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AP 3401
INTRODUCTORY NOTES

1. This publication forms the second part of the manual of control and reporting and commences
at Chapter 20. Chapters 1 to 19 are contained in Control and Reporting 1, which is a companion
document of higher security classification.

2. The first two digits of the paragraph numbers in this publication and its companion are those
of the chapter number. Reference to a particular paragraph can therefore be made by quoting the
paragraph number alone, thus avoiding the complexity of reference to the document title and chapter,
section and paragraph number.

3. The ways and means of waging air warfare are continually evolving, and control and reporting
is as much affected by such development as any other aspect of air operations. The co-operation of
all readers is therefore requested in pointing out errors or omissions and suggesting amendments
or additions to the contents. Proposals and comments should be made to:

The Officer Commanding
Air Defence Ground Environment Examining Board

RAF West Drayton
West Drayton
Middlesex

vii (AL 8, Jan 76)
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Anti Aircraft
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Air Force Operations Room
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Aeronautical Information
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Amplitude Modulated

Auto Pilot
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Air Traffic Control

Air Traffic Control Centre

Air Traffic Control Radar Unit
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Ballistic Missile Early Warning
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Command Air Formation Signals
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Combat Air Patrol

Civil Air Traffic Operations

Continental Early Warning

Central Treaty Organization

{shain Home

Chain Home Extra Low

Chain Home Low

Change-Over Panel

Control and Reporting
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Command Trailer
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Decibels

Direct Current
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Direction Finding

Display Information Processor

Distance Measuring Equipment

Data Processing Trailer

Data Take-Off

Direct View Storage Tube

Emergency Circuit or Evaluation
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Electronic Countermeasures
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EMF
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HSA
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IF
IFF
IFR
ILS
IMC

INS
ipP

IR
IRBM
kHz

LCP

Electronic Counter-
Countermeasures
Equivalent Echoing Area
Extra High Tension
Electromaghetic
Electromotive Force
Flight Control Computer
Fire Control Equipment
Flight Director
Flight Information Region
Flight Information Publications
Frequency Modulated

. Fast Time Constant

Final Turn Lead Pursuit

Fire Units

Flight Watch Centre

General Assessment Report

Ground Controlled Approach

Ground Controlled Interception

World Geographical Reference
System

Greenwich Mean Time

General Situation Display

General Situation Map

High Frequency

Height Finding Radar

High Power Reporting Post

High Speed Aerial

Heavy Air Defence

Initial Approach Angle

Interceptor Alert Force

Instantaneous Automatic Gain
Control

Indicated Airspeed

International Commission for Air
Navigation

International Civil Aviation
Organization

Inter-Continental Ballistic Missile

Intermediate Frequency

Identification Friend or Foe

Instrument Flight Rules

Instrument Landing System

Instrument Meteorological
Conditions

Inertial Navigation System

Identification of Position

Interrogator Responder

Intermediate Range Ballistic
Missile

Kilohertz

Light Anti Aircraft

Launch Control Post
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NATS
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Low Frequency
Light Fighter Sight
Low Level Air Defence

" Local Mean Time

Lamp Order Signal

Labelled Plan Display

Labelled Radar Display

Light Air Defence

Mach

Master Allocation Room

Military Air Traffic Operations

Mobile Control and Reporting Unit
(RAAF)

Medium Frequency

Megahertz

Missile Impact Predictor

Medium Range Ballistic Missile

Marked Radar Display

Mobile Reporting Post or Missile
Repair Point

Master Radar Station

Moving Target Indication

Megawatt

National Air Traffic Service

North Atlantic Treaty
Organization

Near East Operations Centre

Nerth American Air Defence

Nuclear Report Cell

Operations Readiness Platform

Precision Approach Radar

Private Branch Exchange

Passive Detection or

Potential Difference

Position and Homing Indicator

Parallel Head On

Practice Interception

Pulse Length Discrimination

Plan Position Indicator

Pulses per second

Pulse Repetition Frequency

Pulse Repetition Frequency
Discrimination

Prolonged Uninterrupted Trunk

Private Wire

Regional Air Operations Centre

Rocket Battery

Rescue Co-ordination Centre

Radio Frequency

ROC
RPDS

RRE
RT
SACEUR

SAM
SARBE

SEATO
SHAPE
SHOC

SIF
SOC
SRS
SSB
SSR
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STOL
SU

Surv R
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UHF
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VHF

Royal Observer Corps

Radar Photographic Display
System

Royal Radar Establishment

Radio Telephony

Supreme Allied Commander
Europe

Surface-to-Air Missiles

Search and Rescue Beacon
Equipment

South East Asia Treaty
Organization

Supreme Headquarters Allied
Powers in Europe

Supreme Headquarters Operations
Centre

Selective Identification Feature

Sector Operations Centre

Satellite Radar Station

Single Sideband

Secondary Surveillance Radar

Strike Command Operations
Centre

Short Take-Off and Landing

Signals Unit
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Tactical Aid for Control and
Navigation

True Airspeed

Tactical Control

Terminal Equipment Vehicle

Target Illuminating Radar

Track Production Area

Ultra High Frequency

United Kingdom Air Defence
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United Kingdom Warning and
Monitoring Organization

Vulnerable Area

Voice Frequency

Visual Flight Rules

Very High Frequency

VISIDENT Visual Identification

VMC
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Vertical Performance Diagram
Vertical Take-Off and Landing
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BASIC ELECTRICITY AND MAGNETISM

The Structure of Matter

2001. Matter is that which occupies space and
has weight. We can see matter all around us and
we are aware that it can exist in three states:
as a solid, liquid or gas. Although we cannot see
the atmosphere it consists of a mixture of gases.

2002. Let us take a piece of matter, eg a drop
of water, and see what happens when it is sub-
divided into smaller and smaller portions.
The drop is first cut in half, each half-droplet is
halved and the process is continued indefinitely.
The resulting smaller and smaller droplets will
soon become invisible to the naked eye but we
can continue the process of sub-division in
imagination. A point will eventually be reached
where the particles of water are of such a size
that further sub-division will split them into the
hydrogen and oxygen of which they are com-
posed. These last minute water droplets are
known as molecules and are the smallest
particles of water which can exist as such and
still behave chemically as water. If a water
molecule could be magnified sufficiently it would
be seen to consist of three smaller particles
closely bound together. These three particles are
three atoms, two of hydrogen and one of oxygen
(Fig 20-1). Hydrogen and oxygen are known as
elements, whereas water is a compound. Every
material is built up from its molecules as there
are different chemical substances. Every different
molecule can be sub-divided into its constituent
atoms. As we have seen, water is composed of
only two different kinds of atom—hydrogen and
oxygen—but many molecules are composed of
several kinds of atom with perhaps several of
cach kind. Whilst there exists almost an infinite
number of different molecules (ie different
chemical compounds) there are only about 100
different atoms (ie different elements). Hydrogen
and oxygen are of course examples of elements;
others are iron, copper, silver, chlorine and
carbon. Examples of compounds are water, salt
and sugar.

THE WATER MOLECULE CONSISTS OF:
| OXYGEN ATOM

2 HYDROGEN
ATOMS

Fig 20-1 The Water Molecule

Atoms

2003. At one time it was thought that atoms
were minute solid particles which could not be
broken down further and which were the basic
“bricks” from which substances were built up.
We now know that atoms themselves are com-
posed of even smaller particles. Let us take an
atom of hydrogen as an example. A hydrogen
atom is incredibly small—about 10-8 cm in
diameter—but if it could be magnified sufficiently
it would be seen to consist of a core or nucleus
with an electron travelling round it in a roughly
circular path or orbit, rather like a planet
travelling round the sun (Fig 20-2). The nucleus
has a positive quantity or charge of electricity
and the electron an equal negative charge; thus
the whole atom is electrically neutral. The atoms
of other elements have more than one electron
travelling round the nucleus; for example, the
oxygen atom has eight electrons outside the
nucleus, but the nucleus has eight positive
charges on it which exactly neutralize the
negative charges of the eight electrons. Thus
any atom under normal conditions is electrically
neutral. The particles carrying the positive
charges are called protons. In addition to the
protons the nucleus may also contain electrically
neutral particles called neutrons; neutrons help
to make up the atom to the correct weight.
We see therefore that not only the atom but also
the nucleus of the atom may be broken down into
smaller particles of matter. Note that an electron
always carries the same negative charge what-
ever atom it belongs to—and so does a proton
with its positive charge.

Nucleus

Electron
(only one)

I_Iyg;_rfg”éﬁin Atom

Fig 20-2 The Hydrogen Atom
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Free Electrons

2004. 1In Fig 20-3 are shown simplified dia-
grams of the oxygen and copper atoms. The
electrons in the oxygen atom travel round the
nucleus in two orbits whereas those in the
copper atom are in four orbits. Electrons in
outer orbits are not so strongly attracted to the
positive nucleus as those closer in and hence
may readily be stripped from their orbits.
An atom which has “lost” an electron in this
way has lost one of its negative charges and is no

8 Protons

-+

8 Neutrons

Fig 20-4

ELECTRONIC FUNDAMENTALS

longer neutral; it is called a positive ion (Fig
20-4). The electron stripped from its orbit may
attach itself to a neighbouring atom in the
material; this atom, having gained a negative
charge, is no longer neutral and becomes a
negative ion. In some materials (eg conductors)
the electrons stripped from their orbits can
wander at random among the atoms; these are
free electrons; if they can be made to move in a
particular general direction through the material
they constitute an electric current.

29 Eiectrons

n electron
makes a
POSITIVE 10N

GAIN
of an electron
makes a
NEGATIVE 10¥

lons and Free Electrons
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Electronic Theory of Charge and Current

2005. Substances like wood, glass, rubber,
porcelain, and plastics are called insulators
because the electrons in them are quite strongly
bound to their atoms, and they will carry a
current only under protest. In fact there are
materials with properties ranging the whole
way from conductors to insulators, so that the
difference between the two is one of degree.
The measure of the difficulty with which a body
will pass a current is called its resistance; this
depends both on the size and shape of the body
and the material of which it is made. A good
conductor has a very low resistance, and a good
insulator a very high one. A current loses energy
in overcoming the resistance of a conductor,
and this energy is converted into heat. The
heating effect of the electric current is the basis
of the electric lamp and the electric fire or heater.

2006. An electric current can also flow by the
movement of ions, which, as explained earlier,
are charged atoms or molecules. It is in this way
that a current flows through water or solutions
like the electrolyte in batteries; pure water is a
very bad conductor, greatly improved by dis-
solving acids or salts in it, or even slight
impurities. Though water or solutions cannot
compare with metals as conductors, wetting
with them is enough to spoil the insulating
properties of any good insulator.

2007. Gases like air are not normally con-
ductors, but they can be made to ionize and thus
carry a current. This type of conduction is
familiar in the spark or arc, the silent corona
discharge from high-voltage points, and the gas-
discharge tube used in advertisement signs and
fluorescent lighting. The lower the pressure of
the gas, the less is the electrical pressure or
potential difference needed to make it ionize
(though at extremely low pressure, what is
called a hard vacuum, there will not be enough
ions to carry a current).

2008. Analogy with the flow of water helps in
communicating the idea of electricity. A con-
ductor may be thought of as a pipe between two
reservoirs, and electrons as water flowing from
one reservoir to the other through the pipe.
The water pressure at either end of the pipe
will depend on the level of the water in the
reservoir connected to the end in question.
If the levels in the reservoirs are the same, no
water will flow through the pipe. If the levels are
different, water will flow from the higher to the
lower as long as a difference in level remains,
and its rate of flow will depend on the difference

in level. The electrical level is called the electric
potential, and the difference in level, which
makes the current flow and governs the size of it,
the potential difference. The force exerted by a
battery or generator to drive a current through
a conducting circuit is called its electromotive
force or EMF, and this is analogous to the
pressure developed by a water-pump. These
three quantities are all measured in volts, and it
is common to refer to them loosely as voltage,
which just means something measured in volts.
The power developed by an electric current, ie
its rate of doing useful work such as heating, is
proportional to the square of the voltage or the
square of the current.

2009. Before the discovery of electrons, electric
currents were conventionally assumed to flow
from positive to negative. This convention
became so firmly established that it has not been
abandoned, even though the electrons clearly
flow in the direction opposite to that postulated;
when necessary, the flow of electrons from
negative to positive is described as electron
current, and the notional flow from positive to
negative is distinguished as conventional current.
A current need not be steady, but may vary in
all sorts of ways in response to a varying
potential difference. DC or direct current is the
customary name for a steady current in one
direction, and AC or alternating current is a
current that regularly reverses its direction,
oscillating in the harmonic (sine-wave) manner
described in paras 2031-2050.

Electric and Magnetic Fields

2010. The force of attraction between two
unlike charges is found to increase with the
strength of the charges, to decrease with the
distance between them, and (though it is
affected by what is between them) to be exerted
even in the highest vacuum.

2011. This is called action at a distance
(gravitation is an example of the same sort of
thing) and it may be described either in terms of
imaginary elastic lines of force which tug at the
charges or poles, as earlier mentioned, or by the
idea of fields of force. Lines of force are easier to
conceive and so are more immediately attractive,
but they can explain only the simpler effects
and are not discussed in this manual.

2012. An electric charge is said to create an
electric field all around itself, and the measure
of this field at any point is the force (of attrac-
tion or repulsion) that there would be on
another charge (for uniformity’s sake, a unit

20-4



positive charge) if it were at that point. So an
electric field may be thought of as a sort of
invisible force present around an electric charge,
which makes itself known by its effect on other
charges. Like the force it gives rise to, the field
has direction as well as magnitude, and so it is
what is known as a vector; in fact it is sometimes
called the electric vector. The fields produced
at a point by several charges add together in the
vector manner to give a resultant field, in the
way that an object pulled by ropes in several
different directions at once will move in the
direction of the resultant pull; or stay still, as a
properly guyed mast will, if the resultant is zero.
A changing or moving charge (such as a current)
will clearly produce a changing field. In the
same way the idea of a magnetic field can be
built up, by taking magnetic poles instead of
electric charges.

2013. This account has barely mentioned the
material surrounding the charges or poles, and
has generally described what happens if there
is no material at all, ie if they are in a vacuum.
All materials are affected to some extent by
electric and magnetic fields and in return affect
fields acting in them, but this is unimportant for
the present purpose and will not be discussed in
detail. What is important is to remember that
electric and magnetic fields can and do exist at
any point of space quite independently of what
matter is there; that is to say, the action of
charges or poles at a distance is not carried by
the atoms of whatever is round them, or by
anything material.

2014. Since electrons are charged particles, an
electric field wild exert a force on them and cause
them to move: thus, if a conductor is held in an
electric field, the free electrons in it tend to move
in the positive direction and redistribute them-
selves. More important, if the field is changing,
the electrons in the conductor surge up and
down, and a varying current is induced. This
will later be recognized as the principle of the
receiving aerial in radio.

Electromagnetic Effects

2015. A changing electric field generates a
magnetic field and, conversely, a changing
magnetic field generates an electric field. This
has many interesting and useful consequences.

2016. A current flowing along a wire creates a
magnetic field round the wire. If the wire is
wound into a coil of many turns, making a
solenoid, the magnetic field becomes concen-
trated inside the coil. If now a piece of soft iron,

ELECTRONIC FUNDAMENTALS

which gains and loses magnetism easily,
is placed inside the coil, the iron is made a
strong magnet (an electromagnet) as long as the

current passes. By contrast, a magnet that does

not depend on thecontinued stimulus of acurrent
for its magnetism is called a permanent magnet.

2017. If a closed coil of wire is rotated between
the poles of a fixed magnet, then, since the
magnetic field of the magnet is stationary, the
magnetic field relative to the coil itself will
change. Hence a current will be induced in the
coil, and by drawing off this current, the
machine can be made to function as a generator
or dynamo. Many improvements and variations
can be made on this fundamental technique of
converting mechanical work into electricity, and
generators made in this way provide almost all
the electricity used today.

2018. If the process is reversed, /e if a current
is made to flow through a coil placed between
the poles of a magnet, then the coil will generate
a magnetic field that tends to push upon the
poles of the magnet. The result of this, if the
magnet is fixed and the coil free to turn, is that
the coil will itself be pushed and will start to
turn. If a commutator is used to reverse the
direction of the current when the coil has turned
over, it will go on turning, and the machine will
function as an electric motor, by which elec-
tricity is converted into mechanical work.

Electrical Units of Measurement

2019. All the units used in electricity and
magnetism (also in radio) are based on the
centimetre-gram-second system, and use the
standard prefixes for divisions and multiples:
a. Kilo-(k) means a thousand times (x 103),
and mega-(M) means a million times ( x 106);
thus a kilovolt (kV) is one thousand volts, and
a megawatt (MW) is one million watts.
b. Milli-(m) means a thousandth (x10-3),
and micro-(u) means a millionth (x10-6);
thus a milliampere (mA) is one thousandth
(0-001) of an ampere, and a microvolt (uV) is
one millionth (0-000001) of a volt.

2020. The most common units are:

a. The volt (V), which is a unit of EMF and
potential difference.

b. The ampere (A), which is a unit of current.
¢. The ohm (), which is a unit of resistance.

d. The watt (W), which is a unit of power or
rate of working (1 watt= 1 joule per second).
e. The joule, which is a unit of energy.

20-5
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2021. Another unit that is often used is the
decibel (dB). This does not measure any
physical quantity, but is used in comparing the
ratio of two voltages or powers. The simplest
way of making such a comparison is to state the
ratio between the two powers in question;
to say, for example, A is ten times as powerful as
B. But the ratios that arise in this way are often
very large numbers, and also they do not
adequately represent the effect of the comparison
on the human senses: for example, if there are
three sounds A, B, and C, B 10 times as powerful
as A, and C 100 times as powerful as A, then
one might suppose C to be very much louder
than either A or B; but in fact the ear perceives
the same increase in loudness from B to C as
from A to B.

2022. Put differently, this means that the senses
work on a logarithmic scale of power, and a
useful scale of comparison should do the same.
The bel is defined to mean a tenfold increase of
power, so that in the example given in para 2021,
B is A plus 1 bel, and C is A plus 2 bels. The
bel is inconveniently large for many purposes,
and a tenth of it, the decibel, is used instead.
Decibels are very widely used in radio for
expressing power-level comparisons such as
gains of amplifiers; the table may be helpful.
It should be remembered that the decibel scale
is a logarithmic one, so that decibel figures add

when the corresponding power or voltage ratios
are multiplied together.

2023-2030. (Not allotted).

ELECTROMAGNETIC WAVES

Oscillations

2031. All radio and radar depends on the
properties of electromagnetic waves, and all
waves are made up of harmonic, or sine-wave
oscillations: so to understand radio one should
first be familiar with harmonic oscillations and
waves in general.

2032. A simple example is the behaviour of a
mass swinging on a cord like a pendulum, or
bobbing up and down on the end of a spring.
Its motion is regular about a centre point: the
mass speeds up as it approaches this point
and slows down to a halt as it leaves it behind,
reversing its direction of movement always at the
same extreme points (if the damping effect of air
resistance and friction is ignored); the same
cycle of events is repeated time after time. If
the motion were shown as a graph of displace-
ment against time, it would be like the curve in
Fig 20-5. This is a typical sine-curve; ie a curve
of the form x = A sin mt (where x is the dis-
placement, t the time, m and A constants); this

POINT —17

RV

|
|
-

~——CYCLE—<—, \

fotevere —
Fig 20-5 Simple Harmonic Motion
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Difference Power Voltage Difference Power Voltage
in dB. Ratio Ratio in dB. Ratio Ratio
1 1-26 1-12 12 15-9 3-98
2 1-58 1-26 15 31-6 5-62
3 2-00 1-41 20 100 10-0
4 2-51 1-58 25 316 17-8
5 3-16 1-78 30 1,000 31-6
6 3-98 2-00 35 3,160 56-2
7 5-01 2-24 40 10,000 100
8 6-31 2-51 50 100,000 316
9 7-94 2-82 60 1,000,000 1,000
10 10-0 3-16
DISPLACEMENT
VOLTAGE ETC.
4 LEVEL OF GREATEST DISTURBANCE
AMPLITUDE /_\ /\ /\ /q\
CENTREY




being the law or equation that describes the
motion. The motion is the fundamental type of
oscillation, and is called harmonic or sine-wave

(sinusoidal). It is the pattern of many familiar .

phenomena; eg alternating current (AC) is a
sinusoidal variation of current whose “centre
point” is zero current.

2033. The following terms are in common use
in referring to oscillations:

a. Cycle. A cycle is one complete oscillation:
eg from one moment of passing through a
given *“‘point” to the next moment of passing
through the same “point” in the same
direction.

b. Period. The period of an oscillation is the
time taken for one cycle.

¢. Frequency. The frequency of an oscillation
is the number of cycles that occur in a given
time. It is usually measured in Hertz (Hz) or
the multiples kHz (1,000 Hz) and MHz
(1,000,000 Hz).

d. Amplitude. The amplitude of an oscillation
is the greatest variation of displacement,
current, etc, from the centre point or zero
value.

€. Phase. The time-relationship of two oscil-
lations at the same frequency and both going
on at the same time-is expressed as their
difference in what is called phase. Two such
oscillations are shown in Fig 20-6, where they
can be seen to be always out of step by a fixed
interval of time. This interval is quoted as a
fraction of a cycle, counting the full cycle as
360° or 2w radians (the period of variation of
the sine), and is called the phase difference.
Two oscilfions in step, with zero phase
difference, are said to be in phase; if they are
half a cycle out of step, with 180° phase
difference, they are called exactly out of phase

DISPLACEMENT
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or in anti-phase. The oscillations in Fig 20-6
are about 90° (one quarter of a cycle) out of
phase with one another. Clearly a phase
difference of a whole cycle (360°) is exactly
the same as zero phase difference, and all
possible phase differences can be specified by
amounts between 0° and 360°.

2034. So far only simple harmonic oscillations
have been dealt with; but a very important
theorem (Fourier’s Theorem) shows that any
oscillation at all, provided it is periodic (je
repeats itself regularly), can be built up by com-
bining suitably chosen harmonic oscillations of
different frequencies and amplitudes, and it will
be clear that all the terms explained in para
2033 apply to any oscillation.

Waves

2035. The ripples spreading outwards on a
pond from the fall of a stone are easily seen,
experimented with and understood, so they are
perhaps the most familiar kind of wave motion.
Sound also, spreading out through the air from
a source (a speaker’s mouth or a musical instru-
ment), is now generally known to be made up of
waves. The simplest waves of all can be made by
holding one end of a clothes-line that is sup-
ported at the other end but not taut, and moving
it up and down: the motions of one’s hand will
pass along the line in the unmistakable form of a
wave.

2036. What have these things in common as
waves? The clothes-line waves move in one
dimension, the ripples in two, while sound
travels in all three dimensions of space; in the
first two something material, string or water, is
visibly displaced by the motion, while sound, as
the eardrums will witness, is made up of varia-
tions in the pressure of the air. But in all three
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it is a disturbance or pattern that moves, while
the medium (string, water, or air) stays in its
place, only agitated as the wave passes through
it, as it were handing the movement on. This is
the characteristic of wave motion, to transport
energy without also transporting matter. One
must not suppose that a material medium is
essential to a wave; if the disturbance is in
something that is independent of matter in
producing its effects, such as an electric field,
then clearly the wave needs no substantial
medium.

2037. Imagining these waves to be steadily
maintained from their sources by regular
sinusoidal vibration, the reader will see that at
each point affected by the wave there is a simple
harmonic oscillation going on—each point of
the string is moving up and down, each point of
the pond’s surface is rising and falling, the
pressure of the air at each point is increasing and
decreasing rhythmically. Also, the profile of the
disturbance along a radius from the source
appears as a sine-wave with crests and troughs,
moving steadily forward through the medium
(Fig 20-7). This is easier imagined than drawn,
because its essence is change.

DISPLACEMENT

e. Phase. In para 2033 it was explained how
the idea of phase is used to express the time-
relationship between two oscillations at the
same frequency. This idea can be used to
compare the oscillations produced by one
wave at two points or by two waves at one
point, or for many similar purposes.

It can be shown that if the wave velocity is v,
then

fA=v

This simple relationship between frequency,
wavelength, and wave velocity is of great
practical importance.

2039. There is one important difference
between sound and water-waves. In water-
waves (also in clothes-line waves) the vibration
is going on at right-angles to the direction in
which the wave travels, while the vibrations of the
particles of air in sound are actually along the
line of travel and not sideways. So there are two
kinds of waves: the transverse or sideways,
where the oscillation is at right-angles to the line
of advance, and the longitudinal where oscil-
lation and motion are in the same direction.
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Fig 20-7 Wave Profile

2038. The following terms are in common use
when discussing waves:

a. Amplitude. The amplitude of the wave is
the greatest value of the disturbance.

b. Wavelength. The wavelength is the distance
in which the wave profile repeats itself, eg
the distance between crests. Its customary
symbol isA.

¢. Frequency. The frequency is the number of
waves passing any point in a given time, which
is also the frequency of the harmonic oscil-
lation at each point. The symbol for frequency
is usually f.

d. Velocity. The velocity of the wave is the
velocity or speed with which the profile moves
forward.

Properties of Wave Motion

2040. Reflection. When a train of ripples on
the surface of a pond reaches the edge, it sets
off another train of ripples moving away from
the edge; when a burst of sound strikes a wall, it
returns as an echo; and even the waves that
were made to travel along a clothes-line start
to come back when they reach the far end which
is fixed. This is reflection, a mode of behaviour
common to all types of wave. When a wave
strikes a surface obliquely, it is reflected
obliquely so that the angles of incidence and
reflection are equal, as shown in Fig 20-8. The
reflections appear to come from an image of the
source that is as far behind the surface as the
source is in front of it. The reflection (of waves
in two or three dimensions) from a small
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object is in all directions, and is often known as
scattering; smallness is judged by comparison
with the wavelength of the waves, and an
object much smaller than the wavelength
scatters waves only very slightly. Reflections
from the different parts of an object much
larger than the wavelength tend to reinforce
one another in some directions only, and so give
the familiar impression of directional reflection.

2041. Refraction. The velocity of a wave
depends on the¢'medium in which it is travelling;
if a wave moves from one medium into another
so that its velocity changes, then, since its
frequency cannot change, it must alter its
wavelength according to the equation fA = v
(see para 2038). It will be seen from Fig 20-9 (in
which, for simplicity, plane waves are shown)
that the change of wavelength means a change
in the direction of the wave. This bending of a
wave as it passes from one medium to another
is called refraction. The wave is bent towards
the normal (the line at right-angles to the
surface) as it passes into a denser medium.
Part of the wave is also reflected from the
boundary instead of passing through, though in
conditions like those shown in Fig 20-9 it is
only a small part. A wave coming out of a
dense medium into a lighter one gets bent away
from the normal. At a certain critical angle of
incidence the wave is bent so far that it glances

Reflection

along the boundary surface. Any wave arriving
at a greater angle cannot get through, and has
no choice but to be reflected; this is known as
total internal reflection (Fig 20-10).

2042. Diffraction. So far it has been assumed
that waves travel in straight lines; but it is
common knowledge that something like a
screen does not cast a sharp shadow for sound,
and that although the sound is cut off immedi-
ately behind the screen it can be heard by moving
back a short distance; that is, it spreads round.
This spreading is a characteristic of all waves,
and is called diffraction. It can very clearly be
seen when ripples on a pond encounter an
obstacle that they cannot move, and the
instantaneous form of the resulting wave-crests
is shown in Fig 20-11. The degree of this
spreading effect is governed by the size of the
obstacle compared with the wavelength: if it is
large in proportion, it will seem to cast quite
a sharp shadow; if it is about the same, a small
fuzzy shadow like the one in Fig 20-11 will be
cast; and if it is small in proportion there will
be no shadow at all and it will have hardly any
noticeable effect on the waves. Diffraction also
makes it possible for waves to spread round
corners and out of holes, but the extent of the
spreading away from the straight-line path is
always governed by the size of the wavelength.
The shadow cast by an edge or small object is

20-9
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also bordered or surrounded by a series of fringes
or zones of varying disturbance. The spacing
apart of these zones is governed by the size of
the wavelength and they can be shown to be
caused by diffraction: they are generally known
as diffraction patterns.

2043. Interference. If two waves of the same
sort are passing through the same region then
they must combine, since the disturbance at any
one point cannot be two things at the same time.
The disturbance created by the two waves are
added together algebraically: if they are in the
same sense (say, both upwards) then they
reinforce; if they are in opposite senses the total
disturbance will be less than either component,
and may be nothing at all. In this way, if the
two waves have the same frequency (and wave-
length, of course) an interference pattern will be
formed of places of double disturbance separated
by places of complete calm. What happens at

any point is decided by the phase difference
between the oscillations that the two waves
produce at that point. If they are in phase they
will reinforce, and if they are in antiphase they
will cancel one another out. First let us con-
sider two sources A and B that are in phase.
A point equidistant from them receives crests
from both at the same time, /e in phase. But a
point that is a half-wavelength nearer to B than
to A will be getting crests from A at the same
time as troughs from B, je¢ in antiphase. So the
phase difference at any point P is determined by
the difference PA-PB between its distances
from A and B, and this is called the path
difference. It is possible to work out the shape
of interference patterns, which are important in
radar. Of course a pattern may be formed by
the waves from any number of sources all of
the same frequency; or even by a wave and its
reflection from a surface, as if the source and
image were interfering.
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2044. Polarization. The waves on the clothes-
line were thaught of as up-and-down waves
generated by moving the hand vertically. But
side-to-side waves could be obtained by a side-
ways movement, and even combinations of the
two by moving the free end of the line in a closed
curve like a circle. Generally speaking, the
direction in which transverse waves oscillate is
open to choice, though it must be at right-angles
to the direction in which the wave is travelling.
If the oscillations are in one direction only, as in
the first two examples above, the wave is plane
polarized, and the plane containing the direc-
tions of oscillation and wave motion is called
the plane of polarization. The third example, in
which the free end of the line moves in a circle,
is a combination of two oscillations of equal
amplitude at right-angles to one another, and
this wave would be called circularly polarized
(left- or right-handed according as the rotation
of the end makes a left- or right-handed screw
along the direction of travel). Longitudinal

ELECTRONIC FUNDAMENTALS

waves cannot be polarized, since they have
only one possible direction of oscillation;
thus there is no such thing as polarized sound.

2045. Absorption. Sound waves get weaker the
further away they are from their source, because
the energy from each oscillation of the source is
spread out over the surface of an expanding
sphere as the wave advances. Clearly the
amplitude of the wave is inversely proportional
to the surface area of the sphere, and is thus
inversely proportional to the square of its
distance from the source. These waves also lose
energy in overcoming the resistance, or friction,
of the medium; hence, cven when they flow
along a channel or tube that prevents them from
dispersing, -they still weaken and die out at a
distance. This loss of energy to the medium is
called absorption; the energy normally being
converted into heat.

2046. Doppler Effect. The velocity of waves is
not usually affected by movement of their
source; but if either or both of the source and
observer are moving, so that the source is
moving in relation to the observer, then the
waves between them will be crowded up if they
are closing together, or spread out if they are
moving apart. The result of this is that the wave-
length and frequency appear to the observer to
be altered. This shifting of frequency is called
the Doppler effect, and is familiar as the drop in
pitch of the whistle of a railway engine or the
exhaust of a motor car when either passes close
by. The shift can be calculated, and is roughly
proportional to the speed of the source relative
to the observer. When a Doppler shift is very
slight it may be more easily perceived as a
change of phase than of frequency.

Electromagnetic Waves

2047. Let us imagine that a rapidly oscillating
electric current is made to flow in a wire made of
some conductor. It has been seen in para 2012
that such a changing current must give rise to
changing electric and magnetic fieids about the
wire. Though the nature of the fields is not
intuitively obvious, it can be found by mathe-
matical deduction from the laws of electricity
and magnetism, and it can also be confirmed by
experiment that such oscillating fields spread
outwards from their source instead of being
localized; the manner of the spreading is by
wave motion, as discussed earlier in these
paragraphs.

2048. The waves are called electromagnetic
waves (EM waves), since they are a disturbance
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Fig 20-12 Spectrum of Electromagnetic Waves

AL

of both electric and magnetic fields (it is impos-
sible for either the electric field or the magnetic
field to vary without the other of the two also
varying). Electromagnetic waves in free space
are transverse waves; they generate oscillating
electric and magnetic fields in such a way that
these two inter-linked oscillations at any point

of space, are always at right-angles to one
another, always in phase and always with their
amplitudes in a constant proportion to one
another. Since electric and magnetic fields can
exist independently of matter, electromagnetic
waves need no material medium to support them.
The velocity of electromagnetic waves in free
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space is found both by calculation and by
measurement to be 299,774 kilometres per
second; for practical calculations it is usually
taken as 300,000 kilometres (3 x 108 metres),
162,000 nautical miles, or 186,000 statute miles,
per second, and it is given the symbol c. This
speed is exactly the measured velocity of light in
a vacuum.

2049. Before the discovery of electromagnetic
waves, light had been thought to be a form of
wave motion because it could be reflected and
refracted and behaved like waves in many other
ways. There were difficulties in this idea; light
could obviously travel with great ease through a
vacuum such as separates the earth from the sun
and stars, yet no wave was then known that did
not need a material medium to support it;
and light appeared to travel in straight lines
without diffraction, unlike the then familiar
forms of wave motion. The second difficulty was
removed when it was understood that the wave-
lengths of visible light were very small indeed
(between 0-00004 and 0-00008 centimetres) and
that diffraction and interference effects could
only be produced with it on this small scale.
It was eventually realized that the first of the
two problems had arisen from too narrow a
conception of wave motion. Uncertainty about
the wave theory of light seemed to be cleared
up by the existence of electromagnetic waves
travelling at the velocity of light, since all the
known facts would be explained by assuming
that light was just an electromagnetic wave of
very high frequency and small wavelength—and
that is the basis of the present theory of light.

e
N

2050. A very wide range of electromagnetic
waves is known and used: those with wave-
lengths less than a millimetre are usually con-
sidered as light, and those with wavelengths
greater than a millimetre as radio waves. It
should be clearly understood that there is no
fundamental difference between light and radio
waves; the outward distinction between them
arises entirely from the great disparity between
their usual wavelength ranges. A spectrum of
electromagnetic waves is shown in Fig 20-12;
itis drawn on a logarithmic scale of wavelength,
and shows frequencies, uses, and the generally
accepted names of the different frequency ranges.
For all electromagnetic waves the frequency f
in Hz and the wavelength ) in metres are related
by:

fA = ¢ = 3 x 108 metres/second.

ELECTRONIC FUNDAMENTALS

2051. Electromagnetic waves possess all the
common properties of wave motion, and these
are reviewed in the following sub-paras:

a. Reflection. Light and radio waves are
reflected or scattered by objects or surfaces in
the manner described in para 2040. The
efficiency of reflection (the ratio of the
amplitudes of reflected and incident waves)
depends largely on the electrical conductivity
of the surface; good conductors reflect
strongly, while poor conductors reflect rather
weakly except in total internal reflection.
Reflection from a smooth surface is regular,
according to the law explained in para 2040,
and is called specular reflection: the reflection
of light by a silvered mirror or polished
surface is a familiar example. But if a surface
has irregularities of a greater order of size
than the wavelength, then it will reflect
irregularly and tend to scatter the incident
waves in all directions, as light falling on a
sheet of blotting-paper is scattered.

b. Refraction. The velocity of electro-
magnetic waves depends on the medium in
which they are travelling, and is always
slightly less than c except in free space. On
passing from one medium to another they are
refracted as described in para 2041; the
refraction of light on passing from air into
glass or water is very familiar. Poorly con-
ducting materials reflect a proportion of any
electromagnetic waves falling on them, but
in general refract the rest, which may then
rapidly be absorbed. The refractive index of
a medium is defined as the ratio:

Velocity of electromagnetic waves in free space
Velocity of electromagnetic waves in medium

This ratio can never be less than 1, but is very
nearly equal to 1 for air. In general, the denser
a transparent medium, the higher is its
refractive index. When electromagnetic waves
pass obliquely from one medium into another
of lower refractive index, they are bent away
from the normal (ie the direction at right-
angles to the surface).

c. Diffraction. All electromagnetic waves
show diffraction, but the size of the wave-
length governs the scale of the effect: thus
light travels in straight lines according to
everyday experience, and specially designed
experiments are needed to show up its
spreading and diffraction patterns; while very
long radio waves can spread out-of-the-
straight round the earth’s surface so as to
give useful intensities tens or hundreds of
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miles beyond the horizon. Diffraction patterns
are important in the study of detail by means
of light or radio waves. This behaviour of
light waves can in most familiar cases be
explained by geometrical optics, which
considers them simply as rays following
straight-line paths: this hypothesis is not
always so satisfactory for radio waves, and
they must quite often be treated by wave
theory.

d. Interference. The scale of magnitude of
interference effects is also related to the wave-
length, so that they are only of academic
importance with light but of great practical
importance with the waves used in radar.

e. Polarization. Since electromagnetic waves
are transverse, they can be polarized. The
custom in the United Kingdom is to define
the plane of polarization as the one in which
the electric field varies and the wave advances
(in the United States it is defined as the one
in which the magnetic field varies and the
wave advances, which means a wave that is
regarded in the United Kingdom as vertically
polarized is regarded in the United States as
horizontally polarized). Light is not normally
plane polarized but can be made so by
passing it through special materials such as
the now familiar polaroid. Radio waves are
normally plane polarized by the nature of
their origin. The exact manner in which a
plane polarized radio wave is reflected by a
surface such as the ground or the sea depends
on whether its polarization is parallel to the
surface or not. Radio and light waves can also
be circularly polarized: this is equivalent to
combining two waves of equal amplitude,
differing in phase by 90° and polarized in
planes at right-angles to one another.

f. Absorption. Light is strongly absorbed by
many materials (there are not many trans-
parent solids), and the shorter radio waves are
quite easily absorbed by some gases and most
liquids and solids, but the longer radio
waves are normally only very slightly absorbed
by any non-conducting medium. As one
would expect, when electromagnetic waves
fall on a conductor they set up currents in it
and cannot penetrate far before being damped
out.

g. Doppler Effect. The apparent shift of
frequency (or phase) when a source of light or
radio waves is moving relative to the observer
is now well known, and has been put to good
use in radar and astronomy.

2052. Energy resides in any electric field, as
shown by the work it can do by moving an
electric charge such as an electron; and in a
similar way a magnetic field possesses energy.
The energy in an electromagnetic wave may be
thought of as divided between the electric and
magnetic fields, and is demonstrated in the
heating effect produced by light (particularly
infra-red) and the currents induced by radio
waves. The energy flows outwards from the
source of the waves with a velocity that can be
shown to be the same as the velocity of the wave
motion. The power of the source is the rate at
which it gives out energy in the form of electro-
magnetic waves.

Propagation of Radio Waves

2053. So far we have not considered what effect
the form of a conductor has on its ability to act
as a source of EM waves when carrying an
oscillating current. For practical purposes a
specially shaped conductor, called an aerial
(in the United States, an antenna), is needed for
efficient radiation. Moreover, if radio waves fall
upon such a conductor they will induce oscil-
lating currents in it; thus it will serve either as a
transmitting or a receiving aerial. Aerials used in
radar are discussed in Chapter 21.

The Tonosphere and its Effects

2054. The atmosphere surrounding the earth is
subjected to a bombardment of ultra-violet and
cosmic rays emitted by the sun. The energy
from these rays is absorbed by the atoms of gas
in the atmosphere, and some of the orbiting
electrons are displaced, forming positive ions
and free electrons. Thus the gases are ionized
and, due to the increased numbers of free
electrons present, the conductivity is greatly
increased compared with that of the normal gas.
As the solar radiation penetrates deeper into
the atmosphere so it becomes weaker, and
ionization decreases; furthermore, since pres-
sure of the gases increases nearer the earth, the
electrons recombine with the positive ions to
re-form neutral atoms. In the upper regions
however, where radiation is more intense and
atoms more widely spaced, ionization persists.
The part of the atmosphere where ionization
occurs is called the ionosphere. It extends from
approximately 30 miles above the earth’s
surface to at least 250 miles. In this region there
are several ionized layers. There are three main
layers of ionization in the ionosphere, called
the D, E and F layers in ascending order. They
vary in degree of ionization and in effective
height, according to the time of day or night,
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and season of the year. At times the F layer can
be divided into two layers, F; and F,. Because
of the limited rate of recombination in the
higher regions, a certain degree of ionization
persists throughout the night, despite cessation
of solar radiation. An indication of the heights
of these layers for winter and summer, day and
night is given in Fig 20-13 but it should be
noted that the heights vary and are only
approximate. During day time the ionosphere
consists of the D, E, F; and F, layers whilst at
night the D layer disappears and the F, and F,
layers combine to form a single F layer. The
degree of ionization and hence the conductivity
of the E layer decreases at night. The layer is
then referred to as the residual E layer.

2055. The ionosphere layers are not clear-cut
like petrol on water, and radio waves are not
abruptly reflected by them, but are gradually
refracted along curved paths that may lead back
to the earth’s surface. The extent of this refrac-
tion depends on frequency, and as the frequency

FELECTRONIC FUNDAMENTALS

increases the wave must be more and more
oblique to be bent back to the earth, until a

critical frequency is reacbred 2 to 4 MHz for the AL
E region, 20 to 40 ¥ Tor the F region) above Mil=

which there can be no “‘reflection” by the layer.
Frequencies above the critical pass through the
ionosphere out into space. The bending of
waves below the critical frequency is very much
like reflection in many ways, and for practical
purposes is treated as if it were reflection. But
it must be remembered that in bending a wave
the ionosphere also absorbs some of it, and this
absorption may sometimes seriously weaken the
transmission.

2056. Thus radio waves may reach their destina-
tion either directly or by reflection in the iono-
sphere. The direct transmission is called the
ground wave and the reflected one the sky wave
(Fig 20-14). The ground wave can travel some
way beyond the straight-line optical horizon both
by diffraction, which is more important for the
longer wavelengths, and by refraction in the
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atmosphere (the density of air decreases with
height, so waves are generally bent downwards),
but it is obviously limited in extent; its farthest
reach along the earth’s surface is shown in
Fig 20-14 as point A, which might be as far as
500 miles for a frequency of 30 kHz but is much
less for the frequencies in common use. For any
frequency there is a minimum angle of incidence
at the ionosphere («) below which waves are not
reflected but pass through. This angle o varies
seasonally and also from day to night and from
night to day, and together with the height of the
reflecting layer it fixes a nearest point that can
be reached by the sky wave. This is shown as B
in Fig 20-14, and the distance to it is called the
skip distance. The region between A and B,
where nothing is received by either ground or
sky wave, is called the dead space.

2057. As the wavelength increases, so A
becomes farther and B becomes nearer, and
generally for MF and LF waves there is no dead
space. Sky waves can be reflected from the
earth up to the ionosphere again, and if the
angle of incidence is right they can travel round
the earth by rebounding between the two. Thus
it is possible to receive at one point both ground
wave and sky wave, or two sky waves that have
come by different routes. Since these have not
had the same distance to travel from their
source, there will be a path difference (and hence
a phase difference) between them, and this may
lead them to cancel out partly or completely.
This cancellation is the familiar fading, and it is

not steady but varies with the constant shifting
of the ionosphere, so that the strength of the
received signal is continually varying and at
times fades away completely.

2058. Summary of Propagation Theory. The
following table summarizes the different means
of propagation. This divides radio frequencies
from 10 kHz to 300 MHz into five bands; the
main features of propagation in each band are
summarized under these band headings.

Band Frequency Wavelength
LF 10kHz to 300 kHz (30,000m to 1,000m|
MF [300kHzto3 MHz 1,000m to 100m
HF 3MHzto 30 MHz| 100mto 10m
VHF |30 MHz to 300 MHz 10mto Im
UHF | Above 300 MHz Below Im

a. LF Band. This is the low frequency (LF)
band and propagation by ground wave gives
reliable and stable reception for ranges up to
1,000 miles. At these frequencies the ionized
layer may be considered as an almost perfect
reflecting surface and greatly increased ranges
are obtained from a ray reflected between the
lower edge of the ionosphere and the surface
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of the earth. Frequencies in the LF band are
used for very high grade transoceanic telegraph
communications and are practically free from
fading. Communication in this band is subject
to atmospheric interference caused by
electrical discharges from clouds, and from
man-made interference caused by unsup-
pressed electrical apparatus.

b. MF Band. This is the medium frequency
(MF) band and provides high quality reception
within a limited area. A station of medium
power has a service radius of the order of 100
miles, the signal being provided by the ground
wave. Beyond this is a zone of fading where
signals are not normally received in daylight
beyond about 150 miles from the transmitter

YOLTAGE
4
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over land, or 600 miles over water. During night
time, when ionization is low, the sky wave is
only slightly attenuated and reception (sub-
ject to severe fading) is possible up to 1,000
miles. The portion of the band between
1-5 MHz and 3 MHz is erratic and unsatis-
factory for distant communication because of
large losses in the ionosphere. Frequencies in
this band are subject to the same type of
interference that affects the LF band.

¢. HF Band. The high frequency (HF) band is
used for long distance communication. The sky
wave is used, and frequencies are selected by
means of prediction charts. The part of the
band from 3 MHz to 6 MHz is used for com-
munication within the limits of a continent,
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and above 6 MHz, by reason of the longer skip
distances, for inter-continental communica-
tions. Short ranges inside the skip distance are
covered by the ground wave. Atmospheric and
man-made interference is not nearly so severe
on frequencies in this band. However above 20
MHz, radiation from the sun and from nearby
galaxies produces a ‘‘hissing’ interference
noise.

d. VHF Band. For frequencies above 30
MHz, the sky wave is not regularly returned to
the ground, and the ground wave is rapidly
attenuated. Communication is maintained
within, or somewhat beyond the optical
horizon, by means of the space wave. Short
range reception within built up areas is
possible, making this very high frequency
(VHF) band usable for short range com-
munication services, television and VHF
broadcasting. Greatly increased line-of-sight
ranges are obtained in communication between
high flying aircraft and ground stations.
Frequencies up to 60 MHz are used for
ionospheric scatter propagation and ranges
of the order of 1,000 miles are obtained.

e. UHF Band. Frequencies in the ultra high
frequency (UHF) band provide line-of-sight
reception between two stations, and are
widely used for radar, navigational aids and
landing aids. Both VHF and UHF bands are
virtually free from atmospheric interference,
but they are affected by solar and galatic
interference. Above 500 MHz tropospheric
scatter provides limited reception up to ranges
of 400 miles.

Modulation

2059. Only unvaried radio waves (often known
as CW-—continuous wave) have been discussed
so far, and these are, in themselves, uncom-
municative; if they are to convey a message or
be used in radar, a pattern must be imposed
upon them. The imposition of a pattern on
steady oscillations or waves is called modu-
lation, and the method and manner of modu-
lation is decided by the form in which intelligence
is to be communicated, or the purpose of the
radar system. The following methods of modula-
tion are in common use:

a. Keying. The simplest way of sending a
message by radio is to switch the transmitter
on and off as one does with a signaller’s lamp,
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using a code (almost always the Morse code)
of long or short bursts for letters. The switch-
ing or keying is done with a Morse key, and
the system is known as wireless telegraphy
(WT).

b. Amplitude Modulation. Keying does not
make it possible to transmit speech by means
of radio waves, and to do this one must
somehow take the pattern of the sound wave
profile that is speech and impose it on the
radio waves. The most obvious way of doing
this is to make the amplitude of the radio
waves vibrate in the same pattern as the
sound (Fig 20-15 is an illustration of this,
though it must be realized that in practice
the sound and radio frequencies would be
much more widely different). The trans-
mission of speech by radio is called radio
telephony (RT) and this method of doing it is
called amplitude modulation (AM).

c. Frequency Modulation. Instead of varying
the amplitude of the radio waves, one can
vary their frequency in a pattern correspond-
ing to that of the sound to be transmitted.
This method is known as frequency modu-
lation (FM).

d. Pulse Modulation. In radar a variety of
keying is used in which a regular succession
of short pulses of radio waves is sent out.
This pulse modulation is discussed in Chapter
21, paras 2126-2129.

2060. All methods of modulation act to change
a steady radio wave or oscillation into a more or
less irregular one, and a modulated radio wave
or oscillation must contain some components of
frequencies different from the unmodulated
frequency, because a single frequency means a
steady wave or oscillation. The frequencies of
these components are usually quite close to the
unmodulated or carrier radio frequency, both
above and below it; the components are thus
said to be grouped in upper and lower side-
bands. Sidebands may be of finite extent, as in
amplitude modulation (see para 2061); or they
may contain an infinite series of components
which are smaller and smaller in amplitude the
further they are from the carrier frequency
(this is the form of the sidebands for frequency
modulation and pulse modulation). The side-~
bands of a modulated oscillation are the
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frequencies that must be passed by a radio
transmitter or receiver in order to reproduce the
modulation faithfully. Many a radio circuit is
designed to pass only a band of frequencies
(called its bandwidth), and this must be wide
enough to handle the sidebands of the modu-
lation in use. Where the sidebands are finite in
extent (as with AM), the bandwidth simply
needs to include all their components: but no
clearly defined bandwidth can be specified for
handling an infinite series of sideband com-
ponents and a compromise has to be made
between the need for narrow-bandwidth circuits
and the need for faithfulness of reproduction.

et
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2061. If a carrier oscillation at frequency f is
amplitude modulated at frequency F, the
resulting oscillation can be shown to be exactly
the same as that produced by adding to the
carrier two oscillations of equal amplitude at
frequencies f+ F and f— F in a certain
proportion. These two oscillations are the upper
and lower sidebands of the amplitude modu-
lation; eg if a wave or oscillation at 1 MHz is
amplitude modulated at 10 kHz (001 MHz)
then the sidebands are at 1-01 and 0-99 MHz.
Thus the sidebands of an amplitude-modulated
wave are two in number for each modulating
frequency F, and they are spaced above and

(Continued on next leaf’)
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below it by an amount equal to F; the band-
width of the modulation is 2F. The sidebands of
AM RT are made up of such pairs of com-
ponents, one pair for each frequency in the
speech oscillation; and the bandwidth is twice
the highest frequency in the speech.

2062-2064. (Not allotted).

THERMIONIC ELECTRONICS

Thermionic Emission

2065. The molecules in any form of matter
(gas, liquid, or solid) are not at rest but con-
stantly moving to and fro and colliding with one
another, though the scale of this motion is too
small to be seen with the unaided eye. The
closeness of their packing determines whether
the matter forms a solid, liquid, or gas; and
their average velocity gives the temperature
(which is proportional to the root mean square
molecular velocity), for heat is just the form in
which the energy of motion of the molecules is
preceived. There is a temperature called the
absolute zero (about —273°C) at which all
molecules would be still, though this can never
quite be reached; if a body is warmed up from a
very low temperature -the molecules in it
gradually move faster and faster; and, as they
force one another apart more and more violently
the substance passes from solid to liquid and
then from liquid to gas (or, sometimes direct
from solid to gas), until at some stage the
molecules themselves cannot hold together and
they disintegrate into atoms.
2t

2066. As a conductor is heated this molecular
movement is passed on to the free electrons in it,
and because they are so much lighter than the
molecules they can escape from the surface long
before the conductor turns to gas. This “boiling
off” of electrons from a heated conductor is
called thermionic emission. If the conductor
is surrounded by a gas, such as air, then the
electrons will quickly be captured by the gas
molecules, ionizing them, and will not get far
or last long as free electrons. But if the con-
ductor is surrounded by a vacuum, so that the
electrons are free to move as they please, they
will be attracted by the residual positive charge
that they have left behind them, and will hang
round the conductor in a cloud which is called
the space charge.

2067. If now another conductor is placed
inside the vacuum and is made electrically
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positive to the heated one, then the electric
field between the two will exert a pull on the
negative electrons and draw them towards the
positively charged conductor. If the potential
difference between the two conductorsis kept up,
so that the heated one is continuously supplied
with electrons to replace those it has lost by
emission, then there will be a circulation of
electrons, or in other words a current. But it is
obvious that to reverse the situation (to make the
heated conductor more positive than the
unheated one) would not make a current flow
in the opposite direction, since only the heated
conductor can give off electrons. So this is a
one-way device, or valve.

2068. The device described in para 2067 is the
simplest type of thermionic valve, called a
diode. The two conductors are called electrodes:
the heated one or electron-emitter is the cathode
and the unheated one (which must be positive
with respect to the cathode, for a current to
flow) is the anode. The cathode is sometimes in
the form of a filament, self-heated by the
passage of a current, or it may be a metal tube
specially coated with compounds that improve
its electron emission and heated by a separate
filament inside. For all normal purposes the
vacuum is maintained inside a glass envelope
and is the hardest (ie has the lowest pressure)
that can be obtained.

2069. The diode is an excellent one-way device
or rectifier, and has many uses in radio, but it is
incapable of amplifying; and without amplifi-
cation wireless and radar would be nothing. A
third electrode is needed for this purpose; it
takes the form of a grid or wire mesh, which is
mounted close to the cathode and made
electrically negative to it so as to control the
space charge or cloud of electrons round the
cathode. If the grid is made negative enough, it
can prevent any electrons passing through and
reaching the anode, thus cutting off the current
through the valve. If it is less negative than this,
then by its effect on the electric field within the
valve, it restricts and controls the flow of
electrons. Quite small changes in the potential
difference between grid and cathode (grid
voltage) can produce proportionately large
changes in the current through the valve; thus
the valve can function as an amplifier. This
three-electrode valve is the triode; many other
more complicated valves are used with more
than three electrodes, but they rely essentially
on the principles given here.
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Uses and Applications

2070. Thermionic valves are used in wireless
and radar to generate and amplify oscillating
voltages and currents. Circuits also contain
resistances and such electrical devices for con-
trolling the flow of oscillating currents as coils
(inductances), transformers, and capacitors, and
all the circuit components are connected where
necessary by wires or printed circuits. At very
high frequencies and wavelengths of only a
few centimetres no attempt is made to construct
wired circuits, and the electrical oscillations
are handled as EM waves confined within
waveguides or cavities, as described in Chapter
23,

2071. Amplification. The signal induced in a
receiving aerial by radio waves from a trans-
mitter hundreds or thousands of miles away
are very small (usually measured in microvolts),
and they must be boosted or amplified many
times before they can be made to affect the
senses and convey the information they carry.
Valves are used to give this amplification, which
is usually done in stages; for example, to
amplify a signal to 100,000 or 105 of its original
amplitude (and even higher amplification is used
in radar) one might use five valves one after
the other and each giving a multiplication of 10,
or one might use two valves each multiplying
by 100 followed by one multiplying by 10. The
factor of multiplication given by an amplifier
is called its gain, and is often quoted in decibels;
in the above example the voltage gain of 105
(equivalent to a power gain of 1010) would be
an overall gain of 100 dB, and the stage gains
proposed were either five steps of 20 dB or two
steps of 40 dB and one of 20 dB. The reader will
notice how stage gains measured in the logarith-
mic scale of decibels add together to give the
overall gain. A broad distinction is drawn
between amplifying at the audio frequencies

(AF) up to 20 kHz, which are the frequencies of
audible sound waves, and amplifying at the
radio frequencies (RF) of the radio waves
used. AF currents are produced by sound
falling on a microphone, and when passed
through a loudspeaker they reproduce the sound
that they correspond to; they are used in RT
to modulate the RF carrier (see paras 2601 and
2602) which is radiated into space. RF amplifiers
usually amplify only a fairly narrow band of
frequencies; since the sidebands of the modu-
lation in use (AM, FM, pulse, efc) must be
properly amplified in order to preserve the shape
of the modulation, the extent of these sidebands
must determine the bandwidth of an RF ampli-
fier; and yet the bandwidth must also be kept
small enough for signals on neighbouring
frequencies to be rejected.

2072. Oscillators. A radio transmitter must
have in it a source of RF oscillating current to
be fed to its aerial, there to generate radio
waves; a valve circuit designed as such a source
is called an oscillator. An oscillator may either
generate only a small voltage which is then
amplified to gain the power needed for the
transmission, or at the higher frequencies the
oscillator may itself give all the required power.
Oscillators may in fact be designed for any
frequency less than about 300,000 MHz, even
down to and below 1 Hz. An RF oscillator
always contains a tuned circuit or its equivalent,
which fixes the oscillation frequency. In the
HF, VHF and UHF bands quartz crystals
usually take the place of tuned circuits made out
of coils and capacitors; their special electrical
and mechanical properties make them behave
like tuned circuits, and not only can they be cut
very accurately to the required frequency but
they have the stability that is needed to prevent
communications on neighbouring frequencies
from intruding on one another. Tuned circuits
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are used however in frequency multiplier stages.
The circuit selects the required harmonic (the
3rd harmonic would be three times the frequency
of the original) by being tuned to that frequency.
At extremely high frequencies (above about
1,000 MHz) the tuned circuits and valve may be
combined—the magnetron is such a com-
bination.

2073. Detection. When a modulated RF cur-
rent has been picked up by a receiving aerial and
amplified it is still not able to convey its meaning;
it could not produce any sound if it were passed
through a loudspeaker, because all its com-
ponents have frequencies well above 20 kHz
and are thus outside the audible range. A means
is needed of recreating the original AF wave-
form that was used to modulate the radio wave,
(see Fig 20-15) or, as it were, of reversing the
process of modulation; this is called detection or
demodulation. The essential working part of
most detectors is a conductor that does not
have the same resistance in both directions.
Such a device is the diode in the form of a
thermionic valve or a semi-conductor. Thus
a simple receiver for RT might consist of an
aerial, an RF amplifier, a detector, and finally
an AF amplifier working into a loudspeaker
(Fig 20-16). .

Frequency Changing

2074. A receiver will have a large number of
amplifying stages before detection due to the
small signal received at the aerial. For a multi-
channel receiver (air to ground communication
equipment for instance) it would be impossible
to retune all @f the stages simultaneously and
for this reason, the superhetrodyne principle is
used. The superhetrodyne receiver (Fig 20-17)
uses a CW oscillator whose frequency is mode
variable and whose value is dependent upon the
frequency of the incoming signal. The incoming
and oscillator frequencies are mixed and the
difference (which is constant) is selected for
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further amplification. At most, only three
circuits have to be tuned simultaneously, these
being the RF amplifier, the mixer, and the local
oscillator. The intermediate frequency ((IF)
or difference frequency) displays all the charac-
teristics of the modulated RF signal but due to
its lower frequency particularly in a radar
receiver, it is much more easily amplified.
Example:

Incoming Local Intermediate
Frequency F; Oscillator Fp Frequency f
MHz Frequency MHz
MHz

300 340 40
298-1 338-1 40
3,000 3,040 40

Power Supplies

2075. Any valve circuit needs voltage to heat
the cathode and a voltage to make the anode
positive and drive the current through the valve
(HT), together with various other bias voltages.
On the ground, the power comes almost always
from an AC supply (normally 230 volt 50 Hz for
British equipment), and the necessary currents
and voltages are derived from this supply by
circuits using transformers and rectifiers; the
AC for fixed installations in the United Kingdom
is provided by self-contained generators or
taken from the National Electricity Grid, while
the AC for all transportable installations is
provided by diesel-driven generators. In British
fighter aeroplanes the power comes from the
27-volt DC general supply of the aircraft,
either through a rotary transformer (a DC
motor driving a DC generator) or through a
motor alternator (a DC motor driving an AC
generator) used with valve rectifier circuits.
Mains electricity supplies vary occasionally in
voltage, and if such variations would disturb
the working of any circuit it is necessary to
stabilize its power supply, ie to design the
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Fig 20-17 Superhetrodyne Receiver
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supply circuits so that mains fluctuations do not
alter their output. This can be done only for a
few circuits, and variation has to be accepted
in the rest if mains supplies are used.

Noise

2076. The output of any receiver contains all
sorts of fluctuations or disturbances that are
not related to the signals being received but
tend to mask them. Such disturbances are
known generally as noise (an extension of the
familiar use of the word in connexion with
sound): some noise is avoidable by careful
siting and design, but there is always in a
receiver output some unavoidable noise that
cannot be reduced below a certain level. These
two categories of noise are:

a. Avoidable noise which can be caused by
man-made ‘“static (electrical disturbances
from generators, ignition systems, etc), by
bad contacts in the wiring of receiver circuits,
or by the use of poor quality components.
These sources of noise need no further
mention.

b. Unavoidable noise may be external or
internal: external noise may come from
electrical disturbances such as thunderstorms
in the lowest layers of the earth’s atmosphere
(this noise is known as static), or from more
distant sources; while internal noise is
generated in the components of the radio
receiver. Static is important at frequencies up
to 30 MHz, and may be propagated over
great distances by sky-wave transmission.
Quite large amounts of radio noise at fre-
quencies between 15 and 100 MHz reach the
earth from interstellar space, coming mainly
in the plane of the Milky Way but also from
the sun; this noise is similar to receiver noise
in nature but more powerful at these fre-
quencies. Above 100 MHz the only noise
of importance is that generated in the receiver
itself; this noise, rather than any restriction
on the gain of amplifiers, sets a lower limit
to the size of the signal that can usefully be
received at such frequencies. Internal noise is
described more fully in the following
paragraphs.

2077. Receiver noise is made up of all the
minute random electrical fluctuations that are
always present in all the circuits and trans-
mission paths of a radio receiver. The noise
power generated by any component or circuit is
evenly distributed over all radio frequencies,
and thus the noise output of a receiver is

proportional to its bandwidth B. Although the
noise output is a continually fluctuating voltage,
nevertheless it has, over any period of time, a
predictable mean amplitude and delivers a
predictable mean power. If fed to a loudspeaker
or headset it produces a hissing sound, while on
a Type A radar display it gives the trace an
appearance sometimes described as ‘‘grass”.
The two main origins of the noise generated by a
receiver are:

a. Thermal Noise. The molecules in any con-
ductor are continually moving to and fro
through very small distances, and their mean
energy of motion increases with the tem-
perature of the conductor. This motion is
shared by the free electrons, and the con-
sequent vibration of these electrons con-
stitutes a continual minute fluctuating current
in the conductor, which is called the thermal
or Johnson noise. Thermal noise, which
increases in power with increase in tem-
perature, forms the irreducible minimum of
noise present in the output of a receiver,
and it is taken as the standard against which
to compare all other forms of noise.

b. Valve Noise. The current through any
valve in a radio receiver is carried by the
movement of individual electrons from
cathode to anode, and for this reason it cannot
be quite continuous. The inevitable small
irregularities or jerks in valve current con-
stitute a form of noise known as shot effect
or shot noise; the intensity of this noise
depends on the state of the space charge in the
valve, and thus on the conditions under which
it is run. Another sort of noise, called parti-
tion noise, is caused by random electrons
alighting on the positive grids of multi-
electrode valves, and producing a noise
voltage across the anode load in addition to
shot noise.

2078. Any given receiver has a certain power
output of noise, and if a signal after passing
through the receiver is comparable in power
to this noise output then it will be partly masked
or blurred by the noise; while if it sinks at all far
below noise level it will be lost. Hence the
magnitude of a receiver’s noise output sets the
lower limit to the sensitivity of the receiver,
ie to the power of signal that can be detected in
the receiver output. The comparison between
signal and noise is often expressed by the signal-
to-noise ratio, which is defined as:

signal amplitude
mean noise amplitude

S/N ratio =
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where amplitude may be either voltage, current
or power. It is perhaps natural to think that
there should be some threshold value of S/N
ratio, which would be a dividing line between
signals too small to be perceived and signals
large enough to be distinguished from the
background of noise; and it might seem that no
signal could be perceived with a ratio less than
1:1 (ie the signal amplitude less than mean noise
amplitude, which does not necessarily imply
that the signal power is less than the mean noise
power). But there can be no such clear-cut
threshold ratio and one can only find or calculate
values corresponding to given probabilities
that an observer will pick out signals from
noise. Even these values will depend on the
nature of the signals, the method of presentation
and the effective number of observations. If by
some method of combining several successive
observations it is possible to make use of the
contrast between the randommess of the noise
fluctuations ancj the comparative steadiness of
the signal, thén it may be possible to pick
out a signal as far as 15 dB below noise. This
problem is vitally important in radar, and is
further discussed in Chapter 21, para 2134.
When it is necessary to increase signal-to-noise
ratios by cutting down the receiver noise
output, the receiver bandwidth has to be made
as small as it can be without seriously distorting
the signals, and valve noise has to be reduced by
using special low-noise valves and circuits;
attention centres on the first few stages of the
receiver, since the noise from them gets almost
the full amplification of the receiver and thus
provides almost all of the final noise output.

The Cathode Ray Tube (CRT)

2079. Principles. A cathode-ray tube (CRT)
is a special type of thermionic valve in which a
beam of clectrons is made to strike a screen and
produce a spot of light. The electron beam can
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be deflected by the action of electric or magnetic
fields and can be made to follow very rapid
changes of these fields, and, consequently,
of the voltages or currents producing them; so
that the CRT is a very useful means of display-
ing rapidly varying currents or signals. The
essential parts of a CRT (Fig 20-18) are its
cathode or electron gun, a control electrode or
grid, a focusing system, an anode or accelerator,
a deflexion system, and a glass bulb or envelope
to enclose the whole in a vacuum, with its front
forming a flat screen coated so that it glows
wherever it is struck by the beam of electrons.

2080. Cathode. The cathode, which is the
source of the electrons and is often called the
electron gun (though this term may include
the grid and focusing assembly), is usually a
small nickel tube heated by a filament inside,
closed at one end and coated there with sub-
stances that increase its electron emission.

2081. Grid. The control electrode is usually
called the grid by analogy with the triode valve,
though in fact it is not a wire mesh but a hollow
nickel cylinder surrounding the cathode. It is
kept negative to the cathode, and on the
potential difference between them depends the
number of electrons that get through and hence
the brightness of the spot of light on the screen.
Thus one can vary the brightness of the spot,
and even black it out altogether, by varying the
grid voltage (grid-cathode PD): the grid controls
the electron stream just as the grid of a triode
does.

2082. Focusing System. It is important to have
a small and well-defined spot, so the beam of
electrons must be focused in the way that a beam
of light can be focused by a lens, to make all the
electrons strike the screen in near enough the
same place. A glass lens focuses by bending light
rays, and a “lens” for focusing a beam of
electrons consists of a suitably shaped electric
or magnetic field, which exerts a force on the
moving electrons and thus bends the beam. The
focusing system is usually a set of coils of wire
wound round the tube and carrying certain
currents in order to create the mnecessary
magnetic field. The focus can be varied by
varying the current, and this gives the effect of
moving the lens along the axis of the tube so
that the beam can be brought into focus exactly
on the screen.

2083. Anode. The anode, as in a diode or
triode, is the electrode that is made positive to
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the cathode and creates the electric field that
draws the electrons away from it. But the anode
of a CRT is an accelerator more than a collector
of electrons; it is at a higher potential than is
usual for the anodes of ordinary thermionic
valves. It is common to have a graphite coating
on the inside of the envelope of the tube, between
the deflexion system and the screen, and to keep
this coating at a high potential in order to
accelerate the electrons; in some tubes this
coating may be the only anode. Since the bright-
ness of the spot depends on the velocity of the
electrons when they strike the screen, which in
turn depends on the electric field used to move
them, the greatest brightness that can be
obtained with a given tube depends on the
accelerating potential (or EHT) applied to the
anode. This may vary from about 500 V for a
small CRT to 15 kV for a tube with a very
bright spot; 15 kV is normal for a modern
12-inch PPI tube.

2084. Deflexion System. By the action of
electric or magnetic fields the electron beam can
be deflected in any direction at right-angles to
the axis of the tube, and this is the key to the
usefulness of the CRT. If magnetic fields are
used for deflexion they are generated by passing
currents through coils that are wound on
formers round the tube and are separate from it.
The deflexion angle of the beam, and hence the
distance moved by the spot on the screen, is
proportional to the current through the deflector
coils. This means that if a varying current is
passed through the coils, then the movement
of the spot on the screen will exactly reproduce
the pattern in which the current is varying; eg
if ordinary AC is used the spot will move to-
and-fro in harmonic oscillation at presisely the
same frequency as the AC, This ability of a CRT
to trace the pattern of a varying current or
voltage is the foundation of all radar displays
and is further discussed in Chapter 21, paras
2186-2196.

2085. Envelope and Screen. A very hard
vacuum (fe a very low pressure) is needed for
the CRT to work efficiently, and the glass
envelope must be extremely strong to withstand
the external pressure on it. Since stray electric
and magnetic ficlds generated by other circuits
near the CRT might affect the electron beam
and disturb its focus, the tube is usually shielded
by being enclosed in an earthed cylinder of
mumetal. The front of the envelope is made
approximately flat and forms the screen on
which the electron beam is displayed; it may be

anything from 1 inch to 21 inches maximum
tube dimension. It is coated on the inside with
some special powder which gives out visible
light when struck by electrons. The emission of
light by a substance during electron bombard-
ment is called fluorescence ; but all the fluorescent
coatings used in CRTs also emit light after the
electron beam has been removed, and this is an
entirely separate phenomenon, which is known
as phosphorescence or afterglow. By choice of
different coatings many different colours can be
obtained, among them blue-violet, amber,
green, and red, and the duration of afterglow
(which decays exponentially from the moment
bombardment ceases) may be made anything
from a fraction of a microsecond to several
minutes. The path followed by the spot when it
is moved about the screen by deflecting voltages
is called the trace; and the persistence of any
point of the trace depends on the brightness of
the spot when it passes that point as well as on
the material used to coat the screen. It is
possible to have two layers of coating, giving
different colours, on top of one another, one
with a short and the other with a long afterglow,
so that by the use of colour filters one can
distinguish between trace and afterglow. The
fluorescent property of a coating may be
destroyed by too much bombardment with
electrons, and in spots where this has happened
the screen will no longer respond to an electron
beam by glowing, so that these spots or burns
show as dark areas on the trace. Extreme burns
appear as discoloration of the screen.

2086. Varieties of CRT. It has been explained
that the focusing and deflexion can be by
electric or magnetic fields, and in practice there
are three combinations of these:

a. Electric focusing and deflexion.
b. Electric focusing and magnetic deflexion.
c. Magnetic focusing and deflexion.

The first combination is found in electrostatic
tubes; the other two combinations in electro-
magnetic tubes. The use of an electric field
consumes no power, and suitable deflecting
voltages are easily generated without bulky and
heavy circuits; but the deflector plates confine
the beam, so making it hard to produce the
large deflexions needed for a wide screen, and
prevent the beam from being very thick in the
neck of the tube, so making it hard to get a very
bright spot. The use of a magnetic field makes it
possible to produce a very bright, compact
spot; it also simplifies construction, the magnetic
focusing and deflexion assemblies being merely
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coils fitted over the tube; but the need to pass
current through the coils wastes power and calls
for cumbersome circuits to supply the current.
The usual compromise for displays where a
bright spot is important is electric focusing and
magnetic deflexion.

2087. Photographic Display of CRT. It is some-
times desirable to present a CRT display on a
very large scale, much larger than the greatest
practicable size of screen, so that the display can
simultaneously be studied by a large number of
people. One method is to photograph the face
of a normal sized CRT, develop the film in a
very short space of time, and then at once pro-
ject the negative optically (as if it were a lantern
slide) onto a ground-glass or opaque screen.
It has been made possible to develop the film in
as little as 10 seconds, and to do the photo-
graphing, developing, and projection in a step-
wise process; this gives a projected display that
is renewed up to six times a minute and whose
information is never more than 10 seconds old.
Such a system magnifies the CRT display with
very little loss of definition, but introduces a
slight delay in presenting the information.
Moreover by using colour film, together with a
system of filters, and exposing the film to several
CRT displays, itis possible to produce a coloured
projected display which can contain far more
information and is less confusing than a black
and white display.

2088-2089. (Not allotted).

SEMICONDUCTOR ELECTRONICS

Introduction

2090. The valves described in paras 2065-2069
have several disadvantages: they are fragile;
they require bulky power units to operate them;
and they have a limited life as the cathode and
heater deteriorate with age.

2091. Semiconductor devices, which differ
from valves in both construction and operation,
are being widely introduced to replace valves.
Semiconductors have the advantages of':

a. Not requiring a vacuum or heated
cathode.

b. Being much smaller and more robust.

¢. Having an almost indefinite life if correctly
used.

d. Requiring low voltages to operate them.

ELECTRONIC FUNDAMENTALS

2092. There are many kinds of semiconductor
material; germanium, silicon and selenium
being the most common. Two of the most
common semiconductor devices are the semi-
conductor diode and the transistor. The semi-
conductor diode can be likened to the diode
valve, and the transistor to the triode valve.

2093. A semiconductor is a solid material
which is neither a good insulator nor a good
conductor. Moreover, in contrast to normal
metallic conductors, the semiconductor becomes
a better insulator if its temperature is increased,

Atomic Structure of Semiconductors

2094. The behaviour of a material, chemically
and electrically, depends on the disposition of
the electrons in relation to the nucleus of the
atom of the material. The electrons rotate round
the nucleus in a definite and orderly manner.
They can exist only in certain ““shells” round the
nucleus, and the number of electrons that each
shell is capable of accommodating is fixed.
Each shell is “filled”” in order of atomic number,
commencing at the innermost shell. Working
outwards from the nucleus, the first (K) sheli
may contain one or two electrons but not more
than two, so this shell is filled when the atom is
helium which has two electrons. The second (L)
shell, further away from the nucleus, may con-
tain anything up to eight electrons and the first
two shells are completely filled by the atom of
atomic number 10, which is neon (Fig 20-19).

b. NEON ATOM
Fig 20-19 Atom Shell Structure
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An atom which has just sufficient orbital
electrons to fill completely one or more shells
has no “free’ electrons and is completely inert
(eg the inert gases helium and neon). An inert
gas is one which shows practically no tendency
to combine with other elements. Further shelis,
of greater radii and having accommodation for a
fixed number of electrons, exist for elements of
high atomic number.

2095. For the great majority of elements, the
number of electrons in the outermost shell is
less than the maximum number that this shell is
capable of accommodating. For example, the
sodium atom (atomic number 11) has the K
and L shells filled and has one *‘0odd” electron in
the M shell (Fig 20-20). The electron in the M
shell is free to enter into external relationships
with other atoms and because of this the sodium
atom is extremely active. The clectrons in an
incomplete shell that tend to enter into external
relationships are termed ‘‘valency electrons”;

VALENCY
ELECTRON

a. SODIUM ATOM

&
74

b. SIMPLIFIED SODIUM ATOM

__

c. SIMPLIFIED GERMANIUM OR
SILICON ATOM

. Fig 20-20 Simplified Atom Diagrams

thus sodium has one valency electron. For many
purposes the atom diagrams can be simplified
by combining the filled shells with the nucleus
and showing only the net electric charge inside a
circle. Each of the electrons left over (the
valency electrons) is represented by a minus
sign outside the circle, the atom as a whole
being electrically neutral. Fig 20-20b replaces the
complete sodium atom diagram of Fig 20-20a
in this notation. The semiconductors germanium
and silicon may be represented as in Fig 20-20c,
from which it is seen that there are four valency
electrons.

2096. Fig 20-21 shows the diamond-shaped
lattice structure of atom formation for
ermanium or silicon. The arrangement of
atoms is such that each outer electron shares a
space with an outer electron from a neighbour-
ing atom. This common sharing of space
creates a powerful bond between atoms and
results in a hard stable structure.

2097. 1Inan ordinary conductor electric current
is carried by free electrons which are loosely
held by the nuclei of their atoms; an applied
voltage, or heat, can detach the electrons and
current flows. In germanium, heat or an applied
voltage would have to overcome the powerful
bonds between atoms in order to detach
electrons. There are therefore few electrons in
germanium at ordinary temperature and it is,
in the pure state, a poor conductor.

2098. As the temperature rises, more bonds are
broken and more free electrons are produced so
that the material becomes a better conductor.
Above about 80°C for germanium, and 200°C
for silicon, the conductivity is good enough to
upset the controiied use of these materials when
they are used in semiconductor diodes or triodes.
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Fig 20-21 Germanium Crystal Lattice
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Impurity Semiconductors

2099. The conductivity of pure germanium or
silicon can be increased, without increasing its
temperature, by adding a small amount of
another element. The current flowing can then
be strictly controlled. Antimony and arsenic
have atoms with five outer electrons, and if a
small quantity of either of these elements is
added to the semiconductor its properties are
altered considerably.

20100. The added elementis called an impurity,
and it is added in the proportion of about one
part in a hundred million. Four of the outer
electrons of the impurity form bonds with
neighbouring germanium atoms, but the fifth
becomes a “‘free-electron” (see Fig 20-22). The
conductivity therefore improves when an
impurity is added and an applied voltage will
cause a current to flow due to the movement of
these free electrons. A semiconductor modified
in this way is called an impurity semiconductor
and is said to be “doped”. Because the current
carriers are electrons which are negative charges
the material is called an “n-type semiconductor”.
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EXCESS OR

TRO!
@ GERMANIUM ATOMS FREE ELECTRON OIMPURITY ATOM

Fig 20-22 n-Type Semiconductor
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ELECTRONIC FUNDAMENTALS

20101. If an impurity element such as alumi-
nium or indium, which has only three outer
electrons is added, another type of doped semi-
conductor is produced. The impurity of atoms
enter the crystal lattice structure and the three
electrons form bonds with neighbouring atoms.
There is, however, a gap or ‘“hole” where the
fourth electron should be (see Fig 20-23). If a
nearby electron fills this gap, the bonds are
completed, but the hole has moved to the atom
which has supplied the electron. This process is
going on all the time, and the holes can be
thought of as moving at random through the
material rather as free electrons do. A semi-
conductor which is doped so as to produce free
holes which act as if they were a positive charge
carrier is called a “p-type semiconductor’. An
applied voltage causes the holes to move as if
they were positive charges moving towards the
negative terminal of the battery (see Fig 20-24).
In reality free electrons are moving the other
way, filling up holes in the material, but it is
more convenient to imagine that the current is
carried by the holes.

CONVENTIONAL CONVENTIONAL
__.l+ CURRENT __‘ - CURRENT
“l > §
¢ O & o o ® © & o ©
e T l !_+ it
® o o o o e © e 0 @
e o & o—a ots .+. .
-———
ELECTRON FLOW HOLE  FLOW
N=TYPe P—TYPE

Fig 20-24 Direction of Current Flow

The p—n Junction Diode

20102. When two pieces of semiconductor, one
n-type and the other p-type, are placed together
to form a boundary or junction, we have a
“junction diode”. This has properties similar to
those of a thermionic diode (see para 2070).
The two halves have to be moulded together to
form a continuous crystal lattice structure and
the manufacturing process needed to produce
this junction is quite complex (see Fig 20-25).
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Fig 20-25 Junction Diode
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When a p-n junction is formed it might be
expected that electrons would flow from the
n-type to the p-type and neutralize the holes, but
this does not occur; each piece of material is
originally electrically neutral, just as a piece of
copper is neutral even though it contains
millions of electrons. Some electrons drift or
diffuse across the boundary into the p-type to
become negatively charged and the n-type
repels holes so that further movement of the
charge carriers ceases.

20103. There is therefore, a ““barrier’” called a
potential barrier, formed by the p-n junction
which acts in the same way as would a battery
connected as shown in Fig 20-26. The barrier
prevents the flow of electrons and holes across
the junction and so very little current can
flow through the junction.
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Fig 20-26 The p-n Junction

20104. If an actual battery is connected across
the junction as shown in Fig 20-27a, it increases
the barrier effect and little current flows. It can
be imagined that electrons are attracted by the
positive terminal away from the junction and
holes are similarly attracted by the negative
terminal.

20105. The effective resistance of the junction
is very high, and the battery is said to be con-
nected in the ‘“‘reverse” or “back” direction,
giving reverse or back bias to the junction.
Because there are a few holes in the n-type,
and a few electrons in the p-type materials caused
by crystal defects and temperature, a very small
current does flow, but it is only a few micro-
amperes.

20106. If the battery is connected with the
opposite polarity (see Fig 20-27b) electrons are
attracted through the junction to the positive
terminal and holes are attracted the other way.
A large current therefore flows. Notice that
electrons flowing in one direction and holes

flowing in the other produce the same conven-
tional current flow, which is in the direction of
the holes.

20107. A very small forward voltage is
sufficient to overcome the barrier potential and a
voltage of 0-2 volts will allow several milli-
amperes to flow. The battery is now said to be
connected in the “forward’ direction and the
junction is forward biased. The -effective
resistance of the junction is now fairly low.
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Fig 20-27 Forward and Back Bias

20108. The behaviour of the p-n junction is
similar to that of the thermionic diode. It
passes current easily when the voltage across it
is of one polarity and allows almost none to
flow when the applied voltage is of the opposite
polarity. It can therefore be used as a rectifier
in the same way as a thermionic diode.

20109. A p-n junction characteristic curve is
shown in Fig 20-28. The portion of the curve
A to B is the normal forward bias characteristic
and is the useful operating region for a semi-
conductor rectifier. It is similar to that for a
thermionic diode, the current being approxi-
mately proportional to the forward bias. With
reverse bias (region B to C), there is a small
“leakage” current which is usually considered
constant over the working region of the diode,
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Fig 20-28 p-n Junction Characteristics

but which varies with temperature. For germa-
nium, typical leakage currents are 10 micro-
amperes at 25°C and 50 microamperes at 55°C.
Portion C to D of the characteristic is known
as the ““zener” or “‘avalanche” region. When the
reverse current reaches a particular value,
perhaps 100 volts or more, the reverse current
increases very sharply. This can result in com-
plete breakdown of the diode caused by exces-
sive heat caused by the very large current. Thus
junction diodes used as rectifiers must not be
operated with reverse voltages greater than the
breakdown value.

20110. In some specially-designed diodes,
known as zener or avalanche diodes, use is made
of this part of the characteristic. They are often
used as stabilizers or limiters; special precau-
tions are taken to ensure that the device is not
permanently destroyed but “recovers” when the
reverse bias is removed.

Point-Contacf Diodes

20111. Another type of semiconductor diode
is known as the ‘“‘point-contact” diode (see
Fig 20-29). It is sometimes known as a crystal
diode and is widely used in radar receivers.

CONNECTING
WIRE

L 2
| cats wiisker

+~GERMANIUM

TERMINALS OR SILICON

Fig 20-29 Point-Contact Diode

ELECTRONIC FUNDAMENTALS

20112, In the point-contact type of diode, one
side of the boundary is a semiconductor (p- or
n-type) and the other is a wire. Although the
metal does not have the same structure as a
semiconductor, similar results are obtained with
the metal junctions as with a p-n junction. A
potential barrier is formed at the junction and
current flows much more easily in one direction
than in the other. Because of the structure of this
diode the reverse voltage must not be allowed to
exceed the breakdown value or the contact will
burn out.

20113. In most types of point-contact diode
the metal wire is tungsten, but in some the
contact is gold. These are known as “gold
bonded” diodes and have a slightly better
performance than the normal point-contact
diode. The point contact crystal diode is used a
great deal in microwave equipment where it can
handle small signal voltages of high frequency
better than the junction type.

The Transistor

20114. It has been shown that a semiconductor
diode consists of two pieces of impurity semi-
conductor, one n-type and one p-type, joined
together to form a junction. If the diode is
forward biased, current will flow in one direction
only; if it is back biased so as to reinforce the
potential barrier, no current flows.

20115. A transistor consists of three pieces of
impurity semiconductor alloyed together, altern-~
ately p-type and n-type. There are therefore two
p-n junctions in a transistor and the construction
may be either p-n—p or n—-p-n (see Fig 20-30).

i

Fig 20-30 Construction of Transistors
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20116. A p-n-p junction transistor has a thin
piece of n-type semiconductor material sand-
wiched between two p-types. One of the p-types
is the “emitter”, the n-type is the ““base’ and the
other p-type is the “collector”. In the n-p-n
transistor the p-type and n-type materials are
interchanged. A non-rectifying contact is made
to each of the three layers to provide leads.
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20117. In a transistor the emitter corresponds
roughly to the cathode; the base to the grid and
the collector to the anode of a triode valve.

20118. Whichever type of transistor is used,
the emitter-base junction is forward biased
(positive battery terminal to the p-type material)
and the base-collector junction is reverse-
biased (positive battery terminal to the n-type
material).

20119. Action of a n—-p-n Transistor. The bias
connections for a n—p-n transistor are shown in
Fig 20-31. This type of transistor will be con-
sidered first since its action is nearer to that of a

EMITTER EILEC RON‘ flow COLLECTOR
N [Py N
BASE
currenT Y CURRENT & A CURRENT
FORWARD BIAS REVERSE BIAS
-+ - +
i Af1i}
Fig 20-31 Action of a n—p-n Transistor
valve. A big difference, however, between

transistor and valve action is that whereas the
current through a valve is controlled by a
voltage applied to its input circuit, a transistor is
controlled by a current flowing in its input
circuit. The reverse bias on the base-collector
junction ensures that very few electrons from
the n-type collector move to the base and that
very few holes from the p-type base move to the
collector. However the emitter-base junction is
forward biased and electrons flow from the
emitter through the junction into the base.
Conventional current flows in the opposite
direction. When electrons arrive in the base
region they are attracted through the base-
collector junction and produce a current in the
collector circuit. A few electrons which enter the

base are neutralized by holes in the base, but the
base is very thin (about 0-5 mm across) and
between 95 and 999 of the electrons from the
emitter travel through to the collector. The
remainder cause a small base current to flow.
As the current through the emitter-base junction
is varied, the collector current will also vary.
Thus the collector current can be controlled by
the base current.

20120. Action of a p-n-p Transistor. The
p-n—p transistor is the type more commonly
used and the action of the emitter, base and
collector is similar to that for a n—p-n transistor.
The emitter-base junction is again forward
biased and the base-collector junction is reverse
biased. This time, however, since the emitter
and collector are of p-type material, the battery
polarities are reversed (see Fig 20-32). The

EMITTER P N P COLLECTOR
BASE
CURRENT A& A 4
FORWARD BIAS REVERSE BIAS

Al i —

Fig 20-32 Action of a p~n—p Transistor

major current-carriers are now holes, and these
flow from the emitter into the base. The holes
cross the narrow base region and are accepted
by the negative collector. Some of the holes are
neutralized by electrons in the base giving rise
to a small base current. In order to reduce the
number of holes lost in this way the collector-
base junction is made much larger than the
emitter-base junction, and because of this,
emitter and collector leads cannot be inter-
changed. As with the n—p-n transistor, between
95 and 999 of the emitter current reaches the
collector; by varying the base current the
collector current varies.
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DEVELOPMENT OF RADAR

Early Experiments

2101. Marconi successfully received wireless
signals from across the Atlantic in 1901, and
this gave rise to much speculation, since it was
established that wireless waves travelled like
light in more or less straight lines, yet they had
clearly bent round the earth’s surface. Scientists
reached the conclusion that there must be layers
of the earth’s atmosphere able to reflect wireless
waves, and they called them the ionosphere.

2102. Researches were made into the nature of
the ionosphere, and about 1928 a technique was
invented of sending off short bursts or pulses of
radio waves and observing the well-defined
echoes that came back from the layers of the
ionosphere. When the pulses and their echoes
were displayed on a cathode ray tube it was
possible to measure the time taken between the
transmission of a pulse and the reception of its
echo, which was the time taken by the waves to
reach the reflecting layer and return; hence the
heights of the layers could be found, since the
velocity of the waves was known.

2103. It occurred to Watson Watt of the
National Physical Laboratory that the same
method might be used for detecting aircraft, the
metal parts of the aircraft taking the place of
the reflecting layer, since it was well known
that radio waves were reflected by metallic
surfaces. In 1935 he suggested this to the Air
Ministry, and an experiment was soon arranged
which showed clearly that the radio waves
reflected from an aircraft had enough energy
in them to make the scheme a practical one.

RDF

2104. The demonstration mentioned in para
2103 suggested the idea of a chain of radio
stations along the coast that would be able to
detect aircraft out to some 50 miles and give far
earlier warning of air attack than hitherto
possible. Work was at once started, under the
direction of Watson Watt at Orfordness, on the
practical details of this scheme. The system was
called RDF, which was a contraction of Radio
Detection and Direction Finding, since it was
foreseen that direction-finding methods could
be used to give the bearing and even the height
of a detected aircraft, though at first these
possibilities received little attention.

2105. The researches were soon afterwards
transferred to an experimental station at

Bawdsey, and began to give practical results
far exceeding the Air Staff’s expectations. A
chain of five stations was begun, and the
system was tried out in the air exercises of 1936
and 1937; these trials provided valuable experi-
ence and criticism. Although improvements
were constantly being made, it was recognized
that RDF was unreliable and inaccurate; and
the technique of measuring heights and bearings
was still rudimentary. In spite of these short-
comings RDF was clearly of very great value to
the air defences and capable of wide develop-
ment, and the decision was made in 1937 to go
ahead with a main chain of 20 RDF stations.

2106. This became known as Chain Home
(CH) and the individual stations were called, for
security’s sake (RDF had not been made public),
Air Ministry Experimental Stations (AMES)
Type 1. By the outbreak of war in 1939,
eighteen of these stations were operating,
though none of them was yet in its final form.
Many improvements had been made, and experi-
ence gained in the air exercises of 1938 and 1939
had laid the groundwork of a reporting system
to make use of the information from RDF. The
CH system was completed and extended during
the first two years of the Second World War,
and the great part it played in the Battle of
Britain in 1940 is now widely known.

2107. For reasons that will presently be
explained, it was not possible for CH stations to
detect aircraft at low angles of elevation. An
entirely new type of RDF had to be designed to
provide warning of low-flying aircraft. Such a
set, having little more than the basic principle in
common with CH, had been developed by the
Army at Bawdsey for the detection of ships from
the shore. It worked at ten times the frequency
used in CH and was altogether much less bulky
and cumbersome. It was adopted by the Royal
Air Force as Chain Home Low-Cover (CHL) or
AMES Type 2, and installation began in the
autumn of 1939.

Development and Applications

2108. When RDF was finally made public in
1941 it was called radio-location, and it later
acquired the American name “radar” by which
it is now universally known. Clearly, the
principle of radar is a very general one, and the
early-warning system that has been mentioned
is only one of its many possible applications.
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2109. A vast amount of research was done on
radar during and after the war and as a result it
has become possible to use still higher radio
frequencies, corresponding to wavelengths of
only a few centimetres; still shorter pulses;
displays that are easier to interpret quickly; and
many other improvements: all of which have
helped to make radar more accurate and
versatile. Among the uses to which radar has
been put in the Royal Air Force are:

a. Early Warning and Control. A range of
radars is used to provide early warning of air
attack by aircraft and missiles, and to provide
control facilities for defensive fighter aircraft
and ground-to-air missile systems.

b. Airborne Search. Radar sets cartried in
aircraft are used for a variety of purposes
including:
(1) Airborne Interception (AI). Al is used
in interceptor aircraft to search for enemy
aircraft and to provide data for com-
putation of optimum approach paths and
weapon delivery.

(2) Aircraft to Surface Vessel (ASV).
ASV is used to search for ships or sub-
marines which are partly above the surface.

(3) Navigation and Offensive Weapon
Delivery. Radar is used to provide a dis~
play of the terrain in the vicinity of an air-
craft which may be used as an aid to
navigation or for offensive weapon delivery.
In addition the radar data may be used by
very low flying attack aircraft for auto-
matic terrain avoidance.

(4) Airborne Early Warning (AEW).
Search #fddars may be carried in aircraft to
provide extended early warning and control
facilities for air defence.

c. Satellite Detection and Tracking. Radar
is used to detect earth satellites and to provide
data on their orbit parameters.

d. Identification. Secondary Radar Systems
are used as an aid to identification of aircraft
and to provide beacon assistance to ground
stations as an aid in tracking aircraft.

e. Navigation Aids. Radar is used by aircraft
to provide navigation and airfield approach
systems which may be either interpreted in the
air or by ground controllers.

Not all of these applications of radar are of
direct importance in control and reporting, and
they will not all be described in this manual.

2110-2113. (Not allotted).

FUNDAMENTALS OF RADAR

INTRODUCTION TO RADAR

Nature of Radar

2114. The word radar is a contraction of the
phrase “radio detection and ranging”, and is
used to denote apparatus or techniques which
use radio waves to locate, assess or control
objects. In this section radar is considered
primarily in connection with search and the
associated problem of identification.

2115. The objects which a search radar is used
to detect are generally called ‘“‘targets”. To
locate a target by radar, it must be possible to
detect radio waves coming from it, and there are
two principal methods by which this can be
done:
a. Primary Radar. A primary radar sends
out radio waves, which are reflected or
scattered by the targets on which they fall;
it picks up the reflected waves that return to it,
and from them it derives information about
the position and nature of the targets.
Because it needs no co-operation from the
targets, this system is invaluable for giving
warning of the approach of enemy aircraft.
The reflections represent only a minute frac-
tion of the radiated power, and it is necessary
to have a very powerful transmitter.
b. Secondary Radar. A secondary radar also
sends out radio waves, which can be picked
up in the target by a radar receiver; this
receiver is coupled to a transmitter so as to
make it send out other radio waves, not
necessarily at the same frequency, in reply to
those that are received. The receiver of the
secondary radar collects these secondary
transmissions from the target and derives its
information from them. The combined
receiver-and-transmitter used in the target is
known as a responder, though if it receives
and transmits on different frequencies it may
be called a transponder. This system can
rarely be used to detect enemy aircraft, but is
of great use in identifying friendly ones.
The basics of primary and secondary radars
are illustrated in Fig 21-1.

Search Radar Data

2116. In a control and reporting system the
targets for search and identification radar are
mainly aircraft, and as these move in three
dimensions of space, so three measurements or
co-ordinates are needed to specify their position
completely at any instant of time, There are
many systems of co-ordinates, but only two are
commonly used in radar:

a. The first system uses the target’s ground
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Fig 21-2 Co-ordinate Systems

range u, its azimuth or bearing g from a fixed
line (usually true North, sometimes magnetic
North), and its height h, above the radar, as
shown in Fig 21-2a. But the height wanted is
usually the height above sea level, and it is
clear that, even when the height of the radar

itself is allowed for, the height above sea level
is greater than the height above the horizontal
through the radar station, because of the
curvature of the earth’s surface. This difference
is important at ranges greater than 50 miles
and must be allowed for.

b. In the second system the target is fixed by
giving its true or slant range r from the radar,
its azimuth or bearing ¢, and its elevation o
above the horizontal, as shown in Fig 21-2b.
Radar always measures slant range but is
usually required to give its results as ground
range; except at very short ranges the eleva-
tion of a target is usually so small that the
two values of range hardly differ. The
relation between the two systems is that
h, =rsina and u = r cosq, neglecting the
earth’s curvature. When « is small, sina is
roughly equal to o measured in radians, and
cos @ is nearly 1.

2117. Both these systems give ground position
as a range and a bearing, and it is in such a form
essentially that the information is obtained from
a radar searching in azimuth. It may then be
necessary to convert this position into other
co-ordinates, such as Georef, if these are being
used for reporting aircraft. Once a target has
been located, its track and speed can very
simply be estimated from measurements of its
position at different times. Height-finding radar
measures, essentially, range and elevation of
targets; heights are deduced from these measure-
ments.

2118. Information is also required concerning
the nature of each target, eg its composition (ie
number of aircraft, ezc) and whether it is
friendly or hostile. This information cannot be
obtained as accurately as the position, but the
form of the radar reflections can be made to
give some idea of composition, while secondary
radar systems can be used for identification.

Range Measurement

2119. All pulse search radar systems measure
range by the echo principle. Echoes from the
reflection of sound waves by hillsides, walls,
or other hard objects are familiar to the reader,
and he knows that the time between making a
sound and hearing the echo increases with the
distance of the reflecting surface. Let this
distance be d feet and suppose that sound travels
by the shortest or straight-line path at a velocity
v feet per second. Then in travelling to the
reflecting surface, being reflected, and returning
to the source to strike the ear as an echo, the
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sound covers a distance of 2d feet; doing so
must take 2d/v seconds, so that this must be the
time that elapses between making the sound and
hearing its echo. It shouid be noticed, however,
that if the original sound is not sharp, but
prolonged over this time, there can be no way of
distinguishing between it and the echo.

2120. The echoes in radar are from the reflec-
tion of radio waves whose wavelengths are small
compared with the ranges being measured, so
that apart from the effects of refraction in the
atmosphere they may be taken to travel in
straight-line paths. Their velocity is c, the
velocity of light (3 X 108 metres per second or
186,000 statute miles per second approximately);
hence, by reasoning similar to that just employed,
the time between transmission and echo from a
target at range r is 2r/c seconds. This supposes
that the transmitter and receiver are side by
side, as they always are in a search radar. For
a secondary radar the delay in triggering the
responder must be added to the echo time
worked out here, and has therefore to be sub-
tracted when deducing the range.

2121. Hence, by measuring the time t, the
range can be found; forif t = 2r/c, thenr = jct.
From this relationship between t and r one
finds that the echo time for a range of one
statute mile is about 10-7 microseconds (us) or
millionths of a second (12-4 us for one nautical
mile), so that time measurement in radar cannot
be by any ordinary kind of clock; it is in fact
done electronically.
et

2122. Yet if the transmission of radio waves
were continuous, or in only moderately short
bursts, it would be impossible to distinguish
between waves received direct from the trans-
mitter and waves returned by reflection from an
aircraft, since the beginning of one is separated
from the beginning of the other by so very
minute an interval of time. To achieve distinc-
tion it is necessary to send out very short
pulses of radio waves, only a few microseconds
long, these being the equivalent of the short
sharp sound that gives a clear echo: this is the
reason for using pulse radar. The received echo
pulses can be compared with the transmitted
pulses on a visual display, and the time between
them measured. Pulses are sent out in rapid
(regular) succession so as to obtain as much
information as possible; the number of pulses
in a given time is called the pulse recurrence
frequency or PRF (n), which in practice may
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have any value from 10 to 5,000 pulses per
second (pps). The duration of each pulse is
called the pulse width (t); it may in practice
take any value from a fraction of a microsecond
to as much as 30 microseconds.

Measurement of Bearing and Elevation

2123. The method just described will give the
range of a target but no idea of its direction,
and no such idea could be obtained if both
transmitting and receiving aerials were omni-
directional, /e could not distinguish between one
direction and another. To fix the target in
space, once range has been measured, the
angles of bearing and elevation must be found.
For these angular measurements the radar’s
aerials must be given directional properties:
such properties can be exploited by several
techniques, the most important of which are:

a. Searchlight Scan. The transmitter and
receiver aerials (or one aerial serving both
purposes) are designed to give a narrow beam
of radiation, and this beam is made to scan
over the area to be searched in the manner of a
searchlight, either simply in azimuth or
elevation or in a complex pattern covering
both angular co-ordinates. The display is
arranged to show the direction of the beam at
each instant; each target sends back echoes
only when it is illuminated by the beam, and
thus its angular position is clearly shown on
the display. This is the radar system most
widely used nowadays for measuring angles,
and itcan be made to give very accurate results.

b. Signal Comparison. The elevation of a
target may be found by a method of signal
comparison. This method makes use of several
narrow beams in elevation which overlap and
together illuminate a broad angle in elevation.
The returns received in each beam vary
according to the height and range of the
target, and by comparing the signal strength
of the returned echo in the different beams the
height may be calculated. This method is
explained in greater detail in paras 21107-
21111,

c. Estimation of Height from Performance
Diagram. A rough estimate of target height
may be made by noting the range at which
the target is first detected, and reading off
from a performance diagram the height at
which detection is normally made at the
range of the target. This method can only
give a very approximate target height but is a
useful method if no height finding equipment
is available.
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d. Automatic Following. A radar can be so
designed that once it is set onto a given target
the aerial system automatically keeps itself
pointing at the target and follows its move-
ments in bearing and elevation. Both angular
co-ordinates can then be measured con-
tinuously and with great accuracy (to within a
few minutes of arc if necessary) from the
inclination of the aerial.

e. V-Beam Scan. A radar is designed to
radiate two fan-shaped beams inclined at
different angles to the horizontal, which scan
round in azimuth together. A given target
will be illuminated by each of the two beams
once in every scan rotation, at two separate
positions of the aerial, and the interval of
azimuth between these positions will depend
on the target’s angle of elevation. The display
is arranged to show this interval, and the
operator is given means for deducing target
height from it. However this method is not
well adapted to dealing with many closely-
spaced targets.

2124. (Not allotted).

2125. Generally a search radar receives and
displays echoes from not one but many targets
at the same time, and it will be desirable to
separate these echoes from one another. The
closer together the targets are, the harder the
echoes will be to separate. By analogy with
optics, the distinguishing of the separate ele-
ments in a cluster of radar responses is called
resolution, and this is a very important aspect of
the capabilities and limitations of any radar.
Limits to the resolution of a radar are imposed
by several features of its design:

a. Pulse Width. Each echo pulse has a finite
width roughly equal to the transmitter pulse
width 1, which (from the formula in para
2121) is equivalent to a radar range of 4ct (in
figures, 164 yards per microsecond of 7); if
two targets are separated by less than this
distance, and are illuminated simultaneously,
they will give overlapping echoes that cannot
be separated. The distance ict is always at
least 30 wavelengths, and is often the practical
limit to resolution in range.

b. Beamwidth. If two targets at the same
range subtend between them at a searchlight
radar an angle less than the beamwidth 0, then
they will be illuminated simultaneously at
some point of the scan, and so will present
overlapping responses that cannot be dis-
tinguished one from the other. Hence the

beamwidth is the limit of angular resolution
for a searchlight radar. In the measurement of
angle by signal comparison, all targets are
simultaneously illuminated, and angular
resolution of two targets at the same range is
generally impossible.

¢. Display. Even when the distance between
two targets exceeds the above limits, so that
their radar responses are separate in time and
thus distinguishable, it may happen that the
display is too coarse-grained to make the
distinction; thus the resolution of a radar
cannot be better than the resolution of its
display.

Basic Requirements of a Pulse Radar System

2126. A primary radar installation must be
able to detect targets at a distance, and provide
information on the target’s range, bearing and
height. To be able to do this satisfactorily a
pulse-modulated radar must have the units
shown in Fig 21-3, ie:

a. A Transmitter. A transmitter must be
capable of producing short-duration, high
power pulses of RF energy at a given repeti-
tion frequency.

b. An Aerial System. An aerial system must
produce a very narrow beam of RF energy
which may be used for scanning.

c. A Sensitive Receiver. A sensitive receiver is
required which is capable of receiving and
amplifying the very weak signals so that they
may be processed and displayed on an
indicator or otherwise used.

d. An Indicator. An indicator, which is
capable of measuring time intervals of only
microseconds duration for range measure-
ment, and which is connected to the aerial
system for indication of the bearing and/or
height of the target, is required. These basic
requirements are discussed further in paras
2169-2172, 2188 and 21107-21111.

The Radar Transmitter

2127. Transmitter pulses are produced at a
regularly recurring rate; the number of pulses
produced each second being known as the pulse
repetition frequency (PRF), measured in pulses
per second (pps). The length of time for which
the transmitter is switched on to give each
pulse is known as the pulse width (sometimes
called pulse length or pulse duration) and is
measured in microseconds (us).
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Fig 21-3 Basic Units of a Pulse-Modulated Primary Radar

2128. A radar transmitter operates at a very
high frequency, and, for the duration of the
pulse, produces a very high peak power output.
Frequencies up to 30,000 MHz are common,
and peak powers of 3 MW and more are used.
The high powers are necessary to ensure
adequate “illumination” of the target so that a
good echo may be received. The need to use high
frequencies is explained later. The system used
to produce the high frequency, high power
pulses of short duration at the required rate is
illustrated in.Fig 21-4. The main components
are:
a. Trigger Unit. The trigger unit produces
timing pulses which recur at precise intervals
of time, and so determines the PRF of the
equipment. The indicator timebase is syn-
chronized with the transmitter pulses by
applying ‘“synchro pulses” from the trigger
unit to the indicator timebase. This causes the
trace to move across the screen of the CRT at
the instant the transmitter fires each pulse.

b. Modulator. Because of the high rate of
switching (many hundreds of pulses per
second) and the very short time intervals being
being used (a few microseconds at the most
for the pulse duration) the transmitter
operation cannot be controlled by normal
switches or relays. The circuit which does this
switching, and also provides the input power
required by the oscillator, is the modulator.
The modulator is an electronic circuit which
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is “triggered” by the output from the trigger
unit and which produces a pulse whose
duration is determined by the circuitry of the
modulator. This pulse of controlled pulse
width (or duration), recurring at the precise
instants of time determined by the trigger unit,
is used to switch the oscillator on and off.

c. Oscillator. The oscillator generates the
high frequency oscillations at the high power
required. It is switched on by the rising or
leading edge of the pulse from the modulator,
and is switched off by the falling or trailing
edge of the pulse. The transmitter therefore
produces a pulse of RF energy at the fre-
quency of the oscillator. Special radar devices
(see paras 21121-21128) are required to
produce the very high frequencies at the high
powers needed. It should be noted that
although the pulse duration may be very
short the frequency is sufficiently high to
ensure that each pulse contains a large
number of cycles of radio frequency (see
Fig 21-5). For a frequency of 3,000 MHz
and a pulse duration of 1 pus each pulse
contains 3,000 cycles.

2129. Many factors have to be considered
before the PRF and pulse width of a particular
radar installation are decided, but typical
figures are a PRF of 500 pulses per second and a
pulse width of 1 ps. For the figures quoted the
transmitter “fires” for only one millionth of a
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second and is then off for 53y second or 2,000
millionths of a second. To give an idea of what
these figures really mean it is convenient to
imagine them to be multiplied by one million as
in Fig 21-6. This emphasizes that the trans-
mitter fires for only a very short period of time,
and the interval between each pulse is relatively
long.

The Aerial System

2130. Aerial. To locate an object in space an
aerial is required which is capable of producing
a narrow beam of energy in one plane only (or in
two planes at right angles) so that the high peak
power output of the transmitter during each
pulse may be concentrated to cover a small
region of space so that accurate bearings in
azimuth or elevation (or both) may be obtained.
To produce such a beam some form of aerial
array is required, and the higher the frequency
the smaller are the aerial elements in the array.

Centimetric radar uses frequencies in the band
of 3,000 to 30,000 MHz. At these frequencies the
aerial assemblies used for radiating a narrow
beam are very similar to the structures used for
focusing light rays. Typical of these is the
parabolic reflector which may be compared
with the headlight of a car (see Fig 21-7).
Centimetric aerials are comparatively small, can
produce narrow beams of RF energy and can be
made to rotate or tilt fairly easily. Aerials are
discussed at greater length in paras 2146-2171.

2131. Scanning. A radar beam must be capable
of being swung in any required direction and
the search for an object in a given volume of
space must be carried out systematically to
ensure that the whole volume is covered. To do
this the aerial beam is made to ““scan” the whole
region which is to be investigated.

2132. TR Switch. Most pulse-modulated
primary radars use an aerial that is common to
both transmitter and receiver. This may be done
because while the transmitter is working the
receiver is not required, and while the receiver is
working the transmitter is switched off. The
transmitter can therefore be connected to the
aerial for the duration of each pulse and the
receiver connected during the interval between
pulses. This is done by the transmit-receive
(TR) switch, and the action is illustrated in
Fig 21-8.

2133, Output to Indicator. Information on the
angular position of the aerial is conveyed to a
PPI for indication of bearing in azimuth, and
information on the angle of tilt is conveyed to a
height-range indicator (HRI) for indication of
the elevation bearing.

Receiver

2134. The receiver amplifies the reflected pulses
picked up by the aerial. After amplification the
pulses are demodulated and the resultant pulses
are applied to the indicator CRT for display of
target information. The received echoes are
very weak and may provide signals of a few
millionths of a volt. However the input voltage
required by the indicator in order to give a
satisfactory display may be 10 volts or more.
The receiver must therefore have high “gain”.
There is, however, a limitation to the amount of
useful gain which can be obtained in practice.
The main limitation is noise (see Chapter 20,
paras 2076-2078). The noise level of a receiver
has a marked effect on its performance, as noise
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may hide weak echoes from targets at long
range. The noise generated by a receiver must
therefore be the minimum possible. It is point-
less having a high-gain receiver if it also has a
high noise level; the noise is merely amplified
further. One further point should be noted about
receivers: to preserve the shape of the reflected
pulse, the receiver circuits must have a wide
bandwidth. This follows from the fact that a
square or rectangular pulse contains a very
wide band of frequencies which must be accepted
by the receiver if distortion is to be avoided. A
distorted pulse on the CRT display makes it
difficult to determine range accurately.

EFFECT OF MULTIPLYING TIME INTERVALS BY |IOOO000

Pulse duration 1second

Transmitter

ON 1 second

.

t
L
T
I

The Indicator Unit

2135. An indicator is required to show the
user the bearing, range and height of aircraft
within the range of the radar. If only range is
required a simple type A display (see Fig 21-9)
is used. In the type A display the range is
represented by the horizontal displacement of
the target response from the trace origin, while
the strength of the signal is represented by the
vertical displacement of the trace. Where
range and bearing are required a PPI display is
usually used. Where height and range are needed
a height-range indicator is employed, whilst if
range, height and bearing. are all required two
CRTs, one a PPI and the other a RHI, are
commonly used together. Alternatively a PPI
only is used and relevant height information is
extracted from a remote RHI position and dis-
played on a suitable numeric display. Fig 21-6 Time Intervals in Radar

Listening period=2000 seconds
=33 minutes 20 seconds

Transmitter

PULSE IS VERY SHORT IN RELATION TO INTERVAL BETWEEN PULSES

2136. Other Radar Displays. A display can be
designed to ,present almost any required
information about a target in terms of range,
bearing, height and elevation, or any two com-
binations of these. Fig 21-10 illustrates a few
examples of additional displays in common use.

Schematic Diagram of a Basic Primary Radar
2137. In Fig 21-11 the various stages which
have been discussed in paras 2126 to 2136 are
linked together to form a block diagram of a
basic primary radar system. The waveforms
which would be seen if the various numbered
points were connected to an oscilloscope are
illustrated in Fig 21-12. The action of each
“block™ may be summarized as follows:
a. Trigger Unit. The trigger timing pulses
produced by this unit control the PRF of the
equipment and are applied to: Fig 21-7 Concentration of Energy in a Beam
(1) The modulator, to trigger the trans-
mitter operation at precise and regularly
recurring instants of time.
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(2) The indicator timebase generator to
synchronize the CRT trace with the trans-
mitter operation.

b. Modulator. The modulator produces rect-
angular pulses of known pulse duration which
switch the oscillator on and off.

c. Oscillator. The oscillator produces the
very high frequency high power output
pulses of short duration. The PRF is deter-
mined by the master timing unit and the pulse
duration by the modulator.

d. TR Switch. The TR switch automatically
connects the transmitter to the aerial for the
duration of each output pulse, and connects
the receiver to the aerial for the intervals
between pulses.
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e. Aerial. The aerial radiates the transmitter
output in a narrow beam and picks up the
reflected echoes for application to the
receiver. The aerial may be moved for
scanning, the movements being conveyed
automatically to the indicator.

f. Receiver. The receiver amplifies the very
weak echoes and presents them in a suitable
form for display on a CRT.

TIMING
UNIT

E_ MASTER @ @
I

FUNDAMENTALS OF RADAR

g. Indicator  Timebase  Generator. The
indicator timebase generator produces the
range trace on the CRT screen. The sync
pulses from the trigger unit ensure syn-
chronization of indicator and transmitter
operations.

h. Indicator Display. The indicator display
presents the required target information in a
suitable form.

© ®

-k |—» T g I3 maET
SYNC  PULSES reh AERIAL S3ee
Sw . ’1‘1'4_$.
INDICATOR @ -
iatnien ittt ; ®
! : ®
i CRT '
ITIME - BASE RECEIVER l
DISPLAY [~
|| GENERATOR © o)
L~ T___J
- SYNCHRO INFORMATION ON
ATTITUDE OF AERIAL (BEARING AND ELEVATION)
Fig 21-11 Basic Primary Radar Block Schematic Diagram
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Secondary Radar Systems

2138. The pulse modulated primary radar
system discussed so far relies on the reflection
of the incident RF energy by the target. Instead
of relying on reflections it would be possible to
use the pulses received at the target from the
primary radar to trigger a transmitter in the
target aircraft. Such systems are known as
secondary radar systems and can only be used
when the target is friendly. When used in this
manner the primary radar is known as the
interrogator, and the secondary installation in
the aircraft is called the transponder (trans-
mitter-responder).

2139. One of the earliest applications of
secondary radar was the identification equip-
ment carried by friendly ships and aircraft in the
Second World War, and known as IFF (identi-
fication friend or foe). In this system the
primary radar on the ground is the interrogator
and the ship or aircraft carries the transponder.
When the transponder receives a signal of the
correct frequency and pulse duration from the
interrogator it automatically transmits coded
pulses in reply and this response identifies the
target as friendly on the ground radar PPI.

2140. Secondary radar may also be used as a
navigation aid. In this role the interrogator is
carried in the aircraft and the transponder is a
radar beacon on the ground. The signals trans-
mitted by the transponder when interrogated by
the aircraft equipment are used by the aircraft to
provide information on the range and bearing
of the beacon. In this way the aircraft is provided
with navigation or homing assistance. TACAN
(see SD 727, Chapter 10) is an example of such
an equipment.

2141. The operation of the secondary radar
system is basically the same in the two cases
mentioned above. The block diagram of a
typical system is shown in Fig 21-13. Each pulse
from the interrogator is picked up by the trans-
ponder aerial and passed to the receiver, where
it is amplified and converted to a pulse. This
pulse triggers the modulator which produces a
waveform to switch the transponder transmitter
on and off. A coding unit may be used to
regulate the duration of the transmitter pulse,
this pulse being radiated back to the interrogator
where it is used to provide the required infor-
mation about the target.

2142-2145. (Not allotted).

CENTIMETRIC RADAR AERIALS

Introduction

2146. One advantage of using centimetric
wavelengths is that it is possible to build small
aerials to give narrow beams. As the wave-
length used gets shorter so the size of the aerial
required to produce a given beamwidth
decreases. For example, at 300 MHz (100 c¢cm)
an aerial of about 200 ft across would be
required to produce a beamwidth of about
1°; at 10,000 MHz (3 cm) the same beamwidth
is obtainable with a 6 ft aerial.

2147. With narrow beams accurate bearings in
azimuth and elevation can be obtained and,
because of the small size and light weight
involved, rapid movement of the aerial is
possible. Size and weight are particularly
important considerations in airborne radars.
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Fig 21-13 Block Schematic Diagram of a Secondary Radar Transponder
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2148. 1t is possible to produce a narrow beam
by radiating energy from an aerial into a
reflector in much the same way as a searchlight
beam.is formed. At a given wavelength, the
larger the reflector, the narrower will be the
beam. This is the most common type of centi-
metric aerial and is known as a reflector aerial.

Aerial Parameters

2149. Beamwidth. The width of the radiated
beam of a directional aerial is measured by the
angle between the two points on the power
radiation diagram where the power has fallen to
half its maximum value (ie fallen by 3 dB).

2150. Gain. The power gain of a directional
aerial is the ratio of power radiated in the
direction of maximum radiation to that radiated
from a reference aerial (which may be an omni-
directional aerial or a simple dipole), both
aerials being fed with the same current, ie the
ratio:

Maximum power radiated from the directional
aerial

Power radiated from the reference aerial

The gain is usually measured in dB.

2151. Radiation Patterns. By measuring the
electric field strength in a certain plane around
an aerial it is possible to plot a polar diagram
for the aerial in that plane. Fig 21-14 shows a
polar diagram for a typical centimetric aerial.
On a narrow diagram it is difficult to measure
the beamwidth and the plot is often made in
cartesian co-ordinates as shown in Fig 21-14.
From the cartesian radiation diagram the beam-
width can clegrly be seen to be 5°. Aswell as the
main lobe there are several side lobes. In centi-
metric radar aerials these must be kept as small
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Amplitude
433
Side lobes
04
02
0

FUNDAMENTALS OF RADAR

as possible, for as well as wasting energy they can
cause false indications.

2152, Polarization. An electromagnetic wave
radiated from an aerial Sonsists of electric (E)
and magnetic (M) fieldsjaré at right angles with
each other and with the direction of propagation
(see Fig 21-15). At some distance from the aerial

Direction of Propagation

Direction of Propagation

e B [T}

a. VERTICALLY POLARISED b. HORIZONTALLY POLARISED
Fig 21-15 The Plane Wave

the plane formed by the E (or H) vector and the
direction of propagation is in a fixed direction
and the wave is called a plane wave. The plane
which contains the E vector and the direction of
propagation is called the plane of polarization,
and if this is vertical relative to the earth it is a
vertically polarized wave, while if it is horizontal
the wave is horizontally polarized, (see Fig
21-15). Most radars use horizontal or vertical
polarization, but for some purposes (eg to
obviate echoes due to rain) it is necessary to
vary continuously the plane of polarization.
This means that the E and H vectors, still at
right angles to each other, rotate as the wave
progresses. Circular polarization is an example
of this type of polarization but elliptical or other
types are possible. When the E vector rotates in
a clockwise direction, viewed in the direction of

a. POLAR CO-ORDINATES

5 f0° 5  0° &  10* 1s°
Angular Displacement & ———#=
CARTESIAN CO-ORDINATES

Fig 21-14 Radiation Patterns
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AP 3401, Caap 21

- 27
ks -
‘-——; H Vec(or\] .-1?
'.':"' '\E Vectors T = E May.
E Min,

‘\:s
E

b. LEFT-HAND ELLIPTICALLY
POLARISED WAVE

Fig 21-16 Circular and Elliptical Polarization

propagation, the wave is a clockwise, or right-
hand polarized wave as in Fig 21-16a; if the E
vector rotates in the opposite direction it is said
to be an anti-clockwise or left hand polarized
wave as in Fig 21-16b.

Parabolic Reflectors

2153. At centimetric wavelengths a specially-
shaped metal reflector, similar in principle to a
searchlight mirror, is used to produce a narrow
beam. The parabolic reflector is the most widely
used. In Fig 21-17a the section ABC is a cross-
section of a parabolic reflector; point F is the
focal point. If an aerial is placed at the focal
point all energy radiated towards the reflector is
reflected parallel to the axis BF. Further-
more, the path lengths F P; F1, F P2 F2 erc are
all equal. Thus rays radiated from F towards the
paraboloid are reflected as parallel rays travel-
ling in the same direction and arrive at XY in
phase and therefore reinforce each other. A

PARABOLIC

WAVEFRONT
REFLECTOR X/

c |
___—-’____lfz
REFLECTED
g --—‘\——-P————iF: RAYS
N N PHASE
W\ F
B -<-———\>t>--—|
,///
/
Py —~7———>—--—|F3
————— b—--—--IF-s
A !/

narrow beam in the direction of the arrow is thus
formed by the reflector.

2154. Energy radiated from F directly towards
XY without striking the reflector will not be in
phase at XY and will produce diverging rays
(see Fig 21-17b). This effect can be reduced by
placing a small shield or sub-reflector behind the
aerial as in Fig 21-17¢c.

2155. The larger the area of the opening (or
aperture) AC, measured in wavelengths, the
narrower will be the beam. The power gain of a
parabolic reflector with an aperture diameter D

is given approximately by G = 6 where

D2
(=)
A is the wavelength of the radiated energy. D
and A must be in the same units.

Types of Parabolic Reflector

2156. To produce a pencil-shaped beam of
circular cross-section a parabolic reflector (or
“dish”) with a circular aperture as shown in
Fig 21-18 is used. The beam shape may be
modified by cutting away parts of the paraboloid
and making an ‘“‘orange-peel’” or truncated
paraboloid as shown in Fig 21-19.

2157. The parabolic cylinder shown in Fig
21-20 is normally energized by a number of
aerials placed along the broken line. The
parabolic curvature causes narrowing of the
beam in the vertical plane.

2158. The parabolic torus reflector shown in
Fig 21-21 is formed by moving the parabola
AB along the arc of a circle BC. The pencil-
shaped beam formed by the reflector has fairly

X
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I' . suB-
, s e REFLECTOR
.. DIRECT
FeZ l RAYS . )
N DIVERGE /S
N\ ’\ I AERIAL
~
‘1
| J \
Y
b. c.

Fig 21-17 Principle of the Parabolic Reflector
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small side-lobes. The torus reflector is normally
used on ground radars where the reflector is
stationary and scanning is achieved by moving
the aerial feed. Parabolic Curve
2159. The above types of parabolic reflector
may be constructed of metal or metallized
plastic and for airborne use are usually solid.
Large ground installation reflectors are norm-
ally of metal mesh to reduce weight and wind
resistance. B

Circutar Curve

Section on AB

Section Q RADIATION DIAGRAM
on AR Fig 21-21 Parabolic Torus Reflector

Fig 21-18 Paraboloid or Parabolic Dish

il

Cosecant-Squared Reflectors
2160. The shape of the radiation pattern
/7 \ required from a radar aerial depends on the
] Radlot\on magram type of job the radar has to perform. Special
beam shapes can be produced by using specially-

@ @ shaped reflectors.

!( Cross mnon 2161. An example is the cosecant squared
on AA (Cosec?) reflector used in some early warning
S and control radars so that similar targets at the
same height but different angles of elevation

return similar strength echoes. A cosecant-
squared radiation pattern is shown in Fig 21-22.

g. ORANGE PEEL REFLECTOR

- “/N Radiation diagram
*
’ e Al
/
/ |
d |
! |
| |
N I |
\ I Al Cross section
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~Na

5. TRUNCATED PARABOLOID
REFLECTOR

Fig 21-19 Types of Parabolic Reflector

Reflector

Fig 21-22 Cosecant-Squared Pattern

The lower portion of a parabolic reflector (it is
usually a cylinder) is distorted so that some of
—=  the energy is reflected upwards instead of
horizontally. Thus a target at A receives the
same power from the radar as at B even though,
because it is further from the radar installation,
the energy is attenuated more. As the same
aerial is used for receiving, constant illumination
Fig 21-20 Parabolic Cylinder of the PPI results.

21-15



AP 3401, CHapr 21

Methods of Feeding a Reflector

2162, Horn Feed. If a waveguide (see paras
21167-21171) is terminated by an open end (see
Fig 21-23) energy is radiated from the wave-
guide into space. However if the termination is
just a section through the waveguide as in
Fig 21-23a, most of the energy is reflected back
down the guide and harmful standing waves are
produced in the waveguide. To overcome this
difficulty the end of the waveguide is “‘flared” to
form a horn as in Figs 21-23b and ¢, and

B\ =

a. OPEN-ENDED WAVEGUIDE

b. SECTORAL HORN

. | >

'

c. PYRAMIDAL HORN

Fig 21-23 Woaveguide Horn Radiators

maximum energy is radiated from the guide.
The horn is also a directional radiator giving a
fan shaped beam to radiate the reflector. By
placing the horn at the focal point of a parabolic
reflector a very narrow beam is radiated (see
Fig 21-24). However the horn and its wave-
guide feed form an obstruction to the radiated
beam. This distorts the radiation pattern and
also the efficiency of the horn. This difficulty is
overcome for ground search radars by offsetting
the horn and placing it below the reflected
radiation pattern.

/ Parabolic Reflector \

a. HORN FRONT FEED

2163, Multi-Beam Reflector Aerials. When a
single reflector is fed with energy from several
horn aerials mounted one above the other, a
number of beams at different angles of elevation
are formed. This type of aerial can be used to
produce beams giving both high and low-angle
coverage for a surveillance radar. By forming
several beams, each beam requiring a separate
horn, the aerial can be used as a height finder by
using the principle of signal comparison (see
paras 21107-21111). The outline of a ‘“‘stacked
horn™ aerial in which four horns feed into a
parabolic reflector is shown in Fig 21-25. The
radiation diagram shows that four fixed beams
at different angles of elevation are formed.

2164. Moveable Feed Point Scanning. Large
ground radars are sometimes scanned by
moving the position of the feed point and keep-
ing the reflector stationary. This avoids the need
to move a large metal reflector, By moving the
feed point away from the focal point of a para-
bolic reflector, the direction in which the beam
points is changed (see Fig 21-26), and the aerial
scans over a limited sector. If the scanning
angle is made too great the beam becomes
distorted and the aerial gain falis.

/) REFLECTOR
Q/ STACKED HORNS

RADlATION DIAGRAM

Flg 21-25 Stacked Horn Aerial

o

b. HORN OFF-SET FEED

Fig 21-24 Types of Horn Feed
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Fig 21-26 Movable Feed Point Scanning

2165. Slotted Waveguide Arrays. If a half-
wavelength slot is cut in the narrow ‘a’ dimen-
sion of a waveguide (see paras 21167-21171)
such that it interrupts the flow of wall current,
it will act as an aerial. Slot 1 in Fig 21-27 is
parallel to the wall current and therefore does
not radiate. Slot 2 is slightly inclined and will
radiate. As the angle of inclination is increased
the percentage of power transferred from the
waveguide to free space also increases. With an
array of slots this angle is progressively increased
to compensate for the reduction of energy in the
guide so that each slot radiates equal energy.
If the slots are placed at a distance equal to half
of the wavelength of the RF in the guide
(3#Ap), and inclined in the same direction, adjacent
slots radiate in anti-phase and radiation at
right angles to the array is zero. By alternating
the slopes of adjacent slots as in Fig 21-27 the

Y Agtehg =1

FUNDAMENTALS OF RADAR

the waveguide to move from slot A to slot B is
greater than the half-cycle time. Therefore the
energy radiated from A will have reached P by
the time the same wavefront is radiated at slot
B. The two radiations therefore form part of a
wavefront which is radiated not at right angles
to the array, but at an angle to this direction.
This angle is known as the “squint™ angle.

Practical Slotted Waveguide Array
2167. The slotted waveguide array is normally

used with parabolic or cosecant-squared PfLL’L

reflectors to give the required beam shape. f
Fig 21-29 shows a typical arrangement for an Bf [~
band (10 cm) ground radar. The horizont

non-resonant waveguide array has inclined
slots cut in the narrow dimension facing into a
cosecant squared reflector. The waveguide
radiation produces a beam about 0-3° wide in
the horizontal plane, while the reflector forms a
consecant-squared pattern in the vertical plane.

2168. As shown in the insert of Fig 21-29 the
waveguide array is enclosed in a channel, the
top and bottom plates of which beam the
radiation from the array so that the reflector is
correctly illuminated. The front of the channel is
fitted with a fibreglass window. The window
is transparent to electromagnetic waves but
makes the channel airtight so that dry air under
pressure may be pumped through the waveguide

AV

!
| P
Y9 ' S\
POWER L %i \
IN
-
b
Fig 21-27 Inclined Waveguide Slots CLOSED END OF WAVEGUIDE

slots radiate in phase and a beam at 90° to the
line of the energy is formed. The inclined slot
array gives polarization in the same direction as
the length of the waveguide.

2166. 1If slots are placed exactly at $A, intervals,
power may be lost due to the production of
standing waves in the waveguide. However, by
placing the slots at say 0-55A, apart, the standing
waves are obviated, and the array is termed non-
resonant. But whén the slots are placed 0-55A,
apart (Fig 21-28), the time taken for the RF in

to prevent corrosion, arcing or a corona dis-
charge. The slots radiate about 90%; of the total
energy in the guide, the remainder being
absorbed by a resistive dummy load at the end
of the array remote from the transmitter input.
The squint angle is about 4° and is compensated
for by mounting the waveguide array such that
the feed end is further from the reflector than
the dummy load end. Horizontal polarization
is used, but if vertical polarization is required,
displaced slots cut in the broad dimension of the
waveguide could be used.
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Fig 21-28 Non-Resonant Array
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Fig 21-29 Typical Ground Radar Slotted Waveguide Array with Reflector
21-18



Application of Centimetric Aerials

2169. Search in Azimuth. A radar which is
required to provide the bearing of a target
needs an aerial which gives a narrow beam in the
horizontal plane but wider in the vertical plane.
At centimetric wavelengths a slotted waveguide
array feeding into a cosecant-squared reflector
will provide such a beam. The array gives a
beam narrow in azimuth and the reflector shapes
the vertical pattern so that targets at various
angles of elevation can be detected. An airborne
search radar for use as an aid to navigation and
blind bombing and working in the X band would
employ a similar aerial system but because of
the shorter wavelength the assembly would be
much smaller and lighter.

et

|

/PR

FUNDAMENTALS OF RADAR

2170. Height Finding Aerials. The range and
elevation of a target must be found to determine
its height. A number of different types of aerial
can be used for this purpose. Fig 21-30 shows
an aerial which produces a beam narrow in
elevation and wider in azimuth. The beam is
usually directed onto the azimuth bearing of the
target by information obtained from a surveil-
lance radar. The aerial is then made to nod up
and down so that the beam passes through the
target. From the range and elevation angle so
obtained the target height can be computed.
Another method of height finding employs an
aerial which produces a stack of narrow pencil-
shaped beams at various fixed angles of eleva-
tion. The target response from each beam is fed

A
A

Lanee

§

Fig 21-30 Height Finding Aerial
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Fig 21-31 Pencil Beam Scanning Patterns

into a separate receiver and when the receiver
outputs are compared an accurate indication of
the target’s elevation angle is obtained. This
method is discussed further in paras 21107-
21111.

2171. Pencil-Shaped Beams. A parabolic
“dish” reflector may be used to form a pencil-
shaped beam. Different types of parabolic
reflector (for example the orange peel and
truncated paraboloid reflectors) can be used to
alter the shape of the beam. A beam narrow in
both planes must be steered or scanned in order
to search a required volume of space. The
beam must follow a regular pattern in order
that all the required space is searched. There are
many types of scanning pattern, each suited to a
particular task. Four common patterns are
shown in Fig 21-31. Pencil-shaped beams can be
moved by mounting the aerial and reflector on
a platform which can be tilted and turned over
the required angles of azimuth and elevation.
In airborne radars the movement of the plat-
form due to aircraft pitch and roll can be com-
pensated for by gyroscopic stabilization. Scan-
ning the beam may also be achieved by moving
the aerial feed point and by mechanical or
electronic beam steering methods.

2172. Monopulse Radar. Conical scanning
requires information from at least four pulses to

derive an error signal with which to position the
aerial in both azimuth and elevation. If the
amplitude of these pulses varies due to varying
attitudes of the target or to intentional jamming,
the accuracy of azimuth and elevation infor-
mation is weakened. In a monopulse radar the
angular measurements are made using one pulse
only, and therefore these inaccuracies cannot
occur. Two or more beams are formed simul-
taneously, and by comparing the relative phase
or amplitude of the echo pulse received in each
beam the angular position of the target can be

determined from the information contained in a H

single pulse. Fig 21-32 shows an X band (3 ¢cm)
monopulse aerial used in an Al automatic
tracking radar. The reflector, a double para-
boloid, is fed from the rear by a four-way horn.
This feed has four apertures, each pair of which
is aligned with the focus of each paraboloid. The
radiation pattern in elevation comprises two
beams which cross. Thus if a target lies on the
axis of the aerial, the amplitude of signals
received at apertures 1 and 2 will be the same as
that of signals received at 3 and 4. If the target
lies off the vertical axis of the aerial there will
be a difference in amplitude of signals received
by the two pairs of apertures. The difference
signal is used to align the aerial, in elevation,
to the target. Azimuth bearing of the target is
found by comparing the difference in phase

21-20
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PARABOLOID REFLECTORS
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INPUT

b. 4-WAY HORN FEED

Fig 21-32 Monopulse Multi-Beam Aerial

between signals received by apertures 1 and 3,
and 2 and 4. This difference is converted into a
signal which aligns the aerial in azimuth.

2173-2185. (Not allotted).

RADAR DATA DISPLAYS

Introduction

2186. In modern air defence systems the
information obtained from radars must be
presented to the users in a way that can be
interpreted easily. In addition to a ““raw” radar
display showing all radar targets, each user
normally requires displays which will give
detailed infqomation about the targets with
which he is personally concerned.

2187. To this end a variety of displays are
available, including raw radar, synthetic radar,
a mixture of raw radar and synthetic symbols,
tabular, and closed circuit television. Thus an
air defence position could contain the displays
shown in Fig 21-33. In the following paragraphs
each of the above displays will be considered
briefly.

Synthetic Display

2188. In modern air defence systems radar
information from primary and secondary radars
concerning the range, azimuth angle, height and
recognition category of a large number of air-
craft may be fed, in digital form, into a com-
puter. The range and azimuth angle, which
together give the position of the aircraft, are
changed into X and Y cartesian co-ordinates

and corrected so that the aircraft position is
relative to the control centre position. In this
new form the positional data are passed to a
digital store and up-dated on every aerial
sweep. The computer calculates the aircraft
track from successive positions, and this,
together with height and identity data on each
aircraft, is passed into another section of the
computer store. The outputs from these stores
are fed into a synthetic display. This is a normal
type of PPI display fed with processed radar
data. With a synthetic display the user can select
for display those targets in which he is interested.
This is done by operating switches which send
demands for the required data to the computer.
As well as the target responses displayed on the
CRT screen each target may be marked with
identification symbols and characters. The CRT
has a dual fixed-coil deflexion system: one
produces the radial scan synchronized to the
rotating radar aerials; the other is an inter-
trace deflexion system. This second deflexion
system operates during the inter-trace period of
the main scan (see Fig 21-34). These characters
can be either in the form of ‘“‘strobe markers”,
controlled by the display user, or groups of
letters and numerals (known as “alpha-numeric”
characters) originated by a character generator
controlled by the computer. A simplified
diagram showing the connections of equipment
for inter-trace marking is given in Fig 21-35.
The data concerning track, height or identity
held in the computer store are fed to the
character generator which produces currents to
deflect the CRT beam and form the required
character. Writing speeds of up to 50,000
characters per second are possible, each character
being written in 20 ps by up to sixteen 1 ps
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Fig 21-34 Use of Inter-Trace Period for Character
Writing

deflections of the CRT beam. A display which
consists entirely of synthetic information is
generally known as a Labelled Plan Display
(LPD), whilst a display consisting of raw radar
responses with added labels or marks is termed
a Marked Radar Display (MRD).

Tabular Displays

2189. A tabular display is one in which target
information such as identity, height, track and
estimated time of arrival at reporting points
is written on the face of a CRT in alpha-numeric
characters (see Fig 21-36). A tabular display is
separate from the radar PPI display and does not
contain target blips. The data employed may be
derived from a digital computer or from a key-
board similar to that of a typewriter.

2190. In an automatic data processing system
the information to be displayed is processed
and passed to a digital store where it is kept up
to date. The stored data are sequentially scanned
and used to control an electronic character
generator which provides the waveforms
required to provide the characters on the dis-
play CRT. As the information is up-dated a
single character on the display can be changed
without altering the remaining characters.
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Fig 21-35 Arrangement for Production of a Synthetic Display
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2191. The information is displayed on a CRT
screen as alpha-numeric characters in a series of
horizontal lines. Each character is written by
continuous movement of an electron beam
through the intersections of a “modulated”
matrix. The picture can be read in normal day-
light at a distance of three feet.

2192. Typically, the equipment can write
50,000 characters per second, the CRT after-
glow being such that a steady picture results.
Several displays can be fed from one position
and the user can select information on any
target in which he is interested.

Video Maps

2193. Video maps provide a means of associ-
ating a radar PPI picture with geographical

Fig 21-36 Typical Alpha-Numeric Tabular Dispiay

features such as cities, airfields, coastlines and
mountains, and with reference systems such as
the georef grid, reporting beacons and airways
boundaries. The video map is mixed with the
radar video echoes fed to the PPI CRT and
appears as lines traced on the CRT screen.
The display user can thus establish the position
of a target with reference to important geo-
graphical and reference points.

2194. The map to be displayed is photographed
and a photo-negative slide is obtained on which
the coastline, airfields, airways boundaries,
danger areas, reporting points efc are trans-
parent. Fig 21-37 illustrates a slide which shows
a coastline, airfields, airways boundaries and
aircraft reporting points.
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2195. The basic components of an equipment

which produces a video map on the PPI screen
from a map slide are shown in Fig 21-38. The
projection CRT is a flat-faced tube giving a
finely-focused spot of light. The screen is coated
with a non-persistent luminous substance and
the electromagnetic deflexion coil is rotated
about the neck of the tube in synchronism with
the aerial head. The timebase, triggered by the
radar master timing pulse, is fed to the defiexion
coil. Thus the spot of light on the projection
CRT screen moves radially out from the centre
of the CRT each time the radar transmits a
puise and moves round the face of the CRT in
synchronism with the rotating aerial.

2196. A wide-angle optical lens focuses the
spot of light on to the map slide on which the

lines of information are transparent. The light
which passes through the slide is then focused
on to the light-sensitive cathode of a photo-
electric multiplier which converts the pulses of
light into electrical energy. The output consists
of pulses of current of varying amplitude and
duration. These are amplified and passed as
constant amplitude pulses to the display PPI.

2197. The map slide is made from a master
drawing and reduced to the required size when
the negative is produced. The slide is mounted in
a carrier which must be accurately positioned
relative to the lens. Usually two range markers
are marked on the plate at 202, and 80%; of the
maximum range and these are used in setting up
the map picture against range markers on the
PPI display.
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Fig 21-39 Multi-Beam Radar Receiver Radiation Pattern

Closed Circuit Television

2198. Closed circuit television monitor units
are installed at some positions in modern air
defence systems. A wide variety of information
can be displayed on the units, as the information
is originated by an operator who writes on an
edge-lit perspex screen in chinagraph pencil.
A television camera mounted behind each
screen produces a high-definition picture of the
written information which may be displayed at a
number of monitor positions. The particular
information screen display required by the user
may be selected by push-buttons at the user
position.

2199-21105. (Not allotted).

HEIGHT FINDING SYSTEMS

Introduction

21106. There are three basic height finding
methods in use in ground environment systems
of the Royal Air Force. The methods are known
as beam comparison, V beam, and nodding
aerial height finding. Each is described briefly
in the following paragraphs together with their
associated display read-out devices.

Beam Comparison

21107. The beam comparison method is used
by some radars which radiate a number of
narrow overlapping beams on the same azimuth
but at different angles of elevation (see Fig
21-39). The beams may be produced by a single
transmitter pulse feeding into separate radiating
elements for ea¢h beam ; by pulses from separate
transmitters at different frequencies feeding
into individual radiating elements; or by a

RANGE ———>
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combination of both. The radiating elements
(normally horns) are placed one above the other
and radiate into a focusing reflector, thus
producing a radiation pattern covering a wide
elevation angle and comprising narrow over-
lapping beams.

21108. A target causes reflection of the radiated
energy in the normal way and the signal received
at each of the horns is fed through its own
receiver circuit. A target which is at the centre
of a beam will return a maximum signal to the
horn which radiated that beam ; signals returned
to adjacent horns will be less than maximum.
After processing, the individual signals for each
beam are fed to a height finding computer
which carries out a comparison of signal
strengths in each beam, and by using the range
of the target (found by the normal echo method),
calculates the altitude of the target.

21109. Height information on a particular
target may be requested by the operator by
indicating or “gating” the target’s return on the
PPI display, or height information may be
sought automatically by the system for each
target response injected into it. The height
calculated by the computer is displayed to dis-
play positions on a numeric read-out device.

SLANT BEAM

RADAR

Fig 21-40 V Beam Principle of Height Finding

V Beam Heightfinding

21110. Another integral method of height-
finding ({e heightfinding combined with search
and having the same range performance) is the
V beam system. A V beam radar generates two
fan-shaped beams (see Fig 21-40); one (the
vertical bearn RAB1) is narrow in azimuth and
usually cosecant-squared pattern in elevation;
the other is the same shape but tilted at 45°
to the vertical (RAB:). The two beams form a
V-shaped trough and intersect along the
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horizontal line RA. They rotate clockwise about
the vertical axis of the radar at the same speed.
Thus the vertical beam is the first to illuminate
any given target, and then the slant beam
illuminates it after the whole array has turned
through a certain angle in azimuth. It is simpler,
for the purposes of illustration, to reduce the
radar with its beams to rest, and thus show the
target apparently circling anticlockwise about
the radar. In Fig 21-40:

T; represents the position of the target in the

vertical beam.

Ts represents the position of the target in the
slant beam.

A and Al are ground projections of T1 and Ts
respectively.

Thus the angle ARAL1 is the interval in azimuth
between the two illuminations of the target. But
this angle depends only on the elevation angle
ART: of the target: The target’s height AT:
equals AA! (because AAT2T; is a square, the
diagonal angle T1ATz2 being 45°) and this is
easily shown to be 2RA sin $ARAIl, and so,
given the ground range RA and the separation
angle ARA!, the target’s height can at once be
calculated. For targets at low elevation the two
responses on a target (one from the vertical
beam and the other from the slant) will be close
together and may indeed overlap, making
assessment of their separation difficult. To
overcome this a fixed azimuth separation of the
two beams in the ground plane is introduced
(perhaps of 5°), so that the two responses are
separated by 5° even if the target is at zero
elevation; any separation due to the V beam
would be added to this 5°.

21111. In modern data processing systems the
operator merely ‘‘gates™ each response on the
PPI and a computer carries out the required
calculation. The height is shown on suitable
read-out display to those persons who require
it.

Nodding Height Finders

21112. Nodding height finders have an aerial
system which produces a ‘“beaver tail” beam
shape; narrow in azimuth (about 5°) and very
narrow in elevation (about 1°). The aerial system
is made to nod up and down (nutate) through an
elevation angle of between about —1° and +33°.
The whole array can be turned in azimuth so
that the aerial is searching in the direction of the
target. This action is initiated either by an
operator “gating’ a response on a PPI, or by a
computer programme in an automatic data
processing system.

21113. Once the array is searching on the
correct azimuth the target is detected as the
aerial nods through the elevation angle of the
target. This angle is measured by the operator
of a height range indicator which represents the
movements of the aerial reflector. The operator
bisects the target response with a ‘“height line”,
produced electronically on the CRT. He then
presses a button which causes the calculation
of the target height to be carried out from the
data available (the target elevation and range),
and the height to be relayed automatically to
the appropriate display position as a numeric
read-out.

21114-21120. (Not allotted).

FACTORS AFFECTING RADAR
PERFORMANCE

Introduction
21121. Radar was introduced in paras 2114-
2122 of this chapter, but the question of radar
performance was not discussed. In the following
paragraphs the following factors which affect
pulse modulated radar performance are briefly
examined:

a. Factors affecting maximum range.

b. The need for high powers.

c. The use of high frequencies.

d. The limitations of radar.
e. The effects of unwanted responses.
f. Discrimination between adjacent targets.
g
le

. The relationship between PRF and pulse
ngth.

Terms used in Pulse Radar

21122, Some of the terms used in pulse modu-
lated radar have already been described in
Chapter 20 and in paras 2126-2129 of this
chapter. It is useful here to define these terms
more precisely and show their relationship
with other equally important terms.

21123. The waveforms shown in Fig 21-41 are
“ideal”, ie zero rise and decay times have been
assumed. In practice however, each pulse is
more rounded because it takes a finite time to
rise and fall, but the ideal waveforms shown are
adequate for the purposes of this section. Note
that the axes used in Fig 21-41 are power against
time although more usually the waveform refers
to voltage and time.
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21124. Pulse Repetition Frequency (PRF). The
PRF is the number of pulses occurring in one
second. For a PRF of 500 pps the pulse spacing
Tgr 1S 535 second or 2,000 microseconds (us).
The value of PRF normally lies between about
200 and 6,000 pps.

21125. Pulse Duration (Pulse Length). The
pulse duration Ty, is the length of time for which
the transmitter is switched on to give each
pulse. It normally lies between 01 and 10 ps.

21126. Pulse Duty Factor. The pulse duty
factor (also known as the “duty cycle”) is the
ratio of the pulse duration Ty to the pulse
! th Ise dut
prpe the pulse duty
factor is also the product of pulse duration Tp
and PRF. If the pulse duration is 1 ps and the
PRF 500 pps, the pulse duty factor is 1076 x 500,

whi¢h is usually read as 1 in 2,000. It

spacing Ty. Since Ty =

2,000’
means that there is one 1 us pulse to every
2,000 ps. If each pulse were drawn with a width
of one inch to represent the pulse duration of
1 ps the next pulse would occur 2,000 inches
further along, ie approximately 55 yards away.

or

21127. Peak and Average Values of Power. It
has been shown that the power output of the
transmitted pulses should be as great as possible ;
but when power is developed in a circuit, heat is
produced in the components. However, because
the transmitter works in pulses, it is possible to
develop a very high power in the circuit for the
short duration of the pulses and, in the com-
paratively long resting time between pulses,
the heat produced can be removed. If the trans-
mitter uses a pulse duration of 1 us and a PRF
of 500 pps, in one hour of operation the trans-
mitter is switched on for a total time of only 1-5

FUNDAMENTALS OF RADAR

seconds. Although the peak power developed
during each pulse may be very high, the mean
power over a long period is quite low. The
power rating of the components used in the
transmitter circuit can therefore be much lower
than might at first seem necessary.

21128. Relationship Between Peak Power, Pulse
Duration, PRF and Mean Power. There is a very
simple relationship between peak power, pulse
duration, PRF and mean power. From Fig
21-42 it can be seen that the mean power is
equal to the peak power multiplied by the
product of pulse duration and PRF. Since pulse
duration X PRF equals the pulse duty factor,
the mean power P, may be written as
P, = Peak power Py x duty factor.

Example: If a radar transmitter radiates a
peak power of 1 MW with a pulse duration of
1 ps and a PRF of 1,000 pps the mean power is;

Py =Py X Tp X F,
108 x 1075 x 1,000

S, Pa=1%kW
Thus a transmitter rated at 1 kW mean power

can be used to produce 1 MW pulses if the pulse
1

duty factor is Tpf, = ———
D™ 1,000
MEAN
POWER
A
-~ PULSE
DURATION
POWER | PRE
Pm D fr
Py IS IN WATTS
P
Pn 1S IN WATTS P =2
T IS IN SECONDS Pm Tp

fr 1S IN PULSES PER SECOND

Fig 21-42 Relationship Between Peak Power,
Pulse Duration, PRF and Mean Power

Factors Affecting Radar Operation

21129. Many factors affect the operation of a
radar installation. Some of these factors are
external to the radar set and affect all radars,
eg reflections from unwanted objects and
effects of external noise and jamming. Very little
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control over such things is possible. Other
factors controlling the performance of a radar
are the result of deliberate decisions in design,
eg the frequency of operation and the values of
PRF and pulse duration. These are selected and
adjusted to give specific results and thus inten-
tionally limit the operation of the radar.

External Factors Affecting Performance

21130. The main external factors limiting the
performance of a radar are:

. Sources of external noise.
. Reflections from unwanted objects.
. The dimensions of the target.
. The curvature of the earth’s surface.
. Atmospheric refraction.
Atmospheric absorption and scattering.

o a6 o

21131. External Noise. External noise may be
caused by any of the factors illustrated in Fig
21-43. In some circumstances interfering signals
from other transmitters may be the result of
deliberate jamming of the radar by an enemy
transmitter; this jamming technique is called
Electronic Counter Measures (ECM) and uses a
specialized radar.

21132. Reflections from Unwanted Objects.
Unwanted objects must first be defined. Some-
thing which may cause an unwanted echo to one
type of radar may be the wanted echo to another
type. For example, clouds, built-up areas, hills
and aircraft all produce radar echoes. For an
early warning search radar the wanted echoes
are those produced by aircraft or missiles. For
meteorological radar, on the other hand, it is the
cloud formations which produce the wanted
echoes. For an air-to-surface weapon delivery

radar the towns and hills produce the wanted
echoes, ie a “radar map”. In early warning
search radar echoes produced by anything other
than aircraft or missiles are unwanted and it is
desirable to remove the unwanted “‘clutter”” from
the displays. Such clutter may be so pronounced,
especially from objects near the ground radar,
as to hide the wanted echoes completely.
Fortunately modern radars have circuits which
are largely able to eliminate clutter, and some
of the techniques in common use are described
in paras 21176-21191.

THE PROPORTION OF THE INCIDENT ENERGY REFLECTED FROM AN

OBJECT DEPENDS ON:

| —

INCIDENT
ENERGY

 ——

REFLECTED

MATERIAL ENERGY

| Senes——-

SHAPE -

(>

SIZE *

i
Fig 21-44 Characteristics of Targets
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Optical

21133. Dimensions of Targets. All pulse modu-
lated primary radars depend for their success
upon the reflection of energy from objects which
have been illuminated by a radar beam. All
objects in the path of the beam will reflect
energy to some extent. The amount reflected
depends on the material of which the object is
made, the shape of the object, and its size (see
Fig 21-44). If two identical objects are placed at
different distances from the radar the one nearer
the radar reflects more energy. A metal object
will reflect more energy than an object of the
same size and shape made of wood or plastic.
The better the conductor the greater is the
reflection. The shape of the object will determine
how the energy is reflected. If the object has a
flat side facing the radar transmitter it will
reflect more of the energy back towards the
radar than an object of any other shape. Large
objects will reflect more energy than small

& [nvisible Region

/Rudqr

. Horizon Cone
Horizon

Fig 2145 Optical Horizon
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objects of the same material and shape at the
same distance from the transmitter. However
the object must be of a certain minimum size,
in terms of the radiated energy, to produce a
reasonable reflection of energy. Generally
targets must be of a size greater than about a
quarter of the wavelength being used before a
detectable echo is received. Thus for the
detection of small objects the radar wavelength
must also be small; /e the frequency must be
very high. This is one reason for the use of high
frequencies in radar.

21134. The Curvature of the Earth’s Surface.
The curvature of the earth’s surface imposes a
limit on range obtainable by centimetric radars.
If the earth is assumed to be a sphere (a good
enough assumption for practical purposes), and
if radar waves are assumed to travel in straight
lines like light waves, it can be seen that objects
below the optical horizon will be invisible (see
Fig 21-45). It can be shown that the radius of

the optical horizon is equal to about 4/1-14h
nautical miles, where h is the height in feet of
the radar above the regular surface of the earth.
However radio waves, unlike light rays, do not
travel in straight lines through the earth’s
atmosphere but follow a curved path because of
refraction effects (see paras 2041 and 21135), so
that the horizon for radar waves (the radar
horizon) is somewhat greater than the optical
horizon and is approximately equal to 1/1-51h
nautical miles. The radar horizon radius is
therefore the limiting range for the detection of
targets at sea level, but targets above the earth’s
surface can obviously be detected at greater
ranges. Since the radar horizon of a target above
the surface of the earth is equal to +/1-51hg
where hy is the height in feet of the target, then

Radar ond aircraft
radar horizon

Radar's optical
horizon

R/
0
oot 0a%0%24%

ke

Aircraft's optical horizon

Curved path of
radar waves ﬁe to
re ruchon n

earth’s atmosphere

Fig 21-46 Radar Horizon
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the limiting range at which a radar at height h
can ‘see’” target at height hy is 4/1-51h +
4/1-51hy (see Fig 21-46), when the radar energy
just grazes the surface of the earth. The figures
in the following table have been obtained by this
method and are approximations of the range
limit imposed by the radar horizon on centi-
metric radars.

the earth’s atmosphere varies with temperature,
pressure and humidity, and the amount of
refraction therefore also varies. Under certain
abnormal climatic conditions temperature can
increase, and humidity decrease (thus causing an
unusually high decrease of density) with height.
When this occurs refraction may be abnormally

Serial Height of Height of Radar (ft)

No Target (ft)

0 20 50 100 200 300 400 500 600 700 800

1 0 0 5-5 8-77 12 17 21 25 28 30 33 35

2 20 5.5 11 14 18 23 27 30 33 35 38 40

3 50 87 14 17 21 26 30 33 36 39 41 43

4 100 12 18 21 25 30 34 37 40 42 45 47

5 200 17 23 26 30 35 39 42 45 48 50 52

6 500 28 33 36 40 45 49 52 55 58 60 62

7 1,000 39 44 47 51 56 60 63 66 69 71 73

8 1,500 48 53 56 60 65 69 72 75 78 80 82

9 2,000 55 60 63 67 72 76 79 82 85 87 89

10 5,000 87 92 95 99 104 108 111 114 117 119 123

11 10,000 123 129 132 135 140 144 148 151 153 156 158

12 15,000 151 157 160 163 168 172 176 179 181 184 186

13 20,000 174 - | 180 183 186 191 195 199 202 204 207 209

14 30,000 213 219 222 225 230 234 238 241 243 246 248

15 40,000 246 | 252 |} 255 | 258 | 263 | 267 | 271 274 | 276 | 279 | 281

16 50,000 274 | 280 | 283 | 286 | 291 295 | 299 302 304 307 309

17 60,000 301 307 310 | 313 318 322 | 326 | 329 331 334 | 336

21135. Atmospheric Refraction and Super high and a duct is formed between the earth’s

Refraction. Refraction has already been dis-
cussed briefly in para 2041, and its effect of
increasing radar range beyond the optical
horizon was mentioned in the previous para-
graph. Refraction occurs when waves pass
between media of different densities. The
density of the atmosphere generally decreases
with height, and it is this characteristic which
causes radar waves, radiated at angles up to
about 20°, to follow a curved path which is
roughly an arc of a circle (concave downwards)
of radius four times that of the earth. Waves
radiated at elevations greater than 20° are less
curved, and a wave radiated vertically upwards
is not refracted at all. However the density of

surface and a height of a hundred feet or so
above the earth. This is called super-refraction,
or anomalous propagation—sometimes abbrevi-
ated to ““anaprop”. At centimetric wavelengths
radar waves may be trapped in the duct and
ranges far in excess of the normal radar horizon
are obtained. Adverse effects of this phenomenon
are the decrease of normal high and medium
cover, and echoes at false ranges from objects
far in excess of the normal range of the radar.
Weather conditions favourable for super refrac-
tion exist mainly in tropical and sub-tropical
climates. In temperate climates the weather must
be fine and settled for centimetric wavelengths
to be affected.
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21136. Atmospheric Absorption and Scatter-
ing. Radar waves of wavelength shorter than
30 cm may lose energy to the atmosphere in
passing through it, and this loss may occur in
two ways: by direct absorption in the gases of
the atmosphere; and through absorption and
scattering by condensed matter such as drops of
water. The effects of direct absorption in the
gases of the atmosphere is negligible in wave-
lengths down to 3 cm & band) which is why
wavelengths below this value can be used for

FUNDAMENTALS OF RADAR

e. Pulse repetition frequency.
f. Pulse duration.

21138. Transmitter Power. Even with the
most concentrated radar beam only a fraction
of the energy of each radiated pulse strikes a
target. At the target this fraction of the original
energy is scattered, so that, in turn, only a
fraction of the incident energy returns towards
the receiving aerial. To compensate for this very
inefficient reflecting process the greatest possible

o / \\\
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w [ RANGE = 100n.m, N 3em |
Z 20 : .
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Z 4n {0cm \
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5 » Jem ] — /
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5 f [ /™~
z i A \
5 CLEAR WEATHER
g 2 RANGE = [0n.m.
3
£ 'F
C 11 L 11 1.1 1181 11 1
o1 02 05 1 2 510 20 50 100
LIGHT LIGHT HEAVY CLOUDBURST
DRIZZLE RAIN RAIN
PRECIPITATION  (mmyhr.)

Fig 21-47 Effect of Precipitation on Maximum Detection Range

radar detection only at very short ranges. The
presence of condensed water in the atmosphere
as fog or rain has an appreciable effect on the
detection ranges’ of §J)and (10 ¢cm) and 3¢ band
(3 cm) radars. The dttenuation rate varies with
drop size and concentration and is illusirated in
Fig 21-47. Relatively large drops of water such
as are found in rain-giving clouds act as mini-
ature radar targets and scatter radar energy as
well as absorbing it. This contributes to the
attenuation, but, perhaps more important,
part of the scattered radiation returns to the
radar and produces clutter on the display.

Design Factors Affecting Radar Performance

21137. The main factors in the design of a
radar set which affect the performance of the
radar are:

a. Transmitter power.
b. Receiver sensitivity and noise factor.
c. Frequency of operation.

d. Shape of radar beam and scanning methods
used.

radiated power must be used. This is why peak
powers of 24 MW or more are frequently used;
but even with such high peak powers the power
in the received echo is only of the order of
milliwatts or even microwatts. In general the
higher the radiated power the greater is the
received echo power and hence the greater is the
range (see Fig 21-48). However the increase in
range obtained by increasing the radiated power

@zwss A

WEAK ECHO

RADAR INSTALLATION RADAR RTSTALLATION

Fig 21-48 Effect of Transmitter Power on Received Signals
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is very small. Even doubling the power only
increases the range by 1-19 times. The power
that the transmitter is designed to radiate
depends on the job the radar has to do.
Obviously a long-range search radar needs a
very high peak power during the pulses. The
power needed by an airfield approach radar,
where the required range may be only a few
miles, is very much less.

21139, Radar Sensitivity and Noise Factor.
The main limitation on useful amplification in a
radar receiver is the relationship between the
amplitude of the wanted signal voltage and that
of the noise voltage, /e the signal-to-noise ratio.
If the input has a low signal-to-noise ratio the
signal echo on the CRT may be “lost” among
the noise indications. The input signal-to-
noise ratio to a receiver is determined by external
factors as previously noted, and it is, at the
moment, the ultimate limitation on the recep-
tion of very weak echoes. In addition the
receiver itself generates noise, and the receiver
noise, when combined with the input noise,
means that the output signal-to-noise ratio is
lower than the input signal-to-noise ratio. The
ratio of the signal-to-noise ratio at the input to
that of the output is known as the “noise factor”
of a receiver. It is a measure of the noise
introduced by the receiver itself (see Fig 21-49).
The design problem is to produce a receiver
with as low a noise factor as possible. This is
complicated by the fact that the receiver has to
accept very narrow pulses and hence a wide
band of frequencies. Wide bandwidths tend to
increase the noise factor of a receiver. Thus the
design of a receiver is a compromise between
high sensitivity, wide bandwidth and low noise
factor.

21140. Frequency of Operation. The frequencies
used in radar are high for three main reasons
(see Fig 21-50):
a. To obtain a good echo the radar wave-
length must be less than four times the size
of the target.

b. For good angular discrimination between
adjacent targets, for accurate indication of
bearing, and for adequate concentration of the
radiated energy it is necessary to use aerials
which produce a very narrow beam. This can
be achieved much more easily at high
frequencies.

c. High frequencies are needed to ensure an
adequate number of RF cycles in each pulse.

The frequency chosen for a particular radar
depends on the job it has to do. A high-
resolution radar which is required to discriminate
between targets very close together in bearing
will use frequencies in the microwave region—
in the band 3,000 to 30,000 MHz. For long range
radars, where early warning is the criterion and
accuracy of range and bearing of less importance,
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the VHF band around 300 MHz could be used.
The lower frequencies have the advantage of
smaller atmospheric absorption at long ranges.
In radar, the wavelength at which the equip-
ment is operating is quoted as often as the
frequency. The relationship between frequency
f in cycles per second, velocity ¢ of electro-
magnetic waves in miles per second, and wave-
length A in metres is illustrated in Fig 21-51.
The most common frequencies used in radar,
together with their corresponding wavelengths,
are in bands as shown in the following table:

FUNDAMENTALS OF RADAR

scan a given volume of sky may be too long for
quick detection and tracking of a target. Very
often other beam shapes and other scanning
methods are used to determine quickly the
required information about a target. One quick
method of scanning involves the full rotation of
a fan beam about a vertical axis (see Fig 21-52).
Using a beam like this in conjunction with a
PPI gives accurate determination of range and
bearing in azimuth once every revolution of the
aerial. No determination of elevation is directly
possible. Fig 21-53 illustrates a ‘“‘beaver tail

APPROVED LETTER BAND DESIGNATORS

Band Channel (1)

Letter Frequency in MHz Width MHz
A 0- 250 25
B 250- 500 25
C 500~ 1000 50
D 1000— 2000 100
E 2000- 3000 100
F 3000- 4000 100
G 4000- 6000 200
H 6000 8000 200
1] 8000~ 10000 200
J 10000- 20000 1000
K 20000~ 40000 2000
L 40000- 60000 2000
M 60000-100000 4000

Notes: et

(1) Each band is divided into ten numbered channels with width as shown, eg “A5”° =100-125

MHz; “H7” = 7200-7400 MHz.

(2) Exact frequency may be identified by defining the band, the channel (base or lowest frequency)
and adding the MHz required, eg *“D4 plus 15”* = 1315 MHz.

(3) The frequency band limits above are exactly as agreed by NATO. For intra-UK use the
upper limit should be read as “‘up to but not including’’. This will ensure that specific frequencies are
included in one band only and not in two as above, eg:

Band A . 0-249-999 MHz

Band B 250-499-999 MHz etc.
21141. Shape of Radar Beam and Scanning beam”, This beam, which is narrow in the
Methods. The need for narrow beams has vertical plane and somewhat broader in the

already been noted. The shape of the beam will,
however, depend upon the requirement of the
radar. The “‘pencil beam’ gives a high precision
of angle measurement, but the time taken to

21-33

horizontal (azimuth) plane, is ‘“‘nodded’’ up and
down between the scanning limits. It may be
used in conjunction with a type B display or
height-range indicator to give a quick and fairly
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Fig 21-53 Use of a ‘‘Beaver Tail Beam"’

accurate indication of the elevation of the target.
Other beam shapes and scanning methods are
described in paras 2146-2172.

21142, Pulse Repetition Frequency (PRF). The
PRF selected for a particular radar depends on
several factors; the most important are sum-
marized below:

a. Maximum Required Range. Each pulse
must be given time to travel to the most
distant required target and return before the
next pulse is transmitted otherwise there will
be a risk of confusion on the display. If the
maximum required range of a radar is 100
miles, the time taken for a pulse to travel to a
target range 100 miles and return is 100 X
10-75 = 1075 us. The transmitter must be
quiescent for at least this time, ie the pulse
spacing Ty must have a minimum value of

1075 us. Since PRF = ,Il,—, the maximum
R

6

value of PFR is 110%5 = 930 pps. If the PRF

21-34

limits of swing

height in feet

range in g
miles

is adjusted to this maximum value, then any
signals received from targets at a range
greater than 100 miles would appear in the
next pulse spacing period. Thus in Fig 21-54
target A, within the required range, is
indicated on the CRT during every pulse
spacing period. Target B, outside the required
range, returns an echo every alternate period.
The persistence of the CRT screen is normally
sufficient to retain the indication of the target
B all the time, and, to the operator, target B
appears to be at a range of 40 miles. To avoid
this, the pulse spacing is made very much
longer than its minimum value of 1075 us, ie
the PRF is reduced well below 930 pps. The
CRT timebase trace however is still adjusted
for a sweep of 1075 us. If a PRF of 200 pps is
selected the result will be as shown in Fig
21-55. Any target beyond 100 miles range
will return an echo after 1075 us, when the
timebase trace has been switched off, and so
will produce no indications on the CRT. The
same reasoning applies for any required radar
range, but for smaller ranges the trace

(AL 4, Feb 73)
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intervals are less and the PRF may be
increased. Thus the longer the required range
the lower must be the PRF.

b. Scanning Speed. If the aerial scanning
speed is high and the PRF is low some targets
may be missed because; in the time interval
between pulses, the aerial will have turned
through a certain angle. Thus the higher the
scanning speed the higher must be the PRF.
Usually however, the PRF is decided by other
factors and it is then the scanning speed
which is adjusted to suit the selected PRF.
The speed of scan is related to the PRF by the
expression 0 ; where f; is the PRF in pps, and
0 is the half power (3 dB) beam width in
degrees. For a beam width of 1° and a PRF
of 500 pps the scanning speed must be less
than 500 x 1° = 500° per second or 1-4
rev/second or 84 rev/min. This ensures that at
least one pulse per beam width is transmitted.
Cc. Mean Power Available. Given a certain
available mean power and a required pulse
duration, the PRF may have to be adjusted to
produce an acceptable peak power output.
This may be seen from the relationship given
earlier:

Mean power

PRF X Pulse duration

If the mean power available is 1 kW and a

pulse duration of 5 ps is required, then with a

PRF of 2,000 pps the peak power during each
103

Ise i =
pulse is 210 % 5 % 10-¢ 100 kW. If

Peak power =

21143.

we require a larger peak power for the same
values of mean power and pulse duration the
PRF must be reduced. For a PRF of 200 pps
103

200 x 5 x 10-¢
= 1 MW. What has really been done in this
case is adjustment of the pulse duty factor—
the ratio of pulse duration to pulse spacing.

d. Improved Definition. The more pulses that
are transmitted per second the more pictures
are “painted”” on the CRT per second. This
means a brighter and clearer display and
improved definitions. In addition the higher
the PRF the more echoes that are received
from any one target per second. This means
more reports per second on the change in
range and direction of a moving target.

the peak power output is now

From what has been said above it is clear that
the PRF selected for a particular radar must be a

compromise between several conflicting require-

ments {see Fig 21-56). Because of this, some

radars have more than one value of PRF for

different ranges.

Pulse Duration (Pulse Width). The pulse
duration selected for a particular radar depends
upon several factors, the most important being

summarized below:

a. Minimum Range. The time interval equiv-
alent to one radar mile is 10-75 ps. Thus if a
pulse duration of 10-75 us is being used,
any target at a range less than one mile will
not be seen because the transmitter will still
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be firing when the target echo arrives back at
the aerial. Since the aerial is still connected by
the TR switch to the transmitter, the echo
will not provide any input to the receiver
(see Fig 21-57). Short duration pulses are
needed for short-range working. There is an
area surrounding any pulsed radar within
which no targets can be detected. For long-
range search radars this “blind” area is
unimportant. However if the radar is an air-
borne interception (AI) equipment carried in a
fighter aircraft it is important that target
echoes are displayed on the radar right up to
the interception point. This may be only a
few hundred feet. A pulse duration of 10-75 ps
produces a blind area of one statute mile
(5,280 ft). If interception down to 100 ft is
required the pulse duration must not exceed
10-75 x 100
5,280
pulse duration for the low ranges of an air-
borne interception radar.

= 0-2 ps. This is a typical value

b. Target Discrimination in Range. Since
electromagnetic waves travel 300 x 106 metres
in one second, a pulse of 1 us will extend 300
metres along the direction of propagation. If
there are two targets within that 300 metres
they will be simultaneously “illuminated” by
the pulse and may appear as a single echo at
the receiver (see Fig 21-58). Short pulse
durations are needed for good target dis-
crimination in range in the same way that very
narrow beams are needed for good discrimi-
nation in angle. To distinguish between two
targets on the same bearing and elevation, but
separated frpm each other in range by 100 ft,
a pulse dufation of less than 0-2 ps is needed
(using the figures of the previous sub-
paragraph).

c. Frequency Used. The lower the frequency
the longer must be the pulse duration to en-
sure an adequate number of RF cycles in each

pulse.
SHORT PULSE DURATION Lower Upper
vl side side
b p— frequency frequency
1
b = | LARGE BAND 1
let—  OF

—
FREQUENCIES

fo FREQUENCY o=

1~
A h
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- Lo

Short-duration

pulse Receiver Distorted
! with narrow |——#m=dc output .
bandwidth pulse Regquired
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Fig 21-59 Pulse Duration and Receiver Bandwidth
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d. Mean Power Available. Given a certain
available mean power and a selected PRF the
pulse duration may have to be adjusted to
produce an acceptable peak power output.
This may be seen from the relationship:

Mean power

PRF X Pulse duration

If the mean power available is 1 kW and the

PRF is 5,000 pps, a pulse duration of 2 us will
103

X 10% x 2 x 1078

= 100 kW. By reducing the pulse duration to

1 ps (the other factors remaining constant)

the peak power output increases to
103 .

5105 X 10°° — 200 kW. Again, it is really

the pulse duty factor which is being adjusted.

e. Receiver Bandwidth. It has already been
noted that the shorter the pulse duration the
greater is the band of frequencies associated
with the pulse and the greater must be the
bandwidth of the receiver accepting such
pulses. If the pulse duration is too short for
the available receiver bandwidth, distortion
and attenuation of the pulse result (see Fig
21-59). This leads to inaccuracies in range
measurement. Thus where the receiver band-
width has been limited for other reasons (eg
reduction of noise) the pulse duration must
not be made too short. Again, like the PRF,
the value of pulse duration selected for a
radar is a compromise between conflicting
factors (see Fig 21-60). Because of this some
radars have several values of pulse duration
which may be selected as required.

Peak power =

produce a peak power of 5

21144-21150. (Not allotted).

RADAR DEVICES

Introduction

21151. Special radar devices are necessary to
provide satisfactory oscillation and amplifica-
tion of radio frequency (RF) energy at micro-
wave frequencies (above 1,000 MHz) and to
handle the RF energy produced. Three devices
are commonly used for oscillation or amplifica-
tion; the magnetron, the klystron and the
travelling-wave tube. Transmit/receive (TR)
switches and waveguides are used in handling
the RF energy, and parametric amplifiers are
used in some microwave receivers, These devices
are described briefly and in simplified terms in
the following paragraphs.
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The Magnetron

21152. Themagnetron is a high-power oscillator
used primarily with puise modulation, eg in
radar transmitters. When so used it produces
pulse power outputs ranging from about 40 kW
to 3 MW or more at frequencies from 1,000 MHz
upwards. The modern type is the multi-cavity
magnetron. The multi-cavity magnetron con-
sists essentially of a cylindrical oxide-coated
cathode, placed symmetrically within a copper
anode which has several (usually 8, 12 or 16)
cylindrical cavities. Each cavity consists simply
of a hole and a slot cut out of the copper block,
the cavity being closed by two end plates.
The basic construction is illustrated in Fig
21-61.

Copper biock

Copper Heater Output
anode block  lead c:ugicut
Cathode
)
Porcelain »_j“'
beads Cooling fins
Qutput

connector

Magnetic
S pole piece

Fig 21-61 Multi-Cavity Magnetron Details

21153. The whole structure is evacuated, and
the magnetron operates in a strong magnetic
field parallel to the axis; this field is usually
produced by a powerful permanent magnet.
The size of the cavities determines the frequency
of operation; the smaller the cavities, the higher
the frequency. The anode block is normally
earthed and the cathode is made negative with
respect to earth by about 28 kV to provide the
required anode-cathode voltage. Because of the
high voltage, the cathode (heater) leads are well
insulated.

21154. Production of Oscillation. In the absence
of a magnetic field, but with a direct current
voltage between anode block and cathode,
electrons leaving the cathode travel in straight
lines to the anode, as for path 1 in Fig 21-62.
With a weak magnetic field, a force is exerted
at right angles both to the lines of the magnetic
field and to the direction of electron motion,
and the path becomes curved, as for path 2.
As the magnetic field increases in strength, the
path becomes more curved until stage 3 is
reached, when the electrons do not reach the
anode at all, but return to the cathode. The
minimum value of field required for this con-
dition is called the cut-off field. In a magnetron
the magnetic field exceeds the cut-off field. With
this situation, imagine that RF oscillations are
somehow produced in the cavities. Fig 21-63
shows the resulting RF field pattern at a given
instant of time. Alternate parts of the block
become positively and negatively charged, and
the whole field pattern changes polarity at the
frequency of the RF oscillations. Superimposed
on this RF field is the static electric field
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Fig 21-62 Electron Paths in Magnetic Field

produced by the anode-cathode voltage, and
also the static magnetic field; these are not
shown in Fig 21-63. The path of an electron is
now modified by the RF field, and instead of the
simple curved path mentioned earlier, a more
complex path is travelled, such as path 1 in
Fig 21-63. During its motion the electron
interacts with the RF field and, if the frequency
of oscillation is correct, the electron gives up
energy to the RF field and so helps the main-
tenance of oscillations. Basically, the desired
condition is that the electron travels from one
gap in the anode block to the next, in about a
half-period RF oscillation, so that it is always
interacting with a field of the same polarity.
When the electron gives energy to the RF field,
the electron slows down. However, it is acceler-
ated again by the static field so that the process

ANODE BLOCK

Fig 21-63 Electron Paths—Effect of RF Field
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is one of conversion of direct current into RF
electrical energy, as it is with all oscillators.
Most electrons eventually strike the anode,
perhaps after several revolutions, but a few
never reach the anode and fall back into the
cathode. This bombardment of the cathode is
often enough to keep it at operating temperature
without any heater current, once the action has
commenced. In addition to the basic action
described earlier, the electrons “bunch” and
form “‘spokes” which travel round the cathode
(see Fig 21-64). No mention has been made of
how oscillations start in the first instance, but it
may be assumed that random electron motions
and the switching on of the direct current supply
will “shock-excite” the cavities into oscillation.

21155. Output Coupling. The output can be
taken from any one of the cavities, usually by a
coupling loop placed in one of the cavities, or
by a small section of waveguide (see Fig 21-65).
The fields of the eight (or more) cavities link
up in such a way that all contribute power to the
output, and the magnetron is capable of provid-
ing megawatts of RF power in very short
pulses.

21156. Tuning. In general, magnetrons are not
easily tuneable. However, since the size of the
cavities determines the main operating
frequency, tuneable magnetrons can be manu-
factured. In one type, one end plate of the anode
block is made in the form of a thin lid which can
be depressed to change the frequency. Another
type has metal rods which can be moved in and
out of the cavities to change the effective volume
of the cavities.

The Klystron

21157. The klystron was originally designed to
generate a high frequency continuous wave
(CW) of low power for use as a local oscillator
in radar receivers. Later development produced
a klystron amplifier for use at microwave
frequencies as a radar transmitter device
capable of producing CW at a power of 20 kW,
or for producing high power pulses of RF
energy for pulse modulated radars.

21158. Reflex Klystron. The reflex klystron,
which can only be used as an oscillator, not as
an amplifier, is commonly used as a local
oscillator in radar receivers. Its useful frequency
coverage is from about 2,000 MHz to 35,000
MHz, with output powers of the order of
hundreds of milliwatts. A reflex klystron is
illustrated in Fig 21-66 and the operating
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principle is shown in Fig 21-67. An electron
stream is emitted by the cathode and attracted
by the cavity anode because of the potential
difference applied between them. The accelerat-
ing electron stream passes through the lips of the
cavity and produces a minute oscillation which
itself produces a minute oscillating electric field
(E field) across the cavity lips. This oscillating
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R

Fig 21-64 Velocity Modulation in a Magnetron
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Fig 21-65 Output Coupling in Magnetron
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Fig 21-66 Reflex Klystron

field alternately accelerates and decelerates the
electrons in the electron stream as they pass
through the cavity, thus causing a slight
“bunching” of electrons. The negative potential
of the repeller causes the electron stream to be
reflected back to the cavity, and by careful
adjustment of the repeller potential, the electrons
(which were initially accelerating and had
passed beyond the cavity towards the repeller)
can be made to arrive back at the cavity at the
same time as the slower reflected electrons. Thus
the cavity receives bunches of electrons at
regular intervals. If the repeller potential is
correctly applied the electron bunches can be
made to arrive at the cavity when a retarding E
field is present, and this causes energy to be
given up by the stream into the cavity, thereby
increasing its oscillating E field. This in turn
increases the bunching effect on the electron

. stream and oscillations are sustained. The out-

put is taken from the cavity either by a slot or a
wire loop; the power taken depending on the
slot dimensions or position of the loop. Adjust-
ment of the frequency of the oscillations (tuning)
is possible by variation of the repeller voltage
and to a lesser extent by the cavity dimensions
which are varied by means of one or more
screws or “‘tuning slugs”.

21159. The Multicavity Klystron. The multi-
cavity klystron can be made to produce either a
CW signal or a burst of oscillations at high
power. When used as the main valve in a trans-
mitter the multicavity klystron has certain
advantages over a magnetron {(see para 21152).
The principle of operation is similar to that for
the reflex klystron described in para 21158,
but in place of the repeller is placed a ““collector”,
which serves to collect the electrons after they
have passed through three or more cavities
(each of which acts as a “buncher” in the
manner described in para 21158). The last
cavity before the collector is termed the
“catcher” and it is given a positive potential
with respect to the cathode and the earlier
buncher cavities. The cathode is given a negative
potential with respect to the cavities (see Fig
21-68). A small oscillatory signal is coupled
into the first buncher. The resultant E field
modulates the electron stream as it passes
through. On reaching the second buncher, the
modulated electron stream induces a large
oscillatory field across the lips of the cavity
which increases the bunching effect. This process
is repeated at each buncher cavity, and when the
electron stream reaches the catcher cavity
similar action takes place. The amplified signal
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is taken from the catcher cavity either by a slot
or loop coupling. If the klystron is being used as
a CW generator, a small part of the output may
be fed back as an input signal, thereby main-
taining the oscillations. When used as an
amplifier in pulse radar systems the input is
generally taken from a gated crystal-controlled
frequency multiplier circuit which results in
greater frequency stability than is possible with
a magnetron, and the ability to operate on a
spot frequency. The disadvantages of the
klystron are the necessary size and weight for a
given power output and the emission of X-rays
caused by the high velocity electron beam
striking the collector.

The Travelling-Wave Tube

21160. Radar receivers are required to amplify
signals of very small amplitudes to a useable
level with the minimum addition of noise. All
electric circuits produce noise, and the amount
generated in the early stages of a receiver will
determine the smallest signal which can usefully
be amplified, ie the efficiency of the receiver.

21161. All radar receivers use the super-
heterodyne principle (ie the incoming high
frequency signal is converted to a lower inter-
mediate frequency by mixing with a local
oscillator frequency before being fully amplified)
to enable amplification to take place at lower,
easier-to-use frequencies, and all must therefore
use a local oscillator. The local oscillator signal
appears in the earliest stages of amplification,
and a device which can act as a local oscillator,
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Fig 21-67 Principle of Reflex Klystron
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while at the same time acting as an amplifier,
and do so with very little production of noise, is
extremely useful. Such a device is the travelling-
wave tube.

21162. A travelling-wave tube consists of a
long, evacuated glass tube with an electron gun
(see para 2080) at one end and a target or
collector at the other end (see Fig 21-69).
In between a wire helix or spiral consisting
of a single layer of turns is held by spacers so
that its longitudinal axis is in line with the
electron gun and collector. Surrounding the
glass tube is a solenoid which produces a linear
magnetic field to ensure that the electron beam
does not diverge while passing along the axis of
the helix.

21163. The small received signal from the
radar TR system is fed to the input end of the
helix. As the signal travels along the helix it
produces an associated electromagnetic wave in
the same way that a current flowing in a wire has
electric and magnetic fields that travel with it.
The wave travels in contact with the wire along
the helix, and hence its speed along the axis of
the tube is much less than its speed in the wire.
A typical speed for the component along the
axis is £ times the speed of light; this com-
ponent is called the slow wave. The electrode
voltages are adjusted such that the electron
beam travels at a speed slightly greater than that
of the slow wave, down the centre of the helix.
The interaction between the slow wave and the
electron beacon causes electron bunching (see
para 21158). The bunches give up energy to the
RF field associated with the signal which is there-
fore amplified as it goes along the tube. Because
the electrons give up energy to the field all along
the tube, there is no critical distance such as the
bunching distance of the klystron. Neither is
there a critical frequency, because the TWT has
no cavity resonators. Therefore the TWT is a
wide-band device, and the only limitations on
the frequency it can handle is the difficulty in
matching at the input and output terminals. By
feeding part of the output back into the input
at the correct amplitude and phase, the TWT
can be used as a microwave oscillator. A TWT
can also operate as a frequency changer by
modulating the helix-cathode voltage. The TWT
is a low-noise amplifier—much less noisy than
the multicavity klystron.

The Parametric Amplifier

21164. Inmostconventional amplifying devices
electrons transfer direct current energy obtained
from a power supply to alternating current
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energy at the required frequency. In a “para-
metric” device the value of a circuit parameter
such as resistance, inductance or capacitance is
varied and used to transfer energy from an
alternating current source (eg an oscillator)
to energy at the desired frequency.

21165. Microwave parametric devices use the
low-loss variable capacitance properties of a
device called a “‘varactor”, which is a semi-
conductor diode which has a variable
capacitance. The parametric amplifier has a very
low noise factor, mainly because it does not
employ a “noisy” electron beam generated by a
hot cathode. It is used as a signal frequency
amplifier in a radar receiver to improve the
receiver sensitivity and hence to increase the
range of the radar. It is mounted between the
TR cell and crystal mixer and is a “fail-safe”
device, ie if the parametric amplifier ceases to
operate the radar continues to function,
although with a decrease in signal-to-noise
ratio.

Masers

21166. The importance of a low noise factor in
devices used as microwave amplifiers has already
been stated. The signal-to-noise ratio of a radar
receiver sets a limit to the maximum range of the
radar and the trend has been towards micro-
wave signal amplifiers which improve this ratio.

COLLECTOR
HELIX

Fig 21-69 Travelling-Wave Tube

The low-noise travelling-wave tube and the
parametric amplifier have given a considerable
improvement in this direction.

21167. The “maser” is another type of micro-
wave amplifier which has a very low noise
factor. Its gain is similar to that of a parametric
amplifier. The maser is at present used as a very
low-noise signal frequency amplifier in ground
equipments designed for satellite communica-
tion and in radio astronomy, but is likely to
have wider applications.

Waveguides

21168. A waveguide is a hollow metal tube,
rectangular or circular, through which energy is
conveyed by means of electromagnetic waves
which travel down it. Whenever a current
flows in a wire or transmission line, electric and
magnetic fields associated with this current are
built up in the line. We usually think of the
energy being “‘carried’”” by the current, but it is
just as correct to think of it being carried by the
electromagnetic wave associated with the cur-
rent. In a waveguide we do not consider the
current at all, but think of the energy being
carried by the wave alone. Radio waves between
a transmitting and receiving aerial carry energy
in the same way. The difference is that in a
waveguide, the waves are confined to the inside
of a hollow metal tube instead of being allowed
to spread through space ; such waves are referred
to as “‘guided” waves.

21169. If the properties of a rectangular wave-
guide are investigated, it is found that a wave-
guide of a certain cross-section size will only
accept waves whose wavelength is less than a
certain value called the “‘cut-off” wavelength.
The cut-off wavelength is related to the dimen-
sions of the waveguide and is, in fact, about
twice the width of the broad side of the wave-
guide. From this it is seen that the longer the
wavelength (and therefore the lower the
frequency) the bigger is the waveguide required.
For 10 cm waves (3,000 MHz) the standard
waveguide is about 3 inches by 1 inch in cross
section, for 3 cm waves (10,000 MHz) it is about
1 inch by % inch. For wavelengths greater than
10 cm (lower than 3,000 MHz), waveguides are
too large and cumbersome to be of much
practical value and co-axial cable, shielded
twin-wire line, or twin open-wire feeders are
used.

21170. RF energy can be launched into, or
extracted from a waveguide in a number of
ways (see Fig 21-70). A coupling loop and a
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probe are common methods; a “window” may
also be used to connect a waveguide to another
hollow structure such as a cavity resonator.

21171. The pattern of the electric and magnetic
fields in a waveguide which is carrying RF
energy is quite complicated and the waveguide
dimensions must be such that, for the wave-
length of the RF energy being carried, the
pattern fits correctly. There are a number of
patterns that fit, corresponding to varies
“modes”; each pattern has a different wave-
length, although none can exceed the cut-off
wavelength. By careful choice of waveguide
dimensions the waveguide can be made to accept
only one mode; this “is desirable because
unwanted modes cause waste of RF energy.

21172. A waveguide sealed off at both ends
can have standing waves set up in it. Again,
various modes are possible, corresponding to
different resonant frequencies. The simplest type
of sealed-off waveguide is a rectangular or
cylindrical bof, and this is the cavity resonator
which forms the basis of the magnetron and
klystron discussed earlier. A cavity resonator
may therefore be considered as a short section
of waveguide, completely enclosed, in which
standing waves exist.
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Fig 21~71 Principle of TR Switching

TR Switches

21173. If a common aerial is used in a radar
system for transmission and reception a device
is required to protect the receiver when the
transmitter is fired, and to isolate the trans-
mitter when signals are being received. Such a
device is known as a transmit/receive (TR)
switch. The principle of TR switching is illus-
trated in Fig 21-71. The TR switch must direct
all the transmitter power to the aerial and all
echo power to the receiver. In pulse radars the
switching is done with gas-filled TR switches
mounted in the waveguide and operated by a
portion of the transmitter RF power. The
requirements of such a switch are that it should
switch rapidly from transmit to receive, allowing
a minimum of power to pass to the receiver on
transmit, and that its “recovery time” (ie the
time it takes to switch the aerial to receiver)
should be very short. An early form of TR
switch was a simple spark gap and from this the
more efficient “‘soft rhumbatron” and “multi-
cavity” TR cells were developed.

21174-21175. (Not allotted).

REDUCTION OF CLUTTER

Introduction

21176. Clutter may be defined as confused
unwanted echoes on a radar display. However,
echoes which are unwanted on radar provided
for one purpose may be wanted on another (eg
cloud returns are unwanted on a search radar
but wanted on a meteorological radar). These
paragraphs are primarily concerned with
methods of removing clutter from radars
providing control and reporting facilities.

21177. It is often difficult to distinguish
between noise and clutter. Both produce
similar effects on the CRT display. However
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clutter is caused by transmissions from the radar
itself, whereas noise is present at all times.
Because of this, the appearance of clutter on the
display will remain substantially the same from
sweep to sweep, whilst that of noise will varyina
random manner.

21178. Where echoes from moving targets are
of importance (as in control and reporting
radars) clutter due to reflections from stationary
objects can be considerably reduced by using
moving target indication (MTI) radars. For a
non-MTI radar, some reduction of weather
clutter can be obtained by operating the radar
at a low frequency, but for most control and
reporting radars a high frequency is used for
reasons explained in paras 2128-2129. Circular
polarization helps in reducing weather clutter,
and this technique is now used in many ground
radars. These techniques and others in common
use for the reduction of clutter in ground radars
are described in the following paragraphs.

Fast Time Constant (FTC) Circuit

21179. Where clutter is of an ‘“extended”
nature, so that it fills a large area of the display,
some reduction of the effect may be obtained by
using an FTC circuit. To see the effect of this
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Fig 21-72 Effect of FTC Circuit

circuit, let us suppose that target echoes are
being received from an aircraft under conditions
of extended cloud clutter. The PPI presentation
with the FTC circuit switched off may then be
as shown in Fig 21-72a. The cloud produces a
large clutter area which partly obscures the
target echo. The cloud echo varies in amplitude
and is weaker than the aircraft echo, but is of
relatively long duration. Thus the early stages of
the receiver have a short pulse (due to the air-
craft) superimposed on a long pulse (due to the
cloud). The FTC circuit is able to differentiate
between the two types of response and the
resultant PPI presentation with FTCin operation
is shown in Fig 21-72b.

21180. Since the FTC circuit removes some
of the desired signal energy as well as that due
to clutter, the FTC is switched into the receiver
only when needed. It is worth noting that the
FTC circuit is successful in reducing all forms of
“long pulse” interference which could take the
form of a CW signal, either modulated or
unmodulated.

Instantaneous Automatic Gain Control (IAGC)
Circuit

21181. When the TAGC circuit is in use the
gain of the receiver is immediately reduced
when a long clutter pulse is received but it does
not change on receipt of the short duration
signal pulse. The echo pulse through the receiver
therefore suffers little attenuation but extended
clutter pulses are considerably reduced.

21182. Since modulated or unmodulated CW
signals act in much the same way as long pulses,
TIAGC is also effective in reducing interference
from such sources.

Swept Gain Circuit

21183. The strongest clutter echoes returned
to a ground radar are from objects immediately
surrounding the radar aerial. As the range from
the radar increases, the clutter echoes become
weaker. On a basic PPI display these effects
produce a confused area at the centre of the
screen, and if the ground clutter is strong
enough it can saturate the receiver. The recovery
time of the receiver is such that close-range
targets are then missed. When the swept gain
circuit is employed the gain of the receiver is
progressively varied from a low value at short
ranges to a high value at longer ranges. For
targets at close range, when the echo return is
strongest, the gain of the receiver is kept at a
low value; and for long-range targets, when the
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echo is weaker, the gain of the receiver is
adjusted to a high value. The rate at which the
gain is made to vary with range can be adjusted
by the operator to suit the conditions.

21184. This circuit may sometimes be referred
to as anti-clutter gain control, or sensitivity time
control (STC).

Logarithmic Receiver

21185. There are certain practical limitations
to a swept gain system. The correct adjustment
of the rate of change of gain depends on the
clutter encountered and some skill is required in
selecting the correct setting. If, in addition, the
amount of clutter is not the same at all radar
bearings, the swept gain setting must be a com-
promise. Hence ideal swept gain cannot be
achieved. However the functions of an ideal
swept gain system may be performed auto-
matically by a receiver which has a response such
that the output is the logarithm of the input, ie a
logarithmic receiver. Such a receiver is as
effective in reducing short-range clutter as a
normal linear receiver which includes a perfectly
adjusted swept gain circuit.

21186. A radar receiver giving a linear response
to small input signals will usually saturate when
the input voltage exceeds a few millivolts.
Response to close-range clutter can therefore
completely saturate the linear receiver. The
result is that targets are lost, even though their
echo may be stronger than that due to clutter.
What is required is a receiver giving full
amplification to small signals, without saturat-
ing on strongsignals. The logarithmic receiver
fulfils this funttion.

Clutter due to Weather Effects

21187. Reflections from fog, rain or snow
particles are insignificant at the lower radar
frequencies. However, since the amount of
reflection from an object depends upon the
size of the object in relation to the radar wave-
length, at higher frequencies weather echoes
may be strong enough to mask the desired
target signals just as any unwanted clutter
signal. It is clear therefore, that to prevent
clutter due to weather effects the radar should be
operated at a low frequency. However a ground
control and reporting radar should provide
accurate information and good angle discrimi-
nation both in azimuth and in elevation. This
can be obtained easily only by the use of
high frequency radars; 3,000 MHz (10 cm) is a
typical frequency band. Thus while high
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frequencies are being used, some other means
must be provided for reducing weather clutter.

21188. Weather clutter is similar in many
respects to ground or sea clutter and several of
the techniques used to reduce other clutter
echoes have some effect in reducing weather
clutter. These techniques include the use of log
receivers, swept gain, FTC, MTI radar (see
para 21190) and circular polarization. In
addition, if the radar operates with a narrow
beamwidth and a narrow pulse duration the
amount of weather clutter energy received back
at the radar is reduced.

Circular Polarization

21189. One of the most common ways of
reducing weather clutter is to use circularly
polarized radiation. A circularly polarized wave
incident on a spherical object, such as a rain-
drop, is reflected back to the radar as a
circularly polarized wave with the opposite
sense of rotation. Since the same aerial is used
for both transmitting and receiving, the aerial is
not responsive to the opposite sense of rotation
and the echo energy due to raindrops and the
like will not be accepted by the receiver. On the
other hand, a complex target such as an aircraft
is not a symmetrical reflector and it will return
some energy with the correct polarization for
reception. Thus circular polarization is of

Fig 21-73  Effect of
Circular Relrization
Pe: I igaV o
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considerable value in reducing weather clutter.
However igalso reduces the required target echo
energy so that arrangements are usually included
in the radar to switch to linear polarization
whenever weather conditions permit. A device
termed “‘quarter wave plate” is normally used
and is placed between the radiating source and
the reflector. Fig 21-73 illustrates the effect of
circular polarization in conditions of very
heavy rain clutter.

Moving Target Indicator (MTI) Circuit

21190. The function of the MTI circuit in a
radar receiver is to suppress returns from
permanant echoes but at the same time permit
the display of echoes from moving targets. Two
systems are in use and are called non-coherent
MTI and coherent MTI. Non-coherent MTI
provides good cancellation of PEs and allows
moving targets flying above PE areas to be seen,
but this system has the disadvantage of cancel-
ling moving returns in a clutter free area. For
this reason non-coherent MTT has a limited use
in areas of clutter only.

Angels

21191. Angels is the name given to a form of
clutter caused mainly by reflections from birds
and insects. For a ground-based radar sited on
the coast clutter due to angels can be almost as
great as that due to sea clutter because of the
large number of seabirds. Although a bird has
only a small cross-sectional area compared with
that of an aircraft it can return a strong echo at
short ranges. A bird at a range of 10 miles can
return an echo as strong as that from an aircraft
at 100 miles range. When birds travel in flocks
the clutter caused on the display by angels can be
severe. Fortunately, strong angel echoes occur
only at short ranges so that swept gain or the
use of a logarithmic receiver can reduce their
effect.

21192-21195. (Not allotted).

INTERFERENCE AND JAMMING

Introduction

21196. In paras 21176-21191 the effects of
clutter and its reduction were discussed. It will
be remembered that clutter echoes are produced
by the radar’s own transmissions. Another class
of unwanted signal that can enter the receiver is
interference from nearby transmitters. This
interference may be unintentional and originate

from “friendly” communication or radar
transmitters; or it may be intentional and
originate from “hostile’” electronic counter-
measure (ECM) transmitters. In the following
paragraphs both types of interference are
briefly examined, and some of the steps that can
be taken to reduce the effects are discussed.

Unintentional Interference

21197. 1In areas where there are many radar
and communications transmitters, mutual inter-
ference between neighbouring installations can
be severe. The interference may be CW, modu-
lated CW or pulse. This section will mainly
consider pulse interference such as might be
caused by other radars.

21198. Mutual interference between radars
may be reduced by operating neighbouring
radars on different frequencies. However the
band of frequencies occupied by a transmitted
pulse is very wide. Thus, interference may be
caused in a receiver whose operating frequency
is quite different from that of the interfering
transmitter.

21199. Special circuits which discriminate
between the desired and the interfering signals
may be included in some ground radars.
Typical of such circuits are the pulse length
discriminator (PLD) and the pulse recurrence
frequency discriminator (PRFD).

21200. Pulse Length Discriminator (PLD). If
the pulse length (or duration) of the interference
differs from that of the desired signal, the
difference in pulse lengths may be used as a
means of discrimination between the two signals.
The input pulse is applied to two circuits. In one
circuit the pulse is delayed by a time equal to the
pulse length of the desired signal. If the input
pulse is the desired signal pulse, the trailing
edge of the pulse will coincide with the leading
edge of the delayed pulse. If the input pulse is
not of the required duration the trailing edge of

the input pulse and the leading edge of the iamat de) & e ¢

pulse will not coincide. A special circuit is able
to check coincidence. Pulses of the incorrect
length are rejected, thus preventing the inter-
ference from being amplified and displayed.

21201. PRF Discriminator (PRFD). PRFD
uses a circuit which provides an output which is
related to the number of pulses applied to the
circuit in a given time. The circuit is made to
give maximum output when the number of
pulses per second is equal to the PRF of the
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radar; when the number of pulses per second is
above or below that of the radar PRF the out-
put of the circuit is very low. Thus this circuit
is ‘able to “‘select’ signals of the required PRF
and provide little output from interfering signals.

Other Methods of Reducing Interference

21202. Interference among radars located at
the same station can be reduced if they are all
operated on the same PRF and if they are
synchronized to fire simultaneously. This is the
method adopted at many RAF radar stations.
The master timing unit generates a master
triggering pulse which causes all radars on the
site to operate simultaneously.

21203. Interfering signals over a wide band of
frequencies can be reduced by subtracting the
video output of the radar receiver from the
output of an auxilliary receiver tuned to a
different frequency. The output from the
auxiliary receiver consists only of interference;
that from the receiver consists of the desired
signal plus the interference. By subtracting the
video output from the two receivers, only the
desired signal (plus noise) remains.

ECM and ECCM

21204. In war, a radar may be subjected to
deliberate interference or ‘“‘jamming” with the
object of reducing the effectiveness of the radar.
The methods used to produce jamming are
called electronic countermeasures (ECM). To
get sufficiently close to the radar which is being
jammed the ECM equipment is usually carried
in a jamming aircraft.

21205. To allow the radar to operate under
conditions of jamming, the effects of inter-
ference must be counteracted. The techniques
used to provide release from jamming are
known as electronic counter-countermeasures
(ECCM).

21206. There are two classes of ECM; those
intended to cause confusion, and those intended
to cause deception.

a. Confusion ECM. Confusion ECM masks
the display of targets on the radar screen by
producing effects similar to those produced by
ground or sea clutter, but to a much greater
extent. Effective confusion ECM completely
obliterates the radar screen. Its effect can be
partially off-set by good design of the radar
receiver. A radar receiver is designed to have
an optimum bandwidth at which the signal-
to-noise ratio is a maximum, and a large
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amount of the jamming at frequencies outside
that bandwidth is therefore rejected. Other
points of good general design, which improve
the noise factor of the receiver, are the use of
low-noise receivers and careful screening.

b. Deception ECM. Deception ECM is
designed to produce false echoes which
appear on the radar screen as though they
were real targets. Since deception echoes can
be of about the same power as real echoes, the
power output requirements of deception
jammers are low. To combat deception ECM
special techniques are required at the receiver.

21207. Both confusion and deception ECM
may be produced by either passive devices or
active devices. Passive devices do not radiate of
their own accord; they merely re-radiate the
incident radar pulse. Active devices contain a
transmitter which radiates an interfering signal.
There are therefore four possible ECM sources;
passive confusion ECM ; active confusion ECM ;
passive deception E