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Foreword

THE tremendous research and development effort that went into the
development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DUBRInGE
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Preface

Radar Aids to Navigation is intended primarily to describe the advan-
tages and limitations of radar equipment when applied to problems of
navigation and pilotage, whether the equipment is airborne, shipborne,
orground-based. Radar beacons asaidsto navigation arealsodismmed.

While the development of radar was proceeding apace under the
impetus of the Second World War, the development of a host of nonradar
navigational aids was also accelerated. These aids include systems that
measure range differences like Loran and Gee and a number of azimuthal
systems like the German Sonne. Descriptions of these and other non-
radar aids are included to give the reader a more comprehensive picture
of available techniques.

The authors have not always found it possible to present this informa-
tion in a nontechnical form. The reader with no technical background
should obtain a fair estimate of the value of radar in navigational prob-
lems from Chaps. 2,3, 8, and 9. Radar indicators are described in some
detail in this volume because, of all the components, they are of greatest
interest to the navigator. A more detailed discussion of many of the
engineering problems mentioned here is given in Radar System Engi-
neering, Vol. 1 of this series.

In thk volume, the emphasis is placed more on what can now be
done with radar than on what should be possible in the future. A pos-
sible exception to this policy is the inclusion of several photographs of
airborne radar indicators attached to radars with antenna beams 0.8°
wide. Although these pictures illustrate what can now be done, beam-
widths of 3° to 5°, rather than 0.8°, appear practical for airborne radars
to be used as navigational aids in the near future. More emphasis
has been placed on airborne radar used with beacons as an anticollision
device on overwater flights simply because it does not appear reasonable
to require that all airplanes flying over land have beacons.

A real effort has been made to define terms either explicitly or by
their use. A certain amount of repetition results from this policy. For
most radar applications described here, narrow antenna beams neces-
sitating short wavelengths, or microwaves, are commonly prescribed. By

J



PREFACE

thk term is meant radio waves between 1 and 12 cm long. It is not
our intention to insult the reader’s intelligence by defining words found
in a small dictionary, nor even the word radar. There is no glossary.
The definitions of many words may be found by reference to the index.

Thirty-three authors and many persons serving in other capacities
have contributed to this book. Unfortunately it is not practical to give
full acknowledgement to everyone. R, A. Whitmer, assistant editor,
did a large share of the editorial work connected with the portion of the
book devoted to airborne radar. L. A. Turner, technical editor, was
a most constructive influence in clarifying many sections. His criticisms
and suggestions were invariably followed. R. G. Herb served as
technical editor during the formative stage of this project.

David Davidson deserves a solid vote of thanks for selecting the
illustrations used in the sections on Loran and other navigational nets and
for writing their captions. We are grateful also to M. G. White,
D. T. Griggs, and R. J. Dippy for their criticism. We regretted to learn
that illness prevented Dippy, the originator of Gee, from sending us a
description of the miniature system similar to Gee that the British have
recently used successfully as an airport approach system. Thanks are
due to L. J. Laslett, R. M. Emberson, G. C. Comstock, M. A. Chaffee,
and J. H. Buck for assistance in making the original outlines of the book.
We are grateful to Beka Doherty who, as an uninhibited reader, read the
final manuscript and made many helpful criticisms and suggestions.

We acknowledge with thanks the careful manner in which Louise
Butler, our production assistant, guided the diagrams and photographs
to their ultimate completion. A large amount of secretarial work con-
nected with the book was cheerfully done by Bernyce Goldberg. Thanks
are due to Eleanor Uhl who acted as editorial assistant during the forma-
tive stages of the book and particularly to Barbara Rudolph who bravely
shouldered this responsibility during its critical final stages.

JOHN S. HALL.
CAMERIDGE,MASS.,

June, 1946.
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CHAPTER 1

PRINCIPLES OF RADAR

BY J. S: HALL, J. P. NASH, D. HALLIDAY, R. M. WHITMER,
R. E. MEAGHER, AND J. B. PLA’rr

Before we discuss how radar can help us solve problems in navigation,
we should first describe how radar works. This chapter gives the com-
mon background of knowledge needed for use in the three main divisions
of this book, airborne radar, ground-based radar, and shipborne radar.

HOW RADAR WORKS

BY J. S. HALL

101. The Fundamental Ideaa.—There are a number of situations
where men or animals cannot see clearly but succeed, nevertheless, in
finding their way about. They do this by making sounds and then
detecting echoes from solid objects still some distance away. The
echoes are used as guides. Many blind persons, for instance, develop in
the course of time a considerable ability to avoid obstacles by means of
auditory cues received from sounds of their own making, like footsteps
or the tapping of a cane. Their skill is often drastically impaired if
their hearing is blocked by ear plugs or by distracting noises. Bats can
fly through the total darkness of caves without striking the walls or
jutting stalactites which may be in their way. This is possible because
they emit a supersonic cry—inaudible to human ears because its fre-
quency is from 30,000 to 70,000 cps—and orient themselves by means of
the echoes of this cry, which return to them from any obstacles which
lie ahead.l

The experimental evidence2 which forms the basis of these conclusions
makes fascinating reading. It has been demonstrated conclusively that
a bat loses his uncanny ability to navigate in the dark if his mouth is
tied shut or hk hearing impaired. The rate at which he produces
supersonic cries has been shown to increase according to a definite pat-
tim (always to the advantage of the bat) as he approaches obstacles in
his path. These facts, combined with the special anatomical character-

1D. R. Grifiin,Sciewx, 100, 589-590 (1944).
2D. R. Gri5 and R. Galambos,Jour. Ezp. Zool., 86, 481–505(1941).

3



4 PRINCIPLES OF RADAR [SEC.1.1

istics of their larynges and ears, indicate strongly that bats use the
general principle of radar as an aid to navigation.

A man standing in a dory on a quiet foggy day at sea vainly tries to
see a cliff which he believes to be about a mile ahead. He points a mega-
phone toward the cliff and shouts through it once, noting the reading of
the second hand of his watch as he does so. Then he quickly puts the
mouthpiece to his ear and observes the instant at which he hears the
echo of his shout. Because this boatman knows that sound travels at
approximately 1000 ft /see, he reasons that if the interval between
shout and echo is 10 see, the sound has traveled a total distance of 10,000

North

West

South
FIO.1.1.—A sonicanalogyto radar, A boatman, in search of a cli5, shouts successively

in directions A, 1?, C, D, and E. He hears the loudest echo in direction C, Since, if the
cliff were about a mife away, the echo requires about 10 sec to make the round trip, it is
plotted as shown.

ft. which tells him that the cliff is 5000 ft. away. Now if he repeats this
procedure with the megaphone pointing in different directions, and
observes the direction of loudest~esponse, he can determine the relative
bearing as well as the range of the cliff. This information can be plotted,
as shown in Fig. 1.1.

A radar set operates in a closely analogous way. Instead of using
shouts and sound waves, however, iti uses short pulses of electromagnetic
energy transmitted as very-high-frequency radio waves. A most difficult
thing for laymen to understand is the extremely short time scale that
must be used. Radar pulses travel with the velocity of light, which in
air under standard atmospheric conditions is 186,218 statute miles, per
sec. Thus, if the boatman used a radar set to locate the cliff, the echo
would return only 10.2 microseconds (Psec or millionths of a second) after
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the pulse was transmitted. This is about one milhonth of the time
required for sound to travel the same distance.

Such short time intervals must be measured by electronic methods.
As each puke is transmitted, a small spot starts to move at a uniform
speed radially outward from the center of the face of a cathode-ray tube.
If no echo were received, that is, if the radar pulse did not bounce back
from an object in its path, it would trace a faint line of uniform intensity
on the face of the tube. But if an echo is received—if the radar pulse
does bounce back from an object-it intensifies this spot and brightens
momentarily a short segment of the line. If several hundred pulses per
second are transmitted, and this process is repeated for each pulse, the
echoes from these pulses repeatedly brighten the same segment on the
face of the cathode-ray tube, making a steady spot of light.

The antenna which radiates the pulses directs the electromagnetic
energy into a narrow beam, like that of a searchlight. If thk antenna is
rotated slowly in azimuth, and if the direction the radial line makes on
the tube face is rotated in synchronism with it, the position of the spot
of light on the tube face will show both the direction and range of the
object the radar set is looking for—in this case, the cliff.

The problem of locating an object with radar, then, is a dual one.
The time it takes each pulse to reach an object and return must be
measured accurately. An indication of the direction in which each
pulse is propagated must be presented simultaneously in an easily under-
standable form. Ways in which such information is obtained are dis-
cussed in later sections. The most widely used way in which this
information is presented is the plan position indicator, or PPI, which is
described below.

Measurement of Range.-Let us first discuss what happens in the
various components of a radar set during the lifetime of a single pulse.
It is suggested that the reader refer occasionally to Fig. 1“2 as he reads this
discussion. We shall simplify the situation by assuming that the
antenna, and therefore the indicator trace, are fixed in direction.

A radar is dormant until an electrical signal, called a “tzigger,” is
developed by the synchronizer which may be thought of as the timer or
radar clock. The trigger goes into the modulator and indicator at the
same instant. The modulator transforms the trigger into a rectangular
voltage pulse of extremely short duration—usually no more than 1 psec—
which has a peak value of somewhere between 10 and 25 kv (kilovolts).
The high-voltage pulse goes to the transmitter, which converts it
into high-frequency electromagnetic energy. This energy is made
to flow through a piece of hollow rectangular tubing, or waveguide,
to the antenna. The antenna then radiates it into space in the
form of a beam.
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All this can happen in less than 1 Keec because electrical energy
travels along conductors with a speed only slightly less than that of light
in vacuo.1 Thk slug of electromagnetic energy radiated by the antenna
for a period of 1 Psec contains a large number of waves whose lengths

Azimuthdb
(electrical)

Trans-
“ mittar

Trigger
\ Pathof, Transm”M pulse R~eiver =h:r~lses

Synchro-
nizer

‘Siinal voltage
1,

Trigge~> pulses(video)

Elactriil
mngemarkers

Planpositionindicator

Fm. 1.2.—Radar block diagram showing the components packaged in a common form.

are very short, compared to ordinary radio waves. For a l-psec pulse,
the distance between the leading and trailing edges of this wavetrain in
empty apace is 984 ft.

I A very special switching arrangementallows the transmitted pulse to psas
throughthe waveguideto the antennaat high power levels,while,at the sametime,
it prevents all but a very smallportion of the pulsefrom leakinginto the rsceiver.
Then, in a matterof 1 or 2 psec,the switchdisconnectsthe antennafrom the trans-
mitterand recormcctsit to the receiver.
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After the energy has been tranami tted, extremely d portiona of it
are reflected back toward the antenna by a greatvariety of objects.
Successive echoes strike the antenna and are then fed back through the
waveguide to the receiver. The receiver performs the reverse function
of the transmi tter, but at very low energy levels; that is, it transforms
the extremely weak pulses of high-frequency electromagnetic waves
reflected from the various targets within the antenna beam back into
voltage pulses. In doing so, it amplifies them many times before pawing
them onto the indicator, as so-called “video” signals, at a voltage level
of a few volts. 1

The reader will recall that as the trigger goes to the modulator it
simultaneously goes to the indicator. In the indicator, the trigger
causes a beam of electrons to strike from behind the center of a lumi-
nescent screen which backs the face of a large cathode-ray tube. If this
beam were stationary, the observer would see a bright spot. As a pulse
of electromagnetic energy goes out from the antenna, this beam of
electrons moves radially at a constant speed toward the edge of the tube
and a faint line is generated on the luminescent screen. This process is
illustrated in Fig. 13.

The intensity of this beam of electrons is increased considerably and
the line brightened momentarily whenever signals are received. The
observer, therefore, sees a series of brightened spots on this line. The
distance of any one of these spots from the center of the tube is a measure
of the time it took the radio waves to travel to the various targets and
back. Since it requires 10.7 Psec for a pulse to reach a target a mile
away and return from it, it is evident that the time required by a pulse
to reach any target and return divided by 10.7 gives the range to the
target in statute miles.

It is important to note that as each radar pulse is generated, a single
trace (hereafter called a “sweep”) is drawn across the face of the indicator
tube by the beam of electrons. The number of separable echo pulses
visible on a single sweep depends upon the length of the sweep and the
number of resolvable objects within range of the radar system. If this
range were 20 statute miles, for instance, the signal from an object at this
distance would appear 20 times 10.7, or 214 psec, after the start of the
sweep. And if the sweep length were 20 miles, such a signal would occur
at its very end, while another signal in the same direction at only 10
miles would appear on the same trace only half way to the end. Since
our pulse is 1 ~sec long, the length of such a signal, if produced by a
small object, would cover ~ of the radius of the tube. Actually, for

1 There is an upper voltage limit placed on the return from strong signals in order
to limit the light intensity on the tube to a reasonable value with respect to weaker
echoes,
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this sweep length it may be somewhat longer because the signal cannot
be smaller than the inherent diameter of the luminescent spot.

Let us now examine what happens when a sequence of regularly
spaced pulses is transmitted. It is evident that after the beam has
swept across the tube, further signals which were produced by one
transmitter pulse cannot be observed. After a lapse of, say, 100 psec to
permit the sweep circuits of the indicator to recover, the radar is ready

Madulator -
transmitter , Anten na m

FIG. 1.3.—The life of a single pulse. The letters denoting the position of the pulse in
space are also used to show the corresponding positions of the electron beam as it sweeps
acroes the face of the indicator tube from A to0. The observer would see the gignal at
H Ody.

to send the next pulse. The signals appear at the same positions on the
PPI as each successive pulse is transmitted. In fact, if the sweep length
were 20 miles, this process could be repeated 3000 times per second.
Since the eye cannot perceive flutter due to successive sweeps if such
sweeps recur oftener than about 30 per sec at low light intensities, a
steady string of signals would appear as bright beads superimposed on the
sweep line.

We have seen how the observer is able to obtain the ranges of a
sequence of targets from their positions on the PPI sweep. The way in
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which he measures these positions depends on the complexity of the

The simplest procedure is to place a suitably engraved transparent
disk over the face of the tube. A more elaborate arrangement is one in
which range markers are generated electrically at regular intervals after
each transmitted pulse, the first marker always occurring simultaneously
with the trigger from the synchronizer.

If now we imagine the sweep rotating in synchronism with the antenna
it should be evident that these electronic markers would trace concentric
circles on the face of the tube. On fast sweeps it is usually possible to
estimate the range of a target with an average error of no more than
+ mile.

Measurement of Bearing. -We will now see how signals appear when
the antenna and sweeps rotate together. It is desirable first to point
out certain important general features of the indicator tube itself. 1

A deflection coil is so mounted as to surround the glass neck of a
cathode-ray tube. The current through this coil begins to rise as each
puke is transmitted. The current in the coil changes in such a way that
the electron beam is deflected at a uniform rate from the center to the
edge of the tube. The direction taken by this sweep corresponds directly to
the orientation of the cod. Consequent] y, if the coil is rotated mechani-
cally in synchronism with the antenna, each sweep would take a slightly
different direction, which corresponds to that of the antenna. An
electrical linkage system, known as a ‘‘ servomechanism” (Sec. 1.7), is
commonly used to keep the coil orientation in step with the antenna. It
is customary to orient this coil in such a way that the sweep assumes
the “ 12 o’clock” position when the antenna is pointed north and to
rotate the antenna from north to east so that the sweeps rotate clockwise.

The number of pulses per second and the speed of antenna rotation
are set at such rates that successive sweeps are barely resolved at the
outer edge of the tube. Near the center they overlap.

As the direction of the sweeps changes around the face of the tube,
bright bluish-white signals appear along each sweep. Although these
signals decrease rapidly in intensity to a yellow glow, they persist long
enough to produce a maplike picture of the region immediately surround-
ing t,heantenna. Individual landmarks are revealed only in their gross
dimensions. As the antenna rotates, they reappear continuously a~ the
same places on the tube face if the relative position of target and radar
is fixed.

The bearing of any particular object may be determined by bisecting
its signal on the tube face with a cursor (a radial line inscribed on a

1A moredetailed description of the cathode-ray tube and various types of indi-
eatme is given toward the end of this chapter.
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transparent overlay) which can be rotated manually about an axis
coincident with the center of the tube face, and then reading the corre-
sponding bearing on a circular scale at its periphery. A simpler method
is to use a transparent overlay with bearing lines and figures engraved
on the side next to the tube face. Angle markers can be displayed
electronically by brightening a few successive sweeps at intervals of-
10° or 15°.

1“2. Resolution, Accuracy, and Coverage. Range Resolution, Mini-
mum Ra~e, and Ra~e Accuracy .-The range resolution of a radar is the
minimum resolvable separation in the range of two targets. It depends
on the length of the transmitted pulse, the characteristics of the receiver
and indicator, and the type of target. A pulsed radar transmitter does
not transmit on a single frequency, but rather on a narrow band of fre-
quencies. The width of the band in which most of the energy is trans-
mitted is inversely proportional to the pulse length; it is about 2 Mc
(megacycles) wide for a 1 psec pulse and 8 Mc for a ++sec pulse.

The intermechate-frequehcy amplifier of the receiver must be capable
of amplifying energy distributed over this range of frequencies so that
most of the detected energy can be profitably presented on the indicator.
This range of frequencies—the so-called “pass band” of the receiver-
must be tailored to the pulse length. If it is too wide, background
effects or “noise” might drown out weak signals entirely. It is not yet
practical to use pulses that are much shorter than 0.1 psec.

After the amplified signals in the receiver have been rectified into
voltage pulses, they are again amplified and limited in voltage before
going to the indicator. This last amplification is accomplished in a so-
called “video amplifier.” Its pass band should beat least half that of the
intermediate-frequency amplifier mentioned above if the full range-
measuring capabilities of the radar are to be realized.

The range resolution of a particular radar system cannot be stated
exactly without actual tests on different types of targets. With a well-
designed radar, sharply defined targets at the same bearing should be
resolved if their ranges differ by the distance light travels in a time equal
to half the pulse length. Figure 14 shows that two targets should be
resolvable with a radar generating 1-PSCCpulses if the targets are separated
in range by the distance light travels in + psec, which is 492 ft. An
experienced observer can sometimes resolve certain types of targets
separated by less than this distance.

The minimum range at which signals can be detected depends on
many factors. An experimental radar system has been made whose
minimum detectable range is only a few feet; the effective minimum range
for most radars is between 200 and 1000 ft. In surface-based radars it is
customary to reduce the receiver sensitivity considerably (by an elec-
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tronic method) at the time
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each pulse is generated, and then to allow
the sensitivity to return gradually to the optimum value after an interval
of about 50 psec. This “sensitivityy time control,” STC,’ permits the
observation of strong signals near-by by weakening or eliminating fainter
signals which tend to clutter up the indicator.

Oirectionof
mdlon of
re$cted energy

P’!

........ ............,.:,.
: ....,:.:,’:.,....4

,........
“:: : ‘*.+;

Energy

H

. ..>; :;.. Q
reflected ..,.::,..... ... >,..’.::.:>

by P -;?”J..... .. ,=,.2... ..: ., .:,..
Energy
reflected ❑ >>:-..:”::“’ ‘“”L

by Q

FIG.14.-Two targets, P andQ, havethe sameradarbearing,but differin rangeby
thedietancelighttravelsin 0.5 psec, or by 492 ft. The four diagrams show the pogition
of the incident and reflected energy of a l-psec pulse as it paw-esthese two targets. The
bottom diagramshows that the traifing edge of the pulse reflected from P, or P’P”, is
coincidentwiththeleadingedgeof thepulsereflectedfromQ,or Q’,Q”. It is evidentthat
thetwotargeteareso separatedas to be at thelimitof rangeresolution.

Sweep speed is probably the most important single factor that governs
the accuracy with which range can be measured. For most radar sets,
the range of targets such as ships or airplanes can be determined from the

1Sucha control device is also known as ‘(time-varied gain,” and in Britain as
“temporalgain control.”
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PPI tube face to within about an eighth of a mile. BY projecting virtual
images of maps onto the PPI (see Sec. 9“6), it is possible, with fast sweeps,
to determine range with errors of 150 ft or less. Radar systems that
can determine range to within 10 or 15 ft have been designed for special
purposes.

Azimuth Accuracy and Resolution.—Let us assume first that it is
possible to confine the radar energy into a very thin vertical sheet as it
travels through space. As the antenna rotates, a small target, such as
a chimney 10 miles away, is momentarily illuminated. It is evident that
energy from only a few pulses is reflected back to the antenna. As a
resufi~ only a few sweeps on the PPI are brightened and the signal

I Motion’ of
Chimney antenna beam

I
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scan on PPI
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B

(b) Direction of
scan on PPI

Fm. l&-Relationship between width of the antenna beam and the signal PIeduced on
the PPI by (a) a point source, and (b) an extended object.

appears at the proper angle and range on the tube as either a spot or
a very short arc.

Let us now assume that the effective width of the antenna beam is
5°, and see what sort of signal the chimney will produce on the PPI.
Since all pulses within this 5° sector will now enhance their respective
sweeps at the proper time, the signal will be an arc 5° wide, with its
center lying in a direction corresponding to that of the direction of the
chimney. If we go one step further and replace the chimney with the
crest of a hill which subtends an angle of 10° at the antenna, the angular
width of the beam has been added to the width of the hill and the resulting
signal is an arc subtending a 15° angle. Both of these points are illus-
trated in Fig. 1.5.

Antenna beamwidth may be arbitrarily defined as the angular dis-
tance between two directions in space where the power has half the
maximum value.

The angular width of the arc on the PPI also depends on factors
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other than beamwidth. All antennas radiate small amounts of power
indirection other than that of the main lobe. Flanking the main lobe
on each side, there may be one or two so-called “side lobes” which con-
tain less than 2 per cent of the ener~ in the main lobe. In some cases
this is sufficient to produce from a single target two or more signals
placed symmetrically on each side of the main image. A very large,
distant target, such as a ship standing broadside to the radar beam, or
d close targets, may even produce semi-circular arcs on the PPI.

The observer can often eliminate these effects by reducing the gain
(amplification) of the radar receiver until only the signal voltage from
the center of the main lobe is strong enough to show on the PPI. When
this b done, however, the receiver can no longer detect very weak signals.

It has already been mentioned that sensitivity time control, STC,
can automatically turn down the receiver gain for the first few miles of
signals and thereby permit only the stronger ones to be resolved. For
all but shipbome radars, ground signals are not only very numerous but,
because they are near and therefore strong, they are usually much broader
thau normal and often tend to clutter up the PPI. Although STC is a
helpful device, other and more effective methods of eliminating the
undesirable effects of nearby signals can be used. Such methods are
discussed in Sees. 5.1 and 7.9.

It is diilicult to discuss azimuth resolution without again mentioning
range resolution. Targets appearing at the same bearing but differing
in range by 500 ft usually can be seen separately on a fast sweep when
pulses of 1 psec or Iesaare used. This is true regardless of whether the two
targets are 6 or 60 miles away, although in the latter case the beginning
of the fast sweep must be delayed. When each target can be seen sep-
arately, its arc can be bisected by the cursor and its bearing determined
to about one-tenth the width of the radar beam. With our typical be~-
width of 5“, the bearing of each target can be found to 0.5°. This value
corresponds to+ mile at 57 miles-in other words, at 57 miles the position
of each target can be determined to within 500 ft in range and + mile
in a direction perpendicular to the line of sight. This latter uncertainty
would decrease to + mile (or 264 ft) at 5.7 miles. It is evident from
this discussion that radar is particularly effective in range resolution.

If the two targets are at the same range, however, the story is dif-
ferent. F@we 1.6 shows that in order to be resolved in azimuth they
would have to be separated by approximately one beamwidth. In our

example, this corresponds to 5 miles at 57 miles. Unless the targets
were so separated, a single long arc would appear on the PPI. An
experienced observer might suspect from its unusual length that more
than one target was present; the two could then be resolved by turning
down the receiver gain until each signal was just tilble.
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It is evident, therefore, that high range resolution (short pukes and
fast sweeps) will tend to compensate for the disadvantages of a wide
antenna beam. This compensation is more important for surface-based
radars than for airborne systems. It is also true that the antenna pattern
should be made as sharp as possible in order to keep the signals small on
the indicator tube. The problem of identifying landmarks, particularly
with airborne sets, can in this way be made less difficult.

Relaiion between Beamwidth, Antenna Size, and Wavelen@h.-It can
be shown theoretically that the beamwidth (in radians) for a circular
aperture is given roughly by the expression 1.2 h/D, where x is the wave-
length employed and D is the diameter of the aperture. This expression

=01.,,.,...
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Fm. 1.6.—Relationship between the beamwidth of the antenna and azimuth resolution.
The two chimneys at Q have an angular separation equal to the beamwidth and are at the
limit of resolution. If the same two chimneys were at P, or at one-half the range, it is
apparent that each would appear as separate signals on the PPI.

holds tolerably well for paraboloids whose boundaries are not circular
but elliptical in shape.

Two widely used wavelengths’ which are useful for navigational
radars are in the 10- and 3-cm regions. Substituting in the above expres-
sion, we find that if D is measured in feet, the beamwidth in degrees at
10.7 cm is 24/D. At 3.25 cm, it is 7.3/D. We see from these expressions
that a 6-ft circular paraboloid will form a circular beam 4° in diameter
at 10.7 cm; at 3.25 cm the same paraboloid or “dish” will form a beam
1.2° in diameter. At 10.7 cm, a paraboloid 18 ft in the horizontal direc-
tion and 6 ft in the vertical produces a beam 1.3° wide and 4° high

Coverage.-There is a large variety of antenna dishes and feeds.
Because we are more concerned with principles than with applications in
this section, only two commonly used antennas are described.

1Radarswith wavelengthsup to 2 metersproved extremelyusefulduringthe war
and are of greathistoric interest. Their value is severelylimited, however,because
very largeantennaaare requiredto producereasonablysharpbeams.
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The 1S- by 6-ft dish mentioned above may be fed by a single horn at
the focus of the paraboloid. A second horn can be placed below the first
in such a way as to produce a similarly shaped beam parallel to the first
in azimuth but above it in elevation. That is, if the beam produced by
energy from the first horn went from the horizon to 4° in elevation, that
produced by energy from the second horn would cover the region from
4° to 8°. A third horn could be added; the composite beam would then
be 1.3° wide and 12” high. If such an antenna were to be a component
of a high-power radar system designed to follow airplanes flying as
high as 30,000 ft at a distance of 100 miles, the power fed into each horn
would be fixed in such a way that the uppermost horn (which produces
the lowest beam) has sufficient power to reach such targets at 100 miles.
The geometry of the problem is such that the center horn need radiate
only enough power to reach the same target at 50 miles, and the lowest
horn enough to reach it at 32 miles. In other words, the amounts of
energy radiated by each horn are such that the airplane, first detected
100 miles away flying at 30,000 ft, would be just visible as it approached
at this altitude until it passed over the beam at an elevation of 12° and
a range of 27 miles.

This type of coverage is called “ cosecant-squared coverage” because
the signal intensity is proportional to the square of the cosecant of the
angle between the horizontal and the line to the target. It can also be
obtained by the use of a single horn (or dipole feed) and by shaping the
dish properly. In airborne sets, the cosecant-squared coverage is in a
downward direction because it is desired to radiate less energy in the
direction of the nearby ground signals. This pattern may extend from
7° to 60° below the horizontal plane. Figures 6“12 (Sec. 6“4) and 7“6
(Sec. 7“1) show examples of cosecant-squared coverage of airborne and
surface-based radars.

1.3. Design Considerations. The RaWe Equation.—The range of
any radar system depends upon the transmitted power, the minimum
discernible power or receiver sensitivity, the antenna gain, and the
effective cross section of the target. In this section, each factor is
described separately, and the manner in which each affects the range of
a radar system is then explained. This explanation is followed by an
analysis of other factors which should be weighed before the parameters
of a system designed for a specific purpose are chosen.

The symbol P, will be used to denote the pulse power of the trans-
mitter. A pulse power of 100 kw would mean that this amount of power
was radiated by the transmitter during the very short periods of time
when it is in operation. The length of a pulse is extremely short com-
pared to the time between pulses; the main reason that such high pulse
powers are possible is that the transmitter operates for such a small
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fraction of the time. In some applications the value of P, is limited
by the averoge power capabilities of the transmitter tube, particularly
when long pulses or high repetition rates are used in conjunction with high
pulse power. A pulse power of 1 megawatt, or 1000 kw, can be main-
tained for periods of 1 psec 400 times per sec.

The minimum discernible signal Sti can be defined roughly as the
smallest signal power which a receiver-indicator system is able to detect
and amplify in such a way that the observer can distinguish visually
between it and random power fluctuations on the face of the indicator
tube. Such fluctuations first appear as small spots along the sweep and
are commonly described as “noise.” This term stems from the fact that
this phenomenon was first observed as a hissing roar in radio receivers. A
good observer-receiver combination will sometimes detect a signal whose
strength is a millionth of a millionth of 1 watt, or 10–12 watts. Since
there is very little difference in complexity or cost between good and poor
receivers, an effo@ should always be made to use the best receiver
available. A competent observer is an equally good investment.

It is of interest to note that the power radiated by the antenna may
exceed by a billion billion times that returned to it by a barely detectable
signal.

The antenna gain G of a transmitting system represents the increase
in power in a particular direction which results when the radar energy is
focused by the antenna as compared with the energy which would have
been transmitted in that direction if the antenna radiated equally in all
directions. An object which radiates equally in all directions—the sun,
for example-is called an “isotropic” radiator. The energy from a small
light source can be directed into a parallel beam by placing this source at
the focus of a parabolic mirror.

When a short rod (called a dipole) or a horn is placed at the focus
of a searchlight type of reflector, which has an area A, and is fed by
electromagnetic energy of wavelength A, the gain is given by the expres-
sion G = KA/A2, where K is a factor which depends upon the type of
antenna. Its value is about 5 for an antenna using a dipole or horn
feed with a parabolic reflector. A horn feed consists simply of a piece
of rectangular waveguide whose flared open end faces the paraboloid and
is placed at its focus. If the aperture of the reflector were 3 ft and the
wavelength were 3.25 cm (X-band) the gain would be close to 3100.
We have seen that the resulting beamwidth would be 7.3/D or 2.4°
between half-power points. If the aperture were doubled, the beam-
width would be halved and the gain quadrupled.

The effective cross-sectional area of the target u is a quantity which
measures the ability of a target to reflect radar signals and is a factor which
the radar set designer must consider in order to make his radar capable of
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detecting targetiof aknowncross sectional a given range. The value
ofu depends on the aspect, shape, size, and composition of the target.
Forcomplex targets like ships and airplanes, udoes not change rapidly
with the wavelength of the incident energy when microwaves are used.
It is customary to define the effective scattering cross section of a target
as the cross section of a reflecting sphere which would give an echo of the
same strength at the same range. Such a sphere would reflect energy
isotropically.

Flat surfaces can give an intense directional reflection, as the wind-
shield of an automobile does when it flashes in the sunlight. A complex
target like an airplane maybe said to reradiate the incident radar energy
ss a complex pattern of lobes. This pattern is analogous to a sequence
of flashes tha~ would come from different parts of an aircraft if it were
maneuvering in the sunlight. Consequently, the intensity of an airplane
signal fluctuates considerably as the position of these lobes changes with
respect to the radar from one scan to the next. Characteristic changes
in signal strength produced by the roll of a ship, the bobbing of a buoy,
or the undulation of waves can often be identified readily by an experi-
enced observer. Land signals are usually steadier, but are still subject to
variations caused by movements of foliage or tall objects in the wind.
Atmospheric changes do not usually cause such rapid variations in signal
strength. The value of u changes so quickly with the aspect of a moving
target that it is often possible to pick up a target, momentarily, above
the radar horizon, at a range twice that at which it would be continuously
visible.

The dependence of u on the shape and size of surface vessels is given
in Sec. 10.1. It varies from about 70 ft ~ for a 40-ft cabin cruiser to
80,000 ft~ for a large freighter. The head-on aspect of a small Navy
aircraft, SNC, was found to have an equivalent cross section of only
70 ft?, less than 10 per cent of the value (800 ftz) for a four-engine
airplane,

Metallic surfaces reflect more energy than nonconducting surfaces
and give larger effective cross sections for objects of the same size.
ordinary paint does not markedly change the value of a.

The relationship among the above factors can be very simply derived
in the following manner. The area of the surface of a sphere of radius
R is 4mR2, If an isotropic radiator with peak power P, were at its center,
the power falling on a unit area of the inside of this surface would be

P, --L&R%

If an antenna of gain G replaced this isotropic radiator and if the
maximum energy were directed toward this unit area, the power falling
on it would be
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p . pt -.&.

When we substitute the effective cross section o

[sm. 1.3

(1)

for this unit area we
find that the target, now considered as a source, will radiate power in

the direction of the antenna equal to P, $. If A is the area of this

A
antenna, then the fraction —

Gv A
&R2 of this reradiated power, or Pt ————&R2 &R2’

will be intercepted and fed to the receiver. If the minimum signal power
which can be distinguished from noise on the indicator is S~, the maxi-
mum range of the radar is such that this received signal is equal to Sti,

GuA
or Smb=Pt —.

l&rZR~

If we now substitute the expression G = KA/h2 for the gain and
solve for R~, we have

(2)

where C = K/l&rz. Since, for an average antenna, K is about 5, C = ~.
This “range equation” shows that the maximum range of a given

radar on a target of cross section u could theoretically be doubled by:
(1) increasing the peak transmitter power or the observer-receiver sen-
sitivityy by a factor of 16; (2) increasing the area of the antenna dish
fourfold; or (3) reducing the wavelength by a factor of 4.

This equation taken by itself does not give a complete picture of the
problem of radar design. The quantity S~h is affected by such factors
as repetition rate, scanning speed, and pulse length, each of which in
turn affects the observability of a given signal on the indicator. Tech-
nical limitations and the relationships among the factors involved have
not yet been touched upon. These matters, together with considerations
which influence the choice of wavelength, will now be discussed briefly.

Repetition Rate.—It is possible to decrease Sti by increasing the
repetition rate because this would effectively put more pulses on the
target during a single scan and make the signal on the indicator sweep
more easily distinguishable from random noise. It has been found exper-
imentally that if the repetition rate is changed by a factor n, S’* is
changed by a factor of n% and the range is changed by a factor of n}i.
If the repetition rate were doubled (n = 2), S- would be reduced by @
and the range would be increased by only 9 per cent.

The time interval between successive pulses must be long enough to
allow each pulse to reach the target and to return before the following
pulse is transmitted. The repetition rate must, therefore, not exceed a
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value compatible with the maximum range of the set. The average
power of the transmitter tube depends directly on how often it is required
to send out pulses. Its power capabilities often limit the repetition rate.

Because the range is improved and moving target indication (see
Sec. 7.9) is more satisfactory, it is usually desirable, within the limitations
mentioned in the previous paragraph, to make the repetition rate as high
as possible. There is a very wide range in the repetition rates used with
different radars; some operate at 60 and others at 4000 pulses per sec.

Scanning Losses. —Another consideration that enters into the value of
k’~bis that of scanning losses. 1 The range of a radar system when its
antenna is continuously scanning is not so great as it is when this antenna
is continuously pointed in the general direction of the target. This latter
condition is called ‘‘ searchlighting. ”

The detectability of a weak signal (expressed as S~,m)is affected by
the rate of scan for much the same reason that it is affected by the changes
in the repetition rate. An experimental comparison between conditions
of scanning and searchlighting has shown that Smi. is proportional to
(8/t)~, where t is the time in seconds during which pulses are striking
the target on each scan. This relationship holds only for values of t less
than 8 sec. If, for instance, the antenna rotates at 6 rpm, it scans 36° per
sec. If the beam is 6° wide, pulses effectively strike the target for + sec
per scan. Sti is then (48) )$ times as large as its value under search-
lighting conditions and the loss in range is equal to (48)% = 1.62. In
other words, the range under searchlighting conditions is 1.62 times
greater for a given target than if the antenna were rotating at 6 rpm.
Thus it is evident that the ratio of beamwidth to scan rate governs the
amount of scanning loss. To avoid excessive losses, a radar producing
a narrow beam should be made to scan slowly.

Pulse Length.-Another factor which affects the range of a system is
the pulse length. The random background-noise power of a receiving
system, PE, is directly proportional to its bandwidth and inversely pro-
portional to the pulse length. Since S~ is proportional to P., it is also
inversely proportional to the pulse length. If the pulse length were
doubled, the range would be increased by a factor of 2~~,or 19 per cent.

The limitations imposed by lengthening the pulse are: (1) the loss in
minimum range detection and in range resolution; (2) an increase in the
signal return from clouds and ground clutter compared with the return
from sharply defined targets; (3) considerations of permissible average
transmitted power. In order to maintain the same average power as the
pulse is lengthened, it is customary to reduce the repetition rate. The
disadvantages in doing this have been previously outlined.

1A completediscussionof scanninglossesis given in Radar System En@”nseri~,
Vol. 1, RadiationLaboratoryS&es.



20 PRINCIPLES OF RADAR [SEC.1.3

A pulse length of 1 or 2 psec has been found to be a good compromise
when reasonable range resolution and extreme ranges are required. A
pulse length of+ or+ psec has been used to advantage in shipborne radar
systems where range resolution and minimum range are more important
than the detection of targets at great distances. Radar systems which
can transmit either short or long pulses have proven satisfactory.

A useful summary of these factors affecting the minimum observable
signal is given by the equation

is.=—
[ 1angle of scan in 8 sec 94

(PyF) ~’ beamwidth
P. (3)

The proportionality factor of 90 is an empirical constant that fits experi-
mental data so that the approximate useful range of several representa-
tive systems can be calculated from Eq. (2) when the above expression
is used for S~~.

Choice of Wavelength.—We have seen from previous discussion that
the directivity of the radar beam is increased as shorter wavelengths
are used. Thk increase in antenna gain results in improved range per-
formance and gives greater angular resolution for a given dish size.
There are, however, several reasons why it is not always profitable to go
the whole way and to use the shortest available wavelength-1.25 cm.

In the first place, the transmitter power available at 1.25 cm is
roughly 25 per cent of that for 3.2-cm waves and only 5 per cent of that
for 10-cm waves. The atmospheric attenuation, which is so pronounced
at 1.25 cm, becomes less and less objectionable as longer wavelengths
are used. The use of shorter wavelengths makes the mechanical toler-
ances of the antenna correspondingly more rigorous, because it is desir-
able to preserve the parabolic figure of the dish to one-eighth of the
wavelength. If the radar is to be used primarily for scanning, a narrow
beam would allow fewer pulses to hit the target than would a wide beam.
The same arguments regarding the effect on range as a result of changing
the number of pulses hitting the target apply here also. At least five
pulses per scan are required for satisfactory operation with beacons
(Sec. 19) and a minimum of 10 pulses per scan when MTI (Sec. 7.9)
is used. Further considerations regarding the choice of wavelength
appear in Sec. 7.1.

We see from the above discussion that although the range of a radar
system depends primarily on only half a dozen factors, these factors
are by no means independent of one another and must be weighed in
such a way that the set can best carry out the job for which it was
primarily designed.

A typical airborne radar designed for navigation is described in Sec.
6.3. One of the most powerful land-based radars ever used for the detec-
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tion of aircraft in air surveillance problems is described briefly in Sec.
7’1, and in considerable detail in Radar System Engineering, Vol. 1.

Although these two radars represent extremes in radar design, the argu-
ments used have a certain degree of similarity and general application.
A radar proposed for shipborne navigation is described in Chap. 10.

Experience has shown that for surface-based radars to be used for
aircraft detection, which, therefore, require higher power and cose-
cant-squared antenna beams, a wavelength between 8 and 25 cm should
be used. (A detailed analysis of this question is given in Sec. 7-1.) In
the case of an airborne system in which weight and space are at a premium,
small dishes and a wavelength either slightly longer or shorter than 1.25
cm would seem desirable. A shipborne navigational radar system can
usually use moderate-sized dishes. Since the purpose of a shipborne
system is to detect and locate the positions of surface vessels, icebergs,
lighthouses, land surfaces, and buoys, a wavelength just enough longer
than 1.25 cm to avoid atmospheric absorption and to permit the best
possible low coverage near the horizon for a given antenna height would
be most useful. Radio waves between 1 and 12 cm long are often called
“microwaves.” High resolution in both range and azimuth is required
if the radar is to be used for pilotage purposes in narrow waters or in
docking operations. Consequently, dishes as large as permissible, short
wavelengths, and short pulses are desirable features of a shipborne radar
system.

PROPAGATION

1.4. Curvature of the Earth and Atmospheric Refraction. I—If we
neglect the effects of the atmosphere, microwave radiation travels in
straight lines; the curvature of the earth is an ultimate limitation on the
range of any radar set. In practice, it is found that horizontal stratifi-
cation of the atmosphere of the earth causes refraction of the microwave
rays, usually bending them downward so that they tend to follow more
closely the surface of the earth.

The effects of atmospheric refraction are usually unimportant for
airborne radar sets because the wave path traverses the stratified layers
at such large angles that refraction effects are not noticeable. In addi-
tion, the horizon is at such a great distance from high-flying aircraft that
the limitation is in the radar set itself. For surface-based radars,
however, for which the range limit is usually the horizon, refraction is
important.

If a radar antenna is at height ha above the surface of the earth, the
geometrical distance to the horizon, assuming the radius of the earth to
be 4000 statute miles, is given by the relation D = 1.08 fi, where ha
is in feet and D is in nautical miles. The geometrical distance to the

1By J. P. Nash.
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hotizon from a height of 100 ft is then 10.8 nautical miles. If there is a
small target at height h; above the surface, the total horizon range is the
sum of the distances to the horizon from both transmitter and target,
or D = 1.08. (fit + fi). For microwave radar energy, which is
refracted more than light by the atmosphere, the factor becomes about
1.24.

If the formula D = 1.24 fi is used to calculate radar-horizon
distances, the result is the same as if rectilinear propagation were assumed
on an earth with a radius ~ the true radius of the earth. This is a con-
venient concept which makes it possible without loss of accuracy to draw
diagrams with rays as straight lines rather than curved ones; the notion
of a radar earth is universally used for such purposes. However, there is
nothing hard and fast about the choice of ~ as a conversion factor; it
represents an average from many meteorological observations over a wide
range of climatic conditions. Similar results are obtained when\ is used.

The # value is based upon the assumption of “standard” refraction,
which is defined as that resulting from a linear decrease in the refractive
index of the atmosphere with height at a rate of approximately 1.2 x 10_s
per ft. Nonstandard propagation is briefly discussed in Sec. 10.1.

1.6. Atmospheric Attenuation. ]-The atmospheric attenuation of
microwave radiation varies with frequency. It can be generally stated
that although the effects are not serious at 3 and 10 cm, they are at 1.25
cm. We now discuss in turn attenuation by water present as rain,
water present as clouds, and water present as vapor. Attenuation by
nitrogen and oxygen and other components of the atmosphere is not
usually important in these three bands. For wavelengths somewhat
shorter than 1.25 cm, however, oxygen attenuation does become very
large.

Attenuation resulting from precipitation occurs as a result of absorp
tion and scattering of energy out of the beam by raindrops, sleet, snow,
and so on. When the particles are very small compared with the wave-
length, only absorption is important. As the ratio of drop diameter to
wavelength increases, both absorption and scattering increase rapidly.
For sufficiently large values of this ratio, scattering constitutes an appre-
ciable fraction of the total attenuation; thk occurs only for the largest
drops and very short wavelengths, however. The energy remaining in
the beam is reduced, with the result that weaker echoes are received.
Evidence of this scattering is seen in Fig. 1.7 which is a photograph
showing the echoes produced by 1.25-cm radiation scattered from the
rain squalls and the dark shadows behind the centers of the squalls,
indicating a considerable weakening of the beam because of this scatteri-
ng. Figure 1.8 is a similar photograph taken through cumulus clouds

I By D. Halliday.
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will usually be applicable only to rather short segments of the optical
path. Note that the attenuation effects decrease with increasing wave-
length. A rough average for attenuation at 1.25 cm is 0.3 db (7 per cent)
per one-way nautical mile per millimeter of rain per hour.

Attenuation by clouds is rarely important on any microwave band
except when the clouds contain water in the form of rain. Many clouds

FIG. I.S.—Looking through cumulus clouds at the mouths of the Amazon from 10,000 ft.
A small rain squall appears at 7 o’clock.

contain water only as mist or fog in which there is some absorption but
not much scattering. For example, the cumulus “ woolpack” clouds
commonly seen on a summer afternoon give no radar echoes, indicating
that the water particles are very small. Similarly, the sheetlike strato-
cumulus formations, which often pile up to thicknesses of 10,000 ft over
large areas, usually produce little attenuation. The ground can be
mapped through them to practically free-space range with no appreciable
difficult y, at least at wavelengths as short as 1.25 cm.
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The third form of attenuation is caused by water vapor. This is a
true molecular absorption process in which the microwave energy is
absorbed by the individual molecules and reradiated in all directions.
Its magnitude is very small at 10 and 3 cm, but unfortunately it reaches a
maximum almost precisely at the center of the 1.25-cm band. This
unhappy state of affairs exists because this waveband was chosen and
components were designed and built before the water-vapor absorption
data were available.
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It is now known that at a wavelength of 1,25 cm, the sea-level water
vapor attenuation coefficient is about 0,04 db per one-way nautical mile
per gm HZO/m3. The water-vapor content of saturated or nearly satu-
rated air increases rapidly with temperature. For temperate climates
(Boston) the absolute humidity of \vater vapor may range from 1 gm
H20/m3 on dry winter days to 18 gm H*O/ma on moist summer days.
In the tropics, values of 50 gm H*O,ms are possible, Since a 12-db
absorption is required to halve the range at which a discrete target can be
barely detected, it is evident that if a target can be seen at 1,5miles on a
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day when the absolute humidity is 10 gm H20/m3 it could be seen at 30
miles on a perfectly dry day.

One interesting characteristic of water-vapor attenuation is its varia-
tion with altitude. The density of water vapor in the atmosphere-the
absolute humidity-decreases fairly rapidly with altitude as shown by
Fig. 1.10, which is a mean curve for July 1942 at Charleston, S.C.

In addition the actual value of the attenuation coe5cient also
decreases with altitude because it depends on pressure. In the situation
described by Fig. 1.10 calculations for an aircraft at 25,000 ft show that
an echo at zero elevation 20 miles away is reduced in intensit y by about 11

Absolute humidity in g/ma

FIG. l.10,—The mean decrease of
absolute humidity, with altitude, for
July 1942 at Charleston, S.C.

less than at 1.25 cm. At 0.9

db through water-vapor attenuation.
If this path were entirely at sea level,
the attenuation in this case would be
31.2 db for the 40-mile round trip.
The conclusion is that water-vapor
attenuation for airborne radars can be
reduced by flying high.

Because 1.25-cm radar systems
have discouragingly short ranges in
humid weather, a shift in wavelength
for this band has been suggested.
Two proposals have been made. If
azimuth resolution is to be the most
important criterion, some wavelength
region close to 0.9 cm should be
chosen. If azimuth resolution can
be sacrificed to achieve a better
maximum range performance, a band
near 1.8 cm would be suitable. The
water-vapor attenuation for both of
these suggested bands is considerably

cm there is appreciable attenuation
because of oxygen absorption, but it is less than ~ommonly encountered
water-vapor attenuations at 1.25 cm. As the wavelength decreases,
scattering and absorption by rain become progressively worse, however.
The ultimate choice must involve a consideration of the reduction in
reliability from this effect as well as the other factors mentioned above.

INDICATORS

1.6. Cathode-ray Tubes.1—A cathode-ray oscilloscope tube has three
essential parts: an electron gun, a luminescent screen and, between them,
a deflection system. The electron gun is very similar to an ordinary

1By R. M. Whitmer.
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triode vacuum tube. Ithas a hot cathode which emits electrons, a grid
tocontrol the electron flow, andapositive anode to which the electrons
move. However, the anode of the CRT has in it a small hole through
which some of the electrons pass to continue their trajectories beyond
(see Fig. 1.11).

The far end of the tube, at right angles to the beam of electrons
emerging from the anode, is coated
on the inside with material which
eraits light when struck by the
electrons. This is the lumines-
cent screen. If the beam is unde-
fiected, it will strike the screen at
the center and cause a spot of
light there.

The beam may be deflected by
passing it through an electric or
a magnetic field at right angles to

Heater Grid Beam of electrons
passing through the

hole in the anode

its original direction. Thus, in FIG. 1.1I.—Electron gun of a cathode-ray

Fig. 1.12, the beam is bent up-
tube.

ward by the electric field between the first pair of plates, and outward
by that between the second pair. It strikes the screen above and to the
left of center. By applying the proper voltage to the plates the beam
may be made to strike anywhere on the luminescent screen. The same
things can be done with magnetic fields, but the beam is then bent at
right angles to the magnetic field, as is shown in Fig. 1”13. These two
systems are known as electric and magnetic deflection, respectively.

Beamstrikeshere
Beam bent Beam bent causing a spot

upward

Qectrongun +

Vertical Horizontal
deflecting plates deflecting plates strikes here

Fm. 1.12.—Electric deflecting system and Imninescent screen.

A single properly oriented electric or magnetic field could bend the
beam in any direction. It is impractical to produce a deflecting electric
field with external, rotatable electrodes; consequently, two pairs of
plates are always used in electric systems. However, a single magnetic
field, developed outside the glass envelope of the tube, is frequently
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UA. This is shown in Fig. 1.14. Here the direction of deflection may
be controlled by rotating the magnets about the axis of the tube. If we
replace the bar magnet by solenoids, the amount of the deflection may
be controlled by varying the current in the coils.

It is highly desirable for the cross section of the beam to be small
when it strikes the luminescent screen-in other worda, for the beam to
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l%. 1.13.—Magnetic deflection system.

electrodes in the
Ordinarily there

be well-focused. Focusing may be done by additional
electron gun assembly or with axial magnetic fields.
are about 200 spot diameters to 1 tube diameter, although good tubes
may be somewhat better than this. The number of spot diameters
determines the limit of resolution and gives a measure of the speed of
deflection which can be. used with a given pulse length. Thus, on a

Beam bent uoward

\— I

.,,- q,

/

,“ n’?..”.

be rotated about tube axis
Deflecting ma’gnets which may ~ -~

FKG.1.14.—Magnetic deflection system with a single pair of magnets.

trace of a radius of 1 nautical mile, a spot diameter is about 20 yd,
which corresponds to a pulse length of ~ Ysec.

1.7. Synchros, Servomechanisms, and Amplidynes.1-The applica-
tions of synchros, servomechanisms, and amplidynes are not confined to
radar, but because they are frequently used as a means of transmitting

1 Sections1.7 and 1.8by R. M. Whitmerand R. E. Meagher.
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angular information from the antenna to the indicator it seems appro-
priate to describe them briefly here. A more detailed discussion is given

in Vols. 26 and 27 of this series.
A synchro is a device for transmitting mechanical data electrically.

The datum to be transmitted is usually the instantaneous position of a
rotating shaft—by electrical means one shaft is made to follow another,
in angular position as well as angular velocity. A common device of
this sort is the ‘‘ Selsyn” (for “self-synchronous”) manufactured by the
General Electric Company.

A servomechanism is sometimes used where a synchro system would
not be able to supply sufficient torque nor have sufficient stability of

Thmconverts82to an

proportionalto 0, -Oz

Fai.1.15.—Block diagram of a servomechanism. The object is to make the output shaft
(OJ follow accurately the position of the input shaft (0,).

position. A pair of synchros is used, but the receiving unit does not
exert any torque. Instead, it puts out an electrical signal proportional
ti the difference between the positions of the input and output shafts.
This signal is fed through an amplifier to a motor which drives the output
shaft directly, as shown in Fig. 1~15.

A torque amplifier is a special form of electromechanical power
amplifier. It is essentially a d-c generator and motor; the generator is
driven at constant speed by a second motor. The field current of the
generator is controlled by an electronic amplifier whose input is propor-
tional to something corresponding to the 191-o* of Fig. 1.15. The genera-
tor output voltage is used to drive a d-c motor. The generator and d-c
motor are specially designed to combine small time constants (short
delays) with large output torques. The Amplidyne (a G-E product)
may be used as the final stage of the servomechanism amplifier, allowing
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accurate and rapid orienting of a large and heavy piece of equipment by
means of a very small controlling power.

1.8. DiiYerent Types of Indicators.-In the simplest type of indicator,
an A-scope, the received signal amplitude plotted as a function of range
is presented on the tube screen. All other indicators in common use are
of the intensity-modulated type. The amplitude of the received signal
controls the intensity of the electron beam in the cathode-ray tube by
means of the grid in the electron gun and hence affects the brightness of
the spot on the screen. Indicators of this type which are particularly
useful for navigation are the PPI, the delayed PPI, the off-center PPI,
the B-scope, and the range-height indicator, RHI.

A-scope.—The A-scope uses sidewise electric deflection. A voltage of
amplitude proportional to time-and hence proportional to distance to
the target—is applied to the horizontal deflection plates, and the signal
voltage to the vertical plates. Although the A-scope was historically the
first indicator used, it is now often used only as an auxiliary indicator
for test or other special purposes. It is easy to make adjustments using
it because small changes in signal amplitude are easily observed. An
A-scope with a “step” is useful in measuring range since the position of
the step (Fig. 1.16b) can be set by a manual control and read from it
accurately.

The phenomena obwxved on the A-scope are cyclic; each sweep shown
in Fig. 1“16 is retraced once for each pulse sent out by the radar trans-
mitter. Since some hundreds or even thousands of pulses are trans-
mitted each second, the picture appears stationary to the eye.

The PP1.—The mosl?useful indicator is the PPI, which was discussed
briefly in Sec. 1.2. It presents a polar-coordinate plot of signal range
against bearing. Successive sweeps are made to assume a direction
which corresponds to the antenna bearing by synchronizing the rotation
of a magnetic deflection coil with that of the antenna. Because most
antennas scan at speeds between 5 to 30 rpm, it is necessary to use a
cathode-ray tube screen with high persistence to provide a continuous
pattern of radar signals. The screen must have a fine structure to
provide good resolution and a multiple-layered composition to obtain
long persistence. The coating designated as “ P7” is most commonly
used on PPI’s. 1 When an area of the screen covered with this or similar
coatings is struck by the electron beam, it emits a flash of bright
blue light. As the beam moves on, the blue light disappears, but for
some seconds the area glows with an orange color. The blue flash is very
annoying to the eye, and it is so intense that observation of detail is
often difficult. An orange filter, which suppresses the blue flash, is
usually placed over the screen, making it easy for the operator to observe

ISee Cathrk-ra~ Tube Dtipkwj Vol. 22, RadiationLaboratorySeries.

I
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detail in the regions emitting persistent orange light. Figure 1~17 shows
a photograph of an ordinary PPI on a shipborne radar together with an
aerial photograph of the same region.

l%. 1.16.—A-scope presentation. In (a) ground signals saturate the receiver for
the 6rst few miles. Several unsaturated ground echoes are evident at greater ranges; (b)
was made at Bridgeport, Corm., and shows echoes from the tops of two buildings in New
York City, 47 nautical miles away. This is a 5-mile delayed sweep showing a range step.
Photographmade at General Electric plant by G. W. Fyler.

It is often desirable to see nearby signals on a more expanded scale
than that used for distant signals. Therefore the PPI usually has
several ranges from 1 mile to 50 miles or more,
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There are three methods of generating the magnetic deflecting fields
for a PPI. In the first, known as MM (Magnetic-Mechanical) or rotating
coil method, a single pair of deflecting coils (corresponding to the two bar
magnets in Fig. 1014) is used. The variation of current through these coils
produces the radial sweep of the electron beam. The coils are rotated
mechanically about the axis of the cathode-ray tube in synchronism with
the scanner rotation. Each of the other two methods uses two pairs of
fixed coils. The relative phases of the currents through them are such
that they produce a resultant magnetic field which rotates about the axis
of the tube. This is very similar to the rotating field in an induction
motor. The currents may be applied directly, as in the MS (Magnetic-
Selsyn) or resolved current method, or through a level-setting and ampli-
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Fm. 1,19.—Typical bearing transmission circuit for a ship navigation radar.

fying stage as in the ME (Magnetic-Electric) or resolved voltage method.
Further details are given in Vols. 1 and 22 of thk series.

A PPI of the rotating-coil type has been commonly used for ship
navigation because of its excellent linearity and accurate presentation of
azimuth. This type of PPI is particularly useful when a large number
of remote PPI’s are required. A good PPI circuit is shown in Fig. 1.18.1
In this design a small servomechanism is used to turn the rotating coil
in synchronism with received bearing information as shown in Fig. 1.19.
In this system, the errors in transmission of azimuth data have a value
not exceeding ~, which is probably less than the errors in reading
azimuth on the tube. Other, less accurate designs are usually used in
airborne radars because of their light weight.

Ars expanded picture may be obtained by delaying the start of an
ordinary PPI. When economy of parts is required, this is a simple and

1A detailedexplanationof this circuitk given in Vol. 22, of this series.
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effective way of obtaining expanded indication. The pattern is highly
distorted; for example, if a 25-mile delay be introduced, all targets at
25 miles will appear superimposed at the center of the screen. The
effect is similar to that which would be observed if a map were printed
on a handkerchief whose center is placed over a hole formed by the
thumb and forefinger of one hand, and part of the handkerchief drawn
through the hole with the other hand.

A further modification of the PPI appears to be nearly ideal: the
center of rotation of the PPI beam can be moved so that it is no longer
the geometrical center of the tube face. Indeed, if the center of rotation
could be moved anywhere and at the same time a wide range of sweep

57
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(a) (b)
Fm. 1.20.—A true map (a) and a B-scope map (b) of the same region. The point 1

of (a) has become the line 1-1-1 of (b). The line 1-5 of (a) is undistorted, but the other
straight lines of (a) have been bent. They ean be traced from the numbers on their
intersections.

speeds could be provided, this would be the best kind of presentation.
The advantages of delayed sweeps and expanded scales could then be
had without the distortion which normally accompanies these features.
Arrangements to move the center off the tube by a distance of one radius
are fairly simple, but if a displacement of several radii is needed, the
problem becomes difficult. For more than two or three radii a fixed-coil
system is required which compromises to some extent some of the other
desirable features.

B-scope.—A B-scope is an intensity-modulated indicator in which
azimuth is plotted horizontally and range vertically on linear scales.
The resulting distortion is very great at short ranges. In Fig. 1.20, it is
shown that the position of the radar (point 1 on the map) is extended
to the entire base line of the B-scope. The distortion makes it difficult
for any but an experienced operator to correlate the B-scope presentation
with a map. Nevertheless, just thk sort of short-range “blowing up” is
very desirable in certain applications.

If the B-scope range is delayed and the width of the screen is made to
correspond to only a few degrees of azimuth, the distortion is small.
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Thk sort of presentation is very similar to the off-center PPI, but the
circuits for obtaining it are considerabley simpler. It is frequently used,
therefore, to examine on a large scale a small part of the field which the
radar covers.

RHI.—The range-height indicator, RHI, is used for the presentation
of height data from systems that scan in a vertical plane. The indicator
is intensity-modulated, range is plotted horizontally, and height verti-
cally. The scales are linear, but the height scale is more expanded than
the range scale; for example, an inch measured vertically on the indicator
screen may represent 10,000 ft in height, whereas an inch measured hori-
zontally measures 10 miles. Typical RHI pictures are shown in Sec. 7.5.

RADAR BEACONS

13Y R. M. WHITMER AND J. B. PLATT

1.9. Operation.-A radar beacon, sometimes called a “transponder,”
consists essentially of a receiver which picks up pulses from a radar
transmitter, and a transmitter, triggered by the output of this receiver,
which puts out signals to be detected by the radar receiver. The beacon
might be called a device for giving an amplified echo. When a radar
causes a beacon to operate it is said to be “interrogating” the beacon.

Because radar-to-beacon and beacon-to-radar transmissions are each
one-way, the signal intensities vary as the inverse square of the range
rather than as the inverse fourth power, as do ordinary radar echoes.
This means that the range of a radar beacon maybe doubled by increasing
the radar transmitter power or the receiver sensitivity fourfold, whereas a
16-fold increase would be required to double the range on ordinary echoes.
Also, the power transmitted by the beacon is independent of the strength
of the interrogating signal. Hencej beacon signals maybe seen by radars
at much greater distances than may ordinary echoes. Usually the
range is limited only by the horizon.

Distinctions between Echoes and Beacon Signals.—For most appli-
cations in the microwave region, the frequency of the beacon transmitter
is not the same as that of the radar transmitter. This means that the
radar receiver must be retuned in order to receive the beacon. Other-
wise, a second receiver must be used. In either case, normal echoes and
beacon signals may be presented separately. In addition, the microwave
beacon usually replies with a series of two to six pulses so spaced that they
appear to be 1 to 3 miles apart in range, all at the same azimuth, rather
than with a single pulse for each pulse received. This distinctive group of
signals cannot be mistaken for an echo from a normal target. The
spaces may be used to identify the beacon. The first of this series of
pulses reaches the radar receiver at very nearly the same instant as would
a normal echo from a target at the position of the beacon. On a scanning
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radar, the first beacon signal shows the relative positions of beacon and
radar; the others identify the beacon. Thus, observation of a single
beacon gives range, azimuth, and identification. Figure 1.21 shows a
beacon response on a PPI.

The transmission of a series of pulses is called range coding. At the
present time only two lengths of spaces between pulses are used, “short”
and “long.” The codes are “named” by counting the number of pulses

FIG. 1.21 .—Microwave beacon at relative bearing 12”, range 27 miles. Code
(Another PPI photograph showing beacon replies is shown in Fig. 61 1.)

3-2-1.

having short spaces between them; thus the code ““. .~ “ is called 3-2-1,
and .. “O. . is 2-2-2. Other types of coding and their uses are dkcussed
later.

Application.-The use of beacons permits one to see a small number
of identifiable points on the radar sc~een, while confusing aggregates of
targets and all spurious clutter may be completely eliminated from the
scope. This is particularly useful in navigation. During the war, crews
of military aircraft relied heavily on radar beacons. They have not yet
been used for surface navigation; here the horizon limitation on range is
much more severe, but for inshore navigation and pilotage, the advan-
tages of obtaining accurate fixes from shore points are very real.
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TABLE 6.4.—TECHNICAL CEIAEACTERISTICSOF AN/APS-10
Power . . . . . . . . . . . . . . . . . . . . . . . . . . 340 watts of a-c power at 115 v, 400-2400 cycles

SOwatts of d-c power at 27.5 v
Rf

Transmitter frequency. . . . . . . . . 9375 ~ 55 Me/see
Pulse power output..,......,.. 10kw
Receiver sensitivity. .,. ... . . . . 131 dbw on search, 125 dbw on beacon for mini-

mum discernible signal
Pass band of untuned r-f com-

ponents . . . . . . . . . . . . . . . . . . . . . 92SO+hfc/sec
Mod;latar

Puller. . . . . . . . . . . . . . . . . . . . . . . .
PRO. . . . . . . . . . . . . . . . . . . . . . . . .
Pulselength. . . . . . . . . . . . . . . . . .

I-f
IF.,..,, . . . . . . . . . . . . . . . . . . . . .
Bandwidthof i-f amplifier.. . . .
AFT,.. ,, . . . . . . . . . . . . . . . . . . .

Indicator
Indicator. . . . . . . . . . . . . . . . . . .
Focus . . . . . . . . . . . . . . . . . . .
CRT..
Bandwidthof video amplifier.

Antenna
Size. . . . . . . . . . . . . . . . . . . . . . . . . .

Feed. . . . . . . . . . . . . . . . . . . . . . . . .
Gain. . . . . . . . . . . . . . . . . . . . . . . . .
Polarization. . . . . . . . . . . .
Azimuthbeamwidth. .

Scanner
Scan rate. . . . . . . . . . . . . . . . . . . . .
Tilt angle...,. . . . . . . . . . .
Triangle., .,.,.,.. . . . . .

System,numberof tubes
Transmitter-recewer. . .,
Synchronizer. . . . . . . . . . . . . . . . . .
Indicator. . . . . . . . . . . . . . . . . . . . .
Synch-pwrsupply. . . . . . . . . . . . .
Total ...,..,.. . . . . . . . . . .

Hydrogen thyratron (3C45)
810/sec on search; 405/see on beacon
0.8 @ec on search; 2,2.psec on beacon

30 Me/see
5.5 f lMc/sec
On search the local oscillator is held 30 Me/see

above transmitter frequency; on beacon tbe
local oscillator is held 30 Mc /see below beacon
frequency

PPI with M-S type of azimuth date transmission
Permanent magnet focus is used
5FP14 or 5FP7
3 Mc /see

13-in, paraboloid of 5.67-in. focal length altered to
produce a cosecant-squared pattern for 7000 ft

2 dipole
700
Horizontal
5°

30 rpm
0° to –18”
6.5°to –10,5”

31 tubes, 3 crystals
25
4
6
66 tubes, 3 crystals

its front panel. The indicator unit includes the video amplifier in addi-
tion to the indicating tube with its deflection yoke and focusing magnet.
The synchronizer power supply provides the voltages for both the indi-
cator and synchronizer.

The limited space in aircraft was the reason for designing the set in
several small components rather than in a single large one. A separate
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transmitter-receiver that could be located near the antenna would permit
the use of a short r-f transmission line. Even though the set does have
several small components only seven interconnecting cables are required
because the synchronizer also serves as a junction box and control box.
As some installations may require cable runs as long as 25 ft between the
various units, the circuits were designed to allow for appreciable cable
capacitance and significant voltage drops. Since the synchronizer is also
the control box, it has to be small so that it can be made accessible to a
navigator already surrounded by instruments. The use of a separate
power supply permits a compact synchronizer. For flexibility of instal-
lation the synchronizer mounting is so designed that the control panel
may be either vertical or horizontal. A typical installation has been
shown in Fig. 6.8.

Weight and Power.—The data given in Table 6.3 show that 189 lb is a
reasonable figure for the total installed weight of this equipment.

Miniature tubes and components and lightweight alloys were used
and the layout was made compact. Power requirements were reduced
to the minimum consistent with satisfactory circuit operation. Of
particular importance is the previously mentioned use of a lower pulse-
power magnetron output than is commonly used by search-type radars
—only 10 kw. The transformers and power-supply filters were designed
only for 400-cycle or higher-frequency power supplies.

The achievement of light weight made necessary the omission of
certain refinements which include antenna stabilization, sector scan, and
ground range sweeps. The point of view adopted was that this equip-
ment could be used for special purposes by the addition of special devices
(for example, the use of GPI as an aid to navigation). A trigger and a
video output are available for any such attachment. Also there are
provisions to accommodate an additional azimuth take-off and external
means for reversing the azimuth motor.

Operating Conditions. -AN/APS-lO is expected to operate without
trouble at all altitudes up to 30,000 ft. The potential dangers of arcing
and of condensation of water vapor are eliminated by pressurizing the

“ transmitter-receiver and the r-f line. The former is contained in a
cylindrical tank sealed by a rubber gasket under compression. The
cable connectors on the tank are pressurized and a plastic window is
placed across the waveguide output. The r-f line is sealed as much as
possible and is connected to a pressure pump fitted with a desiccator.

The use of a pressurized container for the transmitter-receiver greatly
complicates the cooling problem for that unit. Because most of the
power entering the transmitter-receiver is dissipated as heat, the interior
of the tank rises to a temperature many degrees above ambient. An
internal fan to circulate the air past hot spots and an external fan to
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maintain a steady stream of air over the container combine to reduce the
rise above ambient to 35°C. Because, however, this system is required
to operate indefinitely at 50”C and to withstand an hour’s operation at
7l“C, the internal components had to be carefully selected to permit
operation at temperatures close to 100”C. Oversize resistors and
potentiometers and plastics that would not weaken were selected.

At the other extreme are the very low operating temperatures encoun-
tered at high altitudes; the set is expected to operate satisfactorily at
– 55”C. To insure proper operation over this extreme range of tempera-
ture, wire-wound resistors and capacitors having predictable temperature
coefficients are used for many of the circuits. The reference cavity for
beacon AFG is made of invar. Special lubricants are used that will not,

cause fan and scanner motors to freeze up at —55°C, and that will not be

too thin at 71°C. Rubber bellows and the like are of a type that ~vill

not crack at — 55°C.

The components are designed to withstand, despite their light weight,,

the severe conditions of vibration and shock encountered in aircraft.

This is accomplished by shock-mounting all components cxccpt the

antenna and trim box. Where possible, as in the transmitter-receiver,

the center-of-gravity type of shock mount is used. Shock-mounting is

impractical for the antenna which must be made sufficiently rugged to

withstand vibration. pressurized flexible waveguide is used to conduct

the radar energy from the shock-mounted transmitter-receiver to the

rigidly mounted antenna.

Primary Power Supply.—In order to minimize the effects of the
variations in frequency and waveform of aircraft power, rectifier supplies
of the full-wave choke-input type are used. Power transformers have
been carefully designed to avoid resonances throughout the frequency
region of 400 to 2400 cps. Electronically regulated power supplies have
been used where necessary to maintain exact voltages or to remove the
low-frequency ripple found in the output of many aircraft inverters.

IVoise Elimination.—All units are grounded to the airframe; cables
and fan blades are shielded. Filters have been inserted in the power
leads to fan motors, antenna motors, and all circuits capable of generating
r-f energy.

Maintenance.-The contemplated variety and wide dispersion of
AN/APS-10 installations made the maintenance problem exceedingly
dMicult. A defective unit should be quickly replaceable. From this
point of view the presence of several radar boxes both simplified and
complicated replacement. Small units We easier to remove and to
replace, but the defective unit must first be identified.

For ease of maintenance all units have been made independently
replaceable with no need of adjustments. Within the transmitter-
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receiver, the individual functional units are built upon aubchawis, which
can easily be removed by undoing a few screws and internal connectors.
The receiver and AFC units are so complex that no attempt to repair
them should be made in the field. They should be returned to major
depots for repairs.

External test points have been provided on the transmitter-receiver
and synchronizer power supply to aid in identifying a defective unit.
On the transmitter-receiver, these include a test trigger from the modu-
lator, an extra video channel, and a lead to a directional coupler incor-
porated within the transmitter-receiver. On the synchronizer power
supply, pin jacks are provided at which the power-supply voltages can
be measured. Further convenient test points are incorporated on many
of the subchassis of the transmitter-receiver unit.

These external test points, combined with a routine procedure of
inspection, permit maintenance to detect incipient failure and to ensure
peak performance.

Future Trends.-AN/APS-lO was designed during 1944. Although
a few modifications have been made, its design has remained substantially
unchanged. Improvements in the radar field since 1944 suggest that a
redesign taking full advantage of existing techniques 1 would result in
appreciable improvement of range performance, resolution, and relia-
bility. More specifically, an increase in range performance of perhaps 20
per cent, a decrease in weight of perhaps 25 per cent, and an improved
reliability and ease of maintenance could be attained with improved
components and techniques.

This system has been selected for detailed analysis as representative
of a large class of general navigational-radar systems. Airborne radar
has many functions, however, and has taken many other forms to fulfill
them. Some of the more characteristic of these are described briefly in
the following section.

6s6. Typical Performance of Some Existing Systems.~The systems
described below are offered as a selection from existing equipments that
illustrate the radar performance that results from typical choices of basic
design parameters. Systems with considerable field service as well as
recently developed laboratory prototypes are included so that trends
can be observed. The listing is in chronological order of development
and includes only developments made in the United States. Attention
is given chiefly to navigational functions that have commercial applica-
tion although all were designed for military purposes. Table 6.5 con-
tains a r&um6 of some fundamental design parameters of each of these

‘~. L. Sinsheimer, “A Final Report on AN/APS-10,” RL Report No. 874, March 1,
1946.

i By D. Halliday.
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equipments; the symbols used in Table 6.5 have the same meaning as
those used in Chap. 1. An examination of Table 6.5 shows that the
trend in airborne search radars is toward higher power, narrower beams,
longer pulses for long-range search and mapping, and shorter pulses when
good discrimination is required. Most of the PPI photographs of Chap.
3 were taken with one or another of these equipments.

TABLE65.-SOME DESIGNCHARACTEIUSTICSOFAIHROENERADARSYSTEMS

ASS-3

A, cm . . . . . . . . . . . . . . . . . . . . . 54
G, . . . . . . . . . . . . . . . . . . . . . . 11
P,. kw . . . . . . . . . . . . . . . . . . . . 5
Di n., . . . . . . . . . . . . . . . . . . . 24

(array
,,* fisec., putw length. 2
PRF, taps. . .,,..,.,. 400
O,degrees . . . . . . . . . . . . . . . . . 4.5
Typical imte.llation, Wing

edge
Scan type. . . . . . . . . . . . . . . . . Manual
Stabilized ~cnnner?. No
Installed weight,%lb.

AN/APs-3

3.22
700
40
18

1

3
Noe.e

sector
No

AN/APS-15 AN/APQ-?

3.22 A22
800 or 1200 1500
40 50
29 190

1-
1 or 0.5 0.4
650 or 1010 400 or 160C
3 0.4
Ventral Special

housing
360” or sector + 30°
Yen No
370 775

AN/APQ-13
with large
antenna

3.22
1130
35
60

0.5,1.13
1350,624
1.3”
Ventral

360° or aecto
No
500

Rapid
scan I

1.25
4orm
24
29

0,16
6000
1.0
Ve”tnal

360°
No
350

* Mo8t of the radaraheredescribed also have a 2-uuecpuke and a .uitable repetition rate for beacon
interrogation.

t The lower value of PRF is used with the large value of r.
~ These weights include cables but not the primary power auPPIY. In certain case. they include

the weight of npecificmilitary equipment such 88 bombing computem.

ASB-3.—This is an early search and, homing radar, operating at 58
cm (515 Me/see). Its antenna consists of an array of reflecting and
directing rods since parabolic and similar extended reflect ora are pro-
hibitively large for airborne use at these relatively long wavelengths.
Because of the relatively wide beam, no automatic scanning provision is
made; the antenna is directed by hand. The indicator is a modified
A-scope. Land masses to 70 miles and large ships to 30 miles are stand-
ard performance.

AN/APS-3.—This Navy 3-cm radar, which has seen extensive field
service, is designed for use at altitudes from 500 to 10,000 ft. It has only
a sector type of scan with a B-scope presentation. Ranges of 80 nautical
miles on single freighters and land mapping to 50 miles have been com-
monly attained.

AN/APS-15.—This ii a Navy 3-cm radar system with two alternate
antennas, one providing a cosecant-squared pattern suitable for use at
altitudes from 10,000 to 36,000 ft. The other antenna of higher maxi-
mum gain provides a cosecant-squared pattern suitable for low-altitude
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use. With this equipment, which has had extensive field service, la.nd-
rnapping can be done to 40 nautical miles, using the high-altitude antenna,
and large cities can be seen at 90 miles.

AN/APQ-7.—This Army equipment, which has been in limited field
service, is designed as a high-resolution system primarily for high-altitude
use (25,000 ft). The antenna is a 16-ft linear array of dipoles housed in
a special wing-like nacelle. Scanning is done by a special method which
permits the dipole arr~y to remain stationary. Ranges up to 160 miles
have been obtained on cities.

AN/APQ-13 m“thLarge Antenna.—The basic equipment of AN/APQ-
13 was modified by the addition of a 60-in. antenna for high-altitude
operation in large aircraft, as shown in Figs. 63 and 6.7. The aim was
primarily to provide a high-resolution system and secondarily to reduce
the protrusion of the antenna housing below the aircraft fuselage to as
small a value as possible. Painting of land is to 70 miles at 20,000 ft and
35 miles at 5000 ft. The antenna housing protrudes only 10 in. below the
keel line of the aircraft.

Rap”d Scan.—The “Rapid Scan” system is a recent laboratory
development. It produces a presentation of very high resolution at 700
scans per min on a cathode-ray tube of very short persistence. Although
the range is limited by water-vapor attenuation, it represents a somewhat
new philosophy of design which will be extremely useful where very fast
moving aircraft are involved. The present land-mapping range is about
9 miles on a dry day but this can probably be improved.

6.7. Economic Aspects of Airborne Radar. -This discussion deals
with quantities whose magnitudes cannot be known accurately. Some
of them have been guessed at; others have been obtained from a TWA
engineering report, ANOA.2 A quotation from AhTOA follows:

All cost analyses shown in thk report are to be taken as rough estimates
representing about the average condition.

At the presenttime delays and cancellations on a fleet equivalent to forty-five
DC-3’s cost TWA a loss of $250,000 per month [$67,000 per aircraft per year],
on a survey made of operations between January and July of 1945. By far the
greatest cost was involved in weather cancellations and delays, this amounting
to $165,000 [$44,000 per aircraft per year] of the $250,000. This loss can be
greatly reduced by providing better air navigation, instrument landing, and
traffic control.3

Initial Cost oj Installed Equipment. —Since it is assumed that the
airborne radar of the near future will resemble AN/APS-10 more closely

I By H. Fahnestock, Jr.
z R. C. Ayres and H. K. Morgan, “ Air Navigation Operational Analysis,” TWA

Engineering Report 650, Nov. 10, 1945.
1ANOA, p. 4.
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than it will any other present set, the specifications for this system are
used as a basis for the discussion.

In January 1945 the airlines of the United States were operating
between 500 and 600 aircraft, and it is expected that this number will
increase to about 1000 by 1947. If airborne radar is to be used at all
on the domestic airlines, it is to be expected that several hundred installa-
tions will be made. The Army Air Forces had an order during the war
for 5000 AN/APS-10 units at $8000 each. Balancing the smaller
peacetime numbers against peacetime economies of production it would
appear that this figure, also assumed by ANOA, will cover the price of
the equipment plus the cost of installation. If the set were depreciated
over a period of five years, the cost of depreciation would amount to
$1600 per aircraft per year. If very careful planning were done in
advance, it should take a four-man crew about three days to install the
system.

Cosk oj Flying, Operation, and Maintenance. —Unless otherwise
stated, all further cost figures are for one aircraft per year. From ANOA
we learn that it costs $30 per year to fly one pound of extra equipment.
Other airlines find that this cost may be $200. The total installed weight
of AN/APS-10, with all necessary auxiliary equipment, is about 190 lb.
In addition, because the radome drag may reduce cruising speed by 3
mph, in order to maintain the same margin of safety in range, a DC-3
must carry 60 lb of extra fuel on a 6-hr flight, and a DC-4 170 lb on a
10-hr flight.

Both-a radio operator and a navigator are now normally part of the
crew of a large ship in international service, and the radar set would be
operated by one of these-probably the navigator. If the crew consists
only of a pilot and a copilot, as in a DC-3, the equipment would be
operated by the copilot. AN/APS-10 was designed with this in view.

In neither case is an extra crew member needed, but those who do
operate the set must be given special training, about 25 hours on a ground
trainer, followed by studies of oscilloscope photographs. The operator
should then have some 20 hours’ further work in the air on oscilloscope
interpretation. Many former radar navigators in the Army Air Forces
are now available who would need very little further training to qualify
as civilian air navigators. This subject is discussed in greater detail in
Sec. 3.3.

Maintenance would logically be done by the present radio mainte-
nance personnel after additional training. An experienced aircraft radio-
man would require about 6 months’ schooling in general radar principles
and in servicing AN/APS- 10. But here again experienced men are
available from the Army Air Forces.

The maintenance work could be done in existing radio repair shops
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if they were provided with special radar test equipment and supplies of
spare parts. The time that the aircraft is grounded for radar mainte-
nance should not exceed that for the radio maintenance, but actuaUy the
number of man-hours necessary would be somewhat greater simply
because of the greater complexity of equipment and the short life of cer-
tain special tubes. In ANOA it is stated that maintenance costs of the
radar are $600 per year.

Ground Beucons.-The capabilities of the radar set cannot be fully
realized unless beacon stations are established. It is not expected that
their costs will fall upon the airlines; more probably some government
agency such as the Civil Aeronautics Authority would install and main-
tain them, just as it now does visual beacons and other ground accessories
to flight. Nevertheless the matter is mentioned here for completeness.

During the war 1000 ground-based beacons (AN/CPN-6) were
ordered by the Navy at $30,000 apiece. About half this figure repre-
sents the cost of the beacon alone and the remainder is the cost of an
abundant supply of spare parts. These beacons were more powerful
than would be necessary or desirable for the application under discussion.
Let us assume that each beacon and its spare parts maybe purchased for
$20,000; allow $10,000 more for the purchase or lease of a site and the
construction of a road, power line, and equipment shelter. Let us further
assume that one man can maintain 3 beacons and their spares at a cost
of $6000 a year. The initial cost per beacon station would then amount
to $50,000, or $5000 per year if amortized over a 10-year period. The
cost of maintenance would increase this figure to an annual cost of $7000
per beacon station.

When two beacons are placed at each location the spare could be
arranged to turn on whenever the first beacon failed. The response of
each beacon could have some peculiar characteristic by which an airplane
observer could identify that particular beacon.

TAZLE 6.6

IA, $Soflb peryr I At $100/HJ per ~~
I

DC-3 DC-4 DC-3
1

DC-4

l—l—
Cost of equipment amortized over 5-yr

period . . . . . . . . . . . . . . . . . . . . . . $1,600 $ 1,600
Cost of flying 190 lb of equipment. 5,700 5,700
Cost of flying extra fuel; 6-hr trips on DC-3,

l@hron DC-4 . . . . . . 1,800 5,100
Maintenance . . . . . . . . . . . 600 600
Cost to airline per year per airplane. 9,700 13,000

$ 1,600
19,000

6,000

600

27,200

$ 1,600

19,000

17,000
600

38,200
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Net Cost and Savings.—The above costs to an airline per airplane per
year are tabulated for a DC-3 and a DC-4 using two values for dollars
per pound per year in Table 6.6.

There are no figures in ANOA which correspond directly with these.
There is one of $12,440, the greater part of which is radar cost, but it
includes the cost of some other equipment as well. The above costs are
to be compared with expected decreased costs of $28,000, about one-half
of which can be fairly ascribed to the use of radar equipment. 1

If dollars were the sole consideration it appears that there would be
no particular advantage in installing AN/APS- 10 in commercial aircraft.
However, the increase in good will and respect for air travel which would
go hand-in-hand with progressive increases in safety and dependability
might far outweigh the foregoing economic considerations.

1ANOA, pp. 24, 30.
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CHAPTER 7

TYPES OF GROUND-BASED RADAR AND SPECIAL EQUIPMENT

BY NI. A. CHAFFEE, J. S. HALL, H. B. ABAJIAN, H. P. STABLER,

G. C. COMSTOCK, A. G. EMSLIE, J. B. PLATT, R. IW WHITMER,

J. L1. STURTEVANT, AND R. H. I’IULLER

SEARCH AND AUTOMATIC-TRACKING RADARS

The following two chapters are intended to gi~c the reader insight
into the problem of air traffic control and landing. The basic n~viga-
tional aids required for a reasonable solution of this problem may be used
in any one of many possible forms. The rather heterogeneous collection
of aids described in this chapter are molded into several possible patterns
in the chapter that follows.

7.1. A Long-range Microwave System. ‘There appears to be a
peacetime need for a radar set with long range and high resolution which
should be able to deal with large numbers of aircraft, give a complete
over-all picture of the air traffic, and permit detailed examination of the
activity in a small selected area. High resolution would allow aircraft
flying close together to be seen separately on the PPI and would reduce
the possibility of target confusion due to ground signals.

Let us first pursue the line of thinking which a radar designer would
probably follow if he were to design a long-range microwave ground-based
radar.

Specifications. -Thespecifications of such a microwave radar may be
summarized briefly as follows. It should be capable of detecting a single
four-engined airplane above the horizon up to an altitude of 30,000 ft
and out to a range of about 200 miles. The rate of scan is 4 rpm; at
least 15 pulses per scan should strike each target. Resolution in range
and azimuth should be as high as is compatible with these specifications
for range and rate of scan.

An inspection of a coverage diagram such as that shown in Fig. 7“6
indicates that two separate antenna systems might be used. The long-
range system would produce a single lobe with a vertical spread of 3°.
If the axis of this lobe were elevated 1° above the horizontal, such a beam
would satisfy the range-height specification at low elevation angles. The
short-range antenna system must have a beam that is fanned at least 25°

1By M. A. Chaffee and J. S. Hall.
193



194
G

R
O

U
N

D
-B

A
S

E
D

R
A

D
A

R
A

N
D

S
P

E
C

IA
L

E
Q

U
IP

M
E

N
T

[
S
E
C
.

71



SEC. 7.1] A LONG-RANGE MICROWAVE SYSTEM 195

in the vertical plane to give a reasonable approximation to the required
high coverage. One satisfactory way of doing this is to shape the dish
in the vertical plane in such a manner as to obtain the required high
coverage. The feed could in this case consist of a linear array of dipoles.
The horizontal dimension of the two reflectors is made identical in order
that the angular width of the signals remain constant as an airplane
passes from one antenna beam to the other.

These two antennas could be placed back to back on the same mount
as shown in Fig. 7.1. The signals picked up by either antenna might
be switched to any indicator. Aside from this consideration all other
components are duplicated. The antenna mount should be installed
high enough above the ground to permit the antenna beams to clear
near-by obstacles, such as trees, buildings, and hills. If the antenna were
installed 100 ft above the ground, an airplane at 30,000 ft would be on
the radar horizon at 255 statute miles.

Since the intent here is to indicate one approach in designing a
long-range radar system, only that portion of the system which gives
coverage to about 200 miles will be considered.

Choice oj WaoeleWths.—The choice of wavelength is perhaps the most
important factor in radar design; each variable and its relationship to
wavelength in the general range equation will be discussed in turn. A
detailed analysis of the choice of wavelength for this kind of system is
given in Radar System Engineering, Vol. 1, Radiation Laboratory Series.

The expression for the maximum range R~,. (Sec. 1.3) at which a
signal from a target of cross section u can barely be detected under search-
lighting conditions may be written as

R
~==(c”’%)($

(1)

when P~, the receiver sensitivity, is substituted for A’ti.
If the wavelength is small compared to the dimensions of the aircraft,

the value of u is nearly constant. W“ith wavelengths that approach the
dimensions of the aircraft impractically large antenna arrays must be
used to obtain satisfactory angular resolution. It may be assumed here,
therefore, that u is constant.

We next consider how the ratio of the available transmitter power to
the receiver sensitivity changes with wavelength. Since the maximum
range varies directly as the fourth root of this ratio, the quantity (P,/PR) ‘i
is tabulated for different wavelengths in the last column of Table 7.1.
Only the most optimistic values for P. and P, in early 1945 are presented.

It is evident from an inspection of the final column in Table 7.1 that
the largest values of (P~/P~) ‘i (and therefore maximum range) occur at
wavelengths of 10 cm or longer.
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TAHLE 7.1.—EFFEcT OF (PT/PR)% ON THE RANGE OF A RADAR SYSTEM

Band Wavelength, Peak power Recvr. sens. Range factor
cm PT., kw P., w watts (PT/Pfl) J{ x Iof

K 1,25 25 0.20 1,9

x 3.2 50 0.13 2.5

s 10.7 1000 0.08 6.0

L 25 1000 0.05 6.7
P 100 500 0.03 6.4

The last factor in the range equation (A/x)}i is closely related to
both the required range and coverage of the radar system. It will be
recalled that in addition to the 200-mile range requirement the set must
scan at 4 rpm and that a minimum of 15 pulses must hit each point target
per scan. The range requirement limits the pulse repetition rate which,
when combined with the rate of scan and the required number of hits
per scan, defines the horizontal beamwidth of the antenna. The vertical
beam width is 3°.

If the radar is to have a useful range of 200 statute miles, the pulses
must be spaced at least 200 X 10.74, or 2148 psec apart. Because it is
necessary to allow additional time for the indicator circuits to recover
between successive sweeps, the interval between pukes should be about
2500 psec. This spacing corresponds to a repetition rate of 400 pulses
per sec. Fifteen pulses occur in+& or 0.037 sec. Since 4 rpm is equiva-
lent to an angular rate of 24° per see, the antenna beam progresses 0.037
X 24° or 0.9° in 0.037 sec. The horizontal beamwidth must therefore
be at least 0.9° wide. If it is wider than 0.9°, an unnecessary loss in
resolution would result.

An antenna beam that is 0.9° wide and 3° high, then is compatible
with the requirements of this early-warning problem. Table 7.2 gives
the approximate antenna dimensions required to produce a beam 0.9°
wide and 3° high at different wavelengths.

TABLE72.-EFFECT OF (A/x)$4 ON THE RANGE OF A RADAR SYSTEM

I Wavelength I Dimensions of reflector

Band
ft Vertical, Horizontal,cm ft ft

K 1.25 0.041 1 3
x 3.2 0.10 2.5 8

s 10.7 0,35 8 28
L 25 0.82 19 66
P 100 3.26 75 264

Range factor
(A/h)~fi

8.6
14.1
25.3
39,1
77.9
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(a)

(c)

(e)
FIG. 7.2.—An airplane passing over a storm area, Photographs taken at 15-sec inter-

vals. Range lines 2 miles apart. Anticlutter circuits bring out the signal from airplane in
U) when it ia stilf over this area.
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The data in Tables 7.1 and 7.2 indicate that a wavelength of 25 cm or
longer should be used if maximum range is the only consideration.
Otherwise, the wavelength used for this set should not be longer than
about 25 cm or shorter than 8 cm. The reasons for this are as follows.

1.

2.

3.

4.

5.

The mechanical difficulties of building and mounting reflectors
larger than 25 ft in one dimension increase rapidly with increasing
sizes.
Ground reflections become appreciable at longer wavelengths and
tend to introduce objectionable nulls and peaks such as are pro-
nounced at 10 cm only in propagation over water.
If ground reflections do exist, the height of the antenna must be
increased in the same ratio as is the wavelength in order to main-
tain the same low coverage. Also, when shorter wavelengths are
used, there is less angular separation of vertical lobes, permitting
better continuity of signal strength with change of elevation angle.
Thgse effects are described in Sec. 101.
At wavelengths longer than 25 cm, rain clouds or storm areas dan-
gerous to aircraft maybe missed entirely. At wavelengths shorter
than 8 cm, such areas frequently obscure otherwise useful informa-
tion. A series of photographs of an expanded PPI showing a local
storm area and an airplane flying above it is presented in Fig. 7.2.
The radar was operating at a wavelength of 10 cm. Just prior to
the expected reappearance of the airplane from over the area of the
disturbance, anticlutter circuits in the receiver were switched on.
The available Dower and receiver sensitivity at wavelendhs shorter
than 8 cm require large dishes for obtaining adequate range. This
makes the horizontal beamwidth too small and reduces the number
of pulses hitting each target per scan to less than 15. The power
and receiver sensitivity given for 10.7 cm in Table 7.1 is now
available down to 8.0 cm.

The wavelength region between 8 and 25 cm therefore seems practical
for an early warning set. If a large number of pulses per target are
required (as in the case of MTI, moving target indication, Sec. 7-9) a
wide horizontal beamwidth is indicated and a wavelength nearer 25 than
8 cm may be found desirable, If, on the other hand, fewer pulses on a
single target are sufficient, the wavelength could be nearer 8 cm.

Let us assume that a wavelength of 10.7 cm is to be used and that the
reflector is 8 ft high and 24 ft wide with an area of 192 ft2. Since at
10 cm, P.Q = O.O8 X 10-’2 watt (Table 7.1), the rate of scan is 24” per
see, the PRF is 400, and the beamwidth is 0.9°, these values may be
substituted in Eq. (3) of Sec. 1.3 to evaluate S~h. We then have
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Although the range would be increased by lengthening the pulse, it
is desirable to limit the pulse length to 1- or 2-psec duration. Longer

pulses would make it more difficult to resolve airplanes close to one
another and shorter pulses might cause serious loss in range.

Radar information must be presented in such a way that the operators
have a clear picture of all activities in a particular area. In the early
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It was proved during the war that a long-range microwave radar

scans such a large area and detects so many aircraft that it is necessary
to divide the area into several sectors with one radar operator observing
each sector. Because the B-scope is capable of presenting areas bounded
by two given azimuths and two given ranges, a number of them were
used at first with each radar set. More recently, off-center PPI’s (Fig.
7.3) were found to be more satisfactory and were substituted for B-scopes.
The combination of a microwave PPI radar and a height-finding radar
provided the basic information for an excellent up-to-the-minute picture

—11—

i
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FIG. 7.6.<overage diagram of a long-range microwave radar.

of air activity up to 30,000 ft and out to a range of 150 or 200 miles.
Figures 74 and 7.5 are examples of a filter room and plotting board used
for this purpose.

The coverage pattern shown in Fig. 7.6 was first constructed from data
obtained by operators in Holland. They found from experience that
airplanes of the indicated types could be followed continuously if they
were within the shaded areas. Groups of high-flying four-motored air-
planes were followed to 250 miles (on the second sweep). Buzz bombs
(V-l’s) were frequently detected at the horizon 70 miles from one set
looated near Dover, England. A D-day photograph of a PPI is shown
in Fig. 7“7.

7,2. Automatic Tracking Systems._The automatic tracking of
aircraft by radar has attained a high degree of precision and may be

I By H. B. Abajian.
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applicable to navigational problems such as ground control of approach .
(GCA), and accurate positioning of aircraft.

The basic components of an automatic tracking radar differ from
those of a nontracking system by the addition of a scanning antenna, a

FIG. 77.-PPI on D-day. One large group of aircraft has just left the coast of England;
another large group is about to pass over the cherbourg peninsula. Aircraft already over
the peninsula and others returning to England are at the right. The air traffic is moving in
a counterclockwise sense.

gating system in the receiving channel to isolate the desired signal, and a
servomechanism system consisting of an error signal detector, a resolver,
and a power amplifier.

Scanning Techniques.—An antenna with a dipole feed as shown in
Fig. 1.2, Chap. 1, is considered first. Thk arrangement produces a
radiation pattern in space consisting principally of a single lobe. If the
lobe axis were offset from the axis of the paraboloid, the pattern of Fig.
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. . . . . ...
(b)

FIQ, 78.-Polar plot of intensity in one plane showing (a) lobe axis offset from the para-
boloid axis and (b) rotating offset lobes.

In Fig. 7.8 let the line OMN be the line of sight to the aircraft, angle
& being the deviation from the paraboloid axis. When the lobe is in
position I, the vector ON is a measure of the signal in~nsity received
from the aircraft. When it is in position II, the vector OM is a measure
of the signal intensity. For one complete rotation of the dipole, there-
fore, the signal intensity varies from a maximum value, ON, to minimum,
OM. It can be shown that the variation from maximum to minimum is
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sinusoidal with a frequency equal to the number of Totatiom per seeond
of the dipole drive shaft. The output of the receiver would be as shown
in Fig. 7,9a.

Suppose the line of sight to tiie riirmaft were coincident with the axis
of the paraboloid. Then the received signal for both pbsitions I and II

s
s~

,..
k.;
~

Time Tme
FIG. 7.9.—(a) Video ,nodulation FIrJ.7.9.—(b) Constant-amnlitude

when an error exists. video when no error exists.

would be of equal intensity as represented by vector OP and the receiver
output would be as in Fig. 7.9b. The percentage modulation of the
received signal, therefore, is a measure of the deviation of the line of
sight to the aircraft from the axis of the paraboloid.

Gated Receiver.—In order to confine the tracking of the antenna to the
selected aircraft only, the receiving system must isolate the signal from
that aircraft. Angular isolation is provided by the directivity of the

Receiver

‘n’”’~=
system for
automatic

i’_ tracking

Gate

Gate- generator
timing

Gate

adjustment

FIG. 7 10.—Block diagram of the gating system.

antenna. Range disc~imination, however, must be obtained from the
timing circuits of the system. These provide a rectangular pulse, called
a “gate,” coincident in time with the desired signal to switch on a nor-
mally cutoff section of the receiver. Since the range to the aircraft
changes continuously, the timing of the gate must also be variable to
maintain coincidence of the aircraft signal and the gate. A simultaneous
display on a cathode-ray tube of both the gate and the received signals
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gives a continuous monitor on the position of the gate with respect to the
selected signal and easily permits continuous coincidence. Figure 7”10
is a block diagram of a gating system.

Gate tracking can he accomplished automatically by “range scan-
ning” in much the same manner as conical scanning is employed in auto
matic angular tracking. The resultant error signal is used to operate
a motor that controls the gate timing. As long as this coincidence is
maintained on the cathode-ray tube, the output of the gated channel
(also called the “servomechanism channel”) of the receiver is only the
signal from the selected aircraft. A representative figure for the width
of the gate is 0.6 Wee. In an existing system with a 0.6 ysec gate, the
antenna beamwidth is about 1.75° for both azimuth and elevation.
From these figures the dimensions of the volume in space, at any given
range, to which the gated channel of the receiver is sensitive can be
calculated. The price that is paid for such selective response is reflected
in the difficulty in makhg the original pickup, particularly at high angles
of elevation.

Servomechanism.—In the discussion on conical scanning it was shown
that any deviation of the aircraft from the axis of the paraboloid would
result in modulation of the received signal, the frequency of modulation

being determined by the rate of rotation

~

B

Averaged< level of the dipole. Referring to Fig. 7.8, if 1#1’
:% / instead of @ had been the deviation angle~; - ------ ------- --

it can be shown that the modulation
13 envelope of Fig. 79 would have been

Time_ sh~fted 180°. In other words, if the angular
FIG.7.11.—Error signal after deviation is kept constant and the line of

demodulation of video when an
error exists.

sight to the aircraft is rotated around the
axis of the paraboloid, the modulation of

the received signal will have constant amplitude but will be shifted
continuously in phase. The phase and amplitude of this modulation
compared to standard azimuth and elevation voltages determine the
resolution of the error signal into azimuth and elevation components.

Further demodulation of the video output of the receiver gives a
voltage as shown in Fig. 7.11; the amplitude and phase varies as the
vector sum of the azimuth and elevation deviations from the axis of the
paraboloid. Since both azimuth and elevation deviations are included
in the above error voltage, it must be resolved into azimuth and elevation
components. Each component voltage is then amplified as necessary
and applied to its appropriate motor on the antenna which is driven in
the direction of the aircraft. When the axis of the paraboloid passes
through the aircraft, the error signal falls to zero and the antenna-driving
motors stop. Because an aircraft moves continuously in space, however,
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the antenna must move continuously to keep azimuth and elevation
deviation as near zero aa possible.

Data Transmission.-There remains only the question of transmission
of the data to the communication center. Single and multispeed syn-
chros geared to the antenna provide precise angular data; single and
multispeed syncbroe geared to the controls which position the ranging
hairline as well as the range gate provide precise slant-range data. If
desired, potentiometers can be substituted for the synchros, or both can
be used simultaneously.

Auzilia~ Equipment.-In order to make full use of the information
available at the system described, the following auxiliary equipment
would be desirable.

1. Suitable PPI’s for initial search or to aid in providing homing
information.

2. Range, azimuth, elevation, and altitude synchros grouped and
photographed by a constant-speed camera to make a permanent
record of the co~rse of the aircraft. The disadvantage of such a
system is that considerable computation is necessary in order to
reconstruct the course and to determine rates.

3. An altitude converter, solving the equation H = D sin E, where
H = altitude, D = slant range, and E = elevation angle, to gi~e
the true altitude of an aircraft above the radar position.

4. An automatic plotting board to trace the ground course accurately
on a map. In addition to the ground plot, the plotting board can
be made to include the following aids: (a) timing markers to permit
easy calculation of rates at any point at any future time; (b) rate
meters so that rates can be read instantaneously; (c) a ground-
bearing meter to indicate the bearing of the ground course. Drift
can then be determined easily from this indicated bearing and the
compass bearing in the aircraft.

5. A computer to give flying time, course, and glide angle for bringing
an aircraft to the airport.

6. A parallel receiving system, tuned to a beacon transponder in the
aircraft, to receive only coded beacon responses.

HEIGHT FINDERS

BY H. P. STABLER

7.3. Height-fiding Methods. Introduction.—Radar height finders
are devices for measuring the slant range of an airplane and the elevation
angle of the radiation path between the airplane and station. Of these
two factors, the angular measurement is peculiar to height-finding
whereas the measurement of slant range presents no unusual problem.
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Except at short ranges the elevation angle is small and difficult to measure
to the required precision. For example, most civilian airplanes today

fly at heights under 10,000 ft which means that at 10 miles, 25 miles, and
75 miles the elevation angles to be measured are generally smaller than
11°, 4.2°, and 1.1°, respectively. An uncertainty of only 0.1° at 50 miles

causes a corresponding height uncertain y of about 500 ft. These figures
suggest that either an exploratory radiation beam that is very thin in the
vertical dimension must be used with the height finder or else some means

Range in miles

FIG. 7.12.—Vertical coverage diagram of a long-wave set. The frequency is 100 Me/see
and the antenna is placed 300 ft shove a flat reflecting surface, in this case the sea. The
lobes show the regions in which airplanes can bc. detected. (CourteSV of United flt~m
Arm~.)

must be provided by comparison of intensities of echoes for accurate
interpolation within a beamwidth.

Height is calculated by the relation—

H = 5280R sin O + ~ + Ho. (2)

In this expression H is the height in feet above sea level, R the slant range

in miles, o the elevation angle of the radiation path as measured at the
station, and HO the height in feet of the station above sea level. The
term R2/2 is an approximate correction for the curvature of the earth
and the slight curvature of the radiation beam due to normal refraction.

Usually the height calculation, including the curvature correction, can
be incorporated directly in the indicator design.

Long-wave il!lethods.-Radars employing frequencies between 100 and
300 Me/see have beam patterns that are characterized by a multiple-lobe
structure. A typical height-range antenna diagram of a 100-Mc/sec set,
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used primarily for search but also for height information, is shown in
Fig. 7.12.

The radiation nulls, which are spaced a degree or so apart in elevation,
result from interference between energy coming djrectly from the antenna
and energy which first strikes the ground and is then reflected. The beam
is rotated continuously in azimuth but it is fixed with respect to the

vertical. Because of the fine structure of the pattern, the intensity of

the echo from an airplane flying a radial course changes periodically with

,
// I / Y

25 ‘o

Range inmiles
FIG. 7. 13.—Vertical coverage diagram of a long-wave set employing lobe-switching.

Two different patterns are drawn. The two patterns are used alternately on successive
pulses and the ratio of alternate echo intensities is a measure of the elevation angle of the
airplane.

changes in the elevation angle of the airplane. By noting the ranges at

which nulls and echo intensity peaks occur during the course of flight,

a good estimate of height can be made. In a sense, the airplane, during

its flight, scans a fixed radiation pattern. This method has two serious

limitations in that echo intensity comparisons must be made for several

minutes at least, during which time the airplane is assumed to have

constant altitude, and an accurate knowledge of the vertical pattern is

required.

A more satisfactory long-wave method uses lobe-switching. By

changes in the interconnections of the antenna array two different
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vertical lobe patterns are possible. These may be as shown in Fig. 7-13,
pattern A in solid lines and pattern B in d~tted lines.

Automatic switching occurs in such a way that the two patterns are
used alternately on successive pukes. The echo intensity for pattern A
is compared with that for B, and their ratio is a measure of the elevation
angle of the airplane. Additional patterns are avauable to resolve
ambi~ities and to give better high-angle coverage of the whole field.
The echo-intensity ratio is estimated from an A-scope dkplay (without
interrupting the azimuth sweep of the antenna) and height is read from a
carefully prepared calibration chart. Under favorable circumstances,
good readings require two or three sweeps of the antenna, a time interval
of perhaps a minute.

Satisfactory lobe patterns can be obtained only by very careful selec-
tion of the site. For example, the ground should be a good conductor,
and level to within a few feet in all directions from the antenna for a
distance of ~ mile. Calibration patterns are likely to be dependent on
azimuth since the ground characteristics as far away as 1 mile have some
effect on pattern intensity. Because of this dependence on site and
because of poor resolution and low-angle coverage, long-wave height
finders are decidedly inferior to the more recent microwave systems.

“Pencil Beam” uith Conical Scan.-If a microwave pencil beam is
pointed directly at an airplane, the elevation angle required for a height
reading is determined by measuring the tilt angle of the antenna. The
sharper the beam, the more accurately can its center be recognized and
the smaller will be the uncertainty in the angular measurement. The
sharp beam gives the required angular precision, however, at the expense
of making the target difficult to find.

Precision of setting with a broad pencil beam is achieved by a conical
scan as described in Sec. 7.2. This method also depends on a comparison
of echo intensities within a beamwidth. Unless the target lies directly
on the axis of the radiation cone, the signal is amplitude-modulated at the
scan ffequency. The modulation is indicated by an error detection
meter and the ant enna orientation is adjusted until the meter shows zero
modulation. Range-gating is required and the height is computed
electrically and read on a meter. A conical scan system is well-suited to
tracking individual targets but the searchlighting procedure is slow when
the heights of several airplanes must be found rapidly.

Vertically Scanned Beams.-Height systems employing a vertical
scan are frequently called “ beavertails” because of their flapping motion
and the shape of their beams. The beams are thinner in elevation than
in azimuth, a typical cross section being 1° by 4°. The beam sweeps up
and down continuously across a target and the echo is observed on a
range-height indicator, RHI, which shows height and range as rectangular
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coordinates. The echo extends over perhaps a 1° elevation angle, and
height readings are made directly by interpolating to the center of the
corresponding pip on the face of the scope.

Beavertails fall into two categories according to whether their azimuth
motion is discontinuous or continuous. The discont~uous type is
searchlighted in azimuth and is always operated in connection with an
associated search set which furnishes azimuth and range information.
The azimuth data is used to orient the height-finder mount. correctly
(by means of a servo); the range then identifies the airplane in question
on the indicator.

The continuous type of beavertail rotates in azimuth as it sweeps
rapidly in elevation, the rate of advance in azimuth being such as to leave
no gaps in the coverage of the whole field. Azimuth and range informa-
tion from an associated search set are used to select the appropriate
sector for presentation on the RHI, although this is not necessary for its
operation. A continuous beavertail scanner can furnish data to many
RHI’s operating independently of each other. If the time for one
complete azimuth circuit can be made sufficiently short, this type
of system is well-suited for handling a large number of control problems
simultaneously.

V-bsam.-With this method the functions of plan position search and
height-finding are combined into a single system. TWO radiation
sheets are employed. These are thin in the azimuth direction and suffi-
ciently broad in elevation to give the desired vertical coverage. One
sheet is vertical; the other is tilted at an angle of 45° to the vertical. The
antennas for the two sheets are mounted on a single platform that rotates
continuously in azimuth. The direction of rotation is such that the
vertical sheet always leads the slant sheet. In each revolution a target
is intercepted, first by the vertical beam, and then by the slant beam.
The angle through which the mount turns between the two interceptions
is a measure of the elevation angle of the target. It is clear that the
motion of the slant sheet in azimuth also results in a simultaneous
sweep in elevation. Angles of elevation are thus turned into apparent
azimuth delay angles. The vertical beam alone is used for plan
position information.

If the antennas for the vertical and slant sheets are oriented on the
mount so that the two sheets intersect in a horizontal plane, the two
beams form the edges of a large tipped “V” or trough, the leading edge
being vertical and the trailing edge at 45° with respect to it. In this
case the sine of the azimuth-delay angle is equal to the tangent of the
elevation angle, and the two angles are very nearly equal. A difficulty
with this arrangement is that the finite azimuth thickness of the beams
causes them to overlap near the horizon with the result that the slant
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and vertical echoes from a low elevation angle target are not resolved.
This difficulty is avoided by offsetting the slant antenna by a fixed lag

angle 10° in azimuth behind the vertical. The ground edges of the two
beams are then separated by 10° and all delay angles increased by this
amount. This design also makes it possible to divide the height-indi-
cator screen into two regions, one restricted to vertical signals and
the other to slant signals. The fixed delay must be kept small since
it increases the percentage accuracy requirements of the angular
measurement.

The height indicator is a modified B-scope with range plotted hori-
zontally and azimuth vertically. The lower portion of the indicator

screen receives vertical beam signals over a particular 10° azimuth sector
chosen by the height operator. The remaining upper portion of the
presentation receives echoes from the slant beam. Each echo in the lower
portion has a companion slant echo in the upper portion at the same
range. A movable external scale is used to measure the-azimuth separa-
tion of the echoes and gives readings directly in height. Many height
indicators can be operated independently of each other from the same
system and, like the continuous beavertail, the V-beam method is par-
ticularly suited to handling many control problems simultaneously.

7.4. General Problems of Design. Absolute and Relative Height

Accuracy.—It is desirable to distinguish between the accuracy of the
measurements of difference of the height between two airplanes and the
accuracy of the absolute value of the height obtainable for a single air-
plane. If the two airplanes are widely separated in bearing, range, and
height, the accuracy in the difference in height may be little better than
the absolute accuracy. As the separation of the two airplanes decreases,

the accuracy of the difference tends to improve. A specification of rela-
tive height accuracy implies that the two airplanes are within a few
thousand feet of each other in height and sufficiently close in azimuth
and range to be seen simultaneously with the same indicator setting.

Accurate readings of absolute height require correct adjustment of
the expansions of the indicator sweep and careful determination of the
zero altitude position whereas height differences are not so dependent on
calibration. For example, if the vertical axis of a beavertail mount is

actually not quite vertical, all elevation angles may appear to be too
large at one azimuth and too small in the opposite azimuth by perhaps
0.5°. This error does not affect relative height measurements for air-
planes at the same azimuth. Or again, if the indicator expansions on an
RHI are incorrect by 10 per cent, measurements on two airplanes at
10)000 ft and 12,000 ft, respectively, will have absolute height errors of
about 1000 ft but a relative height error of 200 ft.

In regions of anomalous propagation the measured absolute heights
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are likely to be too high, although the effect is important only for air-
planes that have true elevation angles less than about 1.OO. Relative
heights are affected less, provided that the airplanes are close together.

Absolute height readings with respect to sea level represent values
that are like barometric altimeter readings made in the airplane in that
they do not represent height above the surface of the ground directly
below the airplane. Such information, however, is an important requisite
in regions where the topography is varied.

E#ect oj Elevation Beamwidth on Accuracy.-If an airplane is within
an elevation beamwidth of the horizon it can receive simultaneously
energy that has traveled by two different paths: energy from the upper
part of the beam comes directly from the antenna while energy from the
lower part of the beam reaches the target after reflection from the ground
at grazing incidence. The result is much the same as if the airplane

were accompanied by a companion image airplane an equal distance

below the horizon and the ground were not present. Because of inter-

ference between the two paths, the signal intensity may be either stronger

or weaker than normal. The effect is much more pronounced over
water than over poorly reflecting dry ground or broken surfaces. As

explained in the Prwious section, long-wave systems use this intensity
variation for their height-finding information. With microwave height

fiders the surface reflection, if important, fixes a lower limit to the size

of elevation angles that can be measured reliably.

Because the variations of intensity resulting from interference disturb
the correct setting of the antenna cm the target with w conically scanned

pencil beam, erratic height readings are obtained (over water) if the

target elevation angle is less than about 0.7 of the beamwidth in elevation.

With beavertail and V-beam systems the companion image airplane

produces a signal below the horizon on the height indicator. If the target

echo and the image echo are not resolved on the indicator it is difficult

to determine the center of the true echo.
Tests made over water with a continuous beavertail height finder

show that satisfactcmy readings are possible if the target is not closer to

the horizon than 0.6 of an elevation beamwidth. The V-beam should give

similar results, exce@ that in this case the satisfactory minimum target

e~evation should be 0.6 of the azimuth beamwidth of the slant sheet.

Besides this minimal height effect, the elevation beamwidth causes

an uncertainty of interpolation in all height readings. The error-detect-

ircg device of conical scan allows accuracy of the elevation angle up to
about ~ of a be-width. For beavertails, a good operator can select

the center of the signal on an RH1 screen to 0.1 beamwidth or better.

With V-beam, the uncertainty is greater than this because the separation

between two echoes must be measured on the screen.
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While the beamwidth spoken of here refers to the tw~way half-power
width which is a function ordy of the wavelength and antenna size, the
actual echo length of the spot on the screen of an indicator depends also
on the signal intensity, that is, on the range and size of the target. Fre-
quently, the best height readings are obtained when the signal is
relatively weak and the echo correspondingly small. It is impor-
tant that the antenna be designed to reduce elevation side lobes to a
minimum.

Pulse Spw”ng Effect.-Target information is not obtained continu-
ously, but at the puke repetition frequency, PRF; a beam which is
scanning may move appreciably between pulses and produce a corres-
ponding uncertainty in the measured data. For instance, suppose that a
beavertail beam requires the time of an integral number of pulses to
sweep across a target. As the beam sweeps upward, a pulse may occur
either just before or at the moment that the upper edge of the beam
reaches the target. The difference in height reading between these two
possibilities is the vertical distance (at the target range) that the beam
moves between pulses. A fair measure of the uncertainty in elevation
angle due to this effect is one-half the angular displacement of the beam
between pulses for continuous beavertail systems and, on a probability
basis, somewhat less than twice this amount for V-beam systems. The
uncertainty with discontinuous beavertails can be reduced by multiple
vertical scans.

Scanning Losses and Speeds. -To compare the effect of scanning on
the range capabilities of different beavertail and V-beam systems, it is
convenient to write the scanning-loss ratio discussed in Sec. 1.3 in the
following form:

Scan loss factor =
( )

solid angle over which energy is spread in 8 sec ;~
beam cross section

This represents the loss on a power basis, while the factor by which range
is reduced is obtained by changing the exponent from } to ~. Both the
solid angle of scan and the cross section of the beam are to be measured in
the same units, square degrees, for example, and their ratio indicates how
thinly the energy pulses are spaced. In calculating the ratio for dis-
continuous beavertails, the azimuth beamwidth appears as a factor in
both numerator and denominator, thus canceling out; and similarly,
the vertical beam width cancels from the ratio for a V-beam. Clearly
the scanning loss becomes a particularly important consideration in the
design of continuous beavertails, since the numerator involves motion
in both azimuth and elevation.

The traffic capacity of discontinuous beavertails is limited by operator
time (for azimuth servo adjustment and height reading), azimuth slewing
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time, and elevation sweep time. If dewing is done at the rate of 40° to

60° per see, and the elevation sweep at 1 or 2 oscillations per second, the
chief limitation is probably operator time. Decreasing the speed of the
elevation sweep increases the difficulty both of finding the target and of
keeping the mount at the proper bearing during observations,

If a V-beam system is operated with a slow azimuthal speed, measured
heights must be corrected for changes caused by tangential motion of the

Fm. 7.14.—The AN/TPS-10 mount. Thie is a 3-em beavertail height finder designed for
portability and high resolution.

target. The correction is equal to the tangential distance in feet that
the airplane moves between interceptions with the two beam sheets.
This distance is usually sufficiently small to be neglected for a rotation
rate of 6 rpm, a 45° tilt angle, and a fixed delay angle of 10°.

Many methods are available for producing the elevation scan for
beavertail systems. Although these are discussed in detail in Radar

Scanners and Radom.es, Vol. 26, Chap. 7, Radiation Laboratory Series,
a few of the principal methods should be mentioned here. They maybe
characterized as slow, medium, and fast according to their inherent speed
limitations.
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The simplest and slowest scan arrangement consists of a paraboloid

and horn feed “wobbled” as a unit through the required scan angle.
With a large paraboloid it may prove mechanically difficult to achieve a
scan rate as rapid as 1 cps. The amplitude of the required mechanical

FIG. 7. 15.—The AN/TPS-10 range-height indicator. Elevation is presented vertically
and renge horizontally. The knob to the right of the cathode-ray tube controls the position
of a mechanical height line, and at the same time turns a calibrated dial around the edge of
the scope screen. After adjusting the line to cover the center of the target echo, height is
read directly from the dial. The handwheel shown at the left controls the azimuth position
of the mount. (Courtes~ of United State-s ArmU.)

motion is reduced by a factor of 2 if the horn feed is fixed and the parabo-
loid alone is wobbled. A di5culty with thk latter arrangement is that
the beamwidth broadens when the feed is more than 4° or so from the focal

point. Since one of the extreme positions of the swing is approximately
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along the horizon, the greatest broadening of the beam occurs just where
it is most desirable to keep the beamwidth narrow.

If a fixed cylindrical paraboloid is illuminated by a linear dipole
array, the direction of the beam can be changed merely by changing the
width of the waveguide that feeds the dipoles. Changing the width
of the guide changes the wavelength of radiation inside the guide; this

On~ example of a fast scan suitable for continuous beavertails is the
‘I@binson method. The speed is due to the fact that the only mechanical
motion involved is one of rotation. The method, in effect, moves a horn
source rapidly up and down in front of a paraboloid reflector. Actually,



218 GROUND-BASED RADAR AND SPECIAL EQUIPMENT [SEC.7.5

FIG. 7.17.—Antenna mount of a 10-cm beavertail long-range height finder. The dif-
ference in size between a 3- and 10-cm antenna can be appreciated by comparing this picture
with Fig. 7.14.

the horn rotates inside a specially shaped cylindrical throat which, in
turn, feeds the paraboloid. The beam moves downward during 80 per
cent of the scan cycle and the upward motion is blanked,

7s5. Illustrations of Some Recent Systems.—The photographs of this
section show characteristic features of four recent microwave height
finders. These comprise two discontinuous beavertails, AN/TPS-10 at
3 cm (Figs. 7“14, 7“15, and 7“16) and a similar set at 10 cm (Figs. 7.17,




