances decreases with frequency. Therefore, an increase of shield-
ing effectivenese with frequency ie not always realiszed. It should also be
noted that, ae far ae openings and joints in ehields are concerned, their
""leakiness " depends on their dimensions measured in wave lengthe, hence
their presence makes the shielding effectiveness decrease with {requency.
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The discussion above, together with Equati (1-4) and (1-5),
is based on plane wavee, It is shown in Chapter 3 that within metals
electromagnetic fields behave like plane waves under a variety of differ-
ent conditions. For example, the remarks about the skin effect and
Equation (1-5) are applicable to most metallic surfaces as a good approx-
imation even for cylindrical waves unless the surface is curved with a
radius of curvature much emaller than a wave length. On the other hand,
the fields encountered in radio interference problems are often not asso-
ciated with plane waves. The actual fields in the vicinity of sources of
interference may be so complicated that ths application of the resulte
obtained on the basis of plane waves may lead to serious errors.

Practical shiclde are usually designed so a0 to enclose complete-
ly either the source in order to keep the interference in, or the receiver
in order to keep the interference out. In either case, assuming that the
shielding material has sufficient thickness, conductively, and permeabil-
ity, the effectivensss of the shield depends o its completely encloeing
the source. The inside (or outside) of the shield must form a continucus
surface of lower impedance than any other possible current path leading
to the outeide (or inside) of the shield. This means that openings must be
avoided, and any joints must be carefully designed eo as to make sure that
good electrical contact is made along a continuoue line. In ignition sys-
tems, which depend entirely on shielding for interference-free operation,
practically all interference troubles have been traced directly to faulty
joint design. When openinge are necessary, as for ventilating purposes,
they muet be specially designed for minimum transmission of interfering
signale. They must interrupt the flow of induced currents in the shield as
little as poseible, and they must strongly attenuate any radiation through
them. Protruding sleeves around the openings, acting as wave guides be-
low their cut-off frequencies, have been found very helpful.

When long cablee are shielded, the cutside of the shield is another
poseible path for interfering currents from sourcee that may have no con-
nection with the currents within the shield. To minlmize this possibility
as well as the effect of any faulty shield or shielding joint design, all cable
shields must be properly grounded at least at each end, and for very long
cables also at intermediate polnte, It might be argued that "ficating"
shields, or shields grounded at only one point, are also effective in pre-
venting undesired currents through them. But it has been found in prac-
tice that grounding as suggested above is more effective despite the lim-
itations pointed out in Section 1,2.2.1.

Certain types of special purpose shielde are sometimes used to
reduce one type of coupling without affecting another. The most important
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example of this is the "Faraday shield," which ie used to prevent capaci-
tive coupling between two coils without affecting the inductive coupling. A
Faraday shield is a set of grounded metallic prongs, arranged somewhat
like the teeth of a comb, placed between two coils. Since the prongs are
not connected at one end, no induced currents can flow through them and
the magnetic coupling is not affected. But the prongs are so close to-
gether that their plane ie essentially equipotential. Thus, no electro-
static coupling can exist between the two coile. Another example of this
is the electrostatic shield around a loop antenna, used to make the antanna
responsive only to magnetic fields. This device is useful when the most
important interfering signals have a much larger ratio of electric to mag-
netic field intensity than the desired signale.

1.2.2.3 Filtering

No matter how well a source is shislded, some electrical con-
nections must be made to it that will break the shield because energy must
be either supplied to it or carried away from it or both. In addition, con-
trol cables may have to be connected to it. These power and control leads
will conduct interfering currents away {rom the source despite all efforts
toward perfect shielding. The conduction of interfering currents may be
impeded by the use of filters or other special networks.

A filter is a four terminal network designed to freely transmit
currents or voltages of certain frequencies while attenuating all others.
To do thie, use is made mainly of reactive slements, i.¢., inductances
and capacitances. The presence of diseipative elements, that is, ele-
ments with effective resistance or pure resistances, prevents the free
transmisaion of desired currents or voltages and is therefore usually
avoided in filters.

Filters are clastilied as low-pase, high-pass. band-pass, and
band elimination, depending on the banda of frequencies to be transmitted
and attenuated.

The elaments of the filter must be 30 chosen that the impedances
looking into and out of the filter remain approximately the same as those
of the transmission line into which it ia to be inserted at the frequencies
it is desired to transmit. This is necessary in order to insure that the
filter does not impair the normal functioning of the equipment at both
ends of the tranemission line. In other words, the load impedance as
seen by the generator should not be changed by the insertion of the filter
#0 that the generator otill delivers the current for which it wae designed
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at the voltage for which it wae designed. And the load should still be fed
by a network of the same open circuit voltage and the same internal im-.
pedance so that it operates exactly in the way intended by the designer.
On the other hand, at the frequencies the filter is designed to attenuate,
the impedances as scen by the generator and the load are different from
what they were before the insertion of the filter - usually either very

The design of {ilters is an art as well as a science since so much
depends on the judgment and techniques used by the filter design engineer.
Filters are discussed in detail in Chapter 4 of this Volume. Formulas,
curves, and tables are given in Appendix [ to assist the engineer in the de-
sign of low pass filters for the solution of interference suppression prob-
lems on a scientific basis, thus avoiding the pitfalls which are almost
certain to be encountered in choosing values of elements on a trial and
error basis.

1.2.3 SUPPRESSION IN RECEIVERS

In spite of all efforts to suppress the interfering signal at the
source and to prevent its transmission, there will always be some such
signals that reach the receiver. In the design of receivers which will
not be susceptible to interference, the designer must strive (1) to pre-
vent the interfering signals from entering the receiver and affecting any
sensitive circuits, and (2) to minimize the effects of the interfering sig-
nals in case they have gained entrance and have affected a sensitive cir-
cuit. The first is a problem of transmission. The second is a matter of
utilizing, in one way or another, any differences that may exist between
the desired and the interfering signal.

1.2.3.1 Design for Minimum Transmission

The probleme encountered in trying to prevent an interfering signal
from entering the receiver have been discussed previously in Section 1. 2. 2.
They are problems of shielding the entire receiver including all antenna
lead-ins, filtering all power and control leads leading into the receiver,
and designing the roceiver in such a way that interfering signals entering
through the output leade cannot affect any sensitive portion of the receiver.
Thie last problem ie a difficult one since filtering in the output leads is
not usually practical, and once an interfering signal hae entered the re-
ceiver, the problems of preventing its transmission to a sensitive circuit
are greatly magnified. Extensive shielding and filtering within the receiver
may, at times, be necessary.
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Attention muet aleo be paid to the location of switching devices
related to recejver operation, Often an antenna relay is found within the
receiver case, thus affording the interfering signals from the tranemitter
an easy entry. The number of leads entering a receiver must be kept at
the absolute minimum, and any device, not an integral part of the receiver,
should not be placed in the receiver case.

1.2.3.2 Bandwidth Considerations

One difference between the desired and interfering signale is their
frequency content. The desired signal containe only frequencies within a
well defined region of the frequency spectrum; {or sxample, the carrier
and two side bands for double eide band transmission in amplitude modula-
tion. On the other hand, the interfering signal is spread fairly evenly
over a very large portion of the frequency epectrum. Of these {requencies,
the receiver accepts only those that fall within its band of acceptance.
Hence, a receiver should be designed 50 as to reduce the width of its
acceptance band to the minimum required for the reception of the desired
signal.

The last sentence muast be interpreted in the Light of the results
of a statistical analysis of random noise. Such analysis shows that the
larger the bandwidth of the receiver, the greater, potentially, could be
the improvement of the signal-to-interference ratio provided the band-
width is fully utilized for the improvement of this ratic. Hence, "mini-
mum' means the smallest bandwidth required for making the fullest use
of the potentialities of the system to improve the signal-to-interference
ratio. Thus, for example, a receiver using frequency modulation will
provide a greater signal-to-interference ratio at its output than one using
amplitude modulation for the same signal-to-interference ratio at the
input, even though it has by far the larger bandwidth. The reason for this
is that the frequency modulated receiver makes more efficient use of ite
bandwidth,

On the other hand, for limiters to be effective, interfering pulses
should undergo as little pulee lengthening as possible. Hence, the band-
width should be as large as possible. Thus, the bandwidth requirements
are contradictory, and the actual design muet be a compromise. The de-
signer must decide, in each case, whether it is better to allow more inter-
ference to énter the receiver and suppreses it later by effactive limiting
action, or to allow as little interference as possible to enter, with the
knowledge that any attempt to limit later will be quite ineffective.
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1. 2. 3.3 Special Circuits

A large number of special circuits have baen developed for the
purpose of reducing radio interference in receivers. Section 2 of Chapter
4 of this Volume discusses five specific circuits presently in general
use: (1) limiters, (2) wave trape, (3) blanking circuits, (4) phase cancel-
ling circuits, and (5) audio filtere.

Their general application to suspected receiver circuitry can
be enumerated here. Lirmniters and blanking circuits are applicable when
the interfering signal coneists of large amplitude pulses whose duration
is very short compared to their period. Wave traps are applicable if the
interfering signal containe only one radio frequency or at moet only a
very narrow band of frequencies. Phase cancelling circuits are effective
against interfering signals whose character and path of entry are pre-
cisely known. Audio filters are used when the interfering signal con-
tains only a small number of fixed audio {requency components.

1.3 DESIGN CONSIDERATIONS FOR SUBASSEMBLIES AND CIRCUITS

1.3.1 GENERAL

Radio interference originates from the operation of the circuite
and/or subassemblies of the system. Consideration of the system itself
is essential only to establish techniques to prevent the interference which
is generated by the circuits and/or subassemblies from being trans-
mitted by radiation, conduction, or coupling to various other eusceptible
subsystems in the system. The ideal method of eliminating the effects of
unwanted signale is to design all circuits and/or subassemblies in such
a way that no unwanted signale are present.

Since source suppression can best be employed in the original
circuit and eubassembly design, the techniques and procedures de-
scribed in the following paragrapha are of major importance. It is of
utmost importance that all electrical circuite and subaesemblies, re-
gardlese of their function or location within the system, be treated as
potential sources of interference.

Electromagnetic interference generated by the operation of equip-

mente generally originates in atationary resonant circuvits. These include
local oscillators, tranemitters, and modulators, which perform functions
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essential to the operation of both radio and radar equi . C tly,
each electronic component must be designed so that cloctﬂul o-cﬂl‘ﬁonc
are confined to the unit itself and not permitted to enter other electronic
components either directly or indirectly, thus causing interference. The
design and interference suppression methods relative to parasitic oecil-
lations, traneient oscillations, arcing, ignition sparkes, and switching
interference are discussed in the following paragraphe,

1.3.2 LOCAL OSCILLATORS

In superheterodyne receivers the local oscillator circuits serve
a useful purpose in supplying an put whose freq y differs from a re-
ceived signal frequency by a conetant difference. The oscillator energy
must at the same time be prevented {rom coupling through any path leading
to the antenna or chasais and risking radiation which will interfere with
the normal operation of adjacent electronic equipment. This ie discussed
under Section 1. 4.3 of this chapter,

1.3.3 FEEDBACK AMPLIFIERS IN TRANSMITTERS

Radio tranemitters are generators of radio {requency energy
which is controlled by the intelligence to be tranemitted. The very heart
of such a generator is the oscillator circuit whose frequency of operation
must be highly stable for the usual transmitter applications. To accom-
plish their purpose with a high quality of tranemiseion, radio transmitters
must be {ree from harmonic radiation, spurious sidebands, distortion, and
hum. Radiation of harmonics ie particularly troublesome in high powered
tranemitters. One percent of second harmonic radiation in a 500 kw trans-
mitter corresponde to a 50 watt power signal level, and can readily pro-
duce an interfering signal over a considerable area.

Negative feedback ie frequently used in transmitters. The block
diagram shown in Figure 1-7 illustrates the operation of a feedback
amplifier.

e Ee——
Signal . Amplifier . Output E
with gain A v
BE
Actual Input = eg¢ Output = E =
Feedback or Pcircuit Aegtd E)

Figure 1-7. Feedback Amplifier Schematic
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The quantity A represents the amplifier gain, and ¢, the supplied signal.
A fractional part, PE, of the output E is added to the external input, so
that the actual input consists of the signal ey plus this fractional part 8 E.
The total input, multiplied by the gain, must equal the output. Thus,

E = Aleg + PE). Representing the gain as the ratio of output to external
input, it is simple to derive a gain formula.

E/es = actual gain
E = Aleg + PE)
E = Aeg + ABE {(1-6)
Aeg = E - ABE
".E/eq = A/(1 - AB) = gain with feedback.

If the faedback opposes the input ¢ignal, then B is considered
negative. The quantity AB is called the feedback factor, and if this
quantity is much larger than unity, then the gain is reduced to -1/B. Thus
when the feedback ie large, the effective amplification depends only on the
value of B, and is practically independent of the actual gain produced by
the amplifier. If the feedback circuit employs a resistance network, the
gain is almost independent of frequency but has phase shift of approximately
0° or180°. 1If it is desired to have amplification vary with frequency, then
the feedback circuit (B circuit) can be designed to have the desired trans-
miseion loss characteristic.

Negative feedback causes a reduction in amplitude distortion since
some of the distortion is fed back to the input through the feedback circuit
and reamplified in such phase as to cancel out most of the original distor-
tion. If D indicates distortion in the output and d the distortion generated
in the amplifier, then

D = d/(1-A8) Q-7

A large feedback factor, (recall that B is negative for opposing phase),
will greatly reduce distortion in the output.

Feedback will modify the aignal-to-interference ratio by the fol-
lowing relationehip. Signal-to-interference ratio with feedback/signal-to-
interferonce ratio without feedback = Ag/A(1-AB). Ag¢ represents the
amplification taking place between the point where the interference is
introd d and the P with feedback. A, represents the same ampli-
fication without feedback. The equation is based on the assumption that
it is the same interference in each case and that the output voltages are
the same. Analysis shows that feedback will reduce interference introduced
in the high level stages of the amplifier, as for example,a poorly filtered
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power supply in the plate circuit of the final tube. It will not aid in re-
ducing interference entering the low level stages, as microphonice or
induced hum, since the feedback affects the interference and normal sig-
nal output to about the same extent,

The preceding paragraphs serve as background for appreciating
some of the benefits of negative feedback. However, oscillations can re-
sult from such feedback because of accompanying phase shift. In the
normal range of frequencies, circuit arrangements are such that feed-
back is negative. At the very low and very high frequencies, the ampli-
fier stages produce phase shifts sufficient to cause the feedback factor,
AB. to change from negative to positive. Oscillations are not usually en-
countered in two stage arrangements unless the feedback factor is made
large. Where there are more than two stages, however, oscillations tend
to take place even with a moderate amount of feedback.

Phase shift depends upon variation in the amplitude of trans-
mission with frequency and ite polarity on the sign of the slope of the
transmiseion characteristics. Where the transmission is constant with
frequency, that is a flat responee, there is no phase shift. If the ampli-
tude of tranemission, "'a', has a constant variation, then the phase shift
ts directly proportional to the slope of the amplitude characteristic.
Expressed as an equation

n da
Phage shift (radians) 1z xqq (1-8)

where da/du represents variation in the amplitude of tranemission ex-
pressed in decibels change in tranemission for an octave change in fre-
quency. In designing a feedback aystem to avoid oscillations it is only
necessary to consider the way in which the amplitude of transemission
varies with frequency. Thus if the feedback factor, AB, hae shifted in
phase by 180° and becomes positive, the magnitude of AP must have de-
creased to less than unity to avoid oscillations.

In frequency modulated transmitters negative feedback will give
the same benefite as in the amplitude modulated system. The problem of
preventing oecillations will also be the same and, therefore. subject to
the same design considerations previously discussed.

1.3.4 MODULATORS
Radar modulators are capadble of producing large amounte of in-

terference. The problem of reducing the interference to meet required
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specifications can and muet be solved by proper designand internal shield-
ing.

Measurements were made on a line type modulator to determine
the best method for reducing interference conducted along the power line.
A single copper sheet between primary and secondary windings served
a8 an electrostatic shield for the power and filament traneformers, Pri-
mary leads were placed ae far from the thyratron as possible and at right
angles to other wiring. The primary power leads were shielded with
copper tubing from the transformers to the point whers they left the modu-
lator case, and this shielding was grounded. Partition ehielding was ueed
to separate the rectifier from the thyratron. These features are illustrated
in Figure 1-8.
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Figure 1-8. Radar Modulator and Pulse Lead Shielding

Interference was reduced to less than 50 microvolts over the en-
tire spectrum, from 0.2 to 20 megacycles, without adding filters. When
used, filters offered additional interference suppression from 0 to 5.5 mc,
but the difference was minor above 5.5 mc, and therefore without justifica-
tion in view of their additional weight and eize. Individual shields were
also used in place of the partition, and offered considerably greater re-
duction in the region of two megacycles. The relative merite of thess de-
sign features are shown in the graph of Figure 1-9.
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1.3.5 TRANSFORMERS

Iron core transformers have a nonlinear relationship exieting be-
tween flux and magnetizing force which produces harmonics in the lower
and upper regions of operation. With high flux densities harmonic genera-
tion results from core saturation. The permeability of the iron core is
not constant and hence the inductance is not constant. Thie the
input impedance of the traneformer to vary in a nonlinear fashion which
produces currents not present in the original input. At low values of flux
density, harmonice are also produced, but they are caused by the varia-
tion of that part of the total resistive component of the input impedance
which represents the hysteresis loss. As this portion of the resistive
component varies, so will the power loss vary, increasing in a complex
manner with the flux density. The higher order harmonics are particularly
troublesome since they may lead to resonance conditions between the sec-
ondary inductance and the distributed capacitance. The energy, once
developed, may readily find a coupling path to nearby receivers through
power leads or even produce radiation strong anough to interfere with
adjacent equipment. Harmonics developed within a receiver by the power
transformer may be pled to the ant with consequent radiation,
through the capacity existing between primary and secondary. This latter
effect, however, is readily cured by the use of a Faraday shield. A
variable permeability at high flux densities may be avoided within extended
limite by using better grade cores suited to a particular purpose. Per-
malloy, hipernik, mumetal, perminvar, among others are characterized
by high maximum permeability. There is far lese harmonic generation
when using permalloy than when using silicon steel, and perminvar is
many times better than permalloy.

The deeigner of electronic equipment, mindful of the severity of
the interference problem, must carefully select an appropriate transformer
suited to a particular purpose wherever iron core transformers are to be
ueed.

1.3.6 PARASITIC OSCILLATIONS

Oscillations which occur at other than a desired frequency, or
outside a tank circuit, are called parasitic oscillations. They may take
place in oscillators as well as in ordinary power amplifiers, and the energy
they represent is capable of reducing the normal output at the operating
frequency to a small fraction of its value. These spurious frequencies give
rise to distortion in linear amplifiers and modulators, and may produce
spurious sidebands, cause flashovers, and other undesirable effects.
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Parasitica may be of higher or lower frequency than the normal
operating frequency of the amplifier or oscillator, When a circuit pos-
seoses sufficient energy storage capabilities and enough feedback of the
proper phase, it will oscillate, and the effect is normally superimposed
on the output of the amplifier or oscillator.

High frequency parasitic oscillations, usually above 30 mega-
cycles, may exist in tuned radio {requency electronic circuite. The cir-
cuits give rise to parasitic oscillations due to the lead inductance be-
tween tube and tank circuit and the interelectrode capacities of the tube.
When large tubes are used, the long leads and rather large interelectrode
capacities, as well as high transconductance of a given tube, increase
the possibility of parasitic oscillations. Ordinary triodes have a feedback
path through the grid plate capacitance. In pentodes there is coupling at
high frequencies since the screen and suppressor gride are no longer at
zero potential because of the ground lead inductance. The coupling
capacities are from plate to suppressor, and from grid to cathode., Part
of the lead inductance is due to the internal wiring of suppressor and
cathode, as shown in Figure 1-10, and the remainder due to the lead
wires of the by-pass capacitor to ground. The capacitor iteelf, at rela-
tively high frequencies, is like a short circuit. This analysis will explain
why tubes designed for ultra high frequency applications have a separate
suppressor grid pin on the tube base. Thia should be directly connected
to the chassis and not to the cathode.

Coupling
Inductance

Figure 1-10. Schematic of Lead Inductance at High Frequencies

For a better understanding of parasitic oscillations and the means
of preventing them at frequencies well above the normal range of operation,
coneider the Class C amplifier illustrated in Figure 1-11.

At high frequencies the capacitances C; and C; of the tank cir-
cuits are practically short circuits, while the tank inductances, L, and Lo
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may be treated as open circuits due to the high impedances at the fre-
quencies involved, Under these conditions, the circuit reduces to a tuned
grid tuned plate oscillator type, as shown in Figure 1.12. The grid and
plate tuning capacities are supplied by the interelectrode capacitances of
the tube, and the inductances, L. and "‘P' by the lead inductances be-
tween electrodes. By comparing this figure with Figure 1-11, it is noted
that the neutralizing capacity is not effective since it forme no part of the
parasitic oscillatory circuit.

Prma- s E%
1 RA—

Figure l1-11, Conventional Class C Amplifier
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Figure 1-12, Class C Amplifier, Equivalent Circuit

The parasitic oscillations may be prevented by inserting a small
resistance, about 1 to 25 ohms, in series with the grid or plate lead. It
is preferable to insert it in the plate lead since it then affects the parasitic
current directly, but is not in series with the main oscillating circuit.
Detuning processes are effective in eliminating parasitica. The resonant
frequency of the grid circuit may be increased, or that of the plate
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decreased, which causes the plate circuit to offer a capacitive reactance
and thus introduces positive resistance into the grid circuit. The detuning
process may also be accomplished by shortening the grid leads to decrease
their inductance and lengthening the plate leads, or inserting a small choke
in the plate lead next to the tube. The resonant frequency of the plate cir.
cuit being much lowaer than the grid circuit, oscillations cannot occur.

Low frequency parasitics occur where radio frequency chokes are

ueed in series with the dc supply to both plate and grid, as shown in Figure
1-13. The equivalent circuit ise shown in Figure 1-14. At (requencies

I ii
RESEMNEARY
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R-F Chokes Ep

Figure 1-13, Amplifier Circuit
[‘ > 2Cpt

Figure 1-14. Egquivalent Paraeitic Circuit
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well below the operating frequency the tank circuits' inductances are effec-
tively ehort circuits, and the equivalent tuned grid tuned plate circuit
employe the chokes, L, and Ly, ae inductances and the interelectrode
capacitances of the tubes as tuning capacitances, Again the neutralizing
condensers are not effective in preventing coupling, since the tubes act in
parallel for the parasitic action, rather than push-pull. Chokes are to
be avoided, if possible. If, however, it is necessary to use them, oscil-
lations will be prevented by a eelection of chokes such that the reaonant
{requency of the grid circuit is higher than that of the plate.

Parasitic oscillations may occur in the grid circuit of a vacuum
tube. Throughout a given voltage range, grid current may decrease as
grid voltage increases because of secondary emiesion. This indicates a
negative grid resistance over that range and may result in parasitic oscil-
lations. Besides the possibility of undersirable oscillations, severe
distortion would be present in the output, and operation within the voltage
range where this action occurs is to be entirely avoided by proper adjuet-
ment of the plate voltage and the grid bias.

Pentagrid and triode hexode converter tubes, which combine the
functions of oscillator and mixer tubes, are characterized by a type of
interaction which results from coupling between the signal grid and virtual
cathode in the vicinity of the signal grid. The virtual cathode pulsates at
the oscillator frequency and thus inducee currents at the same frequency

Output
Cirguit
|1
1
Input b L
Circuit /
| }__
—_ Oncmator/ —_— I t g
- Circuit - Ec, b

Figure 1-15. Neutralization of Space-Charge Coupling




in the signal grid circuit. This effect increases with frequency. At high
frequencies, the tuned circuit of the signal input grid hae a resonant fre-
quency that may differ from the oscillator frequency by only a emall
amount. Thus, coneiderable impedance is offered to the induced current
of the local oscillator frequency. The result is that the oscillator voltage
developed on the signal grid causes the output to drop and to become rela-
tively independent of the input tuned circuit. This space charge coupling
can be effectively neutralized by inserting a capacitance in series with a
small resistance between signal and oscillator gride. This arrangement
is indicated, by dotted line, in Figure 1-15.

1.3.7 RESONANT CIRCUITS

The circuits previously mentioned in Paragraph 1. 3.6, which
were capable of setting up parasitic oscillations, may just as easily set
up transient oscillations. The parasites represent the condition of
esustained oscillations, while the transients are damped oscillatione
decaying with time. Transients may be produced in any circuit when it
is dieturbed by any sudden electrical change, such as a pulee of energy.
or the discharge of a capacitor. Transient oscillations may produce in-
terference in a receiver output such as reduction of the output and intro-
duction of distortion and spurious frequencies. A group of damped oscil-
lations, repeated periodically may produce interference in the output at
the repetition frequency. L only one or two oscillations of appreciable
inteneity are present, or if single pulsee of negligible width act on a
resonant circuit, they may produce disturbances in the output due to
their broad energy spectra.

Oscillations produced in coupled circuits are more complex than
a simple damped train of oscillations in a single circuit. An analysis of
transients in electrical systems results in a mathematical expression of
the voltage'time, current time, and charge time relationships of a sys-
tem. The equations involved indicate the nature of the oscillations, and
how they may be prevented. Applying Kirchof{'s voltage law to the
series LCR circuit shown in Figure 1-16 yields the equation

A di 1 A
E \R-Ldt-:fldtlo (1-9)

An analyseis of this equation was made in Section 1. 2.1.2 and it was shown
there that critical damping exists for the condition R = 2 VI./C. IfR ia
less than 2 V/L/T; the circuit is underdamped, the dissipation is amall,
and the circuit will be subject to damped oscillations. If R is greater
than 2 4L7C, it is overdamped and oscillatione are prevented. The cir-
cuit shown is used chiefly for the purpose of analysis, and the oscillations
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could result from the actual closing of a awitch, or from a pulese of energy
inductively coupled to the circuit induc@ance.

‘.__:V:/\,_ryzm__”c__

Figure 1-16, Series LCR Circuit

1.3.8 ARCING

Arcing as a source of radio interference is discussed in Volume I,
Chapter I, Section 4. Moast arcs that are troublesome in electrical or elec-
tronic equipment occur in connection with switching processes. Switching
transients cause radio interference even in the absence of arcing, but
usually the interference is increased by a large factor when arcs are pres-
ent. Arcing is most severe in circuits having high inductance because it
is the magnetic energy stored in the inductance that must be dissipated in
the arc. Basic arc suppression techniques are discussed in Section 1.2, 1. 2.

1.3.8.1 Ignition Sparks

Present engine ignition systems are good examples of radio
interference generators of the type discussed above because of the steep
wave transients that ensue immediately after the firing of each spark plug.
Figure 1-17 shows the wave shape of an ignition pulse when the out-put of
a magneto is connected to a typical ignition system. This figure shows
that the ignition pulse consists of a fundamental and a seriee of high fre-
quency harmonics that are the cause of radio interference originating in
the ignition aystem.

This interference can be prevented (rom being radiated or
coupled into other wiring if the entire system is encased in a continuous
metallic shield which is adequately bonded to the structure. The use
of filters is usually not satiefactory because any filter sufficiently effi-
cient to remove all high frequency components of an ignition pulse would
also destroy the characteristic wave shape which is essential to the cor-
rect functioning of the ignition system. Spark plugs, which produce the
ignition spark by using the power and voltage developed by the magneto,
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must also be shielded to prevent the radiation of radio interference energy.
Figure 1-18 shows a typical spark plug, threaded into a recessed well in
the cylinder head, as well as the finned metallic enclosure which is em-
ployed to shield and cool the plug.
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Figure 1-17. Wave Shape of an Ignition Pulse

Figure 1-18, Spark-Plug Cooler and Radio Shield




Suppreseors, i.e., impedance elements placed in series with the
high tension lead of the distributor, are also employed to decrease the
level of ignition interference. The purpose of suppressors ia threefold:

a. To reduce the enargy of the ignition impulse to such
a value that spark plug erosion may be minimized.

b. To render the circuit nonoscillatory.
c. To reduce the steepness of the pulse wave front.

It is necensary to reduce the steepnese of the wave front because
even single periodic pulses are capable of setting up oscillations in the
resonant circuits of adjacent receivers if the wave front is sufficiently
steep. The steepness of the wave front is lowered by suppressors be-
cause the added resiotance increases the time required for the current
to rise from zero to its maximum value or to fall to zero from its maxi-
mum value.

1.3.9 T-R BOXES

The tranamit-receive box is a cavity gas ewitch used in a micro-
wave radar set employing a single antenna for transmission and reception.
It prevents the transmitted pulse from entering the receiver and does not
interfere with the reception of the reflected pulse. The box contains a
tube, a resonant cavity which can be tuned, and provision for coupling
Uie input and output circuite to the cavity. Two conical metallic electrodes
separated by a short distance are enclosed in the tube, together with a
slight amount of water vapor to improve the recovery time. The trans-
mitter pulse causes a spark discharge in the tube which detunes the
resonant cavity. This introduces a high degree of attenuation between
transmitter and receiver circuits. The cavity in a discharging state is a
means of rejecting the flow of radio frequency energy, whereas in the
non-discharging state, there is a good match between input and output with
very little reduction in delivered power. The various elements, with their
connections, are illustrated in Figure 1-19.

The T-R box must be well shielded in order to prevent the inter-
ference due to the arc from affecting adjacent equipments. Energy enter-
ing the receiver must paes through the T-R box, and during the interval
of a transmitted pulse, a small amount of transmitted energy will enter
the receiver. This is referred to as leakage power. The leakage power
consists of three components: (1) the "spike' of energy, (2) the flat power,
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and (3) direct coupling power. These terme are explained in Figure 1-20,
which shows a typical leakage power pulse together with an idealized pulse
for comparison.

The energy contained in the spike contributes to converter crystal
failure, and to a far smaller extent so does the power in the flat section of
the pulse. The time interval of the spike has been estimated at Approxi-
mately 1/1000 of a microsecond, and the energy c is ly d
ent on the steepness of the transmitted pulse wave front and the upeuticn
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Figure 1-19. T-R Box and Crystal Mixer
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Figure 1-20. The Shape of the Leakage Power Pulse
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rate. At low repetition rates, (less than 1000 pulses per second), the
spike energy may be reduced by a direct current glow discharge near the
radio frequency gap. A "keep-alive' electrode is supplied in all standard
T-R tubes which provides a continuoue supply of ions and free electrone
to help establish the desired conditions in the radio frequency discharge
path. However, oscillations may result dus to the negative resistance
characteristics of the low current discharge. This produces a cyclic
variation in the number of free electrons and ions in the gap and causes
the spike energy to fluctuate. The mean {ree path of an electron is, in
goneral, of the same order of magnitude as the distance between electrodes,
but very few electrons reach the electrodes because of the very rapid
variations in the radio frequency field. Therefore, electrons oscillate
back and forth, losing energy to the neutral gas molecules and to positive
ions through occasional collisions. A limiting resistance mounted close
to the cap of the ''keep-alive" electrode will minimize the effects of theae
undesirable oscillations. If the oscillations persist, it is evidence of
tube failure or a supply voltage that is too low. The auxiliary discharge
current may be increased, but the T-R tube life would be correspondingly
reduced.

When the radar set is firet turned on, there are no residual ione
in the discharge gap, and during the time of the first few pulees the spike
may have a dangerously high value. A 'crystal gate' is usually provided
to isolate the crystal from the T-R box until stable transmitting conditions
have been reached, and until the T-R tube discharge has been established.
Another important function of the gate is to offer protection to the crystal,
when the radar is idle, from damage by the radiated energy of other
radars operating nearby.

The flat portion of leakage power indicated in Figure 1-20 is, in
general, proportional to the spacing of the gap. Most crystals withstand
flat power levels very well. Direct coupling, however, which is directly
proportional to transmitter power and is a component of the flat portion,
will result in damage to the crystal under improper operating conditions.
This is so when the magnetron develops an appreciable amount of power
at frequencies other than the frequency of normal operation. If they are
in the vicinity of the resonant frequencies for these direct coupling modes
in the T-R box, they may easily be transmitted with little attenuation,
This ie a threat to efficient operation in very high power systeme.

1.3.10 RELAYS

High speed oscillographic measurements of radio interference
produced by relays lead to the following conclusions:
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a. The coil of the relay can be replaced by a capacitor having a
capacitance equal to the distributed capacitance of the coil without altering
the shape of the current transient wave during the first few microseconds
after power is supplied to the circuit, as shown in Figures 1-21A and B.
Thie indicates that the distributed capacitance effectively "shorts ¢ " the
coil during this short interval and is responeible for the generation of in-
terference transients.
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Figure 1-21, Equivalence of Relay Coil to Capacitance
in Initial Closure Current Transient

b, Typical relay coile exhibit a high ratio of inductance to dis-
tributed capacitance, which resulte in high amplitude voltage surges with
steep wave fronts caused by the collapse of the magnetic field about the
relay coil when the current is interrupted. Figure 1-22A shows that the
voltage across the coil rises quickly to the supply voltage of V volts dc
when the circuit is closed, but on the break the potential rises to a
value of approximately 100 times the supply voltage in about three micro-
seconds and then decays to a zero value at a rate determined by the induct-
ance, distributed capacitance, and resistance of the winding as shown in
Figure 1-22B. It should be emphasized that this voltage surge possesses
a steep wave front which ie capable of prouducing violent shock excitations
in receivers tunable over a wide range.
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Figure 1-22. Make and Break Voltages Across a Relay Coil

c. Switching units, with the exception of mercury switches,
display mcchanical bounce or chatter which causes repetitive closures
and interruptions of the current when the switch is closed. The long
duration sweep shown in Figure 1-23 shows the effect of the bouncing
switch contacts when the circuit is made., The high amplitude voltage
surges shown in the figure are evidence that the points remain in contact
sufficiently long to establish an appreciable current in the coil. These
transients developed at the make of the circuit are of greater duration
and severity than those developed at the break of the circuit.

d. In addition to the trfansients due to mechanical bouncing,
there occur rapid closures and interruptions of the circuit. These are at
a faster rate than those due to the mechanical bouncing of the relay con-
tacts at the make of the circuit as described above, This is shown in
Figure 1-24. As the contacts move outward, the contact area.for the flow
of current decreases resulting in local heating, which causes the contacts
to pit and sputter until the circuit is broken. The amplitude of the re~
sultant induced voltage is sufficiently high to imitate '"cold"” emission from
the projecting area of the relay contacts. This is accompanied by local
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heating, which causes the contact material to melt and neck out until the
circuit is again closed. This process repeats at an exceedingly rapid rate
until the relay contacts are separated far enough to prevent the voltage
gradient from rising to the value necessary for cold emission. These
closures and interruptions of the circuit are also responsible for the gen-
eration of steep wave forms, which cauee radio interference in adjacent

electronic circuits.
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Figure 1-23. Bouncing Transients in Closing a Relay
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Figure 1224, Pitting Transients in Opening a Relay

A reduction of the interference is obtained by enclosing the offend-
ing relay and ite associated circuit within a metallic shield,
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The use of low pase filters is probably the most practical means
of suppressing the interference developed by relays or other devices which
dovelop similar steep wave transients, Studies of low pass networks re-
veal that & series inductance, shunt capacitance network transmits the least
high frequency energy. Filters of this type, however, fail to effect com-
plete surge suppression because of the distributed capacitance of the in-
ductance and the inductance that is inherently present in the capacitor leads.
This suggosts that the most effective low pase filter should coneist of an
inductance with the least possible distributed capacitance in conjunction
with a feed-through capacitor. Furthermore, losses may be introduced
into the filter to dampen the low frequency oscillations that may appear in
this system.

A resistor in eseries with a capacitor connected across the con-
tacts is another method used for the suppression of interference. A
capacitor should never be connected across the contacts without including
a series resistance because the discharge of the condenser when the con-
tacts are closed can cause a heavy surge if not controlled by the resistor.
Refer to Section 1. 2. 1.2 for a detailed discussion of this method of arc
prevention.

1.3.11 BONDING CONTACTS

One of the purposee of bonding.as explained in Section 1.2.).1,
is to prevent arcing between adjoining metal parts. Bonding techniques
are covered fully in Volume IlI, Chapter 3. and little radio interference
trouble due to arcing between poorly bonded members may be expected if
these techniques are strictly adhered to. In fact, eince there are many
other reasons for bonding, some of which impose much more stringent
requirements, strict adherence to the bonding specifications will usually
insure the elimination of interference producing arcs between members
and parts covered by these apecifications.

Arcing may occur between two metallic surfaces in the presence
of a strong electric field. as near a transmitting antenna, if the bonding
connection between them hae opened up by corrosion. The resulting radio
interference may well be the only indication of the fact that a poor bond
exists. Another example ie the arcing that may occur between the indi-
vidual strands of copper mesh screening at the cross-over points if good
electrical contact ie not made. It has been observed that the copper mesh
wall of a screened room can be the source of considerable radio interference
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when strong radio frequency fields are present. Good bonding of the
strands at the cross -over points eliminates this interference entirely.
Therefore, it is concluded that the same construction techniques must
be employed for copper mesh screens used, for example, to shield
ventilating louvres of electrical machines.

1.3.12 SWITCHES

Any switching device causes transients during opening and
closing as explained in Volume I, Chapter 1, Section 7.1.2. There-
fore, in the design of all switches used in alectric systems, the radio
interference problemn must be considered from the outset.

As was pointed out in Section 1. 2. 1.2, arcing occurs during the
normal operation of a ewitch when used to interrupt the flow of current. In
fact, the interruption of a current in a circuit may be said to consist of
substituting a highly ionized and therefore conducting gaseous medium,
i.e., an arc, for a part of the metallic circuit, and then subjecting this
arc to strong de-ionizing influences. The arc is extinguished when the
energy stored in the inductance of the circuit is dissipated and the voltage
drops below the value required to maintain the arc. To prevent the arc,
the current, instead of being interrupted, is ch led into ther branch
containing a series capacitance and resistor. Thus, the energy is partly
stored in the capacitor and partly diseipated in the resistor, which also
serves to damp out any oscillations that may occur ae a result of the added
capacitance.

The design of these R-C arc-suppression networks is treated in
Section 1.2.1.2. They muet be used whenever ewitches or relays are
used to interrupt currents large enough to cause radio interference. An
alternative method is to completely shield and filter the unit, and when
the currents to be interrupted are large, this may be the only effective
method. But for small units, the use of an efficiently designed R-C net-
work may make shielding and filtering unnecessary, and great savings in
weight and epace requirermnents may be effected.

1.3.3.6 Fluorescent Lamps

Fluoreacent lampe contain marcury vapor at low pressure which
under electron excitation, obtained by applying a difference of potential
across the lamps. emits invisible ultra violet radiation. This in turn
excites visible luminescence in the internal phosphor coating. A fluares-
ceat lamp ballast - a coil of insulated copper wire wound on an iron core -
is placed in serias with the lamp to limit the current to its rated value.
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Many lamps are also equipped with etarters whose function is to complete
a separate circuit so that a pre-heat current can flow through the cathode
before the lamp operates.

Since basically the light source in a fluorescent lamp is an arc,
considerable interference may be expected. This interference is both
conducted away from the lamp through the power leads and also radiated
directly from the lamp. The radiation takes place mostly at frequencies
above 50 megacycles and is very difficult to control. Shielding with solid
shielding material is obviously not feasible because there is no trans-
parent conducting material. Shielding by means of copper mesh has been
attempted, but such shielding also reduces considerably the amount of
light available from the lamp. The exact {requencies and inteneities of
direct radiation are quite unpredictable and depend greatly on the age,
condition, and type of lamp. For this reason, the use of fluorescent
lamps in the vicinity of any electronic equipment or sensitive wiring should
be avoided entirely.

As far as the conducted interference is concerned, the capacitor
normally connected across the switch contacts to aid starting also aide
greatly in by-passing the interfering current components and keeping them
out of the power line, U the interference reduction with this one capacitor
ie not sufficient, a power-line filter, designed according to the procedures
explained in Chapter 4, must be added. Thus, it is scen that the use of
fuorescent lampe is undesirable aleo from the point of view of conducted
interference. However, the interference originating in (luorescent tubes
is sometimes put to use as the asignal source of signal generators useful
in measuring receiver response in the ultra high frequency range, The
signal generators presently in use are adequate for general testing but
because of their limited power output they are inadequate for testing
wide range receivers.

1.4  DESIGN CONSIDERATIONS FOR RECEIVERS

To minimize the effects-of interference, internal shielding of the
individual radio frequency sections ie ecesential. The firet radio frequency
section of any recejver is the most sensitive and any design feature causing
a reduction in interference at this point has a healthy effect upon succeed-
ing stages.

At least 90 percent of all interference enters a receiver through
the input circuits of the first radio frequency amplifier stage, Interfer-
ence conducted into the receiver by means of the power input cable may
enter the first radio frequency stage through the filament circuit as well
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as through inductive coupling to the internal antenna circuits. The rest
of the interference enters this stage through the external antenna circuits,
(antenna, antenna lead-in) by means of inductive coupling with the inter-
ference carrying wires. The first radio frequency stage must be de-
signed very carefully. Noted improvement is had by adding low-pass
{ilters in series with the first radio frequency filament leads. Lower
susceptibility will result from improved shielding design of the internal
antenna input circuite, Shielding antenna leads inside the set, and shield-
ing input coile and gang d rs will red the coupling to interfer-
ence circuits, whers the shielding is made as continuous as possible.
Continuous shielding is obtained quite well by spacing the screws holding
down the shield about one inch apart. However, the use of multiple con-
tact serrated springs is much more effective for continuous shielding.

An effective way of constructing an internal shield to separate
two stages is the use of a copper shield with & circular hole through which
a tight fitting metal tube may be mounted. If the tube is of the type having
a grid cap at one end and all other connections at the other end, its metal
envelope effectively closes the hola in the ehield, and there is complete
separation of the grid or input and the plate or output circuite of that
stage. Such an arrangement, used for the separation of the radio {re-
quency amplifier from the mixer stage in a superheterodyne receiver, is
shown schematically in Figure 1-25.

e e 2 i)
1 $

Figere 1-25. Mounting of Vacudm Tube Through Internal Shield

This method of tube mounting affords excellent isolation of stages
to prevent stray coupling, The partition shield may serve as 2 common
ground point for cathode and one side of the filament, and for plate and
grid circuit returns. The tuning condensers may be insulated from the
primary shield box, and copper straps used to connect the frame directly
to the common ground on the partition shield. The control shaft of the
condenser may be brought out of the primary shield box through a close
fitting brass sleeve, which will be soldered to the walls of the box. Proper
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proportioning of the shaft hole and the length of the sleeve will make the
brasse sleeve act as an attenuating wave guide.

Interference problems in receivars have been solved in varying
degrees by means of fixes. However, the best approach is to design,
produce, and install the receivers to function with minimum susceptibility
by means of appropriats routing of cables, shielding. filtering networks,
and by adding circuita to the raceiver to materially lower the amplitude
of the offending interference voltages.

Sueceptibility of a receiver to interference is a measure of un-
desirable response of the receiver to interfering voltages at all paths of
entry. It may be expressed in terms of "coupling factor" or "suscepti-
bility ratio.' Coupling {actor may be defined as the ratio of the antenna
input voltage to the voltage input required at the various coupling paths
to produce the same receiver output and is an index of the receiver's
ability to reject conducted interference. Susceptibility ratio, which is
sometimee used, is the inverse of this und may be measured as its
reciprocal.

1.4,1 PATHS OF ENTRY

The major pathe through which interference energy can enter a
receiver are: (a) antenna lead-in, (b) power leads, (c) control leads,
{d) output leads, and (e) receiver case.

Interference input paths and the attenuation of interference
through these paths vary conasiderably with receiver types. These varia-
tions are due to:

a. quality of the case and radio frequency component shielding,
b. filtering of the input power circuits,

c. internal routing of interference carrying wires, and

d. filtering of radio frequency filament circuits.

Tight case shielding containing as few holes as is practical for
cable outlets, and thorough internal shielding of the radio frequency and
antenna circuits will lower the raceiver interference susceptibility.

1.4.1.1 Antenna and Lead-In
Even though interference from all other possible paths of entry

could be eliminated, the would still provide a serious means for
coupling interference into the receiver. Poor placement of the antenna or
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antenna lead-in with reepect to the ignition system of an aircraft, the
radiation field of a radar set, or of the components of its modulating
pulse, may cause large induced voltages which severely affect the output
of the receiver. Peak field strengths of radar tranemitters, in the
vicinity of a ications receiver antenna, may be of the order of
hundreds of volts per meter. Under such severe conditions, interference
may be introduced into the receiver case over the antenna lead-in or
where poor shielding and bonding exist. The antenna and ite lead-in pro-
vide an entry path capable of causing severe interference in the output
despits the freq y discrimination of the receiver. The interference
energy may be so intense as to saturate the firet stage of the receiver.
This type of interference may be caused by low frequency radar trans-
mitters.

The use of a short shielded antenna lead-in wire is perhaps the
best design practice for preventing interference from entering the firet
tuned circuit of the receiver due to antenna lead-in interference coupling.
Amplitude limiting and suppression of the receiver during the radiation
period of the radar pulse are other used methods. The method of approach
will be determined in accordance with the established purpose of the re-
ceiver, although it is best to eliminate interference at the earlicot pos-
eible point in a receiver. Appropriate location and orientation of the an-
tenna is the only corrective measure available to reduce interfersnce
pick-up by the antenna itself.

High rejection should be designed into the receiver to provide
maximuwn freedom from interference frequencies other than the recep-
tion frequency to which the receiver is tuned. When high level interfer-
ence signale are present filtar units or wave trape tunable to the radar
frequencies may be designed and connected into the antenna lead-in wir-
to supprees unwanted frequencies and at the same time offer a neglig'
amount of attenuation to {requencies within the pass band of the re-
Filtering is effective in p= *Snting the condition of fres oecillati
caused by impulse type = .rfirence, for it attenuates the radi
before they can shock .ite the first tuned circuit, An exanm
type of filter used in antenna circuit is illustrated in Fir
The attenuation freq y bandwidth was sufficient to prevr

ence due to sideban: quencies and carrier {requency v e
radar.

Wave trag en used must be installed at thr ‘ana
post or within the «ver case. Such wave traps or neint
of parallel reson:z hoke coils or simply a quarte shoke
coils are genr ral erted in series with the rece’ grid
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leads.

vides satisfactory protection againet very high or ultra high frequeacy
The stub is cut to quarter wave resonance
at the frequency to be attenuated. Twisted wire pairs or parallel wires

interference below 600 mec.

Quarter wave stubs are generally connected between the receiver
antenna poat and receiver case with the far end open circuited. This pro-

are convenient and practical for constructing the stubs. Wave traps

made of a resonant stub using concentric tranemiseion line will have a
sharp cutoff characteristic and are not desirable for use against inter-

fering energy coming in at s frequency of a few hundred megacycles.
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Figure 1-26. Antenna Filter Network for Suppressing Radar
Interference in a Representative Communications Receiver
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1.4.1.2 Power Leads

All primary power wiring in an electrical system is connected to
a common bus bar, Interference sources always.impress some portion
of their output on the power wiring connected to them, unless completely
{iltered. Therefore, radio interference originating in the electrical and
electronic equipments of the system. except the portion attenuated by the
wiring, appears at the input to the receiver. Efficient removal requires
knowledge of the frequency of the offending voltages. Protection against
conductsd interference over the power leads can best be controlled by
suppression at the interference source and through good internal receiver
design. When these means are improperly employed, some external con-
trols are necessary. If the interfering frequencies fall within the band-
pass of the receiver, a filter may be constructed for their removal, and
ineerted in the power line at the receiver plug.

Rotating equipment, radar, IFF, and similar equipments pro-
duce impulse type interference which may readily be conducted to the re-
ceiver by means of the power line. Network filters can be applied to the
power line for attenuation purposes. The design procedure to be followed
in constructing appropriate filters is found under Volume III, Chapter 4.

1. 4.1.3 Control Cables

Electrical or mechanical control cables attached to a receiver,
even though not connected to a source of interference, can readily act as
an antenna, picking up interference by induction or radiation and trans-
fering it to the receiver. Once they pass beyond the screening effect
of the receiver case, there is nothing to prevent the interference from
affecting the receiver output. Cables carrying pulse currents have little
difficulty in injecting a portion of their energy into receiver lead wires,
and consequently causing interference. For example, an overhead water-
pipe or steel beam with radio frequency energy induced in it from a
nearby transmitter can change from a normally good ground to act like a
long wire antenna. At 28 mc there will be a high voltage point approxi-
mately every eight feet; that is, it will have standing waves on it and it
will radiate. Any control cable greater than one-eighth wave length may,
in s eimilar fashion, act as an ant for its r t {req y. and
hence, there is some possible interference frequency at which it acts as
an antenna.

This interference is eliminated by effective shielding of the con-
trol cable. Actually all leads carrying pulse currents should be shielded
and routed separately. However, no interference path may be neglected.
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The control leads should be grouped in & separate connector which in-
corporates an internal grounding ring for better grounding of the shields
to the chassie. Feed-through capacitors located in the connector will
help suppress high frequency interferences.

Electrical control cables which terminate in the receiver and
are run in a group of wires, may introduce interference signals into
the receiver wiring through inductive or capacitive coupling. When
feasible, isolation of cabling is effective; however, in some cases
filters are required. The filter should be applied at the point of entry
of the control cable to the receiver and may easily be incorporated in
the original receiver design. Usually it is a low pass {ilter, and the fre-
quencies to be filterad out may be ultra high, very high, or medium high
frequencies depending on the frequency range of the receiver with which
it is to be used. For this reason it is desirable to include it in the
original receiver design. The low pass {ilter will not attenuate inter-
ference conducted to the receiver on the fundamental {requency of a radar
transmitter. This will require a line filter of ultra high frequency design
installed within the receiver.

1.4. 1. 4 Output Leads

Though designed to carry intelligence, output leads may also
act as 3 pick-up for interference. Frequencies that gain access to the
output circuit may be amplified sufficiently to become noticeable in the
output. A receiver output circuit should incorporate design featureas that
will minimize reverse coupling through the receiver stages and prevent
amplification of unwanted frequencies. Output leads should be kept
separate from any wiring carrying alternating current, and the compact
construction of the receivers may make it advisable to shield the output
system from the radio frequency section within the receiver case.

Once interference signals enter a receiver, they gain access to
amplification stages in various ways and with varying degrees of attenua-
tion. Tuned circuite may be susceptible to coupling with filament or relay
wiring. Inadequate case and interstage shielding are coupling paths which
also increase susceptibility, Production methods of cabling provide tight
coupling between interference carrying wires and high impedance input
and sensitivity control circuits. Receivers employing band switching
appear to be more susceptible because of inadequate shielding between
radio frequency coils.

e N
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The radio interference signals that gain access to the receiver
case must eventually reach the last RF stage or second detector in order
to adversely affect the receiver output. This internal interference path
can generally be sliminated by proper design of the output stage. Reverse
coupling either through the tube itself or through the associated circuitry,
can be greatly reduced by careful selection of circuit components and
internal stage shielding.

If the interference injected into the output leads is at radio fre-
quencies, a simple by-pass capacitor is usually sufficient to prevent its
entry into the receiver. Satisfactory operation is usually achieved by
installing a capacitor betwoen the output "hot'" lead and the receiver case
at the point where the lead enters the receiver,

The use of filtering as well as shielding of the output leads is
sometimes neceseary to prevent radio frequency interference and any
extraneous disturbances. Shielding is accomplished in the conventional
manner.

1.4.1.5 Case Shielding

The primary purpose of the receiver case must be to shield the
receiver from any external interference fields. The number of mechanical
discontinuities must be kept to an absolute minimum, and those that are
required must be electrically continuous across the interface. A multiple
point, spring loaded contact is a very efficient method of obtaining elec-
trical continuity.

Bonded screening of suitable conducting material must be used to
cover all louvres and other apertures used for ventilation.

The multiple point, spring loaded contacts mentioned could be
constructed in a number of ways. In general, a serrated shim.inserted
in the aperture of the discontinuity will be satisfactory, The serration
gives enough spring pressure at its points of contact for electrical conti-
nuity, and no spring pressure is required at any other point on the shim.
A sketch of a spring joint and a serrated spring is shown in Figure 1-27.
The materials used in constructing the shims could be beryllium copper,
German silver, phosphor-bronze, sheet steel, or tempered aluminum.
The receiver case, however, should be constructed of the same material
to prevent corrosion and resultant slectrical discontinuity. U the ma-
terials are different, the shim must be protected by cadmium plating or
alternative methods providing good electrical contact while preventing
corrosion. This practice likewise conforms with service specifications.
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Rivets

Cover

Serrated
A Spring A
Strip

Main Case

(A) Serrated Spring Joint {B) Serrated Spring

Figure 1-27. Multiple Point Spring Loaded Contact Joint

Receiver plugs must be {ree of paint or varnish between plug
shell and receiver case, as well as between the plug and its shell. Such
non-conducting materials at these points produce electrical discontinuities
which could be a source of serious interference to normal receiver opera-
tion. The shield ground likewise muet extend completely around the plug.

Shielding effectiveness also hinges on the thickness of the shield
and the type of material used. The depth of penetration of interference
currents in the metal wall is discussed in Volumne III, Chapter 6. An
excellent degree of attenuation is a definite possibility using thin walled
{ferrous metal shields of high effective permeability, and plated with non-
ferrous metals of high conductivity. Plating the shield with a non-ferrous
metal increases its reflection loss.

1.4.2 SPECIFIC CIRCUITS

Where specific circuits are devised for coping with a certain
type of interference, they may be incorporated ‘n any receiver if that re-
ceiver is susceptible to that interference type. For example, a gated
amplifier is used to operate a radar receiver oanly during selected in-
tervals of time. This same circuit may be used to block a counting ¢ir-
cuit during an interfering pulse, as in the case of an altimeter. Such
pulses may aleo be used as blanking pulses to turn off the beam of 2
cathode-ray tube, in order tn eliminate a horizontal retrace line. A
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baeic circuit performe a basic function. The circuit may be used
wherever there is need for that function.

1. 4. 2.1 Radio Receivers

The tuned circuit of a radio frequency input stage is essentially
3 band pass filter. It usually has the characteristic of high selectivity,
passing the frequencies within its acceptance band, while rejecting all
others. When unwanted signals or interference, comparable in am-
plitude to the desired signals, appear in the frequency ranges adjacent
to the pass band, they are effectively attenuated by the tuned circuit.
Succeeding stages will further attenuate the minor amount of interfer-
ence which does pass through the first stage. However, if the interfer-
ence is very strong, of the order of volts as it may well be from a
neighboring highpowered radar unit, the received impulse will produce
ringing of the tuned circuit at its natural resonant frequency. This effect
is passed along and amplified in conjunction with the normal signals, and
the interference will appear in the output. The same {s true of extremely
strong radiation from a radio tranamitter operating on an adjacent chan-
nel. Even though the transmitted energy is attenuated by the tuned cir-
cuit of the receiver, the response is still high within the pass band, and
the familiar effect known as cross-talk occure in the output, Therefore,
it is necessary to provide for interference reduction by design techniques.

By using more than one radio frequency stage, additional selec-
tivity may be provided between the antenna input and the converter unit,
It s possible to increase both selectivity and fidelity by adding more
stages, in cascadé. This involves broader tuning of the individual stages
to avoid a loss of fidelity by using compact coils wound with relatively
small wire. The resultant reduced Q causes a lose in gain which is off-
set by the additional number of etages. A simple arrangement for in-
creasing selectivity, by means of an extra tuned circuit, is illustrated
in Figure 1-28,

Such circuits will also provide isolation of the oscillator stage
and help prevent radio frequency energy at the oscillator frequency from
reaching the antenna and causing undesirable radiation. However, they
do not satisfactorily suppress interference consisting of strong pulses.
A wave trap in the antenna circuit is required to properly eliminate
strong interfering pulses.

Limiter circuits may be incorporated in receivers with the fol-
lowing limitations:
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a. They are suitable only for use in receivers which have
some radio frequency gain and rectify at a fairly high level, at least
0.1 volt,

b. Limiters are useful for suppressing low pulse recurrence

frequencies below 100 times a second, but are less effective for suppres-
sing those up to 500 times a second.

=

To Converter

P

Figure 1-28, Additional Tuned Circuit Preceding Converter

The length of an interfering pulse may be considerably increased
as it passes through successive stages of a receiver. This is a direct
result of the tuned circuits ""ringing" when subjected to pulse excitation.
The time, tgy, in microseconds which it takes for the amplitude of the
pulse to fall to approximately 4 percent of its initial value is given by the
reciprocal of the bandwidth in megacycles of the tuned circuit:

t, (microseconds) = § /(Bandwidth mc)

The ringing waveform in combination with the local oscillator frequency
will then produce a ring at the intermediate frequency of the receiver
and appear in the output.

A circuit required to pass short pulses without distortion must
be able to pass a wide range of {requencies. For example, a video pulse
amplifier must have a reasonably flat frequency response up to high fre-
quencies. If the bandwidth of a tuned circuit is large, the pulse will not
be lengthened to any marked extent, and, because the pulse is of short
duration, the limiting action will be much more effective. The pulse that
is superimposed on the desired signal, is prevented from reaching the
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audio section by the action of the limiter. At the same time there is
negligible distortion of the desired eignal due to the short time interval
of the pulse as compared to the period of the signal,

However, unavoidable interference power in the output of an
amplifier increases in proportion to the bandwidth, Furthermore, the
gain per stage in an amplifier is, in general, inveraely related to band-
width, so that for a given overall amplification a broadband amplifier
requires more stages than one with a narrower band, It thus becomeas
important te judge the best bandwidth for a particular application.

Pulses with low repetition rates are adequately suppressed by
limiters while higher recurrence rates would cause a proportionately
larger amount of interference at the output terminals. Thus, low
repetition rate and a large bandwidth represent ideal conditions under
which to operate limiters.

The eecond detector is the firet part of a receiver where an
amplitude limiter can effectively be placed. The radio frequency volt-
ages at the input to the receiver are too small to operate any known
forms of limiter or rectifier. Usually the interfering pulse at the sec-
ond detector has not become too long for effective limiting. Pulse
lengthening is a function of initial energy and the bandwidth of interven-
ing circuits. Limiters will require leas operating time with low initial
amplitudes of an interfering pulse and greater bandwidth in the tuned
circuits. The duration of the pulse at the point of limiting is a very
important factor because a portion of the desired signal is affected
every time the limiter comes into action.

Limiters are primarily restrictive devices and distortion will
result from their use, particularly when the input exceeds the limiting
threshold. Limitere of the instantaneous interference peak type gen-
erally distort the output whenever the modulation of the incoming signal
excecds a definite percentage. The distortion effects can be intensified
by the transient distortion characteristics of the audio amplifier. In
general, it is desirable to use triode tubes in the audio amplifier or
degenerative feedback sulficient to prevent oscillations because of in-
sufficient damping of the output circuit.

When both a modulated carrier and pulses of interference are
present at the output of the {inal intermediate amplifier, then the current
through the audio frequency output resistor is of the form shown in
Figure 1-29. If the cutoff point is adjusted to coincide with the negative
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peaks of the audio waveform then, as observed in the figure, maximum
attenuation of the interfering pulse would occur with minimum distortion
of the audio waveform. Under the ideal condition of wide bandwidth, as
is commonly encountered in very high frequency receivers. a series
limiter provides an average attenuation of 30 to 35 db of the unwanted
pulse. These limiters also offer some degree of protection in receivers
operating in the lower frequencies and at their widest possible band
acceptance. Amplitude limiting gives a valuable degree of protection
against atrnospheric and ignition interference.

Time

Amplitude of Current
Through Diode

Figure 1-29. Current Through Limiting Diode
Showing Limiting Action on Interfering Pulses

Parallel limiters are not as effective ae series limiters, and
under the same ideal conditions mentioned previously, provide an atten-
uation generally of about 20 db of the interfering pulse. Furthermore,
they do produce distortion of the audio waveform since they reduce the
output by shunting action, but are not a complete short circuit. The
time, t,, during which distortion occurs, varies inversely with the per-
cent of modulation. In general, it is less than 0.1 millisecond above
50 percent modulation, as may be observed in the typical graph of Figure
1-30.

There are cases where interference pulses with frequencies of
the order of 200 megacycles penetrate the receiver case or enter through
external leads and are internally coupled to the audio {frequency amplifiers
at sufficient amplitude to reeult in grid circuit detection of the pulse. In
such cases satisfactory suppression is obtained by the use of a resistance
capacitance decoupling network. This combination has very little effect
upon the audio frequency signals, but will greatly attenuate the interfer-
ing energy due to the low input impedance of the grid circuit at high fre-
quencies. A typical circuit is shown in Figure 1-31,
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Figure 1-31. R-C Decoupling Network at Input to First AF Stage

It is quite possible for the interference entering through the am-
plifier case or external leads to the amplifier to be present in any part of
the amplifier circuit. This necessitates precautions in each stage of the
amplifier. Generally, the first stage is most important since greater
gain results in subsequent stages. The blocking resistor of the resist-
ance capacitance network is in series with the grid and located as close
as poesible to the tube tetminal. The use of a short connecting lead wire
will minimize interference injection between the series resistor and the
tube. This combination is similar to an L-type filter with the inductance
replaced by a resistance. The resistance should be designed to be much
greater than the reactance of the capacitor for the interference frequen-
cies. A ratio of 10:1 is useful in practice. This permits most of the
interfering energy to be shunted to ground.




Resistance capacitance networke are usefully employed as de-
coupling networke in the plate circuits of an amplifier to prevent inter-
stage coupling and possible oscillations. The voltage output obtained
from a common B eupply is not fixed but varies with the current demand.
Also, any ripple appearing at the output of the power supply filter is
impressed on all the amplifier gride, except the first., When using a
decoupler the voltage across the condenser is very nearly constant and
independent of any power supply variations. The networks act independ-
ently of one another and thus isclate the stages. A cascade arrangement,
where the first stage possesses the largest amount of coupling, is
illustrated in Figure 1-32.

—AAA—— AN 48
Ra Ry
Plate of Plate of
Tube 1 ube 3
L. L

r T 1T .

Figure 1-32. Decoupling Networks in Cascade

The problem of interference rejection in radar receivers is
somewhat different from that encountered in communication receivers,
since radar interference ia nearly always the result of signals occurring
s0 close to the radar frequency that very little can be done by improving
receiver selectivity, The ability to deliver intelligible information to
the radar indicators in the presence of on-frequency interference gives
a better indication of the radar's quality than its selectivity in the usual
sense of the word, i.e., the ability to reject disturbances at frequencies
other than the desired signal frequency.

Most receivere have sufficient amplification to give appreciable
interference outputs in the absence of a received signal, for which reason
the sensitivity of a radar receiver is nearly always determined by its
susceptibility to interference. Furthermore, amplitude modulated
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interference is of greater concern in radar receivers than frequency
modulated interference because amplitude modulation envelopes approxi-
mate rectangular pulses in shape. Since adequate detection of rectangular
envelopes depends more on receiver bandwidth and phase shift than on
linearity of amplitude response, nonlinear amplitude response in the

form of limiting is permissible in most radar receivers., The limiter
suppresses the amplitude modulated interference and produces a visual
output relatively free from interfering aignals, even though the fre-
quency modulated interference actuslly may be increased by the action

of the limiter.

Three main types of receivers are used in radar applications
which differ in regard to the frequency region within which most of the
necessary signal amplification results: (1) superheterodyne receivere
which convert the modulated radio frequency nignals to an intermediate
level, at about 30 megacycles, before amplification, (2) super-
regenerative receivers, which use a regenerative radio frequency am-
plifier, with the oacillations quenched in a time interval about equal to
a pulse width, and (3} crystal video receivers, which detect the modula-
tion signals and amplify the resulting video signals. The majority of
microwave radar receivers are of the superheterodyne type since this
permits the largest amount of amplification to take place in a fixed tuned
amplifier.

At frequencies below the microwave region, the first detector
may be preceded by one or more stages of radio frequency amplification.
The crystal mixer may be replaced by a vacuum tube mixer, The addi-
tional gain obtasined from the radic frequency stages results in better
image rejection, improved signal-to-interference ratio, and reduction
of the radiation of local oscillator power.

Most radar systems today operate in the microwave region, and
mixers for use at frequencies higher than 3000 mc are usually of the
waveguide rather than coaxial type, At these frequencies the local oscil-
lator contributes rather serious interference energy which can be sharply
reduced by using a balanced mixer. One form of balanced mixer is the
waveguide magic-tee, as illustrated in Figure 1-3) with the crystals
installed in the arms of the waveguide, parallel to the electric field.

The arrows in the figure indicate the direction of the electric
field in each arm. A waveguide type of mixer divides the local oscillator
power equally between the two arms containing crystals A and B and
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prevents energy transmission out of the signal input arm. A simple and
rather obvious explanation for such a characteristic follows directly from
the geometrical arrangement of the four arms. The arms containing the
crystal mixers and the local oscillator input arm form a shunt tee and
provide for the continuity of the local oscillator electric field between

the arms. Similarly, the crystal arms and the signal input arm form a
series tes and provide for the continuity of the signal input magnetic field
between the arms. Thus, the local oscillator and the signal input powers
divide equally between the crystal arms when the impedances of these
armse are matched. However, since there is no provision for continuity
of either electric or magnetic components of the transverse slectric wave
between the oignal input arm and the local oscillator arm, no energy can
be transferred {from one to the other. Therefore, local oscillator radia-
tion is minimized through the use of a magic-tee balanced mixer.

Signal Crystal A

Crystal B

LO Power
Figure 1-33. Magic-Tee Balanced Mixer

A crystal mixer has a gain of less than unity, making it manda-
tory to control the interference developed at the input stages of the inter-
mediate frequency amplifier. Triodes are preferred to pentodes in these
stages because of their lower interference characteristice, but they can-
not always be used because of their large input capacitance which leads
to extremely poor performance at frequencies as high as 30 megacycles.
In the circuit shown in Figure I-34 triodes are used in the intermediate
frequency 30 megacycle amplifiers. The triode connected 6AKS vacuum
tube has a load impedance of about 200 ohme presented by the cathode of
the second tube. This low impedance secures stability of the first tube,
whereas in the second tube stability results from the grounded grid,
shielding the input (on the cathode) from the output. The neutralizing
coil between plate and grid of the first tube confers extra stability. It
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helps to prevent the output impedance of the first tube from falling off,
and results in minimizing the interference from the second tube. This
circuit ylelds an intermediate frequency interference figure about 2 db
lower than a similar intermediate {requeacy input-amploying a pentode.

1000} Ebb {about 100 v)

To Pentode
Stages

== = L001 pf

Figure 1-34, Diagram of Grounded-Cathode,
Grounded-Grid Dual Triode Input for 30 MC IF Amplifier

Since interference in the output of an amplifier increases in direct
proportion to the bandwidth, it is important to restrict the intermediate
{requency bandwidth as much as possible. It must be sufficient, however,
for adequate transmission of the signal. If a radar system is employed for
search purposes, then the vieibility of an echo in the presence of interfer-
ence is the primary measure of performance. In that case the best cir-
cuit bandwidth has been found to be 1 /T cps, where T is the pulse .width,
This results in an intermediate frequency amplifier bandwidth of 2/T cps
in order to transmit the double sideband signal at this point. Thus, cer-
tain fire control radar equipments. making use of the leading or lagging
edge of a received pulse for pracise range measurements, require a
broader bandwidth to assure a minimum rise time of the displayed pulse
and consequently a more precise determination of the position of the pulse.
For example, a radar se width of about 5 microseconds would require
a bandwidth of 1/5 x 10°cps or 0.2 mc. A short pulse of 1/5 microsec-
ond duration, however, requires a bandwidth of 5 mec.




Consideration muet be given to the behavior of the radar re-
ceiver in the pr of ive signal strength, as from neighboring
radar or "jamming" signals. Intentional jamming may be of the "'win-
dow'' type, that is, it may be caused by etrips of metallic foil which
cause numerous fluctuating echoes and thus obscure the presence of ajir-
craft or it may be caused by radio waves, either dulated or d
lated from § ing tr ittera. The most ¢ form of modula-
tion ie that by long pulses, termed "railings” because of their appear-
ance on 8 scope. Accidental jamming may be caused by strong echoes
from land targets, rough water surfaces, or clouds. It may also be
caused by othar high frequency equipments, and if so will appear either
as continuous wave or as '"railings" jamming,

The main purpose of anti-jamming circuits is to prevent re-
ceiver saturation. Manual adjustments are impractical because it is
quite impossible to follow the rapid fluctuations in jamming with a
manual control. A signal of 80 db above normal receiver interference
level coupled with 50.db of clutter would appear as a 30 db gignal if
the receiver gain were properly reduced. With normal gain, however,
the signal would be invieible since the clutter would saturate the re-
ceiving system. This is particularly true in the case of an intensity
modulated indicator, such as a plan position indicator. When the beam
intensity is increased too much the focus is destroyed, and the spot is
s2id to "bloom." The plan position indicatore have a small dynamic
range, around 10 to 20 db, and therefore require a limiter stage in
the preceding video amplifier, Thie prevents strong signale from
causing blooming.

The following are four types of circuits useful against jamming
and clutter:

a. Sensitivity time control circuit. These circuits control the
receiver gain as a function of time after the initial radar pulse. The gain
is reduced when the radar pulse is (irst sent out and then gradually in-
creased to normal value as determined by the time constants of the re-
ceiver. Since gain is made a {unction of distance, this circuit is useful
only when a desired echo ia greater in amplitude than the interference
echoes at all ranges, and when their ratio is maintained for increasing
ranges. This is possible only when the interference source is a target
without strong directional characteristics, such as sea or land surfaces.

b. Automatic gain control circuits. An instantaneous auto-
matic gain control rapidly decreases the gain of an intermediats frequency
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etage when the stage output increases beyond a value determined by the
circuit constants. This action prevents stage aaturation. It is advisable
to protect the last two or three IF stages with this type of control. The
circuit usually operatss with a time constant of about 20 microseconds.

c. Short-time -conetant networkes. The coupling between the
second detector and first video stage is provided with a very short-time-
constant network. The network serves to remove or attenuate, by
differentiator action, the dc and low frequency components encountered
in continuous wave or low frequency modulated jamming. The time
constant is usually made equal to the radar pulse width.

d. Bias-control circuits. These circuite automatically supply
a biae to the second detector which prevents the high frequency com-
ponents of interference modulated jamming or clutter from saturating the
video section. The circuit can be designed with a short-time constant.
For this reason a delay network is aleo necessary so that individual sig-
nals will not be reduced in amplitude, i.e., cut off too soon.

The short-time constant and the bias-control circuits are most
effective when used in conjunction with the instantaneous automatic gain
control circuit. At frequencies below the points where the short-time
constant circuit cuts off, the fast time constant and instantaneous gain
control are an effective combination against jamming by modulated or

dulated conti waves. Modulated jamming and most types of
clutter, sspecially that caused by clouds, are best controlled by a com-
bination of bias and instantanecus automatic gain control.

High power pulsed radar systems operating near each other can
readily cause mutual interference, even though there is considerable
separation of their operating frequencies. The radar receiver does not
offer sufficient attenuation for extremely strong off-frequency signale.
Interference may also be caused by pickup of the large vidao signals
radiated from a nearby modulator. Blanking circuits have offered the
moast effective solution to this type of interference. A receiver gating
pulee ie developed and applied to one or more intermediate frequency
grids and synchronized with the transmitted pulse of the interfering set.

Receiver gating can be accomplished in the intermediate fre-
quency or video section. The stage may be cut off by reducing the plate
or screen voltages, by making the suppressor or control grid voltages
negative, or the cathode voltage positive. When applied to an inter-
mediate frequency stage, the gating pulse does not produce any
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diseturbance at the receiver output, since the amplifier cannot amplify the
frequencies contained in the pulse. However, if a video amplifier is gated,
the gating pulse produces a pedestal in the output on which the normal
signale ride. Thie occurs because the video amplifier has an appreciable
response in the range of frequencies contained in the pulse. When the
pedestal is present in the output, it may be removed if necessary. For
example, a pedestal is not permissible when signals are applied to an
intensity modulated cathode ray tube since such a tube is not normally
biased beyond visual cutoff,

A non-pedestaling cathode-gated video stage is illustrated in
Figure 1-35. There is a gain of about unity and sufficient bandwidth to
handle pulees of about one microsecond. The stage is capable of handling
positive or negative signale of & few volts amplitude. A 6SN7 multi-
vibrator (Eccles-Jordan circuit) supplies the gating pulse. V24 and Vpp
are cathode followers for driving the 6SL7 cathode, while V3B carries
the output plate current when V3, is gated off. When V)4 ie conducting,
the positive potential on the cathode of V3p rises sufficiently to cut the
tube off. When V) p is conducting, then V3A is similarly cut off,

J

Figure 1-35. Cathode-Gated 6SL7 Video Stage,
with no Pedestal in Output
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1.4.3 DESIGN CONSIDERATIONS FOR MINIMUM OSCILLATOR
RADIATION

Receivers must not be allowed to radiate signals whose fre-
quency will adversely affect the baeic function of other el onic equip-
ments. There are several sources of incidental radiation in receivers,
but by far the most serious ia the high frequency local oscillator radia-
tion of a recejving system. This is particularly true when the receivers
operate in the very high {req y range or higher, since the local ocecil-
lator frequency is removed {rom the carrier by only a small percentage.
Radiation interference from oscillators can be broken down to two types:
antenna radiation and chassis radiation. Existing literature deals pre-
dominantly with ant radiation with little mention made of the problemse
of chassis radiation. In the lower frequency ranges, where the chassis
ie amall compared to a half wavelength, chassis radiation is no problem.
However, when the chassis size is such as to approach half wave reso-
nance at a particular operating frequency, it becomes an efficient radia-
tor. This is true in the case of television receivers operating in the
frequency range of 174 to 216 mc. The chassis usually is big enough to
approach half wave resonance.

1.4.3.1 Chassis Radiation

Certain measures designed to minimize oscillator radiation are
effective for both the antenna and chaseis types of radiation. The appro-
priate technique of shielding will aid in confining the local oscillator
energy so that reverse transmission by means of the antenna or lead-in
will not occur. It will also prevent the excitation of the chassis, and
thus prevent chassis radiation. Triggering of Airways Marker Beacon
receivers by television local oecillator radiation has occurred and
indicates that this form of undesirable signal radiation does take place
The local oscillator of a television receiver is about 2] mc above the
station being tuned in and when channel 2 is used, 54-60 mc, the local
oscillator frequency is within the region of 75 mc, which is the frequency
of Airways Marker Beacons.

The problem of chassie radiation dictates the need to prevent
the chassis {from becoming excited by the local oscillator energy or to
totally reflect the energy radiated if the chassis is excited. A metallic
receiver case will aid in reflecting energy which is radiated by the chassis,
but the case should be looked upon only as a secondary or outer shield,
and emphasis placed on confining thie energy to the region of the local
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oscillator itself. The metal case functions primarily to permit an inter-
ference free region within.

A high degree of shielding is required in the radio frequency
section of receivers for the purpose of reducing their susceptibility to
interference. It only remains to extend the principle of shielding to
include the problem of oscillator radiation.

Figure 1-36 illustrates an equivalent circuit of shielded local
oscillator. To restrict the electromagnetic fielde to the immediate
vicinity of the local oscillator, the oscillator and mixer circuits must
be inclosed in a conducting shield which is as continuous as possible.
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Cip = Input cap. of mixer capacitance

Figure 1-36. Shielded Local Oscillator Equivalent Circuit

The shield will have to be fastened to the next larger support member
at points of equipotential to minimize excitation of the larger surfaces.
All power supply leads entering the shielded area must be filtered for
radio frequency disturbances. The oscillator must be designed such
that its electromagnetic fields will produce a minimum of current in
the shield material. This may be accomplished by (1) the use of a
single point ground for the entire oscillator circuit, as illustrated in
Figure 1-37, (2) orienting the oacillator coil so that its field induces
minimum current in the surrounding meral, and (3) restricting the
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field due to the oscillator coil by ite own individual shield or vestigial
shielding such as a shorted turn surrounding the shield. Since the

local oscillator drives the mixer or converter vacuum tube, it is necea-~
sary to design the band pass networks associated with the mixer tube
for minimum transmiseion at the oscillator frequencies.

[o——em e emmm e m e o

Figure 1-37. Good Oscillator Design Reduces Chassis Currents

The best approach in designing an uscillator shield is to enclose
the oscillator circuit in a continyously shielded case, using soldered,
"water-tight'’ joints, and even the use of double shielding, if necessary.
Where there may be holes and slots in the shield, a difference of potential
will exist acrose them. By proper orientation of the holes and slots, the
electrostatic field may adequately be confined. However, this is not true
for the electromagnetic field. Magnetic lines of force bulge through any
opening and will excite the exterior of the oscillator shield. This, in
turn, will excite the main chaseis, which will act as a fairly efficient
radiator. Holes and slots must be avoided. Where supply leads enter
or leave the shielded compartment, they must be prevented from acting
as a path of exit for the magnetic lines of force. There must be adequate
low pase networks in the power supply leads. In the case of high voltage
and automatic gain control leads, a series resistor shunt capacitor com-
bination is used. The capacitor must not experience any anti-resonant
effects within the tuning range of the oscillator. An excellent arrangement

1-65

aERCy



of a network designed to prevent spurious resonances within the oscillator
tuning range of ordinary television receivers is shown in Figure 1-38,
The use of a few hundred ohmae in the output and input of this network
helps to prevent resonance occurring in the supply leads exterior to the
tuner. L-C networks are usually required in the filament leads to pre-
vent excessive voltage drop. They are designed to prevent any spurious
resonances in the tuning range of the oscillator. The capacitors shown

in the figure are of the feed-through type.
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Figure 1-38. Network Arrangement to Prevent Spurious
Resonancea in Oscillator Range

Coupling between the magnetic field of the local oscillator coil
and the shield or chassis must be held to a minimum. This can be accom-
plished by a high ratio of length to diameter, by a high permeability core
which helps to confine the magnetic field, and proper spacing from the
chaseis. The epacing should not be less than two coil diameters. There
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is usually a rapid increase in chassis radiation at the high end of the
tuning range when using permeability tuners, due to the field extending
farther in space when the core is removed from the coil. To properly
confine the magnetic field of the coil it is necessary to use both eddy
current and permeability shielding. A combination of magnetic and
non-ferrous conducting materials will serve the purpose. High con-
ductivity metals are desirable since smaller thicknesses are neces-
sary for a given attenuation of a confined field. The thinner shielde
also permit the formation of good joints in the shielding. A metal
thickness of about ten times the depth of field penetration will produce
an attenuation of approximately 86 db in the field intenaity. At a mini-
mum frequency of 80 mc the minimum amount of copper required would
be 0. 003 inches.

The oscillator shield joints must have as large an overlap as
possible to prevent leakage. This may be accomplished by screws or
spring pressure (multiple contact type) which assures continuity in the
shielding. If overlays of copper are used, the shield should be formed
with the copper on the inside. Cold rolled steel plated with copper
offers adequate attenuation, but requiree greater thickness of shield,
and is subject to corrosion. If tolerances are of necessity loose, the
greatest poseible contact is secured in a practical way by the use of
a metal textile gasket, as illustrated in Figure 1-39.

Uncompressed
Metal Textile
Gasket

Figure 1-39. Typical Shield Construction
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1. 4. 3. 2 Antenna Radiation

Antenna radiation can adequately be suppressed by additional
radio frequency stages, extra tuned link circuits, proper shielding and
filtering, adequate RF by-passing, and the use of short leads and com-
pact layout. A well acr d radio freq y amplifier, together with
proper shielding, prevents the energy of the oscillator coil from getting
into the radio frequency amplifier grid circuit. The shielding processes
employed by manufacturers of very high frequency standard signal gen-
erators represent some of the best present day techniques for the pur-
pose of confining local oscillator energy.

However, a well shielded and properly filtered receiver is fre-
quently a source of radio interference due to the local oscillator voltages
appearing on the antenna. This generally occurs when all the possible
paths for interference to reach the antenna are not taken into considera-
tion during the design of the receiver.

This difficulty cannot be corrected simply by improving the
shields or filters; since the local oscillator output is coupled to the an-
tenna by the circuit elements themselves, rather than through improper
shielding or lead filtering. An optimum design must be achieved to re-
duce the effective coupling between the oscillator and antenna terminal
through the mixer and RF stages, and otill not adveresely affect the
operating characterietic of the converter stage. In general, additional
RF stages are the most effective means available to accomplish this.
Refer to Section 1. 4. 4 for a detailed treatment of the use of additional
RF stages in reducing local oscillator radiation.

A converter section of a typical receiver that was producing
high level interference signals is considered herein to illustrate the prob-
lems and techniques involved in reducing radio interference caused by
local oscillator antenna radiation. Figure 1-40 shows a simplified
schematic diagram of the converter section of a typical radio receiver.
The paths over which the local oscillator eignale travel to reach the high
and low band antenna terminals are represented by a series of dots.

The oscillator signal at the antenna terminal may be reduced in
several ways., High "Q's" of the signal frequency tank circuit help to
attenuate the oscillator signal appearing on the antenna. A limit is set
by the increased difficulty of tracking and alignment of the various stages
with increase in "Q." This limit was actually reached in the redesign of
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the preselector in the sample receiver under consideration and alignment
difficulties due to the sharpness of the preselector were considerable.
The "Q" of the mixer tank should also be increased, particularly in the
frequency range where the largest oacillator signal on the antenna occurs.
Teot results showed that because of the above limitation only minor im-
provement could be obtained through increased “Q‘s" in the circuitry.

The cacillator is capacitively coupled to both the low and high
band mixer circuits. Reduction of this coupling would certainly reduce
the interference appearing at the antenna terminals. However, since
this capacitor also couples the oscillator frequency into the mixer stages
for superheterodyne receiver oparation, excessive reduction of coupling
adversely affects the receiver operation.

The following chart shows the effect of varying the coupling
capacitor between the oscillator and mixer circuits on oscillator radia-
tion and sensitivity in the typical converter section.

Coupling Capacitor Ouscillator Signal Senaitivity
10. 0 put 28,000 uv 10puv
2,5 puf 8,000 uv 14 pv
1.0 ppf 3,000 v 25 pv

This clearly demonstrates that considerable oscillator atten-
uation by this method results in an appreciable loss of sensitivity, For
this reason only minor improvement can be achieved through network
coupling change.

Oscillation weakening by reduction of plate voltage, or by any
other means, is in a clase similar to the coupling problem. If the out-
put of the local oscillator is reduced, the interference characteristics
are improved at the sacrifice of performance. In fact, there is danger
of the oscillator failing to oscillate at the low frequency end especially
with a weak oscillator tube.

Reference to Figure 1-40 shows a coupling loop between the
oscillator and high band RF stages. It is conceivable that sufficient
capacity between the tank inductance and the coupling loop could affect
the oscillator coupling. Tests performed on the typical receiver showed
that this capacity was sufficient to produce a near-null in voltage at the
center of the loop. However, further teste revealed that capacity
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coupling of the loop to circuit elements resulted in opposing voltages
which tend to cancel, and reduce the overall coupling effect. The effect
of the total capacity between loop and coil was also investigated by in-
creasing the capacity of one end of the tank coil to'ground, thus in-
creasing the voltage between tank coil and loop, aleo destroying the
cancellation mentioned above. Since no appreciable change in oscilla-
tor coupling was observed, it was concluded that the total coil to loop
capacity, even without the benefit of the cancellation effect, produces
negligible interstage coupling.

The above measures apparently must be considered as second
order effects only. A device is required that will attenuate the oscil-
lator voltage appearing on the antenna terminals without adversely
affecting the seneitivity or other desired characteristice of the con-
verter. Another RF amplifier stage should accomplish this since the
sensitivity is improved by the additional stage, and the plate to control
grid or ecreen grid to control grid capacitance coupling is relatively low.
The choice of slectron tube to be employed is quite important since the
capacitance coupling varies with different tube types.

The following list shows the design consideratione that produce
the maximum reduction in the oscillator radiation without adversely
affecting the overall operation:

a. pentode RF atage,
b. screen injection of oscillator signal into mixer,

c. connecting coupling lead near bottom end of the grounded
tank plate circuit coil and near bottom of the grid tank
coil of the high band mixer,

d. shielding between the input and output sides of the
pentode secket.

These considerations serve to emphasize the fact that coneider-
able time and expunse can be saved by application of sound interference
free design techniques in the original design rather than attempting to
correct an interfering component or system once it has been inatalled.







INTERFERENCE CONSIDERATIONS IN THE
DESIGN OF AEROSPACE SYSTEMS CHAPTER 2

1. GENERAL ASPECTS OF AEROSPACE VEMICLE RFI

To solve the problem of the adverse effect caused by electro-
magnetic interference interacting with aerospace vehicle (aircraft,
missile, and satellite) electronic circuits, it is necessary to classify the
interference according to its source.

Different solutions are required depending on the source of the
radio frequency (electromagnetic) interference. A primary source of
RFIin an aerospace vehicle is that which originates from equipments
ineide the vehicle. This interference can degrade the performance of
any susceptible circuit in the system. Problems associated with this
type of interference will be discussed as system self-compatibility pro-
blemae.

A second source of RFI for an aerospace vehicle is externally
generated interference from other communications - electronics (C - E)
equipments outeide of the vehicle. Because the entry points of this type
of interference are limited, only certain of the susceptible circuits can
be degraded. Problems associated with this type of interference will be
discussed as system-to-system compatibility problems.

Sources of RFI originating from outside the vehicle but not eman-
ating from C-E systems will be discussed as other sources of electromag-
netic interference. Signals from unfriendly C-E systems will not be con-
sidered directly since the philosophy for combating these signale is not
the primary concern of RFI technology,

1.1 PROBLEMS OF SYSTEM SELF-COMPATIBILITY

At present, one of the most important yneolved problems in the
field of systems engineering is the design of a complete aerospace and/
or weapons system so that all the components and sub-eystems are mu-
tually compatible in every respect, For example, one area where com-
patibility ie required concerne the interfaces between sub-eystems. Be-
cause probleme in this area directly concern the proper functioning of the
esystem in an easily observable way, special engineering effort is now de-
voted to assyring compatibility between sub-aystems ae the design pro-
gresses rather than attempting remedial fixes after the sub-systems are
Joined together. Even with this effort, many compatibility problems still
arise when an attempt is made to operate the whole systeam as a unit,
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1.1.1 NECESSITY FOR EARLY RF1 DESIGN COORDINATION

The coordinating efforts of the interface and general systems
engineers deal largely with impedance and signal levels, information and
control flow, and power problems. Very little attention is given to radio
frequency interference problems created by radiating or susceptible sub-
systems and the detrimental effect that these phenomena may have on the
syetern as a whole. As a result, eystem self-compatibility problems a-
rise which are caused by RF1. Since many engineeres do not consciaely
coneider the poseibilities of such interference, the systemn malfunction
may not be attributed to RF1 and may, in fact, be eliminated by cut and
try methods without the engineers even being aware of the existence of an
RFI! problem or an RF1I technology which could solve it. Fortunately, this
situation is less likely to occur as more and more systern engineers and
designers become aware of the likelihood of RFI problems occurring,

1.1.2 CONSIDERATION OF RF! SPECIFICATIONS DURING DESIGN

The introduction of military epecifications such as MIL--26600
and others dealing with acceptable levels of conducted interference, radia-
tion, and susceptibility has done much to make systems and design engin-
eers aware of the consequences of RFI. Unfortunately, in many instances.
the system is designed and constructed without any thought being given to
the applicable RF1 specification until after the system is completed and
its functional requiremente have been met. When the finalized equipment
is then tested, it usually fails to meet the RFI specification. Oftentimes,
to meet the specification, a modification of the equipment is required
which entails coneiderable time and expense.

1.1.3 NEED FOR TRAINING DESIGN ENGINEERS IN RFI

It becomes obvious that one of the firet steps in the effective con-
trol of RF] in aerospace and/or weapons systeme design is the education
of the deaign engineer regarding the consequences of RFI and the preven-
tive measures necessary to minimize it, At present, much more is known
about the consequences of RF[ than about ite pre ion and elimination
and so the objective of this chapter is to extend the scope of RFI technol-
ogy in the areas of prevention and elimination.

1.1.4 INTERPRETATION OF SPECIFICATIONS REQUIRED TO
AVOID DESIGN PITFALLS

Studies regarding RFI suppression techniques, show apparent
deficiencies exist in specifications which deal with the measurement of
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radiation and susceptibility. Ae an example of the problem presented to
a systeme engineer who is seriously interested in preventing RFI by pro-
per original deeign, rather than by remedial measures, consider two
paragraphs from MIL-1-26600, and their implications discussed below
as they affect the designer. (See Vol 1V, for the complete specifi~
cation.)

The firet paragraph is (4. 3. 2) Radiated Interference; it states:

"Radiated interference fielde in excess of the values given in
figures 6, 7, 8 and 9 shall not radiate from any unit, cable (including
control, pulse, IF, video, antenna transmission and power cables) or
interconnecting wiring over the frequency range of 0. 15 to 10, 000 mc for
CW and pulsed CW interference and 0. 15 to 400 mc for broadband impul -
sive interference. This requirement includes the tr itt d tal
spurious radiation, oscillator radiation, other spurious emanations and
broadband interference. Thie does not include radiation from antennas, "

Paragraph (4. 3. 4. 2) on Radiated Susceptibility states:

“No change in indicatione, malfunctions or degradations of per-
formance shall be produced when the equipment ie subjected to a radio
frequency field. This field shall be established with a signal generator
driving the antenna listed below. Care shall be taken to use matching
networks when required. The voltages specified are those calculated to
exist across the antenna terminals. The test satup is shown in Figure 26
for the rod antenna and is similar to Figuree 16 and 17 for the other an-
tennas, with the signal source replacing the interference meter.

Frequency Microvolts Antenna
0.10 to 25 mc 100, 000 4] inch rod
25 to 35 mc 100, 000 35 mc dipole
35 to 1000 mc 100, 000 tuned dipole
1000 to 10, 000 mc 100, 000 non-directive antennas"
Firet, ider the implicati of the paragraph on radiated in-

terference, (4. 3.2) which, incidontally, uses the same antenna setup ae
required by paragraph (4.3.4.2). It should be noted that the drawings
which show how these radiated fields are to be measured indicate a stand-
ardized arrangement which is used regardless of the configuration being
tested. No consideration is given to the fact that the RFI polarisation
might be different from the antenna polarization for some equipments but
not for others. This means there could exist two equipments that both
meset specification and yet one of thern could radiate much more energy
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than the other. A careful examination of all the conditions for the meas-
urement of radiated interference will show additional cases where similar
situations could result, This is not to be construed as a condemnation
of the specification, however. The problem of spurious and leakage ra-
diations from all clasecs of equipments is a very complex one and to be
solved exactly would require a different measurement setup for each dif-
ferent type of equipment, which of course, would be undesirable. The
present specification has evolved as a means of standardizing all radia-
ted interference measurements so that measurements made on an equip-
ment at one facility can be compared with those made at another. Ad-
mittedly, there is a certain amount of arbitrariness about these setups,
but until a better arrangement can be eetablished, this method of meas-
urement must be employed.

The same arguments as above apply to the susceptibility setups
with the additional complication that no provision is made for testing sus-
ceptibility with broadband radiated energy. This fact is not an oversight
but is simply the result of a limitation in the state of the art of acceptable
signal generators. High-powered, broadband noise or impulse generators
do not exist which have the precision required for repeatable, standard-
ized measurements. The only possible way to test susceptibility at the
present time is by applying the highest practical CW signal to the anten-
nas specified and noting if any degradation of performance occurs.

From the above discussion, it should become fairly obvious that
the relationship between the amount of radiated interference that one equip-
ment generates and the sueceptibility of another equipment to this same
radiation is not defined by MIL.1-26600. Many factors beyond those dis-
cuseed above enter into the reasons for this, Among them is: (1) a lack
of knowledge of the incident field strength on the susceptible equipment
since the specification only defines the voltage that should exist across
the antenna terminals; (2) the lack of knowledge of the exact part of the
susceptible equipment that responds to the incident energy: and (3) the
lack of knowledge of the mechaniem and location of the radiated interfer-
ing energy. For any specific.piece of equipment, all of these factors can
be determined, but to do so required measurements which are consider-
ably beyond the scope of MIL-1-26600. Because of these facts, it is nec-
essary to make more specific tests than outlined in the specification when
designing a system so that it will not interfere with itself. The nature of
these teots can only be determined by consideration of the specific equip-
ments involved.

Because of the nature of the specification, it is not valid to trans~
fer the measured db level of radiated interference to the db level of auscep-
tibility to interference, since any relationship would be pure chance. It
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is obvious, however, that in order to guarantee system self-compatibili-
ty. there must be a definable relationship between the energy radiated from
an interfering source and the energy received by a susceptible source.
Possible solutions to this problem must be investigated. Strict application
to the present specifications for every systern, however, would probably
insure a large degree of system self-compatibility, because the require-
mente of MIL-1-26600 are as strict as possible within the ground rules

set up by the specifications, There is a good chance that radiating and
susceptible equipments which both pass the epecification can operate side-
by-side without interference, which is the primary objective, This cannot
be guaranteed, however, and cases may casily come about where inter-
ference will be encountered.

1.2 PROBLEMS OF SYSTEM-TO-SYSTEM COMPATIBILITY

A full discuasion of the question of system-to-system RFI com-
patibility covers an area that must be almost global in scope. Restricting
attention to only those potential RF] sources within a comfortable geo-
graphic area or frequency is becoming increasingly unrealietic in view of
the likelihood of interference of unanticipated origin. Problems of this
nature are not unsolvable, however, and recent progress in RF{ analysis
and prediction, especially the spectrum signature approach, has removed
much of the myetery surrounding system-to-system compatibility.

Potential interfering sources are not anly the known tranemitters,
both ground-based and airborne, using the manifold modes of radio pro-
pagation discussed in this section, but also the freak variety whose use
of these same modes elevates them to equal importance. Discussion here
will be confined to the former type since the latter admits of little intel-
ligent analysis with respect to its presence on the air. The next section,
concerned with design solutions, will take it up more fully.

Ground sources of RFI can be cataloged according to their pro-
pagation modes: radars. sky wave systeme, and scatter communications
apply here. Aerospace RFI sources, although they add the parameter of
mobility, are predictable and warrant discussion also. The above poten-
tial RFI contributors will be discussed in greater detail in appropriate
sections when warranted.

1.2.1 RADARS

The narrow beam-width associated with most radars effectively
limite the problem to those radars skin-tracking the aerospace vehicle
itself. However, the very high power levels of these transmitters, not
only at the principal frequency but also at their respective harmonics,
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can adversely affect the seneitive receivers on board, as well as inject-
ing signals into and through the various parts on the skin of the craft.

1.2.2 RF COMMUNICATIONS
1.2.2.1 Sky-Wave Propagation

The RFI problem involved with sky-wave propagation communi-
cation is two-fold, The first is that the transmitted signal may not, for
a number of reasons, follow its predicted path, Secondly, perfect oper-
ation of a multi-hop path may introduce an earth reflection in an unde-
sirable area.

Unpredictable changes in the abaorption on the ionoshpere and
the interposition of extra refracting el te in the atmosphere and
troposhpere account for most of the off-path problems. The "sporadic
E-layer" phenomenon is a good example of this. The so-called E-layer,
the lowest of the usable ionospheric layers, is also the least uniform; it
is more of a stratum of discrete clouds, at times unreliable as a reflector
or refractor of rf signal. Thus a signal intended for E-layer propagation
may be paseed, through a reduction in absorption uniformity to a higher
layer destroying the intended path. Similarly, an increase in its absorp-
tion may cause attenuation, bending, or even full reflection of a signal
traveling upward to a higher layer or one traveling downward. In addi-
tion, the composition of the ionosphere may be altered, sometimes dras-
tically, by phenomena such as SID's sudden ionoepheric distrubances due
to solar flare, lighting, and the like. High level auroral activity is an-
other contributor.

The other major cause of off path transmiseion, non<donospheric
reflectors or refractors, can assume 3 number of forms. A dense cloud
iayer i{n the atmosphere can intercept a passing signal prematurely and,
if enough power is involved and if the cloud layer is extensive, can create
s tube-like channel of many hops extending for miles. Aircraft can also
reflect signale, although for very short durations.

1.2.2.2 Scatter Propagation

Scatter propagation uses the troposphere and the ionoaphere as
instruments of wave reflection, refraction, and diffraction in order to
effect trans-horizon propagation. Although higher, less infringing fre-
quencies are involved, the showering of RF radiation over wide are
other than that ded for the intended receiver, and at the power lcv-l-
neceseary for this technique, poses all the difficulties involved with
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skywave propagation, plus increasing the problem of undesirable spatial
coverage.

1.2.2.3 Airborne Radiations

Signals from aircraft and satellite transmitters will be sharing
frequency ranges and, ae such, are worthy of discussion here. Aircraft
communication, unlike ground-based, point4o-point communications, is
multi-directional; eignale aimed at no particular receiver are a matter
of procedure., Satellites also tranemit this way because pickup by a num-
ber of receivers throughout the world is desirable. Power levels involved
here are much lower although spatial distribution per transmitter is vast-
ly enlarged.

2. DESIGN CONSIDERATIONS APPLIED TO AIRCRAFT COMPONENTS
FOR MINIMUM GENERATION OF INTERFERENCE

Radio interference originates from the operation of the compo-

nente of aircraft systems. Consideration of the aircraft system itself

is essential only to establish techniques to prevent the inter{erence which
is generated by the components {rom being transmitted by radiation, con-
duction, or coupling to various other susceptible roceivera in the aircraft.
These system considerations are treated in detail under Section 2, 1. The
ideal method of eliminating the effects of unwanted signals is to design all
components in such 3 way that no unwanted signals are generated.

Source suppression is by far the best method of controlling inter-
ference {n most cases and should be applied whenever poesible. Never-
theless, in some components the generation of signale is inherent to their
normal function and eource suppression cannot be employed., This is true
for all transmitters where the signals appearing on the tranemitter an-
tennas are the desired result. Here the interference problem is primari-
ly & system design consideration involving mounting and location of the
antenna, and taking advantage of the shielding effects afforded by the air-
craft structural members and metallic skin. However, source suppres-
sion techniques can be employed in the tranemitter case design and in the
elimination of harmonics appearing on the antenna to reduce the transmit-
ter interference problem considerably by eliminating various unwanted
signale associated with the generation of the desired output signal,

Source suppression is desirable f[rom several standpoints other
than that of interference-free design. Aircraft mai is one impor-
tant reason for utilizing source suppression wherever practicable. The
resulting decrease in required shielding greatly reduces the electrical
maintenance problern. This is especially true when the aircraft is to be
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operated under combat conditions. Flak or gunfire damage at any point
along a conduit would require replacement of an entire rigid conduit as-
sembly and would considerably prolong the non-operational status of the
aircraft while under repair. When flexible conduit is utilized for shield-
ing purposes, ae is the case in all late model aircraft, the maintenance
problem ie somewhat less severe. Nevertheless, damage to any required
ohielding increases the time and cost of repairs.

Since source suppression can best be employed in the original
component design, the techniques described in the following sections are
of major importance. Design engineers should be thoroughly acquainted
with this material to insure good interference-free components, It is of
utmost importance that all electrical components, regardless of their
function or location within the aircraft, be treated as potential sources
of interference.

2.1 DESIGN CONSIDERATIONS APPLIED TO AIRCRAFT SYSTEMS

Present day military aircraft are almost completely controlled
by electrical systems, Even hydraulic systems depend upon electrical
control circuits for their operation. The large increase in number and
complexity of the electrical and electronic systems has greatly increased
the radio interference problem. Close proximity of ¢ P . bund-
ling of wiring into common cables, and high energy interference sources,
have increased the number of pathe over which interference signale may
enter radio and radar receivers as well as the probability for such action.
Radio interference levels that produced no adverse effect whatsocever in
old model aircraft can no longer be tolerated in present day models.

Since sach crew member must operate one or more radio or radar sets,
all indicators and controls involved must be located within the respective
operator’'s reach. This requires bundling of power, indicator, and control
wiring of several systems in the same cables. Figure 2-1 shows a typical
radar compartment installation in a typical aircraft. Here the close equip-
ment mounting. parallel wiring, and wire bundling can be seen clearly,

The radar modulator, IFF unit, alternator, and inverter are located rela-
tively close to one another and their interconnecting cables are bundled
together. This offers the possibility for the high level radio interference
emanating from the modulator unit to enter the IFF and AC power systems
and gain access into many other electronic circuits throughout the aircraft.
Also, the interconnecting cables passing through the compartment may
pick up interference signals and conduct them into the various receivers.
It should be stressed that electrical servo systems and control actuators
may also introduce inter{ering signals into the electronic circuits.




Figure 2-1. Typical Radar Compartment Installation

A typical aircraft electrical and electronic system installation ie
represented in Figure 2-2. This shows the necessity for bundling and
paralleling of circuit wiring. The operational ity for ing con-
trol boxes and indicators close together is also illustrated in this figure.
When it is fully realized that each systern muet operate in conjunction
with the many other systemes in close proximity, then the magnitude of
the systermn installation problem can be appreciated,

Design engineers of electrical and electronic systems must be
thoroughly familiar with the installation problems and techniques to in-
sure interference-free operation in the original lay-out. The system
must be 50 designed that interference signale cannot enter or leave the
system due to conduction, radiation or inductive or capacitive coupling.
Proper observance of good source suppression and systeme design tech-
niques will guarantee satisfactory functioning of all electrical and elec-
tronic aystems regardless of their number or complexity.
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2.1.1 ELECTRONIC SYSTEMS

Electronic systems are generally susceptible to interference al-
though any one of them may be capable of generating interference which
can affect some other electronic system. The arrangement and intercon-
necting wires of the component parts of each of these systems within the
aircraft presents an array by which interference may couple into the sys-
tem. An analysis frormn the radio interference point of view of each of
these systeme can be made without any prior knowledge of how interfer-
ence rmay actually couple into or leak out of the system. Various compo-
nents of each aystem are either susceptible to picking up radio interfer-
ence or generators of interference or harmonice. If the assumption is
made that the source suppression of '"noisy'' components cannot be abso-
lutely perfect, additional design considerations such as routing of wires,
dhielding, shading, arrangement and location of equipment are necessary
to insure interference-free operation of the systern and should be pointed
out to the design engineer to increase his appreciation of the overall pro-
blem. Moreover coneideration should be given to reducing the suscepti-
bility of various parts of the system 80 as to tolerate the presence of
interference fielde without many adverse effects. This in no way advo-
cates a "tailored" installation. It is merely intended to illustrate to
any individual design engineer why and how he must broaden his viewpoint
of the radio interference problem and where in the design of the general
layout of a system attention must be given to certain special considera -
tions. Many specific examples exist where interference entered or leaked
out of a systemn as a result of poor design practice. The following sections
describe typical installations which serve to point out some of the general
considerations, Each of these has peculiar characteristice as to power
supply, antenna location, receiver-transmitter combination, etc., which
deserve enumeration and illustration to create a picture of the nature of
the physical situation under connideration.

2.1.1.1 Radio Range and HF Systems

High Ireguency radio systems used in present day aircraft are
designed to provide air-to-ground communication utilizing voice, code, and
tone modulated CW transmission. Essentially, the system is a multi-
channel radio receiving and transmitting equipment used for HF command
and radio range purposes consisting of (1) three receivers with frequency
ranges of 190 - 550 ke, 3.0 - 6.0 mc and 6.0 - 9.1 me; (2) two transmitters
with 5.3 - 7.0 mc and 4.0 - 5.3 mc frequency ranges, (3) remote control
boxes, and {4) a modulator, all located in the cabin on the top radio shelf

in the navigator's compartment; (5) an a relay d in an inverted
position on the cabin overhead, and (6) two wire antennas running between
three masts located on the top of the fuselage, (one for the range receiver
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and the other {or the tr. itter and the d receivers). The HF
equipment provides transmission on two preset ch is and reception
through the frequency range of 3.0 - 9.1 mc. The low frequency receiver
receives radio range signals in the 190 - 550 kc {requency range. Ina
typical installation this system serves the following stations: (1) pilot,
(2) co-pilot, {3) radio operator, (4) radar-navigator, {5) two observers,
and (6) tail compartment stations.

The receivers and transmitters are potential radio interference
sources and are also susceptible to radio interference. Since the compo-
nents of this system are widely separated there is a strong possibility
that interference signala can enter or leave the system by radistion or
inductive (or capacitive) coupling from the system wiring. Conductive
access to and from the HF gystem is aleo provided by the interphone and
power systems. The paths over which interference can enter or leave
the system as shown in Figure 2-3 are: (1) antenna leads, (2) power leads,
(3) mechanical remote control cables, (4) interphone connections to the
earphone and microphone, and (5) penetration of case. There is also the
possibility of intersystem interference through the antenna relay.

The circuitry of the HF system should be arranged and compo-
nents placed so that a minimum of shielding and filtering is required.
Reference to Figure 2-3 shows that the HF system is directly connected
to other electrical and elactronic systems in the aircraft through connect-
ing cables: (1) DC power supply to transmitter and receiver dynamotors,
(2) receiver audio output to interphone oy ., (3) tr itter micro-
phone connection to interphone systems. These lines should be filtered
to prevent interference from entering or leaving the system by conduction
(refer to Chapter 4 of this Volume for details of filtering and filter de-
sign).

The long antennas, the relatively long antenna leads, and the long
HF system wiring increase the susceptibility of the overall system to radi-
ated interference as well ag increase the interference-source potentialities
of the system. This can be reduced by proper routing and shielding where
necessary, In general, the antenna lead to the range receiver is adequate-
ly shielded and bonded to prevent interference difficulties over this path.
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However, if this antenna lead should be routed very close to a high energy
interference source, additional shielding would be required. The command
receiver leads are shielded between the receiver rack and the antenna re-
lay s0 as to be relatively interference-free. The transmitting antenna lead
between the tranemitter rack and the antenna relay as well as the antenna
lead from the antenna relay to the command antenna are not shielded and
therefore introduce a serious interference problem,

The long HF system wiring extending the length of the fuselage
in a typical installation provides a meane of coupling interference signale
into or out of the HF system, If these cables are bundled with other sus-
ceptible system wiring, or other probable interference-generating system
wiring, they should be shielded, unless rerouting is practicable.

Satisfactory HF system operation in conjunction with the electri-
cal and electronic systems in actual aircraft installations depands largely
upon the care exercised by the designer in applying radio interference
suppression techniques to the installations of other aircraft syatems as
well as the HF system itself, However, in any event, observation of de-
sign techniques outlined in this book together with specific attention to the
particular problems discuseed herein should result in a system free from
objectionable radio interference.

2.1.1.2 Very High Frequency Radio Receiver Systems

Very high frequency radio systems used in present day aircraft
are designed primarily to provide air-to-air or air-to-ground communi-
cation. The system is generally composed of a radio receiver, radio
transmitter, power junction box, antenna, control units, and necessary
interconnecting cords. In early models the transmitter, receiver, and
power junction box were housed in separate cases while later more com-
pact deaigns have incorporated all three components in one case.

Any one of eight channels within the VHF range may be selected
for operation. Remote operation is provided by a remote control box and
control cables. An audio output signal provided by the VHF receiver is
available at any one of the interphone stations.

The installation of representative VHF Radio Set in a typical
aircraft has been aelected as an example. The discussion to follow ap-
plies specifically to this particular layout. However, since all such eys-
tems are functionally similar, generality is still maintained.
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One antenna is utilized to radiate or receive radio-frequency
energy by the VHF eystem. This antenna ie generally mounted on the
top or underside of the fuselage, near the pilot's or navigator's compart-
ment. The pilot's remote control box is mounted within reach of the pilot
when seated at the flight controls. In a typical installation one interphone
control box each, located within reach of each crewmember, would be pro-
vided for the pilot, co-pilot, navigator, and radio operator. The receiver,
transmitter, and power junction are d in the partment behind
the pilot. There are no components located in the tail or wing sections.
Interconnecting corde are bundied with other electrical wiring passing
through the compartment

The three principal components, receiver, tranamitter, and
power junction box, are potential radio interference sources, Of thease,
only the transmitter and receiver are susceptible to radio interference,
Even though the functioning of the control and power junction boxes may
be unaffected by interference eignals, they may serve as paths of entry
for undesired signals.

As shown in Figure 2-4, interfering signale may enter the trans-
mitter case by way of the (1) antenna terminal, (2) antenna connection from
the receiver, and (3) power and control cables,

Interfering signals may enter the receiver case over any of the
following paths also shown in the figure. These are: (1) antenna terminal,
{2) power and control cable, or (3) through mnetration of the case. A de-
tailed discuesion of receiver design techniques for interference-free op-
eration is given in Chapter 1, Section 1,4,

Interference entering the transmitter case may be radiated
and manifest itself at receiving stations on the ground or in other aircraft,
in the form of di bing dulati producing "noise" in the respective
audio output systems. Since this has not been particularly disturbing, the
problem will not be discussed further except to point out the possibility
and to recognize that these pathe of entry do exist. Some future installa-
tion could alter the situation sufficiently to produce malfunctioning in the
transmitter or in ground stations if proper design techniques are not care-
fully considered during the functional design of the transmitter system.

Tra itter case radiation and bar ic generation have caused
considerable difficulty in aircraft installations. The design of the trans-
mitter housing in the t ypical case selected, did not include screening of
the ventilating louvres. The inspection plate on the base of the chassie
made poor contact with the case and the electron tubes with glass envelopes
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were radisting appreciable energy. It was neceesary to incorporate the
following modifications in order to reduce the interference generated by
the transmitter to within tolerable limits: (1) shield and bond firet tripler
and final stages, (2) rivet a metal screen to the inside of the cover to
reduce radiation through the ventilating louvres, (3) bond the inspaction
plate on the base of the chassis with a copper gasket, (4) install a bonding
strap around sach shock-mount, and (5) replace troublesome glass tubes
with metal tubes. These difficulties would not have appeared in the orig-
inal installstion if proper component design had been observed. A detailed
discussion of interference-free transmitter feedback amplifier design io
given in Chapter 1, Section 1.3.3,

The VHF receiver has caused interference with other electronic
systeme in the aircraft. Automatic selection of the various channels by
an electrically operated, motor-driven, channel-selecting mechanism
occurs when any one channel push button is depressed on any remote con-
trol box. This band-change motor caused excessive interference over a
wide band of frequencies. The interfering signales were present on all
interconnecting cables and also appeared at the supply terminals. Since
the interference was present only during the "warm-up" period and during
the band changing period, no corrective measures were attempted in the
typical case selected for discussion. However, it ehould be emphasized
that this type of interference need not appear in a system, even for short
time intervale, if proper component design techniques were applied dur-
ing the original design to suppress the interference at the source, A
detailed discussion of interference~free design techniques for small mo-
tors and receivers is given in Chapter 1, Section 1. 4 of this Volume and
Volume I, Chapter 1, Section 7,1.1.

Considerable interference was generated within the VHF syetem
by the dynamotor power unit in the power junction box. Filters were in-
stalled in the power junction box to suppress the dy 12 tor
interference at the source. It was also discovered that the high voltage
leads wers exposed to radiation from the dynamotor after leaving the fil-
ter. Rerouting these leads reduced the interference to a permissible level.

In the original installation, components ehould be placed, and the
circuitry arranged so that a minimum of filter components are necessary,
Reference to Figure 2-4 shows that the VHF eyetem is directly connected
to other electrical systems in the aircraft through connecting cables: (1)
receiver audio output to interphone system, (2) tranemitter microphone
connection to interphone system, (3) DC power supply to power junction
box. These lines can be filtered to prevent interference from entering or
leaving the eystemn by conduction {refer to Chapter 4 of this Volume for
details of filtering and filter design).
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Lead Wire Ges:::::or R:;;:‘:r
Function Qutput In volts
In volts
Antenna Post 0.32 1,55
Channel Selector A 0. 26 8.5
Channel Selector B 0,23 1.7
Channel Selector C 0.26 10,2
Channel Selector D 0,27 2.0
Channel Selector E 0. 26 3.0
Channel Selector F 0.26 8.0
Channel Selector G 0,27 10.3
Channel Selector H 0,27 10.4
+200v 0.26 10.4
Audio Low 0.26 7.0
Time Delay 0.26 10,4
Ground 0. 26 [ B4
+28v 0.27 10.6

* Denotes wires which were not filtered,

the receiver,

All other wires in this

cable were filtered to prevent the 12 mc signal from entering

Figure 2-5b.

Susceptibility Tests of VHF Receiver




An interesting interference problem was encountered with this
system which illustrates some poor design techniques. Interference was
noted in this VHF receiver whenever the HF tranemitter of another sys-
tem wae operated at 12 megacycles, the IF frequency of this receiver,
Disconnecting the receiver antenna did not eliminate the interference.

The test described below provedthe interference was entering the receiv-
er via the power and control leade. The signal generator was tuned to

12 megacycles and the modulation was 30 percent at 1000 cycles per sec-
ond, The signal wae applied to the antenna poat and the individual wires

in the cable shown in Figure 2-5a with the results tabulated in Figure 2-5b.
The background interference level at the output was 0. 65 volts with the an-
tenna disconnected and no signal applied.

In this particular installation, the leads were filtered to alimi-
nate the interference. Two faulty design practices created the need for
ten filters; however, if these had not existed, the added weight, cost,
etc., would not have been required. They are:

a. The HF transmitter antenna lead-in was unshielded and
rather long. The 12 mc signal radiated by the lead-in was picked up on
the control wires of the VHF receiver and interfered with its operation.
The antenna lead-in had to remain unshielded because the transmitter
output circuit was not designed for the load presented by a shielded
lead-in.

b, The VHF receiver circuite were interference susceptible
due to coupling between the IF wiring and the control and power wiring.
It should be noted that the IF rejection of the antenna inputcircuit was
far better than the equivalent rejection for the susceptible wires in the
cable.

Overall deaign considerations for the system could be improved
by reducing the number of separate comp with the ¢ quent elim-
ination of external wiring. Some of the later model VHF systema have
incorporated the receiver, transmitter and power unit in one cass. This
compact construction is advantageous from the standpoint of shielding,
wiring, and overall interference-free design,

The VHF antenna system is provided with a feed-through insula-
tor, coaxial cable to transmitter, a switching relay in the tranemitter,
and a coaxial cable to the receiver. This type of antenna design ia in
agreement with sound interference-suppression techniques and actual
installation experience has proved this arrangement satisfactory.

i,




This system serves as an excellent example to point out the
necessity for thoroughness in considering the intarfarence problems in
the design of any eystem. Poor transmitter and @
design as well as poor system shielding and ﬂluring have producod a
system that is a relatively ostrong radiator of interference signals. If
good interference-suppression design techniques had been employed in
the overall systern as well as to the components of the system, the need
for the syetem fixes described above would have been eliminated and a
satisfactory operation would have resulted in the original installation.

2.1.1.3 Search Radar Systems

Airborne search radar systems are designed to present a visual
representation of a portion of the earth's surface or objects on a radar
scope to supply accurate navigation and bombing information independent
of weather and visibility conditions. This system is generally compoaed
of (1) an antenna assembly, (2) transmitter-receiver unit, (3) modulator,
{4) indicators, (5) synchronizer, (6) rectifier power unit, (7) junction
boxes, (8) control units, (9) gyroscope, (10) directional coupler, (11)
blowers, (12) servo amplifier, (13) camera attachment, and {14) various
interconnecting cables. The antenna is operated by a servo motor so as
to ecan a portion of the area under and around the aircraft. Circuits,
controls, etc., are arranged to radiate radio frequency pulees, synchro-
nized with the indicator sweep circuits, into the region searched and to
receive the returning reflected signals or echoes. These received echoes
vary in strength because of the different reflecting properties of the ob-
jects in the area scanned. Each received signal is converted by the equip-
ment into a light spot on a cathode-ray indicator. Since the intensity of
the light spote are dependent upon the amplitude of the received signal, a
light and dark map-like pattern appears on the radar scope. There is no
audio output eignal from the systern. The antenna assembly is generally
mounted on the underside or in the nose of the aircraft. All other com-
ponents are mounted in the compartment behind the pilot where they will
be accessible to the navigator or radar operator. Due to the large num-
ber of components, considerable interconnecting wiring is required and
a large portion of the system wiring is bundled with other electrical and
electronic systemn cables that pass through the compartment.

The installation of a representative model search radar set in a
typical aircraft has been selected as an example for discussion of design
techniques for interference-free operation, In this system, the receiver
output is a visual pattern displayed on the radar indicator scope, and any
unwanted signals which find their way into the radar receiver case must
be capable of disturbing the indicator pattern in order toconstitute an
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interference problem. In Volume 1, Chapter L, Section 3.1 the nuisance
value of interfering eignale in various types of receivers is discussed in
detail.

The components in a typical search radar installation that should
be given special attention as potential interference generators are: {1) an-
tenna aseembly, (2) motor driven fans, (3)receiver-transmitter unit, (4)
indicators, (5) synchronizer, (6} modulator, (7) power unit, (8) eervo am-
plifier, and (9) the gyroscope unit. Of these units, those that can aleo be
classed as '"receivers' under the extended definition of receiver given in
the introduction of Volume [ are items (3), (4), (5), and (8). Even though
the functioning of the other components of the system is unaffected by
interference signals, they may serve as paths over which interference
may enter or leave the aystem.

Figure 2-6 illustrates the paths of interference signale in a typi-
cal search radar systern and shows the most vunerable points for inter-
ference signale to enter the system. Interfering eignals have gained ac-
cess to the various suwceptible components over the paths shown and have
eventually exercised sufficent influence on the indicator pattern to consti-
tute an interference problem.

The location of the antenna assembly of a radar eearch system
is particularly important. When the general design of the aircraft requires
mounting the antenna in a location where the radar receiver-tranemitter
field to the sides or to the rear ies blocked by reflecting surfaces, standing
waves of high amplitude will generally be established in the antenna system.
This results in faulty operation of the radar set. Considerable reduction
of this type of radio interference can be obtained by coating the reflecting
surfaces involved with material to absorb as much radio {requency energy
as possible. Such rneasures are eosentially the only means available for
eliminating the dieturbance when relocation of the antenna aesembly is not
feasible.

Interference in this typical installation entered the radar system
also over the power cables. This disturbance wae suppressed by insert-
ing a filter at a convenient position between aircraft power supplies and
the radar system junction box, Some difficulty wae also encountered
when the cable from the contol unit to the synchronizer and the cable from
the synchronizer to the indicator were mounted too close to the power
cables of either the radar system or other aircraft wiring. Thie was cor-
rected by separating the power cables and the radar systemn indicator or
synchronizer cables by at least 18 inches when installing the system wiring.
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Radio interference tests have demonstrated that search radar
systems introduce a severe interference problem in other aircraft systems,
In a typical installation the search radar pulse modulator circuite caused
interference in the liaison and radic compase systerns. Extended filtering
and ehielding was ineffective. Probing of the radar cabling indicated a
high interference level over extensive lengths of various cables. This sug-
gested that external filtering would be very difficult and that source sup-
pression within the modulator together with the rerouting of certain por-
tions of the cabling would be the most efficient solution. For a discussion
of modulators refer to Chapter 1, Section 1.2, 4.

Radio interference from the computer appeared in the audio out-
put of the radio compass. Shielding of the radio pass sense
was required to prevent interfering signals from entering the radio com-
pass receiver,

In the typical case under discussion, intermittent interference
signals caused by the determination-switch operation and tracking -con-
trol operation appeared in other electronic systems on the aircraft, At-
tempts to filter all radar power cabling at the power connections proved
useless., As shown in Figure 2-6, interfering signals from remote units
must travel through long unshielded cables to reach the filter. This per-
mite coupling of interference into other aircraft wiring as well as coupling
into the search radar circuite. In addition, all power wiring had wire re-
turn circuite from the power unit to the main filter, and filters were pro-
vided for these wires just prior to grounding. This indiscriminate use of
filters eerved no useful purpose, unnecessarily increased the length of
the system's wiring, and required the use of unduly large connectors to
handle the extra pins. Here again, source suppression would have more
efficiently guaranteed an interference-free system in the original instal-
lation.

Reference to Figure 2-6 shows that the Search Radar System {a
directly connected to other electrical systems through the AC power sup-
ply cable into the main junction box. A filter is provided in this line to
prevent interference from entering or leaving the system by conduction,
However, the greatest interference problems in thie typical search radar
system were caused by coupling into other aircraft wiring. This coupling
was traced to the facts that (1) the modulator unit was not adequately bond-
ed to the airplane structure, (2) surplus pulse cable was coiled and
clamped next to aircraft wiring, (3) the AC lead from the modulator to
the external blower was shielded, but 'grounds” on the shields were too
long, (these leads were '*hot" from the modulator pulse and it was neces-
sary to ahorten leads to one inch), and (4) the coaxdal antenna cable for
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the Loran receiver passed through the interference field around the mo-
dulator, (although grounded at both ends, the cable provides an efficient
path for conducting the interference to the liaieon receiver because both
receivers used the same antenna), and (5) coupling also occurred inside
the liaison tranemitter since the external power wires leading to the
transmitter were exposed to the interference field and the interconnected
internal wiring wae in close proximity to the receiver antenna-grounding
lead. Appreciable improvement in future designe and installations can
be obtained by the application of the following procedurss to obtain inter-
ference-free operation:

a, Ground all four pulse cable shielde at the connectors. (It
was found that in some cases only one of the shields was grounded because
of greater ease of assembly, a practice which resulted in the lose of much
of the shielding effectiveness.)

b. Install a suitable filter in series with an AC lead from mo-
dulator to external blowers.

c. Install the modulator and receiver transmitter as far as
posasible from other radio equipment, especially the liaison and radio
compass receiveres, These receivers should be in a separate compartment
if possible,

d. The pulee and high voltage cables should not be bundled with,
run parallel to, or placed less than one foot from other radio and aircraft
wiring. At least eighteen inch separation should be maintained for cable
lengths over twenty feet.

e, Keep all wiring associated with the radar set well isolated
from other aircraft wiring.

f. Locate modulator and receiver ~tranemitter units so that
pulse cable lengthe are held to a minimum.

g Since the pulse cables are prefabricated in fixed lengths,
extra cable is sometime coiled to take up surplus. In case this ie neces-
sary, the coil should be placed in the bomb-bay or other isolated com-
partments and adequately spaced from other wiring.

h. All radar components should be properly bonded to the air-
craft structure by application of the techniques discussed in Chapter 3 of
thies volume. The modulator and receiver-tranemitter units should have
at least two such bonds of shortest practicable length,
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i The ac lead from modulator to external blowers should be
filtered with a portion of the lead between modulator and the filter shielded
and grounded with short leads.

3 In case interference is encountered due to penetration or
leakage of the pulae cable shield, the interference may be reduced by
gounding the shield at intervals of approximately 5 fest.

Some of the later modele of search radar equipment have incor-
porated improved design techniques reasulting in a considerable reduction
in the interference trouble described above. Much of the difficulty caused
by long cable lengths and modulator radiation have been eliminated by
placing the modulator, transmitter and receiver in one metal case. Fewer
component parte, reduction of interconnecting wiring and better relative
location of circuit elements have also improved the overall design from an
interference standpoint. However, even with these improvements, coneid-
erable trouble is still caused in other electronic systeme by search radar
equipment. The high energy pulse output of the radar constitutes a proli-
fic source of interference. In an improved version of a typical search
radar system, shown in Figure 2-7 the paths for interfering signals to en-
ter or leave the radar system are indicated, Some of the interference
problems encountered in the improved version and the modifications made
in an effort to attenuate interference are discussed below:

a. Excessive levels of interference were present in the high
voltage, modulator pulee circuits which coupled interference to all inter-
connecting wiring and coaxial cable within the receiver-transmitter. Thie
interference was decreased by the addition of filters and by-pass conden -
sere on the interconnecting wiring, and by the substitution of double~-ehield-
ed coaxial cable for the single-shielded cable. The leads to the external
blowers were shielded to confine the interference to the receiver-trans-
mitter unit. The grounding of the video and AN connectors to the junction
box were improved by removing the paint [rom the connectors : Refer to
Chapter 3 of this volume for a detailed discussion of direct bonding.
Furthermore, the mating surface between the receiver-transmitter lid
and case was cleaned in order to obtain a direct metal-to-metal contact.

b. Interference was generated within the synchroniser unit by
the transients in the sweep and intensity-gate signale for the indicators as
well as in the steep pulse for triggering the modulator. The level of in-
terference wie decreased by shielding the lines within the unit and the
120-volt leads to the antenna assembly and the two indicators.

c. A high level of video interference in the indicators was
caused by thermal agitation and by the shot effect in the receivers and
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was coupled by induction into the interconnecting cables from the two B+
leads between the indicators and the synchronizer. This interference wae
attenuated by the insertion of an R-C decoupling circuit in the B+ leads.
Interference emanating from the case of the indicator was attenuated by
shielding and grounding the gain control ptentiometer and grounding the
case of the intensity-control poteatiometer. Further attenuation of iater-
ference was obtained by grounding the indicator through a shock-mounted
bonding jumper. Refer to Appendix IV for a detailed discussion of shock~
mounted bonding jumpers.

d. Sparking at the commutatora of the direct-current motors
and the make and break action at the sector-scan switch points were the
sources of interference within the antenna assembly. The motore were
shielded to decrease the level of radiated energy and a line filter was used
to attenuate conducted interference. Capacitor spark suppressors and
filters were ployed to att te interference generated by the sectoring
switches.

From the above discussion it can be seen that this radar system
continues to be a high level interference source in spite of the improve-
ments. Although the corrective measures taken reduced the level of
interference considerably, the radar set failed to meet the requirements
of Specification No. 16ES (Aer) and MIL-1-6181, In order to meet the
specifications the system should be redesigned with the following inter-
ference-free design featuree incorporated:

a. The modulator unit should be totally enclosed within a mesh
shield whose joints have been welded or soldered. Refer to Chapter 3,
Section 1.3 for a detailed discussion of a mesh shield. To provide a low,
radio{requency impedance path to ground, the shieid should be clamped
or screwed to the chassis. Furthermore, all power and control leads
should be filtered by the use of a feed-through capacitor st the point of
entrance, The superior attenuation characteristice of feed-through cap-
acitors are discussed in Chapter 4, Section 1,2.5. Thie method of shield-
ing and filtering will confine all interference generated by the modular
pulse circuits to the modulator unit, All other circuite in the receiver-
tranemitter unit should be relatively interference-free.

b. The use of inherently interference-free components in the
radar eyestem ehould be stressed. Alternating current induction motors,
rather than fractional horsepower dc motors, should be used whenever
possible. A detailed discussion of commutation, the worst offender of all
sources of radio interference in rotating machines, is given in Chapter S,
Section 2,2, When a fractional horsepower dc motor must be used, it
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should be completely shislded and equipped with a line filter as explained
in Chapter 5, Sections 2.3 and 2.4. Vacuum tube switching circuits are
preferred to vibrating contacts such as relays or vibrators because these
devices generate high levels of interfarence. If the use of relays or con-
tacts cannot be avoided, the unit should bs snclosed in a metal ohield and
all connections should be filtered,

2.1.1.4 Interphone Systems

Combat interphone systems are designed to provide interphone

ication bet: the various etations of a multiple place aircraft
Switching facilities are provided by means of jack boxes at each inter-
phone station to enable the crewman to exert partial control over the
radio system required for the diecharge of his duties. Examples of radio
systems which can be partially controlled at the vazrious stations in ad-
dition to the interphone system are: VHF, Liaison, Command, and Radio
Compass.

The major components in a typical interphone system include an
interphone amplifier, dynamotor, jack boxes, headphones, microphones,
microphone switches and control panels. The quantity and type of compo-
nents used in a epecific installation is dependent upon the tactical needs
of the aircraft.

Pathe of entry of interference are shown in Figure 2-8. Interfer-
ence problems arieing from typical aircraft installations are given below.

The dynamotor mounted on the chassis of the interphone amplifier
causes interference in the output of many radio-frequency amplifiers in~
corporated in the various electronic systems due to the conductionof in-
terference through the common power supply. This interference wae sat-
isfactorily attenuated by the uee of a properly designed radio-frequency
filter. Audio-frequency interference which was extremely apparent in
the output of the interphone amplifier was decreased to a sufficiently low
level by bonding the dy tor to ground. Refer to Chapter 3 of this vol-
ume for a diecussion on bonding. Dynamotors, small unite designed to
convert direct-current power from one voltage magnitude to another, are
prolific sources of both audio and radio-frequency interference primarily
because they contain two commutators. Refer to Chapter 5, Section 2.2
of this volume for a discussion on commutation,

Interference was found to enter the interphone amplifier by
conduction through the direct-current bus where ripple voltages ae high
as 4.4 volts at a {requency of 4000 cycles per second were measured,
This interference, originating in the surface-control hydraulic boost
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pump motors, was effectively attenusted by the insertion of a filter illus-
trated schematically in Figure 2-9.

28 Volts ’m\ m Amplifier
3mh

dc 3mh

b

0, 4uf o

=

2000uf

-

-

Figure 2-9. Line Filter for Surface Control Motors

The preceding problermns were a result of interference being con-
ducted into or out of the systern. The following examples illustrate pro-
blems caused by interference coupling into or out of the system,

a. Interference, coupled by induction from the power wiring
to the interphone amplifier, was prevented by maintaining a minimum
spacing of 50 inches between the power wiring and the amplifier.

b. Inductive and capacitive coupling of interference from the
power wiring into the interphone wiring of a specific aircraft installation
was eliminated by replacing the original, eingle-wire interphone system
with a two-wire system. The two wires were twisted, enclosed in a metal

hield, and a mini distance of 12 inches maintained between shield
and the power wiring. In general, the results of interference tests indi-
cated that for greater interference-free operation all single-wire systems
should be replaced by two-wire systems. Variatione of the two-wire sys-
teme have been satisfactorily used depending upon the function of the air-
craft, For example, satisfactory operation of an interphone system in
cargo planes, which are relatively free of interference-generating de-
vices, has been accomplished by the use of two unshielded wires. In
contrast, satisfactory operation of the same systemn installed in bombing
aircraft could only be accomplished by the use of two wires enclosed with-
in a shield. The wiring systems employed in aircraft installations in
order to their effectiveness in suppressing interference are:

(1) Two twisted wires in a common shield,

(2) Two pamsllel wires in a common shield,




{3) One shielded wire with a common return path, or
two unghielded wires.

{49 One unshielded wire using the structure as a return
path.

c. Interference was present in the interphone system when the
pilot's microphone switch wae opened but disappeared when it wae closed,
This was caused by the coupling of interference by induction to the micro-
phone switch wires which were run through the control column remote from
the microphone as shown in Figure 2-10. Interference was attenuated to a
certain degree by grounding the column, but much greater improvement
was obtained by using a relay in the pilot's microphone wiring and by run-
ing relay control leade rather than the microphone switch wiring in the
control column.

Microph l,"-‘L £ {\ “'\ [ Interphone |
Jack Box . i \ } Amplifier
ST oo
A
(A
[+ —————Microphone Switch Wires

in Control Column

Microphone Switch in
L 7 pilor's whee

Figure 2-10. Routing of Microphone Switch Wires

d, The dynamotor mounted on the interphone amplifier chassis
was the source of interference preeent in the liaison receiver in a certain
installation. Interference was coupled from the power leads of the dyna-
motor into adjacent aircraft wiring and aventually coupled into the un-
shielded antenna leads of the liaison receiver. This interference was at-
tenuated to a satisfactorily low level by the insertion of a filter in the mwer
leads of the dynamotor,

e. In another typical installation, the liaison transmitter was

mounted in close proximity to the interphone amplifier. Interference was
inductively coupled to the audio input transformer of the amplifier from
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the armature windings of the dynamotor employedas the power source of
the transmitter. The level of interference was decreased sufficiently by
enclosing the transformer within a metallic shield.

f. The close proximity of the microphone and headset leads
resulted in capacitive coupling between the input and output circuits of the
interphone amplifier and caused audio oscillations in the interphone system.
In order to prevent any oscillation (rom occurring, the amplifier compo-
nents were connected so that the output and input circuits were as far out
of phase as possible throughout the audio range of 100 to 20, 000 cycles per
second. This phasing was accomplished by connecting the secondary of
the output traneformer so that the signal voltage acroes the output lead and
ground is out of phase with the signal voltage impressed across the input
lead and ground,

The most recent design of an interghone system features an in-
dividual amplifier at each interphone station rather than a central ampli-
fier. Ae a result, the audio signal ie amplified at the source and conduct-
ed at higher levels and requires a minimum of amplification at the other
interphone stations., This prevents the low "'noise" levels in the lines
from being amplified to an objectionable degree. Furthermore, the high
level lines (high signal-to-interference ratio) permit the use of dynamic
microphones which increases intelligibility by 65 to 95 mrcent, Boom,
mask, and hand-held microphones are examples of the interference-
cancelling types in use.

The design aleo features a two-wire system which has a central
ground return path. It ise possible that through the use of higher level lines
some shielding previously essential in the original design could be elimi-
nated, However, eince interference tests have not as yet been conducted,
sufficient shielding has been incorporated in the new design to insure ade-
quate interference attenuation.

2.1.1,5 Liaison Systems

Airborne liaieon systems are designed primarily to serve as an
air-to-ground communication link utilizing either voice or code transmis-
sion,

In general, such systems consist of a transmitter, transmitter
key, fixed antenna, radio receiver, antenna coupler, dynamotor, and in-
terconnecting cables. The tranemitter and receiver operate over a fre-
quency range of from 200 to 500 kc and 1.5 to 18,0 mc. An audio output
eignal provided by the receiver is available at any one of the interphone
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etations. The installation of a 11s100n set in a typical aircraft has been

selected as an example of an sirborne liaison system. The discussion to
follow applies specifically to this particular system., Howsver, because
of the similarity of all such syetems, there will be no loss of generality.

A fixed antenna is mounted on the top or under the fuselage near
the radioman's comp t. All tuning adjustments ars made at the
transmitter or receiver in the radioman's P t. Nor te con-
trole are provided. A liaison receiver audio output and a liaison trane-
mitter microphone input are provided at edch interphone control box. In
general, one interphone control box is located at each of the stations for
the pilot, co-pilot, navigator, and radio operator. The power source bus,
antenna coupler, and Loran receiver are d in the compartment be-
bind the pilot. There are no components Jocated in the tail or wing sec-
tions. Interconnecting cords and cables are generally bundled with other
electrical wiring passing through the compartment. Navigation and search
radar controls, radio altimeter indicator, Loran indicator, etc., are ex-
amples of types of equipment whose wiring is frequently found in a typical
bundle. Exciter regulators and radars are ples of equip: ts that
would be mounted in the same aircraft sections.

Since in this system the receiver output ie an audio signal in the
headset, any unwanted signale which find their way into the receiver case
muset be capable either of producing audible interference in the headset or
of preventing functioning of the receiver in some other way to constitute
an interference problem. In complete systems such as this one the paths
of entry of unwanted signals may be many and devious. In this case of the
particular receiver in this representative system, the many paths of entry
are illw trated in Figure 2-11. Thie figure shows also that while the func-
tioning of the other components of the system may be unaffected by inter-
ference signals, they may serve as a part of a path of entry for the unde-
sirable signale. For example, interference wae picked up from the radar
modulator on the lead bet the dy tor and the lisison transmitter
which would not have occurred had this lead been routed differently, This
interference did not affect the operation of the transmitter, but within the
transmitter itself the dy tor and leads were bundled together
and the interference reached the liaison receiver via the antenna connection.
Here it was amplified and appeared as serious audio interference in the re-
ceiver output,

A brief explanation of the interference problems as shown in
Figure 2-1) follows, some selutions are shown in Figure 2-12 but for the
sake of clarity only a few are included,
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a, Interference was picked updirectly on the opn-wire antenna
lesd-in which wae conducted to the liaison receiver causing uneatisfactory
operation, It was determined that the antenna lead to the receiver could
be shielded but that the transmitter antenns lead could not since the shield-
ing capacitance would det the tr itter put stage. The solution
used ie illustrated in Figure 2-12, and may ba considered s satisfactory
interim measure. Proper design, however, would permit the use of a
shislded antenna lead-in for both the transmitter and receiver since har-
monice as well as the carrier frequency of the transmitter are being radi-~
ated from the unshielded tranemitter antenna lead-in and constitute a
source of interference to other equipment,

b. Interference from the radar modulator was picked up on
the lead betv the dy tor and the liaison transmitter and was con-
ducted into the transmitter. Within the tranemitter the antenna lead to
one of the tranamit-receive relays was bundled in with the dynamotor and
other power wiring. The interference was thereby coupled into the an-
tenna lead to the receiver and was conducted to the liaison receiver causing
unsatisfactory operation. Removing the receiver antenna lead and rerout-
ing it ae in (a) above and as shown in Figure 2-12 is one possible solution.
Another solution would be to isolate the antenna lead from the power wir-
ing within the transmitter by shielding and/or rerouting, The latter would
be preferable practice in initial design stages since it is poor practice in
any event to bundle interference susceptible wiring with other wires likely
to conduct radio interference. In other circumstances a filter in the lead
from the dynamotor to the transmitter might be dictated, but only as a last
resort siace it would involve added equipment and weight,

c. Interference was conducted into the receiver on the inter-
phone and DC power leads, which caused unsstisfactory operation. At
this stage of design, filters were installed in the troublesome leads as
shown in Figure 2-12 in order to reduce the interference to a tolerable
level. This means added equipment, weight and cost., Preferably, the
receiver should have been designed for less susceptibility to interference
on these leads by improved shielding of the RF and/or IF stages and pos-
sibly better routing of these interphone and power leads within the receiv-
er. Electrical cleanness (isolation) in the wiring of tranemitters and re-
ceivere is preferable to mechanical neatness achieved by carefully bund-
ling all the wires together into a cable and lacing them together.

d. In this particular installation the bomb salvo cabling (an
entirely independent syestern) was routed very close to the exciter regula-

tor and to the liaison receiver cover in the region of the cooling louvres.
Interference wae coupled from the exciter to the bomb salvo cabling and
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thence through the louvres in the receiver cover to the internal wiring
of the receiver resulting in objectionable audio output in the headsets.
Rerouting of the bomb salvo cabling in the neighborhood of the exciter
regulator to a point not less than six inches away resulted in interfer-
ence-fres operation. Several faulty design practices are involved in
creating this particular problem:

{1) The exciter regulator design was poor in that ite
generated interference was not suppressed pro-
perly.

(2) Cables should never be run close to known inter-
ference sources whenever practicable.,

(3) The receiver case shielding properties were poor
due to poor design. Wire mesh over the louvres
and better bonding of the case to the frame are
required,

°. Interference was coupled from the radar modulator to the
AC power lead of the Loran receiver and was conducted into the case of
this unit. Inside this receiver the antenna lead was bundled in with the
power wiring and interference was therefore introduced into the liaison
receiver on the antenna lead. One solution is the addition of a filter to
suppress the interference as shown in Figure 2-12. Proper design of
the internal wiring of the Loran receiver to properly isclate or shield
the antenna lead would be preferable since the filter would then be un-
necessary.

2.1.1.6 Loran Systems

The Loran system ie a navigational aid that enables the operator
in an aircraft to fix his position over land or sea by means of the recep-
tion on his receiver-indicator of special radio signals from the ground
installations.

The ground installations consist of groups of tranemitting stations
operating on the same radio carrier frequency which emit a steady succes-
sion of pulses in all directions. The stations operate in pairs, a master
station triggering a slave station by means of a radio link which synchro-
nizes the pulses from the two stations.

The receiver-indicator receives and measures the timing of the
pulsed signale and transcribes them to a visual indication on the Loran
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scope. With the aid of charts, tables, and tabulations the received signal
can be interpreted and the location of the plane established.

The syetemn operates in the high frequency range. The power
supply is AC, 80 or 115 volts, 360 to 2460 cycles per second. In an air-
craft the main units of the Loran system consist of an antenna, intercon-
necting cabling, either a passive coupler or a preamplifier coupler, and
the receiver-indicator.

In a typical installation, the Loran system does not use ite own
antenna but couples onto the antenna of another installation. As a result
unusually long runs of lead-in wire to the receiver -indicator are some-

- times necessary. To compensate for the subsequent line-loss, a pre-
amplifier is provided at the antenna coupler. When lead length is not
excessive a passive coupler is used. The liaison system with its antenna
approximates the neede of the Loran systern and is the usual coupled oys-
tem. In a heavy bomber inetallation, the Loransystem uaes the liaison
antenna with an unshielded lead-in wire through a switching relay in the
liaison tranemitter to a preamplifier antenna coupler and a shielded lead-
in wire from the antenna coupler to the receiver-indicator.

The Loran receiver, like any other receiver is subject to various
sorts of interference. This interference may come from transmitters a-
board the aircraft, aboard neighboring aircraft, from ground installations,
or from deliberate enemy jamming. Typical interference patterns as
seen on a ecope would appear as shown in Figure 2-14.

The Loran receiver has not proven to be a source of interference
itself. The local oscillator is adequately ehielded, the case construction
is apparently good, However, when operating a system, the prformance
has not been entirely satinfactory,

The unshielded antenna lead-in prior to the coupling stage has
proven to be an efficient coupling path for radio interference currents.
See Figure 2-13. The preamplifier at the antenna coupler amplifies the
interference which is then conducted through the shielded lead-in into the
receiver. In most cases of this interference, the Liaison receiver is also
affected. By the nature of the reception of the two receivers, a higher
level of interference can be tolerated in the Loran than in the Liaison so
subsequent filtering, shielding, etc., of the interfering components that
cleared up the interference on the Liaison aleo cleared it up on the Loran.
(See Section 2. 1.1, 5 of this chapter.)
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{A) CW or Radio Telegraph
(B) Radio Telephone

(C) Radar on Slow Sweep
(D} Radar on Faet Sweep

Figure 2-14. Typical Interference Patterns as Seen on Loran Indicator

2-40




Poor interference-free design is apparent when the AC power
lead-in plug is & few inches from the antenna lead-in plug. This provides
a coupling path onto the antenna lead-in cable for interference conducted
on the power line. These interference currents ultimately affect the
lisison receiver (see Section 2.1.1.5 on Liaison System) as well as appear
as graee on the Loran scope, It wae necessary to filter the AC line in
order to eliminate this interference., Proper isolation in the original de-~
sign would have eliminated the need for this filter.

The preamplifier produces interference problems particular to
this installation. The non-linear elements in the preamplifier make the
systermn susceptible to crose modulation. A simple illustration of this
would be: The Loran receiver is tuned to 2 mc; a 3 mc and a 1 mc signal
can mix in the preamplifier stage and the reeult be admitted as a 2 mc
signal in the receiver.

Another problem presented by the preamplifier stage is the eys-
tem's susceptibility to overloading because of the wide mss-band. An
unwanted esignal can be amplified to a proportion which overloade the front
end of the Loran. In a heavy bomber installation, rendezvous equipment
was producing interference in the Loran which was extremely serious be-
cause of ite high magnitude and the dangerous fact that the interfering
signals could be mistaken for an actual Loran station. The interference
was coming from a strong, pulsed, radar signal at about 200 mc. It wae
admitted through the Loran antenna, amplified at the coupler stage, over-
loaded the front end of the receiver, and gave a visual signal on the indi-
cator acope. Preliminary investigati and tests indicated that a low-
pass filter inserted in series with the Loran antenna, between the pream-
plifier and the ant , should elimi most of the interference. Further
tests are necessary to determine the feasibility of such a filter, and if so,
the most efficient arrangement considering insertion loes and matching,
and terminating impedances. Systems using the passive coupler have not
been subject to this type of interference.

Improved original design of the preamplifier would have effec-
tively reduced the susceptibility of the system to both cross modulation
and overloading. Consideration should have been given to the rejection
of frequencies of undesired signals. A tuning device on the front end of
the amplifier would be one means of increasing rejection, Figure 2-15
shows such a tuning device. A band-pass filter with eharp cut-off char-
acteristics covering the band of the Loran equipment as shown in Figure
2-16 would also give the necessary rejection characteristice.
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Figure 2-15. Tuning Device Installed
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Figure 2-16. Attenuation Characteristic of Band -Pass
Filter for Use With Loran Receiver

The Loran system incorporates interference suppression tech-
niques by providing for shielded lead-in cable, good case shielding against
interference fields, and adequate shielding of the local oscillator to pre-
vent interference with other equipment. ldeally, it should have its own
antenna installation where it would be possible to minimize lead-in cable
length; however, the increasing number of antennas in a bomber installa-
tion makes it necessary to double up with another system. Geod installa-
tion practice can minimize this length, but it may still be long enough in
some installations to make a preamplifier stage necessary. Rejection of
undesirable frequencies should be provided for in the preamplifier to min-
imize malfunctioning. Poor design is exemplified by the proximity of the
AC power plug and antenna lead-in plug. Coupling of interfering currents
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hae occurred between the power lead and the antenna lead and filtering
has been necessary. Proper isolation would have eliminated the need
for this filter. The front-end rejection of undesirable frequencies in the
receiver could be improved.

2.1.1.7 Shoran Systems

The Shoran Radio Set is a short range navigational system used
in present day aircraft to determine the aircraft's position under instru-
ment-flight conditione without vieual reference to the surface of the earth
or to celestial bodies. Two ground stations located a considerable dis-
tance apart are required in conjunction with the airborne inetallation in
an operational system. During operation, pulses of amplitude -modulated
radio waves of very high frequency are transmitted. Radiation from
ground stations is moderately directional; radiation from the airplane is
non-directional,

A typical Shoran systern is shown in Figure 2-17, Two identical
antennas and their bases (one for receiving and one for tranemitting) are
provided. The antennas must preferably be mounted on a large, relative-
ly flat, metallic surface of the airplane. The particular location of each
antenna depends on the type of airplane in which the equipment is installed
and must be predetermined for each type by radiation field measurements,
The antennas should preferably be shielded from each other by the fuselage
or wings of the airplane. Also consideration should be given to the loca-
tion in respect to the other receivers and tranemitters in the airplane. In
addition, attention is called to the fact that the transmisaion line (coaxial
cable) which connects each antenna to the equipment enters the base of the
antenns through a feed-through insulator and must be so laid out that the
transmiseion lines make bends of no lees than 4-inch radiue to prevent
damage to the lines.

The indicator is shock mounted in a frame which allows for a
computer unit (when used), The receiver is installed within the indicator
80 that the controls of both unite are accessible from the same position.

The indicator unit includes the circuits for generating the various
sweep and blanking voltages necessary for operation of the indicator tube.
It also contains timing and phasing circuits, pulee-selector circuite, and
keying-pulse-generating circuits for controlling the operation of the air-
plane transmitter. The indicator is cooled by air circulation which is
provided by a blower motor within the unit with unscreened louvres over
the air intake., The cathode ray indicator tube operates with a circular
sweep and the signals, applied to an axial electrode within the tube, caune
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radial deflections of the electron bearn. The signale thus appear as inner
or outer pulses protruding from a circle on the screen of the indicator
tube, and their relative positions serve to determine the position of the
airplane.

The receiver utilizes & superheterodyne circuit through which
signals from the ground stations are amplified and converted intoa video
signal. This aignal is than applied to the axial electrode of the indicator
tube. The oscillator is the main source of interference. It radiates from
the case, external wiring, and antenna.

The case is described as a dust cover and that is the only func -
tion it serves, There are rubber gaskete between the air filter and in-
dicator case, the receiver and indicator case, and the connected sides
of the indicator case. There {s no screening on the front panel to prevent
radiation both in and out at the various controls and other breaks in the
case, Tho case is poorly constructed with loose tolerances and of non-
rigid conetruction so that sides buckle in with little applied pressure.
Tests in a shielded room using a probe showed high levels of oscillator
radiation from the rubber-gasketed joints. Paint was scraped off the con-
tact surfaces of these jointe and shielding gasket braid was substituted
for rubber gaskets, Shielding was applied to all apertures in the front
panel s0 that contact with the control rods was made. Screening was
placed over the air filter for shielding purposes. These measures of-
factively "bottled up' the oscillator radiation from the case.

All these pathe of leakage described above aleo serve as paths
of entry into the receiver case for radio interference. Difficulties have
been encountered in installations where it was necessary to shut off other
transmitting equipment in order to operate Shoran systems, Information
a8 to coupling paths is not available and mrticular examples are classi-
fied material, It is assumed that the corrective measures taken to con-
tain the oscillator radiation will 3180 serve to keep out radio interference;
however, tests were only conducted in a shielded room and it has not been
proved in an actual installation.

Installation difficulties have been encountered with the Shoran
tranemitter in interfering with other receivers by both shock excitation
and the generation of harmonics. The liaison receiver has been particu-
larly susceptible, although other receivers have been affected by the
Shoran transmitter. In a typical aircraft installation, the following mod-
ifications were necessary to produce a satisfactory system.

2-45

i



a. The mounting of the liaison receiver was modified by the
addition of grounding straps mounted inside of each shock absorber hous-
ing and by the removal of paint around the mounting bolits.

b. The back end of the liaison receiver was filtered to prevent
radio interference from Shoran transmitters and a wave trap was connect-
ed to the antenna binding post to prevent shock excitation.

c. On the radio compass a choke coil was installed at the an-
tenna binding post which acts as » low-pass filter to prevent shock excita-
tion from Shoran transmitters,

d. A capacitor was installed on the radio compass ook
{r not ¥ ).

Paths of entry into receivers have been both from the back and
the front ends. Filters have bsen installed in the back end and wave traps
in the antenna leads, No information is available as to the coupling paths
in any particular installation. Operating at a very high frequency and be-
ing pulse modulated, the Shoran transmitter has caused difficulties by
overloading the receivers in the airplane and causing shock excitation,
Most of the difficulty has been through antenna radiation although interfer -
ence has been radiating from the case and from external wiring.

These difficulties can be overcome by incorporating the following
features. Screening should be put across the air filter and conductive
mesh gasket material installed instead of rubber gasket, All external
wiring should be shielded to prevent radiation and possible coupling. The
transmitter should be installed in the plane 90 as to take advantage of
shielding by bulkheads, etc. Wiring should be routed to prevent coupling.
Rejection of receivers can be improved by adding wave traps to antenna
lead-ins and by filtering the back end when feasible.

In a shielded room with Shoran transmitter and liaieonreceiver
antennas set 6 feet apart, a high level of interference was recorded in the
VHF and UHF frequency range. The liaison receiver was picking up har-

ice of the fund tal with spurious radiations, harmonicse of the
pulse repetition rate with spurious radiations, and shock excitations from
the fundamental. Better internal circuit design is necessary to prevent
the generation of harmonics (see Section 2.1. 1.2 on VHF System). Spec-
ific examples of bad practice in circuit design of Shoran transmitters are
not available.
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2.1.1.8 Navigational Radar Set

A navigational radar set is a dual-purpose equipment designed to
operate by switch selection either as a radar beacon or an interrogator-
responder. When used as an interrogator-responder, its function is to
guide the airplane within 200 yards of the beacon 1 i As a b b
it responds to other interrogator-responder radars within ite frequency
range. As shown in Figure 2-18, a representative set would consist
of: (a) receiver-transmitter, (b) indicator, (c) control box (power),

(d) control box {frequency), (e) video gate, (f) tranemitting antenns, (g)
receiving antennae, (h) reflector ant e, and (i) ings, cables,
interconnecting plugs, etc.

The functional operation of a typical radar set when used as an
interrogator -reaponder includes the following. The pulee-generating
circuits furnish the modulator with pulees at various rates which may
or may not be synchronized with associated radar equipment. The pulse
gonerating circuits also furnish a synchronizing pulse for the indicator
and a suppression pulee for the IFF equip t. Tha pul {rom the
modulator cause the tranemitting oscillator to oscillate for four to six
micro-seconds at the pulse repetition rate. This radio{requency energy
is fed to the transmitting antenna and the transmitted energy is received
by an associated transponder, which tranemits a radio-frequency reply.
The reply is picked up by the receiving antennae, the outputs of which are
alternately fed into the receiver section by the antenna switch located in
the indicator. The video output of the receiver is synchronously switched
with the receiving antenna in the indicator and applied to the horizontal
plates of the cathode-ray tube in the indicator.

When the radar set is used as a transponder (beacon), the video
output is connected to the pulse-generating circuit, Thus the transmitter
is triggered each time a pulse is received from the associated interrogator-
responder,

The set operates in the VHF range on any one of eight preset fre-
quencies. The receiver-tranemitter unit is designed to maintain a high
degree of frequency stability; the frequency drift of both components is
lees than one megacycle between ambient temperatures, -55° C. and
+71° C. Power {s obtained from a 115-volt, 400-1600 cps supply. In
addition, a 24-28 volts, 2-ampere. DC source is required.

The transmitting antenna is usually installed on the underside of
the nose of the airplane and, when poesible, in the center of a 36-inch
di , flat face. Best resulte can be achieved if the antenna is
within ten degrees of vertical to the airplane‘s line of level flight.
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Receiving antennas are installed on each side of the airplane,
symmetrical about the line of flight. The exact ] ion for best result
would have to be determined experimentally because it would differ with
each model of plane but generally the two antennas are inetalled on the
underside of the wing, outboard from a vertical reflecting surface. In-
stallation of the indicator and receiver ~transmitter in the plane should
be convenient to the operator while sitting in a comfortadble position to
view the display tube. A minimurn of wiring length and isolation from
sensitive receivers are also instaliation considerations.

Coaxial cable is used from the receiver-transmitter to the an-
tennas and from the receiver-transmitter to the indicator. Power leads
and control wiring are unshielded. As installed in a typical airplane, an
analysis revealed that the internal circuitry of the receiver -tranamitter
was not originally designed to suppress modulator interference. Wires
carrying interference were coupled with ‘'clean” leads and the cooling
blower motor was generating undesirable voltages which interfered with
the receiver-transmitter as well as with other equipment. Harmonics
and overloading from pulses coming from radiation affected
other receivers. Interference fields were leaking out of the case
and getting to the power and control wiring which then proveded a coup-
ling path to any adjacent wiring. The video and antenna leads were
shielded sccording to good design practice; however, neither the AC nor
DC power leads were filtered and hencs conestituted a source of interfer -
ence. Also the lobe-switch drive motor was found to be an interference
generator. While not a source of interference in itaelf, the interconnect-
ing wiring provided a coupling path for interference generated by the
receiver-transmitter.

In order to supprese interference from this typical navigational
radar set numerous modifications were necessary, The following list of
dificati were r ded by the facturer:

a. The blower motor was changed from DC to AC to eliminate
triggering of the beacon function by brush-spark interference and to prevent
interference in other equipment,

b. The receptacles for power and control wiring were changed
to a new type having ceramic by-pass condensers integral with the contact-
pin conetruction to reduce leakage from the receiver oecillator and other
interference sources in the unit,

c. A shield was designed and installed on the radio-frequency
tuner chassis of the receiver to enclose and confine the field of the line-
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type oscillator. Since it was not considered in the original design, the
shield had to be modified to provide clearance holes for turret-wheel
contacts and the openings used for access to trimmer condensers had to
be capped. This added shielding materially reduced oscillator leakage
and also suppressed the oscillations radiating from the radio-frequency
stage which had occurred in the original design.

d. Additiona] bonding wans necessary for the RF tuner chassis
to reduce chassis potential and leakage. It was also necessary to install
chokes, by-pass condensers, and filter resistore both in and outside of
the RF tuner to reducs leakage and radiated interference., A series re-
sistor was installed in the mixer-plate output lead to reduce the oscilla-
tor leakage through the IF stages into the circuit wiring and radiation
from the receiver.

.. A small amount of delay bias on the video detector diode
reduced the interference due to triggering of the beacon.

f. The ecreen resistor of the RF amplifier tube was lowered
from 33 to 10 kilohms to increase stage gain and improve the signal to
interference ratio of the receiver.

s The tuning-slug screw in the oscillator-vernier mounting
block was found to move with normal vibration and caused both amplitude
and frequency modulation of the oscillator. A detent device was incor-
porated to prevent this vibration and correct the difficulty,

h. Decoupling resistora were provided in the suppressor input
and output circuite so that interference leakage along the interconnecting
cables would not cause faulty operation of paired unite in beacon and
interrogator-responder service.

i. The receiver-transmitter plate-eupply voltage was lowered
to spproximately 265 volts, which is 30 volts lese than that used in the
original design. The loss of receiver gain which accompanied this change
was made up by lowering the cathode resistor of the fifth IF stage from
470 to 270 ohms. The chief advantage of this change wae to lower the plate
diesipation in all the tubes, especially in the 6AK5 of the RF stage.

Lowered plate voltage for the transmitter also was intended to
eliminate voltage breakdown and reduce corona on high voltage leads and
terminals at high altitudes, a condition which had made the triggering due
to interference 90 severe that the beacon function was not usable, Trans-
mitter -power output indication was satiefactory at the lowered plate voltage
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provided a tube with ample filament emission was used in the power-
output indicator device. In addition, several detailed changes were made
to increase air-gap length and decrease corona on the high-voltage, power
supply Jayout, A recent investigation on 2 heavy bomber installation
revealed that the navigational radar was producing interference in the
command receiver, the radio compass, the liaison receiver, the VHF
receiver, and the Loran receiver, The interference produced in the
Loran wae particularly serious because of its high magnitude and the
dangerous fact that it can easily be mistaken for an actual Loran station,

Preliminary tests indicated that the interference was being ra-
diated from the radar transmitting antenna and being picked up by the
antennas of the above receivers. Overloading was occurring and the in-
terfering signal was being admitted. A low-pass filter wae inserted in
series with the Loran antenna and it appeared that most of the interfering
currents were eliminated. Further investigations have to be made to de-
termine the feasibility of thie type of filter as well as to consider the
insertion loss and the matching and terminating impedances.

The above discussion should sezve as an excellent example of
what is likely to happen if proper design practices are not made an inte-
gral part of all phases of design. While it may be admitted that this
system was made operable by making certain modifications, it must be
understood that fundamentally "fixes" are inefficient and costly in terms
of time, weight, and space.

2.1.1.9 Radio Altimeter System

Airborne radio altimeter systems are designed to indicate the
altitude of the aircraft above the terrain by accurately measuring the time
required for a radio signal to travel to the earth's surface and return, and
interpreting this time interval in terms of distance in feet above the re-
flecting surface directly under the airuraft.

Representative equipment is designed to emit a frequency -
modulated radio wave in a downward direction from the transmitter an-
tenna, For both the low and high ranges, 0 - 400 feet and 400 - 4000 feet
respectively, the carrier signal is in the UHF range. The earth's surface
reflects a portion of this radiated energy, and this is received on a separ-
ate receiver antenna, During the time interval required for the signal to
travel to earth and returf, the frequency of the transmitter will have
changed. A small fraction of the transmitter signal is transmitted direct-
ly to the receiver and mixed with the reflected signal from the oarth,
Since the tra itter is conti ly changing its frequency, there will
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be a difference in frequency between the direct and reflected signal at any
instant of time and this difference will be proportional to the distance of
the aircraft above ground. The detector circuit converts this difference
in frequency to a direct current which is indicated by a meter calibrated
directly in feet of altitude above the ground. The detected current also
operates a pair of relays which are preset to energize altitude-limit
indicators,

In general, radio altimeter systemns are composed of (1) trane-
mitter antenna and receiver antenna, (2) a tranamitter-receiver, (3) in-
dicators, (4) limit-switch assembly, (5) limit-light indicator, and (6)
inter -connecting cables. The installation of a representative radio al-
timeter set in a typical aircraft has been selected as an example for
discussion of design techniques for interference-free operation.

The tranamitter and receiver antennas used on the radio altimeter
are identical and interchangeable, Each antenna consists of a one-half
wavelength dipole on a suitable mounting structure with provisions for
connecting a 50-ohm transmission line through a coaxial elbow adapter.
The antcnnas are mounted on a suitable metallic surface which acts as a
reflector. The antenna system is designed to radiate and receive maximum
signal strength in a generally downward direction with a minimum tranefer
of encrgy from the transmitting antenna to the receiving antenna, and to
minimize variations in the received reflected signal while executing a
reasonable dive, climb, or banking maneuver. The pilot's indicator,
limit and marker lights are mounted within reach of the pilot when
seated at the flight controls. There is no audio output for the radio al-
timetor; all indications are visual,

The transmitter-receiver unit is usually located as close to the
antenna installations as practicable and consequently appears in the com-
partment nearest the antennas, Interconnecting cords and cables are
generally bundled with other electrical wiring paseing through the compart-
ment. Navigational radar receiver-tranamitter controls, search radar
synchronizer, navigational radar indicator, Loran indicator, and radio
altimaeter indicator, are examples of types of wiring that are frequently
found in a typical bundle.

Radio interference signals have gained access to the receiver
circuits over paths of entry, as shown in Figure 2-19, and caused unsat-
isfactory operation of the radio aitimeter system. Interference signals
gensrated by the system may be introduced into other aircraft wiring
systems over the same routes. In the radio altimeter system only the
transmitter-receiver combination need be considered as a potential
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source of interference. It is also the only component of the system that
is susceptible to interference.

In general, interfering signale can enter the transmitter-receiver
case through the following paths: (a) tranemitting-antenna lead, (b) re-
ceiving antenna lead, (c) automatic-pilot altitude -control cable, (d) limit-
awitch cable, (e) indicator cable, and (f) the power-input cable, Interfer-
ing signals can be introduced into the receiver over any of these pathe by
conduction along the cables or through inductive or capacitive coupling
between other aircraft wiring and the system wiring.

Interference problems in the radio altimeter system of the typi-
cal aircraft installation selected for discussion were caused by the follow-
ing: (a) loose connections in the antenna transmission system due to the
fact that plugs, adapters, receptacles, etc., were not tight or properly
meshed and (b) field modulation which resulted from ''secondary feed-
through' paths having variable elements and were capable of effectively
modulating the received signal.

Ae an example of an unusual type of interference which may af-
fect radio altimeter systems, consider the reflecting surface of a pro-
peller which is moving through the common field of the two antennas.

The intermittent reflected signal thus picked up by the receiving antenna
combines with and effectively modulates the desired signal reflected by
the earth. If this field modulation, after passing through the detector and
audio-frequency amplifier stages is of sufficient amplitude to operate the
square-wave limiter, counts will be added to the limiter output signal and
an excessive altitude will be indicated.

A similar but more erratic effect is produced if there is a loose
metallic part of the aircraft within the fields of the antennae which can
shift or vibrate 90 as to cause an intermittent or rubbing contact with an-
other metal part or surface. In this case, induced currents, set up in
one of the surfaces by the transmitted signal, are modified both in thase
and in amplitude by intermittent contact with the other surface similarly
charged. Thus, traneient currents, covering a wide band of frequencies,
are produced in the field of the receiver antenna. Unusual sources of such
trouble are bomb bay doora, loose access plates, loose wheel fairing,
trailing wire antennas, etc, When a source of field modulation is found,
an attempt should be made to correct the condition either by electrically
bonding or by completely insulating the two surfaces which are caueing
the trouble. If such correction is not feasible, it may be necessary to
relocate the antennas 80 as to remove the source from the common field
of the antennas.
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Difficulties have been encountered in a typical aircraft installa-
tion where audio ripple originating in 8 motor has been conducted by the
power leads into the transmitter and receiver affecting the altitude in-
dicator by as much as 300 feet on the high range scale, The altitude
indicator is in a particularly susceptible poaition because of the circuit
arrangement. In a controlled situation, an audio oscillator could vary
readinge by 300 feet with little difficulty. In a typical inetallation, a 250
ufd capacitor was inetalled at an aileron booster motor in order to sup-
press the audio ripple that was getting in through power leads and affect-
ing the indicator. Proper transmitter-receiver design should have made
the unit insusceptible to interference on these leads.

Interference in radio altimeters often manifests itself by (1) er-
ratic altitude indications observed as jumps of 200 - 400 feet when flying
over land at altitudes from 400 - 3000 feet, and {(2) marked increase in
altitude indication when switching over the high range while in flight at
altitudes near 400 feet. It has been found that these effects are usually
caused by electrical interference which effectively adds counta to the
audio-frequency signal output of the detector. Such conditions are most
likely to be encountered when the reflected signal is relatively low in
amplitude as when {lying over dry land.

The difficulties encountered with this system ae explained above
and as shown in Figure 2-19 could have beean avoided had proper design
and installation techniques been adhered to from the start. Two types
of problems can be shown to exist by inspection of the figure. One group

ns the equi t designer and may be outlined as follows:

a. The antenna lead-ins may be conesidered potential sources
of interference to the system iteelf. Proper design will permit both to
be completely shielded from the antennas to the transmitter -receiver,
including correctly matched input and output circuits,

b, Cabling between ths tranemitter-receiver and other units
to which it must be connected may be considered similarly. Proper design
of the internal circuits of the transmitter-receiver will insure that they are
not susceptible to interference picked up on the cables. Additionally, the
design should be such that interference will not be conducted aut of the
tranemitter-receiver on these cables. If a signal essential to the system
operation is to be conducted between units of the system and which might
causa interference in other equipment, the signal should be contained
within the cable by shislding.
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The second group of problems concerns the installation designer and may
be outlined as follows:

a. The antennas should be installed outside interference fields
of other equipment and antennas.

b. Install the antennas so that the receiving antenna is shielded
from the tranemitting antenna.

c. Install the other components of the system in as close prox-
imity as possible using proper interconnecting cabling, and
where practicable, away from strong interference sources
and fields.

2.1.1.10 Radio Compass System

Airborne radio compass systems in use today are basically simi-
lar in function and design. The saystem consists of a radio receiver using
a superheterodyne circuit and certain additional circuits necessary for
radio compass operation. Two remote control boxes and two indicators
permit operation of the compass from either of two eeparate positions in
the aircraft. A relay unit including an autotransformer is provided to per-
mit switching from one control box to the other. A vertical rod, non-
directional antenna and a center-tapped, loop antenna together with the
necessary interconnecting cords and power cable complete the system.

In general, radio compass systems operate over a frequency
range of approximately 100 to 2000 kilocycles and are capable of providing:

a an automatic visual bearing indication of the direction of
arrival of radio frequency signals,

b. aural reception of modulated radio-frequency energy using
either a non-directional or loop antenna, and

c. aural-null directiona) indications of the arrival of modulated
radio-frequency signals using 3 loop antenna.

The installation of a representative radio compass set in a typical
aircraft has been selected as an example. The discussion to follow applies
specifically to this particular system. However, because of the similarity
of all such systems, no sacrifice of generality is suffered.

Loop and sense antennas are mounted outside the aircraft on the
top or under the fuselage near the pilot and navigator compartments. The

2-56

i =



pilot's control panel and indicator are mounted within reach of the pilot
when seated at the flight controle. There is another remote control panel
and indicator mounted in the navigator's partment. A radio- passe
audio output is provided at each interphone control box. In general, there
would be a pilot, co-pilot, navigator, and radio operator interphone con-
trol box, each located within easy reach of the crew member. The relay,
power shield, and receiver are ted in the part t behind the
pilot. An inverter in the same compartment provides a 400 cycle per
second, ac supply to the radio compass system. Thare are no compon-
ents located in the tail section or wing ti Inter ting corde
and cables are generally bundled with other electrical wiring passing
through the compartment. Radar sets, computers, and auto-pilot trays
are frequently mounted in the same compartment with the radio compass
receiver.

Radio interference signale have caused unsatisfactory operation
of the radio compass system. Visual bearing indications are particularly
susceptible to interfering signals dus to the fact that unwanted voltages ap-
pearing on the grids of the thyratrons, which position the loop antenna, can
override the desired signal and cause erroneocus or unstable visual indica-
tions. Aural reception and aural-null indications may become unintelli-
gible when interfering signale of sufficient nuisance value are allowed to
produce audible sounds in the headset.

There are-two components in the radio compass system that must
be idered as potential interference generators: (1) the drive motor in
the loop antenna, and (2) the receiver itself. Design considerations for
these components are diecussed in Volume I, Chapter 1, Section 7. 1.1, and
Chapter 1, Section 1.4 of thia Volume, respectively. The receiver requires
particular attention because of its local oscillator and thyratron output.

An analysis of each P t in the pass system reveals
that only the receiver is susceptible to radio interference. Even though
the functioning of the other components of the system is unaffected by in-
terfoerence signals, they may serve as paths of entry for undesired signale.

In general, interfering signals can enter the receciver case iteelf,
through any one of the following paths, ae shown in Figure 2-20:

Separate inverter ac power supply cable,
Dc power supply cable,
Loop and non-directional antenna cables,
Flexible tuning shafte,
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e. Marker beacon receiving equipment, 14 to 28 and
220 volt dc supply cable,

f. Remote control connecting cables,
'8 Headphone output cord, and
h. Penctration of the receiver case or shield.

Interfering signals may enter the radio compase receiver by con-
duction along the cables as a result of inductive or capacitive coupling
links between any of the system cables and other aircraft wiring. Such
cable connections are those between the control boxes and the relay, re-
lay and marker beacon receiver, relay and ac-dc power shield, relay and
loop antenna, and indirectly, those from the Joop-antenna motor control
circuite.

Unwanted signale can also be introduced into the receiver through
any one or more of the {ive openings in the metal receiver case. These
openings are provided for the loop antenna and sense antenna leads, the
ac-dc power cable, the headset or interphone audio-output cord, and the
flexible tuning linkages. Interfering signals can be inductively or capaci-
tively coupled into these cables directly and gain access to the receiver
case. In a typical radio compass installation, an auto-pilot tray was lo-
cated close to the receiver and the power cables of the auto-pilot tray par-
alleled the antenna leads and power cable of the receiver. This difficul-
ty was increased by the use of an unshielded sense -antenna wire to the
radio compass receiver. Interference was reduced by substituting a
shielded coaxial cable for the unshielded wire, rerouting the loop cable
away from the auto-pilot cabling, and braid shielding the entire cable bun-
dle. These steps couwd have been taken in the original installation; however,
the offending source, namely, the auto-pilot, should have been rendered
interference-free by tbe manufacturer in the original design by application
of techniques outlines in Section 1. Observance of good design techniques
would have obviated the necessity for the preceding fixes.

Figure 2-20 illustrates the most vulnerable points for interfer-
ence signals to enter the radio compasse system. Unwanted signals picked
up by the marker beacon antenna can reach the receiver through the marker
beacon receiver and relay to the ac-dc power shield. From the power
shield, a direct path is provided over the power cables to the receiver.
Disturbing signale picked up by the loop or sense antennas have a direct
path into the receiver case over the antenna wiring.

The degree of {reedom from interference attained in any radio

compass system will depend upon the care of the designer in applying radio
interferencs elimination techniques, as discuesed in other paragraphs of
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this book. The major interference in radio compass systems is due to
conducted signals over the system wiring and also to inductively or capaci-
tively coupled signals into the system wiring. In radio compass systems,
particular attention must be paid to the filtering, shielding, and bonding
necessary to avoid conducted and radiated interference from neighboring
systems operating {rom the same power supplies and in close proximity.
An effort should be made to avoid bundling the system cables with other
cables that are likely to couple unwanted signala into the compase system.
Also, the components of the system, as well as the wiring, should be lo-
cated and routed s0 as to avoid proximity to obvious or probable interfer-
ence generators.

Components should be placed and circuitry arranged in such order
as to result in & minimum susceptibility to interference. Reference to
Figure 2-20 shows that the compass system wiring is directly connected
to other electrical systems in the aircraft through three connecting cables,
i.e., (1) receiver audio output to interphone system, (2) relay power sup-
ply to marker beacon receiver, (3) ac-dc power supply to power shiald.
These lines can be filtered to prevent interference from entering or leav-
ing the system by conduction. Details of {iltering and filter design are
discussed in Chapter 4 of this volume. Proper design techniques, as out-
lined in othcr sections of the book, however, should have been applied in
the initial design so as to make the equipment insusceptible to interference
on these icads. There is also the possibility that the components of the
radio compass systemn may not be at the same ground potential for a cer-
tain band of interference frequencies. Such a condition frequently occurs,
due to varying impedance-to-ground characteristics for the circuit com-
ponents, and consequently provides a path for circulatory interfering cur-
rents. Proper bunding will prevent these conditions, as pointed out in
Chapter 3 of this volume. Each component should be adequately bonded,
and each shiclded cable should be bonded, not only at its terminal points,
but also at each supporting strap, in the case of long cables.

Loop antenna and sense antenna leads should be electroetatically
shielded. The synchro connections from the 1oop antenna to the pilot and
navigator indicator are generally bundled together with other aircraft wir-
ing and provide a means of coupling interference from the loop drive motor
into other aircraft electrical and electronic systems. Consideration must
be given, also, to the possibility of coupling interference from the other
systems into the receiver through the loop antenna lead-in. If these cables
are bundled with other susceptible-system wiring, or other probable
interference-generating system wiring, they should be shielded, unless
rerouting is practicable. The example. discussed above, where the auto-
pilot caused considerable interference in the compass system, is a good
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llustration of the difficulties that can result when proper shielding tech-
niquees are not observed. Basically, however, the auto-pilot is the of-
fender and source suppression of interference was not properly considered
in its design.

2.1.1.11 Radar Fire-Control System

Radar fire-control and gun-laying radar systems (see Paragraph
2.1.1.312) have sssentially the same componente and serve basically the
same function. These two representative systems were chosen to con-
trast design techniques pertinent to radio interference.

The radar fire-control system chosen is an all-weather system
designed for high altitude interceptors that employ fixed armament. It
hae two primary functions, search and attack. In two place aircrafta
traneitional function, hand-tracking, ie provided for the radar operator.
In the search function, the fire-control system detects the enemy air-
craft. Once the target hae been located, the operator directs the anten-
na toward the target by hand-tracking and places the equipment on auto-
matic track. At this time, the pilot's indicator provides the attackdisplay
in terms of range, asimuth, and elevation of the target, and an artificial
horizson display of his own altitude.

A fire-control system has many components installed in separ-
ate housings. The recommended practice of incorporating as many units
as practicable in one housing to minimize interconnecting wiring is not
applicable in this system because of the space limitations in fighter air-
craft. Many smaller units {acilitate installation engineering. However,
the resulting maze of interconnecting wiring magnifies the radio interfer-
ence problem.

Components of such a system would include: antenna, radar
modulator, receiver-transmitter, servo amplifier, computer, range
servo, dimmer control, rocket-setting control, sight head, range indi-
cator, power supply control, power supply. manual range control, gyro-
scope, slectronic control amplifier, gun-laying radar central, two
azimuth-elevation indicators, antenna (hand control), blowers, wave guide,
and cabling. The main sources of interfarence in this typical fire-control
system would include the antenna, receiver-transmitter, and the modula-
tor.

The antenna unit which includes potentis] interference generators

such as relay switches, servo motors, and drive motors, necessitates
careful consideration in the design stage. In this system's original design,
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relaye were suppressed by the addition of capacitors in parallel with the
relay switch. Feed-through capacitors (0. 0] uf) were also included in
seriee with the relay input leads. However, circuit arrangement was such
as to couple interference back into the filtered lead nullifying the suppres-
sion techniques. More effective suppression could have been had with the
addition of a resistance-capacitance circuit in parallel with the switch
rather than a capacitor; proper routing of leads would have eliminated
coupling of interference back into the "'clean' leads. Filters were in-
stalled on the output leads of the servo motors. However, again, the
“clean' leads out of the filter were exposed to interference coupling.

The receiver-transmitter (RF Unit) proved to be an indirect
source of interference currents by providing a coupling path for inter-
ference from the modulator pulse. The pulse entered the receiver-
transmitter through a shielded cable and the interference coupled through
the circuits to appear finally on the external wiring enabling the interfer-
ence to couple into other airplane wiring. Improved shielding or filter-
ing techniques within the receiver-tranemitter could have eliminated this
coupling path. Case construction of the receiver-transmitter waes poor
because it utilized a rubber gasket for its pressurized seal. Radiated
interference {rom currents originating in the modulator was leaking from
the case; conductive gasket material substituted for the rubber gasket
would have eliminated this source of leakage.

The pulse cable between the modulator and the receiver-
transmitter proved to be a severe source of radiated interference. A
loop probe measured 12,000 microvolts of radiated interference. The
cable used was of approved coaxial type with four layers of shielding;
however, the connectors or plugs provided poor shielding continuity with
the cable, and leakage caused interference to appear on all parts of the
coaxial line and to radiate or couple into other airplane wiring. A differ-
ent type of coaxial line and plugs was used and materially reduced the in-
terference. 'The coaxial cable replacement had inferjor shielding proper-
ties (2 layers of shielding); however, gaod continuity was achieved with the
new plugs. Better results could have been obtained if the original cable
had been used with an improved type of plug.

The modulator 1n this system, a source of interference by the
nature of the function it has to perform (see Chapter 1, Section 1.3.4
on Modulators), incorporated widespread shielding of internal wiring. The
effectiveness of this shielding was considerably reduced by leaving about
four inches of pulse cable unshielded within the case from the plug to the
capacitor. This enabled interference to radiate to all susceptible leads
and circuits within the modulator and also to be radiated and conducted
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{rom the case. The most sfficient pick-up of this interference was by the
colls of relays and blowers. Subsequently, the interference could be con-
ducted out of the case by the relay and blower, power and coatrol leads.
Shielding effectiveness was further reduced by not adequately bonding the
shielding conduit and by using throughout the modulator what amounted to
"floating'' shields. As in the receiver-transmitters, the modulator em-
ployed a rubber gasket to maintain ite preseurized seal which permitted
radiation of interference from the case. Shielding braid substituted for
the rubber gasket again would reduce this case radiation.

Poor design practices observed throughout the set would include:

a. "Noisy' and "clean" leads were bundled together, a mal-
practice which permitted coupling of interference into
"clean' leads.

b. Filter and by-pass capacitors were made ineffective by
routing the filtered lead back through the interference
field. .

c. Filters were not mounted close to the interference source.
and the portion of the lead between the source and the fil-
ter wae left unshielded and {ree to radiate.

d. Shielding braid was not grounded.

e. Ground wires were unnecessarily long, a poor design prac-
tice which creates high impedance patha and permits radia-
tion of radio interference from these ground leads.

To illustrate the importance of proper routing, grounding, and
shielding techni two tables have been prepared which show conducted
and radiated Inter!u-enc. before and after the following remedial actions
were taken: ,

i
a. ‘Noiey' leads were shielded, or when shielding was im-
practical, rerouted or filtered.

b. Rerouting of leads coming out of interference suppression
unite was accomplished so as to avoid coupling of the origi-
nal interference back into the '"clean' lead.

<. Filters were mounted as close to the interference source
as possible.

d. All "floating" shields were effectively grounded at both ends
and at intermediate points when necessary with leads whase
length was no longer than two inches.
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(e¢) Other ground leads, some as long as 10 feet, were elimi-
nated and short leads (2 inches) substituted.

{n The pulse cable and plugs were improved and properly
grounded.

(g) Shielding braid was placed between the mating surfaces of
the modulator and the receiver-transmitter.

{h) Leads conducting interference out of the modulator and re-
ceiver -transmitter were filtered at a point as close to the
pin connector as possible.

The results of the tests demonstrated in Figure 2-21 and Figure
2-22 were conducted in accordance with Specification MIL-1-6181D. The
corrective action taken on this fire-control system was not intended to be
complete, but merely to demonstrate the appreciable improvements that
can be had by proper design considerations.

The interaction of this equipment with other aircraft systems can
be demonstrated by the following installation difficulties which alao point
out other important design considerations.

In a fighter installation, two troublesome sources of radiated in-
terference were the antenna spin motor and the thyratrons in the antenna
drive-motor circuits. The spin-motor incorporated a current-interrupt-
ing governor, the contacts of which proved to be an efficient interference-
generating device - affecting the liaison and intercommunication equip-
ment, Another motor was tried and while commutor interference was
higher than in the original model, the interference pick-up, when installed,
was negligible. Apparently, the type of interference from the second mo-
tor (commutator) was more ecasily suppressed than in the original model.
Proper original motor design would have eliminated the need for modifi-
cation (see Volume 1, Chapter 1, Section 7.1.1 on Rotating Machinery).

The thyratrons {ed into a changing load and standing waves were
unavoidable on the leads from the thyratrons to the antenna drive motors.
Thyratrons, a non-linear device, also produce steep wave fronts and,
consequently, are rich in harmonics. External fixes to suppress inter-
ference originating from thyratrons would include shielding, bonding, and
filtering of leads carrying the interference. Internally suppressor cir-
cuits such as resistance-capacitance and inductance-capacitance combi-
nations should be installed as close to the thyratrons as possible. When

=



RADIATED INTERFERENCE IN MICROVOLTS

BEFORE SUPPRESSION TECHNIQUES AND AFTER

Before After
Freq. Hand Hand
in MC Search Control Search Control
0.16 3 80 8 7
.18 37 100 12 12
0.24 60 145 12 12
0.28 85 160 13 13
0. 32 100 180 [} 10
0.6 8s 140 10 10
1.0 54 100 9 8
1.4 26 5@ 3 3
1.8 7 34 3 2
2.8 16 16 2¢)S 2
3.8 1 12 2 1
5 10 [§} 4 4
7 11 15 2] 2
9 5 5 2 1.5
11 14 14 1.5 1.0
14 14 te 2 2
16 12 15 2 1
18 65 [} 2.5 t
20 4 5 3 r4
30 100 100 80 30
32 250 380 90 40
36 50 60 30 18
38 450 750 50 18
40 180 250 22 12
43 50 60 45 8
50 100 s 50 22
65 Lo 120 70 70
15 220 160 30 30
80 60 50 50 S0
90 55 45 50 45
100 300 86 18 1o
110 55 38 5 5
120 60 58 22 22
140 100 110 24 20
150 B0 90 15 10

Figure 2-21.

Before Suppression Techniques and After

Radiated Interference in Microvolts
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CONDUCTED INTERFERENCE IN MICROVOLTS
BEFORE SUPPRESSION TECHNIQUES AND AFTER

Before After Before After
Freq. AC Line AC Line DC Line DC Line
Lt ls Hand Hand Hand Hand
Search [Control | Search |Control |Search |Control |Search | Control
0.16 40 40 25 25 55 55 2.5 1
0.18 60 60 50 50 70 70 3 3
0.24 55 55 45 45 140 140 1 1
0.28| 57 50 45 40 60 58 1 1
0.32} 90 92 45 45 75 70 1 1
0.6 28 28 20 18 9 6 1 1
1.0 28 28 7 7 9 9 1 1
1.4 6 6 6 5 10 5.5 1 1
1.8 4 4 3 2 14 25 1 1
2.8 4] 1 1.5 1 18 5 1 1
3.8 20 18 1 1 n 8 1 1
5 40 37 2 2 30 22 2 2
1 20 18 4 4 80 60 1 1
9 23 25 2 2 27 28 2 2
1 65 60 2 2 5 72 2 2
14 100 75 4 3 150 120 20 18
16 65 55 6 H 90 60 5 4
18 50 50 7 3 70 55 2 1
20 20 18 2 1 30 30 3 2

Figure 2-22. Conducted Interference in Microvolts
Before Suppression Techniques and After

equipment is designed that includes the use of thyratrons, consideration
should be given to their interference characteristics. Maximum isola-
tion, most efficient shielding, suppressor circuits, careful routing of
leads, should all be included in original equipment design.

In another typical installation, "noise' clicks occurred in the in-
tercommunication amplifier during radar scanning. The clicke were a

result of the switching action of the relays controlling the antenna-drive
motors. Shielding of the drive-motor circuit leads from the antenna to
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the radar control and from the antenna to the radar control and from the
antenna to the operator’s indicator was necessary. The general effect of
the shielding was to reduce the maximum interference values about 50 to
90 percent, at which level the clicks became barely perceptible. The
moet efficient way would be to incorporate a resistance-capacitance cir~
cuit across the relay suppressing the clicks at the source, and elimina-
ting the need for heavy and expensive shielding of external wiring.

2.1.1,12 Gun-Laying Radar System

A gun-laying radar system is a light-weight equipment used
for tail protection of bombers, It operates in the microwave region and
can perform the function of "searching” and "tracking' at the selection
of the operator. It is similar to the fire control system, also discussed
in this section, except that gun laying works with a turret while a fire
control system operates in conjunction with fixed guns. Space considera-
tion would not be as much of a factor in a bomber installation and would
rmake possible grouping of units and elimination of interconnecting wiring.
The principles of good design incorporated in this system would be appli-
cable to the system discussed previously, The system's essentials are
the same. Gun-laying radar eets include six major assemblies: The ra-
dar central (with a ber of sub-assemblies), the RF unit, the antenna,
the indicator, the radar junction box and the indicator junction box.

This system is unusual in that interference suppression was
imcluded in the original design as contrasted to the equipment discussed
previously. On the firet developmental model, without consideration for
interference suppression, high levels of both conducted and radiated in-
terference were measured. As discussed in other radar systems, the
modulator wae the main source of interference. In this installation, it
generated high-voltage, short pulses supplied through a pulse cable to
the RF unit. High levels of conducted noise were measured on the thyra-
tron and rectifier transformer, ac power leads, the plate power lead,
and the common {filament and plate) ac power leads.

A systematic study of the developrnental model was conducted
with the objective of building a second model which would include good
design practices pertinent to interference suppression.

The modulator, a potential source of interference in any ra-
dar system, was completely redesigned with the U-shape layout changed
to a rectangular design with the tubes and transformer in separate sealed
compartments filled with insulating oil. This insulating-oil technique
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did not prove a practical one because of maintenance difficulties., In or-
der to replace the oil after any repair work, it was necessary to prevent
any air bubbles or moisture from getting into the compartment, which
proved to be a difficult task. Solid copper shielding was used on all wir-
ing coming from the transformer compartment. Ceramic capacitors

(0. 001 uf) were used from each terminal to ground. The filament and
plate transformer were electrostatically shielded. Filters were in-
stalled in the filament supply, plate supply, 115-volt ac lines. Tin foil
gaskets were placed under the covers in the transformer and tube com-
partments. Components and leads were rearranged within the modula-
tor to isolate high pulse currents from power leade and power supply
components. As a result of this redesign, the weight of the modulator
was increased from 18 to 24 1bs; however, by the use of more compact
design, the dimensions remained the same.

The puise cable from the modulator to the RF unit is a frequent
source of interference due to leakage. This leskage can be caused by in-
adequate shielding properties of the coaxial cable, or, more commonly,
from poor shielding continuity of the plug-coaxial connection., In this
equipment, special plugs were designed to minimize this leakage. It was
found that by using a cable with its shield composed of four layers of braid,
a reduction of the residual interference {rom peaks of 50 microvolts to
less than 10 microvolts could be obtained.

The RF unit incorporated design features to minimize interfer-
ence generation as follows: The pulse transformer and the magnetron
were built into one unit. The magnetron section of this unit was preseure-
sealed while the pulse transformer section was oil-filled and sealed. Spe-
cial leakage-proof connectors were used for the triggering pulse. Filters
were added to the blower motor, relay bus, and two in the secondary of
the f{ilament transformer,

In the synchronizer, all puise cables, e.g., gating, timing, rang-
ing, etc., over three inches long were shislded or rerouted to eliminate
possible coupling into "'clean’ leads.

Two capacitor filters were added to the primary power sources
in the radar central, one in the dc supply and one in the 400-cycle sup-
ply. A 7-ampere filter was added to the 27-volt lead in the radar junc-
tion box. One f(ilter, in each of the three regulated power supply leads,
315, 150, 300 volts, is located in the radar central mounting rack.

In the radar junction box, the wires on the terminal board were
rearranged to avoid pick-up from adjacent terminals. Harnessing was
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rearranged and some shielding provided for high-impedance lines. Re-
sistance-capacitance filters were placed across microswitches (see Fig-
ure 2-23a) with shielded leads to the filters. Two of the switches were
redesigned to provide low-impedance pathe to ground from the switch
terrminale when they are not in active use.

Suppression measures were taken on all "nolse"” motors in the
eystem. Constant armature-current dc motors were used for scanning
and spinning; with the use of filters and the grounding of the negative lead,
interference was reduced to well within specification limits. Three 0.25
uf filter capacitors were used in each pair of sarvo motors. See Figure
2-23b.

To suppress interference above 15 mc, two small coile of ] to
2 ph were placed in series with the armature and two 0,001 uf capacitors
were placed across the brushes. To save space, each coil was wound a-
round a capacitor and the assembled filter placed within the motor casing.
Blower motors were all filtered as close to the motor as possible with ad-
equate grounding provided.

A filtering arrangement was considered for the motor-control
relays. See Figure 2-23c. While thie arrangement wae satisfactory in
its suppreseion characteristice, epace limitations prevented its use, (See
Chapter 1, Section 1.3.10 on Relays.)

All leads two inches lung or longer showing 70 microvolts or
more of conducted interference were shielded when possible. Pulse-
carrying leads merited special attention to avoid affecting the pulse shape;
low-capacity shielded leads were used when necessary. All servo motor
leads were also shielded. Non-shielded high impedance leads were by-
passed to ground by capacitors.

Careful consideration was given to adequate grounding through-
out the systemn. It was found that anodizing, usually specified for alumi-
num parts, produces an insulating film which interferes with proper
grounding techniques. The following protective tings are r
as substitutes for anodizing: chrom-aluminum, sincate process, caustic
dip and sinc plate.

The total weight increase, amphasizing internal modifications,

d to approxi ly 10 1be. It is eatimated that if these internal
preventive measures had not been taken, the increase in weight for shield-
ing of interconnecting wiring alone would have been in excess of 50 lbs.
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Furthermore, the interference suppression measures incorporated ia this
system do not take advantage of all present day approved techniques; e.g.,
the miniaturization of suppreseion devices which would have eliminated
some of the discussed difficulties encountered in the design.

2.1.2 ELECTRICAL SYSTEMS

Electrical systems are primarily generators of interference
traneients and fields as a result of the operation of the electrical com-
ponents of each system. Without the application of any suppression tech-
niques, interference would be ducted and inductively or capacitively
coupled to electronic systems throughout the aircraft. In general, an at-
tempt should be made to suppress the interference generated by compo-
nents at the source. This involves improved mechanical design of the com-
ponent, adequate shielding, filtering and bonding. Since it is not always
feasible or practical to adequately filter all “noisy" components, some
interference is conducted through the interconnecting wiring and couples
into the electronic systems, Filtering or shielding at points, such as
junction boxes, may be sufficient to eliminate these coupling paths. Par-
ticular attention should be paid to the routing of interconnecting wires of
each system so that ''clean' leads are not bundled with ""noisy'* leads or
routed near strong pulse or harmonic generators. Analysis of these elec-
trical systems generally serves to illustrate the type and location of in-
terference-generating components to permit logical references to those
paragraphs wherein the components are considered in detail for source
suppression. Thue these electrical systems serve to incorporate infor-
mation available from interference checks on military aircraft as to the
types of equipment generally responsible for the production of interfer-
ence. The following paragraphe describe typical installations to point out
some of the general considerations,

2,1,2.1 AC and DC Power Systems

Modern military aircraft are controlled and operated largely
through the use of the many electrical and electronic systems installed
in the aircraft. A typical medium or heavy bomber would contain the fol-
lowing electronic systems: (1) HF Command, (2) Homing, (3) IFF, (4)
Interphone, (5) Liaison, (6) Localizer and Glide Path, (7) Loran, (8)
Shoran, (9) Marker Beacon, (10) Navigational Radar, (1]) Search Radar,
(12) Radio Altimeter, {13) Radio Compass, {14) VHF Command, and (15)
Jamming Equipment; in addition, the following electrical systems would
generally be installed: (1) Auto-Pilot, (2) Flight Instruments, (3) Cabin
Heating and Ventilation, (4) Interior and Exterior Lighte, (5) Fire De-
tector, (6) Fuel Booster Pumps, (7) Fuel Gage, (8) Tachometer,(9) Op-
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erational Indicators and Engine Instruments, (10) Propeller Feathering,
Unfeathering, Reversing, and RPM Control, {11) Propeller De-Icer, (12)
Trim Tab Controls, (13) Windshield Anti-Icer, (14) Wing and Tail Surface
De-Icer, and {15) Aileron, Rudder and Elevator Controls. The electrical
energy required to power these systems is supplied by common ac and d¢
power circuits. This provides & means for introducing interference sig-
nals from either power system into any slectronic system as well as a
common path between any of the electrical or electronic systems in the
aircraft.

The aircraft ignition aystem is not interconnected with other elec-
trical systems. An isolated ignition circuit complete with power source
is provided for each engine. This precludes the possibility of conductive
coupling of interfering signals out of the ignition system during operation.
A conductive path for interfering signals into the dc power system exists
when induction boosters are used for starting. This power is ususlly bro-
ken by the starting relay after the engines are started. However, there
is a strong possibility for inductive or capacitive coupling and radistion
from the system wiring. Interference problems peculiar to ignition sys-
tems are treated in Section 2.1.2.4 of this chapter.

A typical ignition system is shown in Figure 2-2 by dot-dash lines
to illustrate the compactness of the ignition system and at the same time
point out the possible paths for interference signals to gain access to the
other aircraft systems.

In general, a typical ac power circuit would consist of the fol-
lowing components: (1) Bus Bars, (2) Voltage and Power Selector Switch~
es, (3) Alternators, (4) AC Voltmeters, (5) Compensating Condenser, (6)
Voltage-Adjusting Rheostats, (7) AC Voltage Regulators, (8) Circuit
Breakers, {9) Inverters, {10) Junction Boxes, (11) Control Panels, {12)
Various Plugs, Receptacles and Interconnecting Cables, and (13) Fluor-
escent Lights. A typical ac power circuit installation is illustrated in
Figure 2-2. This diagram shows the approximate location of the various
electronic systems and how these systems are interconnected through
their power leads in the aircraft. The ac power cables are represented
by broken lines (dashed).

A typical dc power circuit would consist of the following compo-~
nents: (1) DCGenerators, (2) Batteries, (3) Bus Bars, (4) Generator
Ammeters, (5) Battery Ammeters, (6) Voltmeters, (7) Voltage Selector
Switch, (8) Circuit Breakers, (9) Internal and External Lights, (10) Volt-
age Regulators, (11} Relays, (12) Condenser, (13) Connector Boxes, (14)
Control Panels, and (15) Various Plugs, Receptacles and Interconnecting
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Cables. The majority of electrical actuators and servos are energized
by the dc source. A number of seuch devices are shown in Figure 2-2.
This diagram illustrates the relative locations of the various electrical
systemns and how these eystems are conductively linked to the electronic
systems through their respective power leads. Direct conductive linke
between the various dc electrical systems generally occur in the junction
boxes, circuit breakers, and control panels. Since in many typical in-
stallations the aircraft generators are ac-dc, a possible conductive path
also exists between the electrical and electronic systems. The ac-dc
generators frequently utilize the same coil windings for each external
system. A commutator is provided to rectify the induced alternating
voltage for the dc syetem and slip rings are provided for the ac eystem.
Some isolation effect is obtained through the use of separate power sup-
plies for the various systems, i.e., dynamotors, inverters, etc. Bund-
ling of the power cables with other system wiring introduces the possi-
bility of inductive or capacitive coupling of interfering signals (rom one
system to another. The dc power circuite are represented by solid lines.

The functioning of the power systems is not impaired by the
presence of interfering signals along the power cables or in the system
components. However, a great number of interference difficulties have
been traced to the location, routing, shielding, etc. of the power cables.
These troubles are primarily caused by other systems coupling interfer-
ing signals into the power lines and eventually introducing these signals
into the various receivers in the aircraft. The generators, regulators,
and relays used in the power systems are possible sources of interfer-
ence. The design considerations applied to aircrait components for min-
imum generation of interference are discussed in Section 2 of this book.

2.1.2.2 Propeller Systems

Propeller systems are potential and actual sources of radio in-
terference because they contain electrical and electronic equipment and
circuits. This is true regardiess of whather the propellier is of the elec-
tric or the hydraulic type since electrical means are employed to accom-
plish the following diverse functions in present-day designs of propeller
systems:

a. Propeller Control

{1} Speed control

{(a) Reciprocating engines

(b} Turbo-prop engines

>



(2) Synchronization
(a) Speed synchronization
(b) Phase synchronization

(3) ""Beta’ operation (primarily in turbo-prop applica-
tions)*

14) Reverse-pitch operation (primarily in reciprocating
engine applications)

{5) Feathering
(a) Manual initiated
{b) Automatic type

(6) Remote control of speed settings of governore and

synchronizers.
b. Propeller De-icing
c. Propeller blade-angle (beta-angle) indication.
d. Electrical lamp indication of propeller operations.

Basically the problem of radio interference prevention on such
equipment is the same as for other aircraft equipment and the same prin-
ciples and practices might be expected to apply. Such equipment, inci-
dental to its basic operation, generates rapidly changing currents and
voltages. A certain amount of coupling exists in the aircraft due to the
proximity of.equipment in the necessarily close confines. This coupling
comes from two principal sources:

a. Use of common power system and battery for both the pro-
peller and the radio and electronic equipment, and

%In ‘'beta' operation, the pilot has direct control, through manual
operation of the lower lever, of the propeller blade angle. This type of
operation is used for taxiing and other ground handling as well as reverse-
pitch operation for ground braking.
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b. Mutual inductance between propeller wiring and antenna
lead-ine of radio equipment.

Two factors seem to distinguish propeller systems from other sources
of radio interference in aircraft:

a, The current values used are very high, particularly on
28-volt dc systems, and normal operation involves continual switching
on and off of such currents. From a weight penalty standpoint, the mara
gin of error in the direction of supplying a generous amount of suppres-
sion filtering is narrow.

b. Many important sources of interference in propeller sys-
tems produce interference of the click- or pulse-type of low and very
low repetition rate. This situation is illustrated in Figure 2-24. The
practical result is to create a difficult problem in measurement technique.
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Figure 2-24. Approximate Repetition Rate of Important
Sources of Radio Interference of the Click or Pulse Type

The present specified measuring set-up prescribes two stand-
ard service receivers. It also involves the use of a cathode-ray oecillo-
scope as an indicating instrument rather than a D'Arsonval meter used
in conventional noisec meters. The reason for this approach lies in the
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wide range of so-called repetition rates which are involved in the types
of interference that are produced by propeller circuits ae shown in Fig-
ure 2-24. Particular note should be paid to the low values of repetition
rates involved in the pulse-type ""noise’ produced by many propeller con-
trol systems and the very low values for certain types of de-icing timers.
This interference is primarily a seriee of clicks or pops with “clear’
places between.

Sources of interference in propeller systems may be found in
(a) pitch change motors, (b) pitch change solenoids, (c) slip rings, (d)
governors, (e) synchronizers, (f) de-icing timers, (g) de-icing relays,
(h) inverters, and (i) the various switches and contactors. Many of these
items can readily be seen illustrated in Figure 2-25, Such equipment, in-
cidental to its basic operation, generates rapidly changing currents and
voltages.

A certain amount of coupling exists in aireraft due to the prox-
imity of equipment in the necessarily close confines. This coupling can
come from two principal sources: (a) use of common power system and
battery for both the propeller and the radio and electronic equipment, and
(b) mutual inductance between propeller wiring and antenna lead-ins. See
Figure 2-26.

Experience shows that it is difficult to add radio-interference
suppression devices after propeller designs are complete. For that rea-
son, it is {far better to design the squipment correctly to begin with, Prac-
tical methods of prevention include: (a) use of non-electrical and non-
electronic methods of operation in propeller equipment, (b) where electri-
cal equipment is used, arrange the equipment so that circuits involving
rapid changes of large currents are placed out in the engine nacelles
rather than in the fuselage and particularly not near the radio equipment,
(c) in cases where propeller equipment is to be powered from a common
electrical system with the radio gear, provide effective filtering in the
power leads, and (d) in cases where propeller equipment containing inter-
ference sources is to be installed near radio equipment, provide adequate
shielding containers for the propeller equipment and filter all leads {from
the equipment.

The filtering of leads from interference sources in propeller
equipment requires the use of the following components: (a) capacitors,
(b) inductors, and (c) transient suppressors of the following types: (1)
dry-plate rectifiers (magnesium copper sulfide), (2) pcint rectifiers (ger-
manium), (3) non-linear resistors of the “Globar" or "Thyrite' type,
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Figure 2-26. Propeller Control Diagram

(4) gaseous discharge tubes, (5) vacuum tubes, and (6) resistor-capaci-
tor networks. Capacitors find univereal application across lines from
interference sources as suppressors; they are particularly effective on
dc motors and generators. Addition of an inductor between the capacitor
and relay contact makes an effective combination in euppreseing relay
and contactor interference. Additional inductore in series and capacitors
in shunt can be used in the form of radio-interference filtere for further
suppression. For filtering to be adequate it must be supplemented by the
uese of shielding containers. Proper shielding involves the use of metal-
lic (not necessarily magnetic) boxes and containers that are free of open-
ings and non-conducting joints. Size and shape should be ae required for
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the propeller equipment. The design techniques for shields and jointe
are discussed in Chapter 3 in this volume.

The designer must be guided by experience in the amount, type,
and extent of filtering and shislding to use. The final criterion is that the
propeller equipment cause no interference in the radio and electronic
gear in the actual aircraft installation.

There are, however, obvious practical dissdvantages to waiting
until squipment is installed in the aircraft before being able to determine
radio-interference performance. The anewer to this difficulty has baen
to aet up test specifications setting forth the procedures, measuring equip-
ment and maximum allowable limits to be used in determining the radio-
interference performance of electrical equipment for aircraft, Propeller
equipment has received its share of attention in this effort.

The thought in setting up a radio-interference specification for
propeller equipment has been to provide the manufacturer with a guide
as to how good to make his equip t. The expectation is not that equip-
ment meeting such a test will never cause interference when installed;
the range of variables involved is too great for that, Rather, equipment,
when passed, can be expected to cause interference in less than about 10
percent of actual cases. These latter problems could then be handled in-
dividually. Working that close to the margin requires good test equip~
ment and procedures together with maximum allowable limite founded on
a sound basis.

In this connection, it may be helpful to review the general basis
upon which future plans are founded. Thie envisages that a radio-inter-
ference survey will be made as part of the type test of each new propeller
design. This approach would be analogous to the use of vibratory-stress
surveys on new designs, Indeed, it is believed that the radio-interference
survey can be conducted just before or just after the vibration study. The
type test approach was chosen rather than a production inspection method
because of conditions which exist in the propeller industry. Production
methods in the industry are such that while operational checks are contin-
ually made of components of propeller systems, very seldom, if ever,
are complete setups made during production of systems to check opera-
tion prior to installation on the airplane. In many cases new designs of
propeller systems consist of only minor changes from pravious designs
or consist of changes of a hanical or similar nature not usually atfect-
ing the radio-interference performance of the system. It is believed that
if a eystern has been once tested for radio interference and found satis-
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factory, approval can be granted on varioue modifications of the system
without costly retesting of each modification. A similar procedure is cur-
rently used in handling vibratory stress approval on propellers differing
in minor detail from a previously tested and approved design. In this
connection, attention of contractors is directed toward Specification MIL-~
P-5449, Amendment 1, requiring the furnishing with the propeller instal-
lation model specification of detailed data on the radio-interference sup-
preesion provisions.

Two alternative forms for the type teet are prescribed: (a) en-
gine tests, and (b) bench tests.

The engine test procedure is to be used for testing all propeller
systems and equipment the radio interference from which can reasonably
be expected to be influenced by engine rotation, vibration and propeller
power loading. Such effects can be expected in systema involving such
items as: {a) electrical current-carrying slip rings in the hub or on the
blades, (b) engine-mounted propellier governors, and (c) pitch-changing
mechanisms of an electrical nature.

The bench test procedure is to be used for testing all propeller
systems and equipment the ratio interference from which can be expscted
to be unchanged in gnitude by the pr or ab of engine vibra-
tion or propeller power loading. Typical ples of such equip t are:
(a) blade-angle indicators involving use of ac selsyns powered by 400 cps
inverters, and (b) de-icing system using hub-mounted generators together
with a timer.

Manufacturers of propellers and propeller components are cau-
tioned that it is the practice of the services to follow up all complaints
of interference and to request modifications, where required, of propel-
ler equipment. Responsibility for performing tests to check compliance
of such equipment with applicable radio-interference specification lies
with the group having jurisdiction over the equipment. All questions of
compliance, test methods, and equipment design should be referred to
the group, laboratory, etc., having jurisdiction over the squipment,

2.1.2.3 Automatic Pilot
An Automatic Pilot is generally an electromechanical-elec-
tronic system designed to provide automatic control of airplane sur-

faces to maintain a predetermined course of flight. The plane is stab-
ilized on longitudinal, lateral, and vertical axes with minimum angular
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displacement and acceleratione in any axis. Manual control of the Auto-
matic Pilot to accomplish dives, climbs, and coordinated banking turns
through wide limits is provided.

The components of a typical system include: (1) Flight Control
Rate Gyros, {2) Directional Panel, (3) Turn and Pitch Controller, (4)
Turn Control Transfer Switch, (5) Three Servo Motors, (6) Multiple Chan-
nel Amplifier, (7) Calibrator Unit, (8) Mounting Chassis, (9) Amplifier,
{10) Turn Controller, (11) Formation Sticks, (12) Interconnecting Cabling,
{13) Flight Control Vertical Gyrc, and {14) Gyro Directional Stabiliser.

In a typical installation, in a bombardment type aircraft as shown
in block form in Figure 2-27, the control mechanisms which include Turn
Control Transfer Switch, the Turn and Pitch Controller, and the Forma-
tion Sticke would be readily acceseible to both pilot and co-pilot. The Di-
rectional Panel is installed in the bombardier's compartment to be used
in conjunction with the bomb-sight for flight control during bombing runs.
The chassis equipment assembly, which includes vertical and rate gyroe,
calibrator, and amplifier mounted in a tray, is installed for ease of main-
tenance. The three servo motore are installed close to the control sur-
faces and are connected to the amplifier with lengths of electrical cable.

This Automatic Pilot operates on the principle of the balanced
bridge. A balanced bridge is provided for each of the three axes: ailer-
on, rudder, and elevator. When any one of these bridges is unbalanced
by a signal from any one of the gyros, formation sticks, remote control,
or turn and pitch controller, a relay switch in the amplifier activates the
appropriate servo to position the control surface to a predetermined or
new setting. The process is one of continuous correction with subsequent
continuous operation of the relays signalling the servos. The rate of the
corrective response is regulated by the calibrator.

The Automatic Pilot, by the nature of the components necessary
for ite operation, can be a prolific source of radio interference to other
systems in an sircraft. The continuous operation of relays and small
motors generates interference over a wide range of frequencies, and re-
quires consideration in the original design of such equipment. In the
original design of the Automatic Pilot under discussion, interference
suppression was not stressed. Examples of poor interference suppres -
sion design include:

a. Mating surfaces were anodized preventing good ground
and bond connections.
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b. Bolte, nuts and washors were treated with a corrosion
resjstant compound which was non-conductive and contrib-
uted high impedance paths to ground.

c. Poor case and internal shielding permitted radiation and
coupling of interference into other airplane wiring.

d. Filters were used with long unshielded leads thus permit-
ting radiation and coupling of noise into other wiring.

e, "Noisy' leads were bundled together with “‘clean' leads
resulting in interference appearing on most external wir-
ing and making it difficult to apply suppressive measures.
Leads coming out of filters were exposed to interference
fields which nullified the effect of the filter.

The principle components of the aystem from which the interfer-
ence would originate includes the Calibrator, Amplifier, Directional
Panel, and Turn and Pitch and Controller.

The calibrator with its numerous relays, e.g., aileron engage,
rudder engage, elevator sngage, auto recovery, etc., proved to be a pro-
lific source of interference. The action of the relays caused currents
with steep wave fronts which resulted in radiation and pling into other
airplane wiring. In the original design, suppression networks were not
included in the relay circuits., External filters were inadequately ground-
ead and improperly located to suppress interference adequately. Shielding
cups prevented radiation from above; however, interference was free to
radiate from beneath the relay. The calibrator case had poor shielding

inuity, bonding, and gr. ing, and permitted radiation to emanate
from the case. It was necessary to modify the calibrator internally to
prevent it from interfering with other aircraft equipment. [os

In the amplifier the six servo relay switches were the principle
sources of radio interference. It was particularly serious in this com-
ponent because of the long lengthe of cabling to the three servo motors
which could cause interference in a considerable amount of airplane wir-
ing in the original design. The only recognition of the interference prob-
lem caused by relays and their aseociated wiring took the form of inade-~
quately shielding each relay internally. Interference radiated from the
poorly grounded shield, and transients in the servo wiring affected other
airplane wiring. Poor shielding continuity and grounding of the amplifier
case aleo permitted radiated interference to affect other circuits.
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In the Directional Panel, interference from the dc Arm Lock
Motor Commutator appeared on external interconnecting wiring and was
free to radiate or couple into other airplane wiring. In the original de-
sign, the motor was shielded but the leads were not shielded or filtered
and conducted interference appesared on external wiring.

The Turn and Pitch Controller has three direct current motors
used for rudder, aileron and elevator centering. In the original instal-
lation, these motore were individually shielded but no internal suppres-
sion measures were taken to prevent the commutator interference from
being conducted through the shield by the motor leads. These unshiclded
leads were bundled in with other wiring and decreased the effectiveness
of external filters of dc power leads. Coated surfaces used in mounting
the motors did not provide adequate bonding and reduced the shielding
effectiveness of the cases.

As a result of lack of adequate euppressive measures ueed in
the design stages, installation difficulties were encountered with the op-
eration of the Automatic Pilot in a bomber installation because interfer-
ence was found on all bands of the Liaison and one of the Countermeas-
ures Receivers. The relays caused a rapid clicking noise in both re-
ceivers with peaks measured in the range from 3 to 21 megacycles.
Since an internal modification of the Aut tic Pilot System was the
only practicable way to eliminate the interference, no inetallation "fix"
was attempted. In a later model of the same type of aircraft, the inter-
ference from the relays was reduced to a low level by modifications in
the Automatic Pilot; however, commutator noise, {rom the Gyro Torque
motor in the Directional Stabilizer and the Arm Lock Motor located in
the Directional Stabilizer appeared in the same receivers. A "fix" wae

ttempted by ing a filter and a 4 microfarad capacitor near the di-
rectional stabilizer. The filter was connected in series with the 28 volt
dc power lead to the gyro torque motor. The capacitor was ted
{from the torque motor side of the filter to ground. This "{ix' proved to
be successful; however, a similar configuration tried on the Arm Lock
Motor did not remove the interference from the Countermeasure Re-
ceiver. The same receivers being affected in both examples of Auto-
matic Pilot interference suggests that improvement may have been pos-
sible in the installation mock-up to eliminate the coupling paths for the
interference to the receivers. However, this does not remove the
premise that inadequate source suppression measures were taken in
the original design of the Automatic Pilot.
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In another bomber installation, the Autornatic Pilot interfered
with the Radic Compass, Range and Liaison receivers. The interference
was of three types:

a, The continual or repeated pecking noise from the contacts
of the six servo relays. This same type of interference was evident al-
so when the Automatic Pilot was disengaged, but the centering motors in
the control panel were being actuated, A "fix'" was attempted by using a
filter on the load side of each of six servo relaye but this only reduced
the noise and did not eliminate it. Complete suppreseion would necessi-
tate modification of the Aut tic Pilot.

b. "Clicks"” and "pops' appeared on all three of the affected
receivers when the Turn Control was moved in and out of the detent po-
sition. Part of the interference was due to the make and break action of
the switch contacts at the detent position during the make and break of
the Arm Lock Relay coil circuit. This interference was particularly
prominent on all except the low frequency band of the Liaison receiver
with peaks in the range of 6 to 9 megacycles. A "fix" was attempted by
ueing a 0.5 microfarad metallized paper condenser across the switch

tacte. This action effectively suppressed this part of the interfer-
ence. The remainder of the interference was caused by the A¥m Lock
Relay Contacte actuating the Arm Lock Motor. These clicks and pope
were the sharpest and most annoying of the Automatic Pilot interference
and most serious on the Radio Compass and Range Receivers. To sup-
press this part of the interference, a filter was placed on the load side
of each of the three contacts that actuate the Arm Lock Motor. A filter
wae also placed in the 28 volt power lead to the relay.

c. The occasional or intermittent ""clicke” and “pope’ due
to the Engaging, Anti-engaging, Transfer, and Rudder Engage Relaye
in the Calibtator Unit appeared on all three receivers. Suppression
measures were not taken on the Automatic Pilot but an attempt was made
to eliminate coupling paths and increase the rejection characteristics of
the receivers. The radio compass antenna lead-in was double shielded
and a 0.5 microfarad condenser, 400 volts, dc rating was connected on
the 400 cycle power lead of the Radio Compass to ground. Bonding of
the Liaison and Range receivere was improved and leads rerouted when
possible. This attenuated the interference, but did not eliminata it.

External filtering in this installation was not satisfactory be-
cause of the lack of circuit isolation. Internal cabling was laced in large




bundles with interference coupling throughout the equipment. To be ef-
fective, filters would have to be applied virtually to each individual wire
of the many wires coming out of the unite.

Extensive modification of the Automatic Pilot was necessary in
order to insure interference-free installations in aircraft. The following
inter{erence-free design techniques were applied:

a. Good bonding and grounding surfaces were insured by chang-
ing the anodizing protective process to cadmium plate over copper plate
over zinc plate on the aluminum.

b. Non-conductive protective coating wae removed from bolta
and nuts to lower the impedance paths to ground as discussed in Chapter
3, Section 1.3.7 of this book.

c. Both internal and case shielding were improved by new de-
sign as well as by the previous improvement of contact surfaces as die-~
cussed in Chapter 3, Section 1.3.

d. Filter ground leads were shortened and the filters were
relocated close to the 'noise’ source with a shielded lead into the filter
ae discussed in Chapter 4,

e. The internal circuitry was improved which resulted in bet-
ter isolation of interference sources and interference conducting leads.

f. Calibrator relay contact surfaces were improved and the
leads into the filters were shielded thus preventing the relay interference
from coupling into other wiring.

g Case shielding continuity, bonding, and grounds were im-
proved to prevent case radiation,

h. Suppressor networks were installed inside the amplifier
and connected to the servo relays. These networks were connected to
the signal leads of each of six relays as close to the relay shielded case
as poseible and a capacitor was connected across the relay contact pointa
to reduce the effect of transients as shown schematically in Figure 2-28,
The relay shield was improved as well as overall case design.

i. The Arm Lock Motor in the Directional Panel was inter-

nally filtered with a shielded lead into the filter. This effectively elimi-
nated commutator interference by confining it to its internal shield.
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Jje In the Turn Pitch Controller, filters for the three dc mo-
tors were more advantageously located, provided with bet-
ter contacts, and connected to ground by shorter leads.
Leads which conducted interference ware shielded prior
to entering the f{ilters. Rerouting was accomplished to
protect the filtered lead from exposure to an interference
field. Shielding effectiveness of the case was improved by
changing the anodizing to a plating prscess.

Figure 2-28. Schematic Diagram of Suppressor Network

Up to this point, the interference generating characteristics of
the Automatic Pilot have been stressed; now the Automnatic Pilot's sus-
ceptibility to interference from other systems in the aircraft will be con-~
sidered.

Interference which entered the Automatic Pilot System in one
particular installation caused erratic operation of the control surfaces,
known as "jitter". Investigation showed that the signal leads to the ser-
vo units picked up interference and conducted it to sensitive circuits in
the amplifier at which point the circuits were unable to distinguish the
interference signals from the desired ones. By installing a filter in
each of the six signal leads, as close as possible to the amplifier, this
interference was effectively eliminated. Routing the servo motor sig-
nal leads away from interference fields may possibly eliminate the need
for these filters; however, owing to the long lengths of cable necessary,
filters may be the simplest way to eliminate this as an installation prob-
lem. Interference from other systems has not been a major problem
in the operation of the Automatic Pilot in this installation.

However, interference from other systems in the aircraft has
been a major problam in another type of Automatic Pilot System and a
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brief discussion of this is included because it still constitutes a problem
in recent Automnatic Pilot installations.

The principle of operation of the two Automatic Pilots is basei-
cally the same. However, instead of a potentiometer type of signal pick-
up, rate gyros for the rate signals, and relay pulsing type servo, this
equipment uses a synchro type signal pick-up, resistance-capacitance
type of rate circuit, and an amphidyne scrvo system. This system is
sensitive to interference on both the ac and dc power systems. In a typ-
ical medium bomber installation, oscillation or "jitter' of the control
surfaces was caused by commutator ripple in the d¢ power supply and
low amplitude modulation of the 400 cycle wave in the ac supply.

Two control surface hydraulic booster pump motors produced
commutator ripple on the dc system. When these motors operate si-
multaneously their ripple voltages combine to form a beat effect which
caused trouble. This interference eventually coupled into the sensitive
circuits of the Automatic Pilot. With low batteries, or with batteries
disconnected from the system. the 'jitter' is exaggerated but when the
batteries are in good condition they tend to minimize the effect of the
commutator ripple. The "[ix'" recommended for this installation was
to install a 500 microfarad, or larger, capacitor {rom the dc bus to
ground near the booster pump motor terminals. As much isolation as
was possible was provided between sensitive Automatic Pilot wiring
and dc power wiring.

In planning the design of future systems and installations of
thie kind, early consideration should be given to the isolation of sen-
sitive circuits and wiring from the cffects of ripple on the dc power
supply becausc this has been an important source of interference to
electronic systems in various aircraft. Ideally, the interference char-
acteristics of motors, such as the booster pump motor, should be sup-
pressed in the design stages; however, the rejection characteristics of
a receiver to this type of interference should be equally emphasized in
its design stages.

The inverter, in this installation, was putting out a low fre~
quency, low amplitude modulation of the 400 cycle wave in the ac power
supply. This modulation was aggravated, by the ac ignition system
used, to the point where the Automatic Pilot could not distinguish it
from the normal sensing signals. The recommended corrective action
in this instance was to provide separate sources of ac supply for the
ignition system and the Automatic Pilot. To illustrate the importance
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of a "clean" ac power supply for this equipment, an Air Force specifi-
cation required that an ac source be provided with no modulation be -
tween frequency limits 0.1 to 60 cycles per second and & total harmonic
content of not more than 5% of the fundamental. The original design of
this equipment should include considerations that make it compatible
with the operation of the other systems in the aircraft. With the in-
creasing use of ac power supply in aircraft, this Automatic Pilot sys-
tem should be able to operate as satisfactorily aa other equipment on
the same ac supply.

In the design stages of any equipment, recognized interference
sources should be properly isclated by means of shielding, filtering,
bonding, or other effective means as necessary considering weight, space
and materiales as discussed in Chapter 1, Section 1.1. Study of the orig-
inal design of this Automatic Pilot equipment revealed that the main reli-
ance was on shielding. The techniques used, however, were not ef-
fective in this case. While it is recognized that shielding is frequently
necessary to suppress interference {rom ignition systems, modulatore,
etc., it ia one of the more expensive methods and may result in greater
weight than if a bination of techniq is used. For example, a
simple R-C network, properly designed and connected across the con-
tacts of relays may have reduced the transients sufficiently to elimi-
nate the need for shielding of each individual relay. (See Chapter 1,
Section 1. 3. 10.) Proper routing of leads that may conduct interference
would still further reduce the need for this extensive shielding. Small
motors with interference suppressed by means of techniques discussed
in Chapter $ and proper isolation would obviste the need for extra heavy
shielding,

To overcome the lack of foresight in the original design of this
equipment with regard to interference -free operation, good engineering
practice was employed in locating interference suppression devices as
¢lose to the source of the interference «s was possible. The "fixes"
used showed a good understanding of and an application of the principles
which muet be used in combating interference. The result was a con-=
siderable improvement in the overall design which reduced the genera-
tion, conduction, and radiation of the interference.

2.1.2.4 Spark-Type Ignition System
Ignition systems used in present day reciprocating aircraft en-

gines are designed to produce an electric -spark to ignite the compressed
fuel inside the cylinder. The ignition systemn must deliver a spark at the
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proper instant in each cylinder to give smooth operation. Reliability
and efficiency are prime design considerations and extreme environ-
mental conditions muet be provided for in the design of aircraft ignition
systems. The systern must operate at temperatures of -40° to -60° F.
as a lower limit. At the other extreme, however, the magneto is ex-
posed to 250° F., the cable to 350° F., and the plugs to 500° F. Since
the syatem is mounted on the engine, all parts are subject to severe vi-
bration at frequencies below 200 cps, with forces as high as 75 g's.

The reduction of dielectric strength and ionjzation potential
which accompanies increase in altitude is very damaging. Corona dis-
charge forms ozone and nitric oxides. The oxides combine with mols-
ture to make nitric acid, which corrodes all metal parts. Both corona
leakage and weakened dielectric combat attempts to increase ignition
voitage and thereby gain more effective ignition. To avoid the detri-
mental effects of altitude, the ignition eystem has been pressurized in
some designs and in others it has been filled with a sealing compound.
These aging, breaking, or other damaging effects due to environmental
conditions generally tend to increase the interference problem created
by the ignition system.

The aircraft ignition system includes the following component
parts: (1) magnetos and distributors. in some syustems these are integ-
ral {two per engine), (2) harness assembly and spark plug leads, (3)
external transformer coils, used only with low tension ignition, (4)
spark plugs {two per cylinder), (5) starting booster coil or induction
vibrator, (6) ignition and magneto grounding switch, and (7) flexible
metal conduit used to cover the wiring between the engine ignition sys-
tern, the ignition switch, and the starting assemblies. A front view of
a typical) ignition system installed on a radial aircraft engine is shown
in Figure 2-29.

While radio interference signals entering the ignition system
will not adversely affect the system itself, the components of the igni-
tion system are extremely strong interference sources and could cause
serious interference in the aircraft electronic systems if proper sup-
pression techniques are not observed.

In general, spark-type ignition systems, if allowed to radiate,
can be listed high among the major sources of radio interference. This
is true because of the deliberate generation of high frequency transient
currents in the ignitlon circuit as a neczssary function in aircraft en-
gine operation.

e



Figure 2-29. Typical Spark-Type Aircralt Ignition System

Whenever an electrical cirquit is opened or closed, such as oc-
curs with a distributor, there is a transient or variable-current state
immediately following the making or breaking of the circuit, during which
current is either rising or falling. These "steep wavefront transients*
are not of the simple sinusoidal type, but have been shown to consist of a
fundamental wave of relatively low [requency, upon which are superim-
posed a multiplicity of higher frequency components or transients.

The components of an ignition system must, therefore, be re-
garded as generators of periodic short duration waves containing not only
low frequency components, but high frequency components extending a -
cross the useful radio-frequency spectrum.
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These high frequency oscillations, if not suppressed through
shielding, are radiated by the various ignition system components which
act as antennas. The radiation results in uncontrolled frequency waves
in the radio frequency spectrum above 10 mc and is especially high in
annoyance value depending upon the characteristics of the transient and
the sensitivity, frequency response, and location of the receiver.

Although, ae pointed out in earlier paragraphe, noise suppres-
sion may generally be accomplished by filtering or shielding at the
source or the receiver, or both; such is not generally the case with re-
spect to interfering waves generated by an engine ignition system. With
the various aircraft antennas subject to direct uncontrolled frequency
radiations of the engine ignition system, any effort to filter or shield at
the radio receiver will result not only in the suppreseion of interfering
waves but also of the desired intelligence signal radiated by a controlled
frequency radio transmitting station. The possibility of suppression by
filtering at the source is equally remote. Any filter capable of elimina-
ting all of the high frequency components of an ignition transient would
also be capable of removing a large part of the ignition wave itself,
thereby impairing the efficiency of the entire engine ignition system.
Some recent success, however, has been found through uee of resistor-
type spark plugs.

It follows, therefore, that complete shielding of the aircraft
ignition system is the only practicable method to prevent radio frequency
energy of appreciable magnitude from radiating into space and resulting
in aircraft radio interference.

The existence of this condition is fairly well accepted, although
not necessarily appreciated by the industry. As a result radio interfer-
ence emanating from the aircraft ignition system still is troublesome.
The detectable interference now generally results from (a) poor shield-
ing joints, (b) poor flexible shielding conduit, and {c) insufficient shield
wall thickness and/or improper material.

In the transmission of high frequency transient currents in a
coaxial system, such as is the case in the modern ignition system, the
current tends to follow the path of least impedance. As a result, the
current will flow on the outside surface of an ignition cable conductor
and on the inside surface of the shielding. Any poor junction in the shield-
ing will provide an opening to the shielding exterior thereby permitting
the current to flow on the outside surface of the shielding where it can
radiate. No bonds are required with a perfect shield.
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The problem of ignition noise largely reduces itself to one of
joint or flange design and frequent bonding of the shielding to the air-~
frame. Major emphasis should be placed upon proper initial joint de~
sign for little can be done in the field to make satisfactory corrections
of a permanent nature. Obviously, the number of joints should be kept
to a minimum. The most satiefactory joining of mating surfaces js by
welding, brazing, or soldering. Even a good solder joint will exhibit
an appreciable contact resistance and is never as good a conductor as a
brazed or welded joint. However, welding and brazing cannot generally
be used because of the difficulties of field service and because the heat
required causes damage to insulated conductors.

Radio interference signals may enter or leave the ignition sys~
tems over any of the paths shown in Figure 2+30.

Radio interference caused by engine ignition systems can be
summed up as follows:

a. Interference due to radiation leaking past poorly mated
jointe located in any portion of the ignition system,

b. Interference from damaged portions of the ignition har -
ness assembly, and

<. Interference from loose nuts or other fastening devices
which are part of the ignition assembly.

The magneto is a form of high-frequency generator and conse-
quently all jointe and covers in the magneto are potential interference
sources. Figure 2-31 illustrates several types of joints ordinarily
found to be a source of interference in magnetos. In order to keep the
radio interference energy within the magneto shield it is necessary to
make all joints low impedance paths, as indicated above, and discussed
in Chapter 3, Section 1.3.

The distributor comprises a distributor rotor and terminals
connecting individual spark plugs. It may be considered as a rotating
mechanical switch which transfers the electrical energy from the high
tension coil of the magneto to the spark plugs. The distributor finger
or rotor does not touch the terminals or electrodes but passes over
them with close clearance. Since the high voltage produced by the mag-
neto must jump the air gap between the rotor finger and the terminal of
the distributor in addition to the spark plug gap, the distributor can be
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Figure 2-31. Typical Sources of Interference in Magnetos

compared to a spark transmitter. Volume I, Chapter 1, Section 4 and
Chapter 1, Section 1.3.8.1 of this Volume give a detailed discussion of
spark gap interference. Again it is a problem of keeping the joints elec-
trically tight at high frequenciea in much the same manner as described
for the magneto. Types of troublesome distributor joints are shown in
Figure 2-32a,

The harness assembly is again a problem of keeping radio in-
terference energy inside the harness or shield. If any portion of the
harness assembly is cracked or broken and any connections not properly
tightened interference signale will radiate from the harness assembly.
Typical potential sources of noise leakage from the harness section are
shown in Figure 2-32b.

Spark plugs are normally well shielded and seldom present an
interference problem, unless they are damaged or not operating properly.

It has been demonstrated by design experience that proper radio
interference control of ignition systems is obtainable by using carefully
designed shielding assemblies and interference filters. A well-shielded
ignition eystem is well protected against fire hazard, shock hazard, heat,
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lightning, weather, and vibration. However, shielding adds to the cost
and weight of an ignition system and increases spark plug electrode ero-
sion, thue requiring careful application of suppression techniques in the
original design. Shielding and filtering techniquea are treated in Chapter
3, Section 1.3 and Chapter 4.

Figure 2-32a. Typical Sources of Interference in Distributors
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3. RADIO FREQUENCY INTERFERENCE FROM
PRECIPITATION STATIC

Increased speed and higher altitude flying, the result of im-
proved design and the availability of more powerful engines, both dic -
tated by military necessity, brought ever-increasing losses due to the
precipitation-static type of radio interference. The Military Services,
aircraft manufacturers, and commercial flight operators have made
attempte to remove this hazard to aerial navigation. From numerous
investigations, in flight and in the laboratory, there resulted a series
of programs for ''cleaning-up” airplane structure and design. These
included the elimination of sharp-edged or pointed protuberances, the
effect of various coatings on the metal surface, and the bonding of
separated parte of the aircraft structure. In addition, much research
and development has been done to make available dielectrically insu-
lated antenna wire and fittings as well as devices for discharging static
charges harmlessly from the aircraft while in flight.

3.1 OPERATION OF AIRCRAFT

Pilots have frequently observed that the severity of precipita-
tion interference is a function of the speed. Using as a working equa-
tion, charging current equals a coefficient times the speed to the oth
power, it was found that the average value of n is 3. Thus the radio
interference goes up approximately as the cube of the speed. Reduc-
tion of airspeed from 400 miles per hour to 200 miles per hour would,
therefore, reduce the charging current, and hence the corona discharge,
by a factor of eight as shown in Figure 2-33,

The variation of the coefficient with temperature is not linear.
It is a maximum between -7° C and -9° C, while the exponent, n,
reaches its peak value at about =7° C, as is shown by the curve in Fig-
ure 2-34. The severity of precipitation interference may therefore be
reduced both by decreasing speed and by descending to lower levels
where the temperature is higher. The second alternative is, of course,
always accompanied by the dangers caused by icing.

3.2 EFFECTS OF COATINGS ON METAL SURFACES

Both as a means to protect a shiny aluminum surfa