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INTRODUCT ION

1. GENERAL TDEAS

(1) The term 'RADAR' is derived by telescoping the phrase "RAdio Detectian
And Ranging", retaining the letters indicated by capitals. It is properly
applied to those systems and equipments which seek to locate objects by
virtue of the radio-waves they emit when irradiated by a controlled source
of radio-waves. Such reradiation may derive from the simple scattering by
an object of a proportion of the primary radiation which it intercepts, in
which case we have an example of a "PRIMARY RADAR SYSTEM", or this elementary
response may be reinforced by secondary radiation, produced from within the
object and released under the impact of the primary radiation, in which case
we are dealing with a "SECONDARY RADAR SYSTEM". Other systems exist to
which the description "radar" has been applied, particularly in the field of
redio-navigation, and which do not conform with the definition given; a
situation due largely to the use of many common techniques in the two fields.
The radar art is closely associated with radio direction-finding and radio
ionosphere-sounding, and the germ of many radar techniques may be traced
back to these older arts; at the same time it should be pointed out that
nuch of modern radar technique has been derived from specific radar research
enterprises, and it is quite certain that the prolific developments in this
field are now finding, and will continue to find, many diverse applications
in other branches of radio and electronic engineering.

(2) The location of an object, or objects, may arise as a radar problem in a
variety of wayse In the simplest problems we may be cancerned to discover
when an object intrudes into the radar field of view, and be satisfied with
very approximate information as to its relative position. At this level we
are dealing with comparatively crude anti-collision devices, cloud detectors,
proximity fuzes and so one In more coumplex problems we may be required to
give continuous and precise information as to the relative positian of an
object, as, for example, where accuracy and smoothness of data must provide
an adequate basis for prediction and fire-control. Thus, position is a
guantity which may be variously specified in different radar problems. For
some purposes there will be a need to measure position relative to an
observer (actual or hypothetical) situated in a moving aireraft, ship, or
other vehicle, whilst for others position will be required as a map
reference. In some cases complete information will be needed, whilst
elsewhere information incomplete in itself, through lack of one or other
co-ordinate of position, will not necessarily be disadvantageous. In ell
cases the accuracy of the information gained will be subject to limitations,
to be ascribed partly to the design of the radar equipment, and partly to
external circumstances, such as siting, weather and interference. To assess
the adequacy of any equipment it will be necessary to cowpare its performance
with that degree of accuracy actually required to perform the assigned tasks.

(3) In establishing position, equipment may be required either to report
whether there is any material object at an indicated position, or
alternatively to provide signals which will give guidance as to how to
proceed towards, or how to avoid, a selected position. lHere arises a
primary division of radar roles into searching and guiding.

(4) A search may be carried out systematically by examination of radar
information brought in repeatedly over a whole zone, this process being
generally known as “scanning® when it is done automatically, or equipment
may be allocated to the task of following up the movements of a selected
object (the "target"), a process known as "following" or "tracking”. In
both cases the amount of manual dexterity required and the work allocated
to machines and to automatic control devices wmay vary widely from one type
of equipment to another. A mobile search equipment may also be used in a
navigetional role, either by virtue of receiving a coded signal from a
known source, or by making use of a scamming system giving such profuse
information of objects on the ground is 1to render practicable identification

with maps.
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{5) Guidance may be given in such a way as to facilitate movement towards a
position where radar equipment may or way not be situated: in the formncr case
the equipment being approached is kmown as a "beacon”", «nd in the latter case
the equipment serves as a navigation device of wider application. Beacons
may also be fitted to friendly aiicraft, ships or vehicles so as to allow their
identification when it may be necessary to distinguish friendly from hostile

radar targets.

(6) Wany radar equipments are arranged to fulfil a number of different roles,
this being not only economical, but often necessary where saving of space and
weight assume vital importance. On the other hand, where radar applications
of the highest precision are encountered this view camnot logically be
sustained.

2+ RADIO DIRECTION-FINDING

(1) Simple direction-finding systems have been widely used as an aid to
navigation by ships and aircraft for both civil and military purposes. The
majority of these installations work with vertical polarisation at much lower
frequencies then those used for radar purposes, and they determine the
direction from which any wanted signal proceeds by the use of siuaple tynes of
directional aerial systems; usually a screcned loop or Adcock array. With
such a system directivity is low, and is often best explolited by seeking a
minimum, rather than a waximum signale In addition to determining direction,
these equipments can usually be made to give the sense (in front or behind
agsociated with the direction found, by means of a second manipulatione.

Under these conditions direction-finding is a fairly leisurely process.

Apart frou .iavigational requirements, military applications of this type of
direction-finding are encountered in intercept receivers used for intelligence
work, and examples of similar practice way be found amongst early radar
receivers operating at low radar frequencies. These may survive in the
field of lonp-range radar warning, provided time to observe and report is
adequate, and if precise location is not required.

(2) In order to determine position by means of a direction-finding equinuent
it is necessary to establish the bearings of two or more transmitting stations
whose geographical locations are known, and this is a very common practice,
special transmitters being allocated for this purpose, which send out signals
at standard times. Clearly the two or uore measurements required should be
completed within a time short enough to ensure that any change of position
which may have occcurred is insignificant in relaticn to the expected accuracy
of determined position. Altermatively two or wore direction-finding
receivers occupying fixed stations may be used to locate the source of a
particular transmissicn, if the information obtained is passed to a common
control-roome This method has also been used to assist navigators (by
passing the information on to thea by radio) as well as for intelligence

purposes.

(3) Both these systems involve co~operation between the users of the trans-
mitters and receivers and thus differ fundanentally from radar detection
systens, which depend only on the involuntary co-operation of "targets". It
is this involuntsry co~operation which has prompted the development of radar
camouflage, and other counter-measures for use by or on behalf of potential
"targets" which hope to evade location.

3¢ RENGE-FIDING

(1) Determination of position on a map by the direction-finding technicue
described is equivalent to solving a triangle from a knowledge of one side and
two angles, and this is a special case of the triangulation used for more
general survey purposes, with the difference that optical euipment is
renlaced by radio eguipment. It should be noted that in such systems
distance to the position which is being located is derived, and not directly
measured. Even in the specific instence of the optical "range-finder”, an
instrunent widely used for military purposes, range is rea.ly derived from
angular measurementss In Fig.A, D r:efresents the "base" of the range-~finder
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and R the range to be measured. The
instrument is adjusted by altering the
angle @ so that the same target is
viewed in both telescopes. Here

R = D cot &% pfwhere fis the usual
small angle. In this case the
importance of possible errors can be
estimated from:—

DR _ _ R
-ﬁﬁacote = 5
DR __ 29 _ _ Bé_.. _R2
ﬁ-a—- D cosec 9— D(1+D = D—-

Thus en error in the length of the
base D introduces a range error
proportional to R whilst an error in
estimating & introduces a range error
proportional to R%. D is at most a
few feet, and @ a matter of aminutes
and secands of arc, so that the pre-
cision required of such instruments
taxes the skill and ingsnuity of the

Fig,A: Principle of optical designer.

range-finder

(2) The unique factor in radar search systems, which distinguishes them
wost markedly from direction finders, lies in the use of the "echo principle”
for range measurement. If electromagnetic radiation falls upon any material
body the body will itself becowe, for the time being, a centre of reradiation,
a phenomenon also lmown as reflection and as scattering. But waves take time
to travel, thus if we can 'label! a particular bit of radiation as it leaves
its source (a radar transmitter) with a view to identifying it, after the
double journey to and from the material object (a radar targets, by wmeans
of a sultable detector (2 radar receiver), we can infer the length of the
double path from a measurement of the time interval which separates these two
events. This presumes that we know in advance the velocity with which these
waves iravel, and further, if the corresponding calculated distance is to be
of uuch use, that the propagation has been substantially rectilinear.
For most practical radar purposes these assumptions can -be granted, and range
errors can be reduced to negligible proportions for all save the wmost exacting
radar roles. The "labelling" is most simply effected by transmitting from
time to time short bursts of radigstion, which are known as “pulses", and by
this means it is usually possille to observe the two events (original
disturbance and echo) ‘quite independently.

(3) The original development of such pulse-technigue was directed towards
the measureument of the height of the ionosphere. Radar may be said to have
emerged from the blending of the pulse-techniques and display-systems used in
sounding the ionosphere with the aerial techniques of direction~finding.

4o RADAR

(1) The redar detection problem is much the same as the visual detection
problem. It iz primarily to ascertain the position of a radar target, and
secondarily to identify it as being hostile or friendly, and if possible to
give whatever information can be gathered as to its precise nature. To
specify position completely three independent measurements (or co-ordinates)
are required. For radar detection systems these are generally, and most
naturally, the slant-range and the angles of elevation (or sight) and though
for some purposes it is more convenient to use ground range, bearing and
height (or depression). Not all radar detection systems are designed to
give complete inforuation, however, some giving slant-range and bearing
only, others slant-range and anpgle-of-sight, or slant-range and clock-angle
direction, or slaant-range alone, or mere direction. Purther, all measure-
ments of position are in the first place relative to the situation of the
radar equipment, whether this be mounted on a static site or in a mobile

craft or vehicle.
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Fig,B: Elemsnts of pulse-modulated radar system

(2) Wherever slant-range is required to be measured by a single detection
equipment it is almost essential to use a pulse-modulated transmitter. This
necessity arises not only in order to enable us to distinguish an echo from
the original impulse, but also to differentiate from each other the several
echoes which may be aroused by the same impulse. In other words pulse-
modulation confers upon radar equipment the capacity for discriminating
between targets at various ranges; 1t gives us the power of resolving
irradiated targets in depthe Resolution does not in itself constitute a
measurement of range, however, and to secure this for any individual echo
it ig further required to measure the time-interval elapsing between pulse-
transmission and reception of the appropriate echo. For this purpose the
radar receiver must incorporate suitable time-measuring devices, preferably
calibrated to give a direct reading of range for aay echo under observation.

(Figl B) .
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Fig,C: Elements of a radar system ugsing a common
transtitting and receiving aerial
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(3) A natural comsequence of this division of time between an active
transmitter and an active receiver is the use of a common aerial system for
transmission and reception, as such an aerial can be used altermately to
transmit and receive. Such systems are described as "Common T and R" or
"duplex", aud have idportast advantages, particularly where space is at a
preaium.  (Fig.C).

(4 To determine anglss we must rely on the discretional properties of
aerial systems. These properties could be mainly provided in the transuitter
(which would be most unusual), or wainly in the receiver, (as is occasionally
done), or present more or less equally in both, (as is the usual practice,
and a natural consequence where a comnon aerial system is used for trans-
mission and reception)e. The directivity is required to be mobile so that

it can be brought to bear on any selected target, which means that the aerial
system must be capable of performing suitable mechanical movements, or that
an equivalent movement of directivity must be achieved by indirect electrical
methods, or possibly that a combination of both methods must be employede

In any case a mechanical or electrical indicating device is of necessity
associated with these aerial adjustments to pernit measurement of the

required angles.

(5) Better directivity in a radar system increases its discrimation
between targets occupying the selected direction and any which may be
adjacent to it, which is to say that in radar practice angular resolution is
improved mainly by diminishing the field of view available for each pulse.
Improvement in accuracy of angle information is thus obtained by accepting a
proportionate increase in blindness (a condition closely paralleled in
theodilites and in searchlights). This problem can, however, be met by the
use of a subsidiary radar eguipment (sometimes called a "putter-on")
provired with no more directivity than is essential to help the more
powerful instrument to find its target, or altermatively by conducting a
systematic search with the latter equipment (a process of scarming).

(6) The problem of identification cannot be tackled by purs radar detection
methods. This is because the resolving power of present radar equipments is
in general far below that required for any examination of the fine structure
of a targets To overcome this difficulty friendly targets can be equipped
with an auxiliary radar transceiver equipment called a "transponder" and
belonging to the class of equipment known as "radar beacons". Such an
eguipment is sensitive to radar transmitter pulses received over a
restricted frequency-~band, and these cause it to transmit a radar pulse of
its own synchronised with the arriving radar signals. The responses can,
however, be suitatly coded to give a distinctive signal in the radar receiver
concerned with making the identificatimm.

5 RADAR TARGETS

(1) &= already indicated, radar search systems are dependent for their
success upan reradiation from redar-illuminated targets, a criterion which
is equally applicable to searchlights in the appropriate part of the
spectrum. In comparison with optical wave-lengths most waterial bodies

are sufficiently large to have a characteristic appearance which leads to
their easy recognition by observation from any angle; or in other words the
tiny waves of light permit the resolution of fine detail. It is well-known
that in the microscopic field all distinctive features gradually disappear
as the size of objects under examination become progressively smaller. In
the radar field, on the other hand, the wave-length of the radiation employed
lies somewhere between a few centimeters and a few metres, and is quite
comparable with the size of many radar targets. This considerably complicates
the nature of the radar response. But first we shall consider limiting
cases in which behaviour can be described in siumple terms.

{2) Por a small object, i.es, one whose dimensions are swall coupared with

a wave-~length of the radar illumination, the incident waves flow around the
object, hardly noticing its presence; the disturbance in the wave structure
due to the presence of the object is comparatively trivial. From the small
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scale of this disturbance it is fair to conclude that the wave is not only
insensitive to the presence of the object, but also to its shape. For such
an object it would appear that the most significant linear dimension which
it possesses for radar purposes is given by the maximum length (1) which it
can project on the wave front of the incident wave in the direction of its
polerisation (FizeD), and that such limited reradiation as ocours would he
comparable with that which would be produced by a short conducting rod of
this length (1) placed at the seme position, normal to the direction of
propagation and in line with the electric field. For radar targets
complying with chis specification the response will be equally simple, ard
will, in particular, be largely independent of any relative motions between
various parts of the target provided that these make no significant
difference to its silhouette. In this example simplicity of response is a
direct consequence of the ignorance of the target shown by the incident wave,
and 1s realised .at a heavy price, this being the low sensitivity of radar
equipment to this type of target, for which the echo power actually depends

on 1%,

ELECTRIC FIELD

MAGNETIC
FIELD

Fig.D: Significant dimension of small radar target.

(5) In the other extreme case, which is that of the object whose significant
dimensions (including those of details) vastly exceed the wave-length
employed, the radar problem resembles to some extent that of viewing common
objects. (To make the parallel closer, monochromatic polarised light should
be specified in the optical case, whilst the radar target should be free of
details likely to resonate under the influence of the incident radiation.)
In both cases the reradiated signal bears the imprint of the structure of
the object, i.e., shape and details are clearly defined. Optical viewing
systems are able to present this definition in the ultimate form of a two-
dimensional image upon a sensitive mosaic, usually the retina of the eye,
the extent to which the details are distinguishable being further dependent
upon the optical properties of the lens system employed, and the fineness of
the mosaic. Too small an aperture results in an inability to make use of
all the definition in the incoming radiation, with the result that confusion
masks the finer details. An adeqguate aperture will serve %o allow full
utilisation of the individual cells of the mosaic, whilst a still larger
aperture confers no increase in resolution owing to the limitations of the
mosaic. In radar viewing circumstances are usually very different in that
there is commonly only one channel through which all inforwation must pass
(and even in elaborate radar systems, a very limited number), corresponding
to a "mosalc" of a single element only. The tonstruction of analogous
"radar images" is thus only possible by the successive utilisation of this
channel for different directions, i.e., by the employment of scanning

16
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techniques. TVWhere we are endeavouring to obtain a picture of a large radar
target, such as the surface of the ground, the amount of detail which ocen be
built up in the image will increase appreciably with increase in aerial
aperture (wave-length being waltered), and in practicable system sufficiently
large apertures to utilise the bulk of the definition present in the
incoming signal cannot usually be provided. Returning to the small radar
target case, increase in aperture is primarily useful as a means of
increasing discrimination between nearby targets and improving angular
acouracy. For the very large object the size of the silhouette is a very
significant factor, particularly where the surface has a rough structure

(in terms of wave-length), though where the surface exhibits a smooth
structure (again in terms of wave-length) specular reflections may complicate
the response to such an extent as to mask this factor for certain aspects.

(4) So far we have not considered such practical radar targets as aircraft,
small ships, ete. For the majority of these the overall dimensions and
main features may be measured in a reasonaebly small, or at any rate not a
very large number of wave-lengths, and the radar response will accordingly
lie intermediately between the two special and extreme cases so far
considered and will be additionally complicated by resonance effects. In
particular, for any one angle of incidence, the reradiated signel will be
distributed in direction in a markedly non-uniform fashion. Consequently
the echo~signal received by a typical radar equipment is found to fluctuate
appreciably in emplitude and polarisation from pulse to pulse due to changes
in the aspect of the typical target, an effect described as "aspect-modulstion”
of the received signal. Moreoever changes in the spatial distribution of the
reradiated signal may be brought about by relative movements of parts of the
target, as, for instance, by the rotation of an airscrew. Fluctuation
ariging from this particuler cause are described as “propellor-modulation"
Again, conditions may arise where reradiation from one or more comparatively
large and smooth surfaces approaches the case of specular reflection, in
which ocase uncommonly large signals will arrive from those aspects where the
receiver lies within the virtually reflected beam, a phenocmenon known as
"scintillation" or "glittering®. Thus the increase in target visibility
which arises from the use of shorter wave-lengths must be to sowe extent
offset by the disadventages of the various forms of aspect-modulation,

these troublesome variations being properly regarded, however, as nothing
more than the primitive attempt of the target to be seen in detail as
something more than a shapeless speck.

6. PULSE RADAR SYSTEMS

(1) Although there is now considerable diversity of types amonst radar
equipments, primary development was directed towards the pulse~radar search
equipment, and this provides a convenient example on which to base a
discusaion of the main constituents of a radar system. Radar equipments
designed for other roles may, of course, involve additional or alternative
items. A pulse~radar search equipment can be divided in principle into
two major parts, the radar transmitter and the radar receiver, though in an
actual equipment there may be no physical division of units corresponding
exactly with the transmitter and receiver, and further, there may be units
which serve both, such as power supplies and aerials. Nevertheless this
division is one of fundamental importance (Fig.G).

(2) The main object of the radar transmitter is to emit short bursts of
rediation in rapid recurrence, and to direct the bulk of this energy into

a more or less restricted beam. These transmissions are desoribed as "radio-
frequency pulses”, each pulse counsisting of a similar train of oscillations
at the same radio frequency. From some points of view the ideal radio-
frequency pulse would be one in which all the individual cycles were of the
same amplitude (rectangular RP pulse), and although no actual pulses conform
exactly to this description it provides a useful standard of reference.

The main difference between an actual pulse and this ideal is that with the
former it always takes an appreciable time for the oscillations to rise to
their maximum amplitude, and similarly for them to decay to zero. For wany
purposes the actual waveform of the radio-frequency pulse need not be studied
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in detail, and it is sufficient to examine the way in which the maximum value
of the individual cycles of oscillation vary ihroughout the pulsing pericd;
the form of this variation is known as the "pulse-envelope".

(3) The interval separating the times at which successive pulses are
initiated in the transmitter (Tp.) is known as the time or period of recurrence,
whilst the reciprocal of this quantity (Pp=1/T.) is called the recurrence-
frequency. In the majority of radar equipwents the recurrence-frequency is
constant and fixed, though in some cases there mey be provision for selection
fram a number of discrete vslues, or from within a range of values, whilst in
other rhytlmical variation of recurrepce-frequency may be possible. Such
facilities are usually restricted to those equipments using the longer radar
waves, where they may be useful in helping to counteract mutual intereference,
this being much more of a problem on these wave-lengths owing to the much
lower directivity of the aerial systems employed.

(4) The effective duration of an individual pulse (Tp) is known as the
"pulse-time", but this term has to be defined in an arbitrary manner (Fig.E).
No difficulty arises in the case of the ideal rectangular pulse already
mentioned, but with practical pulses it is not possible to state exactly
when a particular pulse started or finished, nor would such information be
especially useful unless supported by further detailed information as to the
shape of the pulse~envelope. For our purposes "equivalent pulse-time" will
be defined as the period during which the pulse envelope exceeds L2 of its
maximum value, i.e., it will be the time occupied by those cycles whose
energy is not less than half of the energy of a cycle occurring at the
maximum (or the largest maximum, if there is more than one) of the pulse-
envelope. In similar fashion, the "equivalent pulse" will be a rectangular
RP pulse of the same frequency containing the same energy as the original
pulse and of duration equal to the equivalent pulse~time; the "equivalent
pulse-amplitude" will be the amplitude of the e uivalent pulse, and the
"equivalent pulse-power" will be the mean power of a continuous oscillation
having this amplitude. It should be noted, however, that these definitions
are not universally accepted.

VOLTAGE
AMPLITUDE A
P ———=PULSE AMPLITUDE (V)

|
i
b
} 1
1
PULSE 1 !
ENVELOPE ™. ! 1
!
I !
!
o : T - TIME
1 |
reTe -
VOLTAGE L | :
AMPLITUDE | _ - — —— EQUIVALENT PULSE
AMPLITUDE
EQUIVALENT
RECTANGULAR
PULSE ENVELOPE
N
(o] TIME

THE EQUIVALENT RECTANGULAR PULSE IS OF WIDTH Te
AND CONTAINS THE SAME ENERGY AS THE PULSE ABOVE.

Pig.E: Pulse-amplitude, pulse~time, equivalent pulse, and
equivalent pulse-amplitude

(5) In the majority of radar equipments the pulse-time is constant and
fixed, though in some cases there is provision for choosing a particular
value from two or three discrete values. The shape of the pulse-envelope
is not usually intended to be subject to variation, and should be the best
attainsble from the equipment provided . any falling away from this
standard is generally an indication of faulity adjustuent or failing
componentse 18
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(6) Another important quantity associated with the transmitter is the
eyuivalent pulse-power (Pp). (Fig.F)e. This quantity has already been
defined, and it follows that the emergy content of a single transmitted
pulse (%) is given by the product of equivalent pulse-time and equivalent
pulse~pawer (WpaPT.Tpg. The average transmitter power (Pp) is thus given
bys:-

Py = Wpefp = Bpe Tpe £p = Pp(Ty/Tr)

and the ratio of average to pulse-power is known as the duty-cycle {d).
Thus the duty-cycle is given by:~

a =§_T/PT=TP/Tr

For example, if Tp 1s one microsecond amd T is two milliseconds, d is 0.005,
or 1/200, which is usually read as one in two hundred. The "pulse-power
envelope" shows how the power radiated varies throughout the duration of the
pulse (ignoring the oscillating component of instantaneous power at twice
the signal frequency)s. Its shape can be obtained by squaring the ordinates
of the pulse-envelope, and its largest value is known as the "peak pulse=-

power® (Pp).
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Pig.F: Pulse-power envelope, peak-pulse power, average
transmitter power, and duty-cycle.

(7) In order to produce the type of signal described the transmitter must
contain a generator of oscillations at the appropriate radio-frequency, in
association with a pulse-modulator, which way be described as a device for
switching the oscillator on and off at the appropriate times. Whereas in
redio-telephony modulation is a cantinuous process, in radar, as in rsdio-
telegraphy, it is a discontinuous process, i.ee pulse-modulation is olosely
allied to keying, although in the former case we are dealing with very much
smaller times than in the latter, snd with a very much smaller duty-cycle.
Further, in radio-commmication it is customary to generate oscillations
continuously at a low power- level, the modulating or keying process being
performed in a subsequent wodulated amplifier. In redar practice, on the
other hand, it is customery to develop oscillations at a high. level of pulse-
power, subsequent power-amplification being provided in relatively few cases.
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Such radar oscillators are always modulated, usually by an external uodulator,
though sometimes they are arranged to be self-modulating; any other
arrangement would involve excessive waste of power in the oscillator during
the quiescent inter-pulse periocds, owing to the very small duty~-cycle, and
would almost certainly cause interference with the adjacent radar receiver.
Power amplification is in any case only practicable for the longer radar
waves, and is not very efficient, whilst introducing additional tuning
adjustments; for centimetre wave radars there is little possibility of
providing such emplification. So the pulse-radar transmitter usually has an
essentially simple high~power oscillator, preceded by a pulse-modulator, and
feeding the aerial system directly. When the oscillator uses triocde-valves
modulations may be performed in the grid circuit at low power, or in the
anode circult at high power, but where magnetrons are used high~vower
modulation is essential.

(8) The other main feature of the transmitter is the aerial system; this

may be shared with the receiver, or may be a separate radiator. Where a
common aerial is used special devioces are needed to ensure that the receiver
is protected from the outpoing pulses, and to enable it to extract the snaximum
available power from the radar echoes during the quiescent interval between
pulses, These devices take the form of gas-valve switches which automatically
route the outgoing or incowming energy through the appropriate channels, and
which are operated by the high-power transmitter pulse. The transaitter
aerial determines the spatial distribution of the radiated signals whilst the
receiver aerial similarly determines how the receiver sensitivity ‘o echo
signals is distributed in direction; for wost common aerial systeas these
directional characteristics are the same for transmitter and receiver, and
take the fo.a of a beams  Beams of different widths are encountered in
different radar applications, as are beams which differ in other respects,
such as cross-section. The majority of beams conform to one or other of

the two basic types known as the "pencil-beam” and the "fan-beaa". For unost
applications it is also required to be able to give these Leams a degrec of
mobility in direction so as to allow them to be steered, such stecriag being
carried out manually in some cases, and automatically according to a
systematic programme in others, this latter process being kmown as scanning.

(9) Another feature of the transmitter is its co-ordinate link vwith the
receiver, known as a "synchronizing" device. This may provide the receiver
with a synchronizing pulse whenever the transmitter begins to radiate, or uay
in some cases work in the other direction, in which case e synchronizing pules
produced in the timing-circuits of the receiver is used to initiate

modulation in the transmitter.

(10) Auxiliary parts of the transmitter include cables and couplings, power-
supplies and power-packs, contactor-vanels with protective devices, cooling
systems, aerial-turning drives and transmitter monitoring and test gear.
Some of these devices may be common to transmitter and receiver when these
are, as is usual, in close proximity.

(41) The object of the radar receiver is to detect and to distinguish between
the echo-responses to the transmitted pulses, and in so doing to supply more
or less complete information as to the location of the source of each echo
investigateds To accomplish this task the radar receiver requires four
principal devices, a radio-receiver, a steerable-aerial, a time-measuring

device and a display-system.

(12) The usual rcceiver embodies the superhsterodyne principle, though it
differs very markedly from the common communication receiver. 1In the vast
majority of cases it is designed to operate over a very restricted frequency-
band, corresponding with the associated transmitter. In practioce this
means thet, apart froa the case of the longer-wave radars, all circuits
handling modulated signals (RF, as well as IF) can be pre-tuned, leaving
fine-tuning adjustwents to be made by control of the local-oscillator
frequency, either by hand, or, in some cases, automatically. Within the
receiver incoming signals must be examined to provide, as we have seen, two
Kkinds of information concerning the selected radar target or targets.
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Firstly there is data concerning range, which is entirely a matter of timing,
and is not primarily related to signal-awplitude, providing this is adequate;
secondly there is data conceruning direction, which is entirely bound up with
the direction in which the aerial beam is pointing, and which is functionally
related related to signal-amplitudes. Where accurate range-finding is a
prime requirement all signal-handling circuits must have adequate bandwidth
to ensure reasonable reproduction of the transmitted pulse, which should
itself have as steep a leading-edge as practicable, but where range accuracy
requirements can be relaxed, a smaller bandwidth will prove more satisfactory
for the circuits concerned with angular measurements. This state of affairs
exlsts in consequence of the effects of receiver noise, which set an ultimate
limit to the performance of all radar equipuent. The practice of providing
saparate channels for range and angle datae from an early stage in the
receiver is, however, restricted to the most elaborate radars, and the usual
practice is to provide a comumon channel for signals right up to the displaye.

Where the receiver has its owm aerial it is, of course, necessary to
ensure that the transmitter aerial is linked to it in such a way as to ensure
that targets under investigation are properly illuminated (in direction and
polerisation)s A further requirement is to provide from the aerial mounting
an accurate indication of the angle, or angles, being measured. These
indications form part of the signal-display, and are the counterpart of the
range-indications which cowe from the time-measuring unit. ’

g‘lj) The time-measuring device is required to provide a frame of reference

in time) commencing anew with esch successive transmitter pulse, and against
which the time of arrival of any echo-pulse under investigation can be
determined. Many techniques have been exploited in finding alternative
solutions of this problem, where accuracy, flexlibility and the provision of
smooth output~data may wvary in importance from one type of radar to another.
Associated with the timing-circuits are devices known as "strobes" which are
essentially time-filtering elements. Such a strobe, according to its setting,
will indicate a particular brief period of time occuring at a prescribed
interval after each outgoing pulse, and will permit signals erriving during
such successive periods to be isolated from all others, wherever the
facility is required. Thus the association of a narrow aerial beam with a
correspondingly "narrow” strobe serves to isolate a particular small pocket
of space from the remainder anrd facilitates examination of its radar

significance.

(14) Display-systems form the output end of radar equipments, where the
* data’ collected from targets is collected together and presented in order to
permit appropriate action to be taken (Fig.H). A large variety of display-
systems have been evolved to meet the requirements of particular radar
problems, some to provide facilitlies for accurate measurement of the
individual position~-coordinates of a single target on separate displays,

and others to provide composite information on = single display; when
associated with a scanning radar other displays aim to present a radar
picture of all targets within the zone under examination. Throughout

this field the cathode-ray tube provides a most versatile basis for the
vast majority of systems, and has no seriocus competitor where the compact
presentation of easily accessible data is a prime requirement. With the
tendency to supersede humen operators by automatic mechanisms, however, as
in the field of automatic-followlng radar, display-systems as such become
redundant to the extent that they can be replaced by instruments designed

to interpret radar-data and produce not only the desired output information,
but also to provide suitable signals to fit the input requirements of the
associated servo-mechanisms. Even here it is usual to retain an elementary
display in order to assist in the process of target-selection, or to allow
the operator to ensure that the appropriate target is being followed whenever
there is confusion, as, for example, with targets crossing, or when bombs
are dropped. In the case of many radar equipments which provide informatlion
for use elsewhere, the display~system is assoclated with a reporting-system,
which may vary, according to circumstances from a telephane to elaborate
data-transmission systems, or to display-relaying systems.
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(15) Auxiliary parts of the receiver ianclude miscellaneous devices of the
types already listed for the transmitter, and, in addition, a common feature
is the range-calibrator. This device is usually provided when the ranging-
circuits do not theuselves embody a primary frequency standard, and serves
as a check on the performance of these circuits. Other accessories may be
provided to give a simple overall test of the 4ransmitter-receiver ensemble
without recourse to actual targets, from the standpoint of power and noise,
or to provide such a test by the use of standard targets. External tests
of range and anrle may also be conducted by the use of special targets

at Imown »nints, and these additionally check radar-bearing with compass~

bearing.

7. TABLE OF TYPIC.L RADAR FOUIPLGTIT PARAMETRRS

A few typical figures arz quoted in order ito give an idea of the ximd
of mazaitudes involved. The four equipments concerned all operate in the
10cu. band and are briefly described as follows:-

Ae An airborne gun-laying radar equipment to control blind fire froa
the rear turrets of heavy bombers.

Be A daval radar equipment for anti-aircraft aruament control used in
destroyers and larger ships.

Ce Army Heavy Anti-Aircraft Fire-Control equipment; light-weight and
mobile giving automatic~following in elevation and azimuth, and
optionally automatic or manuwal-following in range.

De Army mobile larly-ifarning or "Putter-on" equipment, to be used
in conjunction with a HeA.A. Fire-Control set, such as Equipment C.

Equipment A 2 g D
Freuauencies
Qadiating 'St band 1S band 'S! band 'S' band
Pulse Recurrence 660 pPepese 500 Pepsse 1500 pipes. 690 pepese
Interacdiate 45 le/s %0 ilo/s 60 Me/s 30 Mc/s.
Perforaance
Peak power 30 kW 500 kW 200 kW 600 KW
Pulse width 0.5 sec. 0.5 sec. 0.5 sec. 1 sec.
Receiver Band-width L Mc/s L /s 5 Mc/s 3 ic/s.
Detection Range restricted to
1400 yd. 30,000 yd. 30,000 ydo 50,000 yd.
for for
medium medium
bouber bomber
Accuracy
Range + 20 yd. + 25 yd. + 35 yd.
Elevation + 15 min. + 10 min. + 8 win.
Bearing + 15 nin. + 10 min. + 8 min.

Target Discrimination

1C0 yd. 200 yd. 500 yd.

Range
Bearing 5 deg. 4 dege. 5 dege.
Xlevation 5 dege L dege
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8. Radar Roles

(1) Radar wmethods liave found apnlication in a wide range of service probleus,
and in this section we shall attempt a broad classification of the wain
field. In the more direct applications of radar to warfare obvious
limitations affecting the desipgn of ground-based, sea~based and air-based
radar systems should be examined. Considering first those limitations
inherent in the nature of the base, ground-based systems generally suffer
least from space and weight restrictions, but usually lack mobility (when
in operation), whereas air-based systems are subject to severe space and
weight liunitations, whilst enjoying considerable mobility. Sea-based
systems obviously occupy an intermediate position. The second factor to
be considered is the nature of the role: a significant classification
relates the nature of the base to that of the target, thus:-

{a) - Ground-air

(b) = Ground-sea
(¢) = Ground-ground
(a8) - Sea=air

(e) - Sea-sea

(£) - Sea~ground
(g) - Adr-air

(h) =~ Air-sea

(i) - Air-ground

(2) In any introductory chapter an exhaustive classification cannot be
atteapted, and It should be borne in mind throughout that the wobility of the
radar target as compared with that of the radar-base wmay be a factor of
considerable signifance in particular cases. Thus menceuvrability of a
ficghter in relation to its targets has a profound bearing on the design of an
air-borne radar aid to interception to which there is at present no parallel
in any growd-based systems, whilst for sea~borne systems, manceuvrability

is significant in relation to sea-borne targets, but has much less
significance in relation to air-borne targets. Should radar systems be
developed for active ewployument in wvehicles on the move, these will occupy

a nosition somewhat similar to sea~borne systems in this respect, but with
many difficulties even more acutely emphasised.

{(3) The ensuing outline of raiar roles will be based primarily on other
characteristics, however, being concerned with the following problems:-

8.1 Detection

8.2 Searching

8+3 Tracking

8.4  Beacon

8.5 Guidance and lavigation
8.6 Survey

8.7 iscellaneous

8.1 Detecticn

(1) The detection of objects which intrude into the field of view, and the
nrovision of crude position data concerning them, is one of the less

26



Introduction, Sect.8 (8.2-1)

complicated problems in which radar way offer a solution. Simple radar
systems have been envolved to meet requirements of this character in such
applications as anti-collision devices for aircraft and ships, iceberg
detectors, and cloud detectors. The corresponding detection problem for
vehicles presents considerable difficulties due to the profusion of unwanted
signals (known as "olutter”) which usually arise from the lendscape, and which
serve either to mask the wonted signal or to remder it unidentifisble.
Where the landscape is amenable, however, radar detection systems may still
find useful employment, as, for instance, within the confines of an airfield.
Another field of application occurs in proximity-devices for projectiles and
bombs, and here the problem is usually a shorit-range one. In such cases
pulse-radar solutions are usually impracticable and alternative radar
methods employing continuously-radiated waves offer an easier solution.

{2) Also in the detection class may be placed radar devices designed to
indicate movement. These rely on the Doppler-shift of frequency of the
received signals in relation to those transmitted, which is proportional to
the radial velocity of the moving object in relation to the radar transmitter-
receiver, thus affording a basis for the isolation of signals from such
moving objects from a backgroumd of other signals corresponding to static
objects (Fig.I)e. Such discrimination falls off as the radial velocity
becomes smaller, and if sensitivity is increased to deal with very slowly-
moving objects unwanted interference aay arise from such factors as the
swaying of trees in a wind.

cw
TRANSMITTER —-‘—(t\._\ TRANSMITTED ENGERGY

-~

\\\
-
~-~
-~
-~
-~

HETERODYNE e

OR BEAT _____(F,‘———‘ RE-RADIATED ENERGY
DETECTOR

.L\\
e TARGET

AUDIO - LOUDSPEAKER
RUGUENC - OR OTHER
AMPLIFE, INDICATOR

Fip.I: 3Block diagrem of C,W, radar system using
doppler technigue for moving target detection

8.2 Searching

(1) 1llere we are concerned with radar systems which are reguired to subject
an allotted zone of space to radar investigation with the object of finding
any radar targets which may exist within the zone, and of reporting upon
their position. In each case the degree of accuracy needed in the
information derived will exert a substantial influence upon the detailed
design of the system. Generally speaking, these systems sim at flexibility
rather than rrecision; they are encountered under such names as “"early-
warning", "tactical-control", "putter-on", "reporting", "surveillancz", etc.
Usually such systews employ scanning meticds and present the information
gained from a completed scan in such a way that all can be seen at once.

In wmany cases a complete scen involves the full rotation of a fan-beam
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about a vertical axis, giving complete coverage in bearing and partial
coverage in elevation (Fig.J). The object in using a fan-beam with narrow
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A | DOWNWAROS FOR AR TO GROUND OR SEA __# 8
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(1) AERIAL AXiS OF ROTATION iS5 ©OA (1) DIRECTIVITY PATTERN IN VERTICAL PLANE

Fig,d: Scamning uging vertical fan beam

bearing and broad elevation~-cover is to increase the bearing-discrimination
of the equipment and imprcve the accuracy of bearing uweasurements as
compared with the perforuance of a broader beam; at the same time broed
elevation-cover is required in order to reduce the time for a complete scan.
Deficiencies in elevation~coverage may be reduced by lifting the bean in
alternate rotations (or by more elaborate opcrations), at the cost of
incressing the total scanning time. Systems of this nature usually present
their output by meens of a "Plan-Fosition Indicator" (P.P.I.) in which targets
appear as bright patches on a cathode~ray tube, the distances of such
patches from the elsctrical centre of the tube being characteristic of the
slant=panges to the corresponding targets, and the directions (from the
centre), of their bearings (Fig.H(ix)?? The use of long after-glow tubes
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Fig,K: Helical scanning
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Introducticn, Sect.8 (8.2-3)

provides the requisite retention of information throughout the period of a
couplcte scan. It is thus possible to indicate many radar targets existing
at the sawme time in e common display, and this has great advantages wherever
an appreciation of the general situation is required. On the other hand,
such systems do not .usvally offer the highest grade of position-data on
individual targets, partly because +they give only intermittent glimpses of
each target, partly because the most accurate methods available for range

and bearing measurement do not readily lend themselves to P.P.I. display,

and partly because such systeus are most commonly desizned to afford the
maxioum visibility for weak target-signals a condition which limits the
range-accuracy for all targets. In addition elevation measurement is either
ignored, or attemped only in terms of fairly broad angular bands, as attempts
to scan by pencil-beams produce intolerably long scanning periods (Fig.K)
unless the zone to be scanned by one such beam can be effectively reduced.
Where there is a need for accuracy in elevation measurements comparable with
that of bearing, this is often met by the use of an auxiliary radar system
which specialises in this measurement and which can be steered from one
target-bearing to another from the main equipwents  Such a height-measuring
systeu may employ a fan beam so arranged as tc cut across the fan beam
utilised for hearing weasurenent in the main system (Fig.L). A form of
elevation=indicator commonly used to display height information in conjunction
with a fan~beam arranged to scan an elevation sector is shown in Fig.H(xii).

AXiS OF
# BEAM

\ THE AXIS OF THE BEAM

/ \\ REPEATEDLY TRAVERSES
/ \ \ A SELECTED ELEVATION
) ! \ | SECTOR IN THE PLANE
; P i ACB
\ Kt ! /
\\\ \\ \\\L‘\\\' 1 /,/
\\“—‘__*____\}J__:Bl\c:—“"’
8 ™~
- TARGET
BEARING

FPig.L: Fan beam system for elevation sector

scanning,

(2) Although the foregoing varagraphs would seem to imply that the rader
systens under discussion in this section exist on the ground (or sea) no
such restriction is inte.ded. Essentially similar systems are employed

in airborne roles, as, for example, in searching for surface vessels. This
is not unlike the anti-aircraft problem upside-down, apart from one
siuplifying feature, namely, the sea-surface, which contains all the sought
tergels and, therefore, re.ders elevation weasurcuent wmecessary, height
(i€, minimum range to sea) being readily available when reguired.

(3) The type of system described as fulfilling an anti-surface~vessel

role yields interesting results when flown over land, as under this condition
the display reveals a primitive map of the terrain beneath, showing clearly
such features as coast lines, rivers, mountains, railways, large buildings
and towns (Plate 2). This property has led to the developuent of systems

of this character as an aid to navigation and boabing.
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(4) Another type of radar system falling into the searching group is
involved in the air-air role. This yields two different reyuirements, one
being primarily defensive, in order to give bouwbers due warning of approaching
air-attack, and the other, an offensive reguirement to enable fighters to
find and engage their airbome targets. The foramer of these is mainly
concerned with rear aspects and the latter with forward aspects. If a
bomber has no defensive armament a siumple warning-device wmay suffice, bu*
when guns are carried it may be very helpful to be able to anticipate the
angle from which an attack way develop. For both of these systems a

novel feature is the interest in radar targets above and below the horizontal,
which results in types of scan and presentation specially designed 1o meet

this requirement.

(5) Belonging to this class are certain radar systems from which a higher
degree of precision is required than for the wajority of search applications.
These are well exemplified by a grownd~-controlled approach system

for aircraft. In such a system an aircraft is controlled by instructions
from the ground which coumence as soon as it has been picked up at 2
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suitable range by all-round search equipment of a common type.  Thereafter
the pilot follows the instructions received from the controller, and, after
spending time on a circuit of the airfield (should this be necessitated by
traffic conditicns), is guided into end down the special radar approach-
beams, until landing has been accomplished. During this latter period a
narrow sector embracing the approach-lane is rapidly scanned successively
in elevation and bearing by narrow fan beams (Fig.f). The associated
radar displays permit the controller to estimate continuously the position
and motion of the aircraft, and so to issue appropriate guldance, with the
object of procuring a -sare landing.

(6) In the radar-search field Doppler techniques have fourd fruitful
application where normal target-discriminating techni,ues have been
insufficient, and have been used to provide additional target-discrimination
on a velocity basis. Such conditions arise where there is excessive
clutter, as, for instance, with ground or sea-based radars operating at

low angles of elevation, or at very short ranges. A number of other
teclniques have also been developed to meet requireuents of this character.
At the bottom of Plate 2 is shown the improvement possible by use of
"l'oving Tarpet Indicator® systems where cancellation of permanent echoes
reveals the aircraft echees.

8.3 (Tracking

(1) Redar tracking systems are intended to follow continuously the movements
of a selected radar target, usually with the object of providing full and
accurate position-data of sufficient smoothness to enable rates of change

of range and of elevation and bearing to be reliably determined. This
requirement for adequate smoothness is importent where predictions are to be
based on radar-data, as spurious rates may generate excessive errors even
when position-data is otherwise reasonsbly goode In order to secure a
high stardard of performance more precise technigues are employed for range
and angle measurements than is customary for searching. Systems of the
highest accuracy, associated with long-range weapons, utilise fine pencil-
beams, which are devoted to the tracking of single targets, this process
being accomplished automatically in many cases (Fig.N); and increasingly so
where consistent performance against high-speed targets is very much worthe
while, even at the cost of the extra complications in equipuwent necessary to
produce a fully-automatic radar fire-control chain. Iess accurate
solutions can be tolerated where short-range weapons are involved, though
any saving due to possible simplification is offset to some extent by the
need for higher speed in target—acquisition and for faster turning-rates to

deal with crossing targets.

TARGET
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Fig,N: Conical scamning
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(2) Somewhat similarly, in air-air systems the need for precision radar-
tracking is dependent on the effective range and accuracy of the weapons
provided; and thus, for fighters which use short-range barrage-fire radar
systems are primarily needed to enable contacts to be mede, and the enemy
approached from a favourable angle. But where fighters are equipped with
longer-range guns of greater accuracy, precision radar techniques are
essential if such weapons are to be employed with maximum effect. In
comnection with the fighter-aircraft problem it should be stated, however,
that means of positive identification of radar targets as hostile or
friendly is a paramount requirement, and this is a major factor in controlling
the actual employment of blind-firing systems. For bowber-defence a
flexible fire~control system may be required in order to deal with assault
from any angle, and radar-tracking systems are commonly employed for this

purpose in heavy bombers.

(3) In the field of tracking instruments hybrid radar-optical systems also
exist, which give radar range and optical angle-datae By such methods
weight and space can be saved whilst retaining sufficient accuracy for the
problems they are designed to meet, though such systems are necessarily
limited to visual targets.

(4) In certain applications, notably ground-sea and sea~sea roles, tracking-
radar systems may be employed for the correction of gun-fire. Such systems
consist in principle of highly accurate search-radars using narrow beams,
short pulses and restricted scans operated at high rates. Whilst operated
in such a way as to glve continuous tracking of the target, they also expose
to radar view a suall zone surrounding the target, and within this area
s»lashes .rom falling shells give a transient radar-echo which can be
interpreted from the radar display in terms of appropriate gun~laying
corrections. By this means fire-correction by "bracketing” can be
accocplished with unseen targets. Similar results can be obtained in a
ground-ground role providing all the conditions are favourable, ihough
circunstances often make this very difficult or gulte impossible.

(5) The development of autouwatic tracking-aids has, as has already been
pointed out, helped to safeguard the quality of radar position-data and

of its raic of change under conditions of rapid change.  Such systeus way be
operated by ralar angle-data (automatic-aiming) or radar range-data {automatic-
ranging), o= by both (autouatic-following). They obviously have special
significance in relation to airborne radar targets, whether attacked from
ground, sea or alr; and also for ground or sea targets subjected to attack
fron the air, though this presents much wore difficult problem for automatic

systens owing to clutter.

(6) a radar-tracldng system which differs froum those already discussed is
often used for the cantrol of searchlights to aid in picking-up targets, and
to ensure that a beam of light embraces the target whenever it is switched on.
The object of *the system is thus to provide accurate aiming for the lamp, and
to control this automatically in some cases. Such a system is complete in
itself and is not normally required to give output data. The angular
accuracy re uired uust be compatible with the beam-width of the lamp, and the
simple ranging circuits used are provided not in order to ensure range, but to
periit tarpget discriwmination on a range basis, thus assisting in terget
selocc*ion, end in proving the quality of the angle-data which controls the
lamwp wovementse.

8.4 Beacons

(1} The roles available for secondary redar systems (Fig.0) considerably
extend the facilities which can be derived from radar equipment. Dealing
first, however, with the primary radar roles already discussed it is evident
that eyuivalent secondary redar systems are conceivable, but that their
onperation would be confined to radar targets _rovided with beacons: that is
to say from a ssrvice poiaci of view, such applications would have to be
confined to frie.«wly formations. On the other hand wider applicatians of
secordary radar systems may be déveloped for internaticnal use in comunercial
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Fig,0: Elements of radar beacon system

air and sea tramsport. Granted the co-operative target response, which is
implicit in all secondary radar systems, the most striking features which
emerge are, on the one hand, the enormous saving of power (which meen large
ranges for low overall power requirements), and the possibilities of using
coded responses to convey more explicit information concerning the target,
in addition to the usual radar positional data.

(2) The possibilities of coded response enormously extend the uses of radar
beacons, and enable such devices to be used for detailed radar identification.
Special terms are often used %o distinguish between the main items in a
secondary radar system, thus the radar transmitter becomes an "interrogator®,
the radar beacon in the target a "transponder" or "responder”, and the
radar-receiver, a "responsor".

(3) Radar beacons fall into two main classes, those which are required to
identify a place e.g.gan airfield, and others which are required to identify
an object which has no specific place e.gea friendly aircraft. In the
latter case the usual object of the system is to identify hostile radar
targets and this problem can only be tackled negatively when radar
identification is the sole source of information; that is to say that radar
targets which do not give the correct secondarny response must, by implication,
be regarded as hostile, in the absence of further information, whilst those
which do, must likewise be regarded as friendly. Occasions arise frequently,
however, when the position occupied by the identified friendly target is also
directly useful, as when radar .control of interception is being organised, or
radar control of boubing, in both cases from a relatively remote base or
bases. In each of these examples the radar system is used in order to
provide guidance, but to deliver the guidance in the form of instructions a
conmunication link is also reguired, though this may be of a comparatively
elementary type if the number of possible instructions is reduced to a
minimum, and way possibly be incorporated within the radar system by soume
additional modulation process.

(4) For the other class of beacons, namely that providing identification of
places, a number of alternative roles are met. In one of the simpler
applications a beacon is intended to provide a rendezvous, as may be required
for aircraft or ships retuming to a base, for beach-landing parties, or

to mark a dropping-zone for parachute or bombs, the received signal being
examined to indicate the direct course to such a rendezvous, as well as the
distance to be covered. In a rather siwilar application, radar beacons

way be used to indicate zounes to be avolded, e.gwa mined channel, or an
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area where hostile submarinzs have heen repirted, or an area heavily defended
by gunfire.

(5) Other applications make uge of Leacons in order to offer navigational
facilities. .\ single heacon at a known location would suffice for this
purpose in theory, granting sufficiently accurate measurement of absolute
{compass) bearing, as well as ranne. The bearing requivreuent is not easy
to satisfy, however, particularly for aircraft, and much more suitable
navigational systems have been devised ameking use of muliiple beacons
(Pig.Q(i))» Thus with a pair of ifentifiable beacons at known locations,
position is accurately fixed as soun as tne two ranges have been established:
strictly with an ambiguity as to whether the positioa is to one side of the
base-line or the other, but this can easily be solved, if troublesome, by
the crudest of direction~finding technigues. Furtherumore a system of this
character not only allows vosition to be fixed on a uap, so permitting more
orthodox navigation to ensue, but also provides a direct basis for
navigation in terus of the beacon signals themselves, and without recourse
to maps, providiug that the courss to be followed has beea translated into
the appropriate beacon range-cooruinates. Extension of such a system can
lead to remote control of Lowbing.

(6) One rather special applicziioa of ralar-beacons is in the field of
beam approach devices /herc a sultable beacon caa be used to guide
approaching aircraft. 4n interesting feature of this system lies in the
enployment of directional recponses by the beacon, in contrast to the
all-round radiation usually cncountered. Here the beacon radiation
alternates between two igc patterns which overlap, thereby defining an
equi-signal approach-path in bearing (Fig.P). Similar technigues have been
used in non~radar beam approach systems, which lack, however, the advantage
of continuous range-data nrovided by weacon systems. (Tnis systen may be
regarded as the counterpart of the precision angle-measuring techniques,
employed in most tracking-radars, known as "lobee-switching”.) An extension
of this technique can be made to further define the approach path in
elevation, but this wore difficult problem can only be satisfactorily solved
by the use of microwave beacons.
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(7) An intermediate class of applications for beacons is in the field of
devices to enable formations to be walutaineu to an appropriate pattern; such
systems may be applied to vehicles in open couustry, or to ships in open sea.
The comparable aircraft problem presents aany more difficuliies.

(8) Of beacon systems in general it should be stated that, apart from
special requirements, they should be sensitive to interrogating signals
arriving from all bearings, and should likewise transmit responses on all
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bearings. This can be‘accomplished by employing ommi-directional aerials
for beacons, or by using contii.uously rotating fan-beam acrials, providing
that the speed of rotation is suitable. Another cowion reguirement is that
they should be able to respond to any intercogation within a limited frejuency
band, to uweet which 1t is necessary for the tuning arrangeuents to be varied
rhythmically in order to sweep the band at regular intervals. It is not
essential for the beacon response to be on (or near) the same freguency as the
interrogating pulse, though this is ¢ very coumaon arrangement.

{9) A characterisiic property of radar beacons is that they remain mute
until interrogated, with consequent saving of mean power and rather better
security, though these gains are not very significant. Improved security
could be obtained if coded-interrogation were required, but this complication
would only be justified for very special purposes. Radar beacons are also
limited in the number of interrogations they can handle at cne tiume, i.e.y
they are subject to traffic saturation. lore traffic can be handled by
reducing the recurrcence-frequencies of interrogators, by cutting down the
tine devoted to interrogation, by using simpler response codes, and by the
use of rotaliag-beans, always providing that sufficient time remains
available to complete each interrogation under operational conditions.

3.5 Guidance and navipation

(1) 1In effect a system providing guidance issues instructions which are to
be blindly followed by the recipient without reference to other information,
or alternatively provides signals which act as a frame of reference against
which a programie of instructions, otherwise given, can be interpreted.

Such guidance may very well proceed without the recipient have any exact
knowledge of the zeographical significance of the route being followed.

On the other hand a navigational system must provide a framework of reference
signals which can be positively identified with map references, i.e.,a system
of coordinates must be Cefined analogous to {though not necessarily in any
way identical with) latitude and longitude.

(2) In these fields radio (including radar) devices play a prominent part
for sea and air journeys and are finding application on land where conditions
are suitable. Some primary and secondary radar systems have already been
mentioned which can be used in guidance or navigational roles. Looking at
the >roblem meore generally it is evident that where a radar solution is
euployed for guidance or navigation this involves the provision of radar
transmitter and receiver in the craft to be steered, the incoming data
being provided either by natural echoes (primary radar) or beacon-echoes
(secondary radar), or alternatively the provision of one or more radar
transmitters ard receivers (with intercommunication in multiple systems)

at a base or bases, utilising the natural or (more usually) beacon-echo from
the craft to be steered, and with facilities for transmitting instructions.

(3) In the radio-navigation field, in addition to radar systems, there
are other systeuws which do not involve the use of the radscr-echo, as, for
example, the radio dircction~-fiuding systems slre«dy mentioned.  Other,

and more precise, non-radar syshtems are available, however, which utilise

the characteristic speed of radio-waves, though they only depend on one-way
propagation. From an engineering standpoint there may be strong reseublances
between uauch of the equipment used for such applications aud for true radar
systens: +this is a natural consequence arising from the euplosuwent of
similar techni.ues. One-way systems camnot normally be made lo give true
range~data directly, but can compare the arrival-time of signals from
differeat sources, so that with synchronised transmission the recipient may
infer the difference between the two ranges without being aware of either
separately. In effect this information gives him a siugle position-
coordinate corresponding to a line drawn on a map to represent all places
having this range-difference frow the two transmitters. To complete this
system a third synchronised transmitter must be brought in from yet another
base to vield a further position-line, thus giving a "fix", which identifies
+the posi.ion more coapletely.  ladic=navigation systems cen, when required,
be desirned to mive accuracy of a high order in providing location as a map
refcreace, but are incapable of giving accurate height information uader

existirg vractical conditions. 35
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8.6 Survey

(1) The successful development of radar navigational systems has led very
naturally to consideration of radar systems for use in surveying. Here it
is essential to distinguish between a comprehensive radar-survey system and
one which makes use of radar-aids to control and evaluated survey-operations
carried out by meens of air-photography. The radar-map is not nearly as good
as a carefully-made photograph, and can only be recommended when conditions
make photography impossible or undesirable, apart from its special value as
a training-aid for navigators who will make use of the same system for
navigation or bombing. In the other field systematic flight-programmes way
be regulated according to radar-data, and accurate position continuously
recorded alongside the relevant photographs, with other essential datas. Por
the most accurate work use can be made of wmuliiple beacons to give range to
bases already surveyed; this method makes the wost effective use of radar
data, exploiting the unique wvalue of radar range-finding. With precision
equipment, survey of a high order of accuracy can be completed in a fraction
of. the time required for classical methods, though the very highest accuracy
is not attainable. Another survey application lies in the measurement of
base-lines; here the raedar solution gives a rapid answer satisfactory for
all but the most accurate work, and again with enormous saving of time.

8.7 Miscellaneous

(1) A common type of radar system with ane special role is the radar
altimeter, cayried by aircraft in order to measure height above ground or sea.
With a simple extended target so favourably situated and with the requirement
to measure only a simple coordinate, a fairly simple pulse-system is adequate
for most purposes, but will fail below a certain minimum height. More
elaborate systems, which will work to within a few feet of ground or sea,

have been devised using frequency-modulation techniques: equipment of this
character is often called a "Terrain Clearance Indicator”.

(2) Other applications of radar systems occur in such fields as Ballistics,
Meteorology and Astronomye In Ballistic work many probleums arise in
connection with the measurement of position, velocity and spin to which radar
solutions can be found. Such systems way differ considerably from the

type of systems already considered in that they can be designed to deal with
much more specific problems, i.ee.sthey are usually only concerned with one
target dt a time of lmown character and with that target in an expected
places These advantages permit radar techniques to be exploited in a
fashion which would not be practicable when dealing with many targets

moving in wnforeseen ways.

(3) Meteorological science can employ radar methods in order to locate
clouds, rainstorms and snowstorms and to plot their movements. Radar
observations of balloons also gives information of winds. As will be seen
in Sect.9, certain atmospheric conditions give rise to pecullar propagation
clroumstences which markedly affect radar performence at low angless The
existence of these phenomene suggests the possibility of deriving
meteorological date from a study of propagation conditions through the
medium of radar performance.

(4) Radar measurements have been used to confirm some well-known facts
about the moon, and similar measurements may possibly be made in respect of
other heavenly bodies, though the number of these which subtend a
sufficiently large angle for practicable systems is rather limiteds An
astronomical field which has been found to yield copious information under
radar investigation is that concerned with the study of meteors entering

the earth's atmosphere.

9. Propagation

(1) The basic assumptions regarding radar propagation have alreedy been
stated. For most radar purposes these can be taken as a ‘tolerable
approximation to the truth, though it is evident that radar performance at
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long ranges requires a more corprehensible explenation. In an introductory
chapter it will not be possible to do more than indicate one or two
circumstances affecting the propagation of electromasgnetic waves close to
the surface of the earth which rust be taken into account in considering
such guestions. Rectilinear propagation is a concept taken over from the
field of geometrical optics - in a way, it may be said to represent limiting
behaviour as frequency tends to become infinitely large - and this idea
gives a useful approximation to natural events under appropriate conditions,
but a more exact correspondence is obtained through the study of refraction
and diffraction. The notion of the horizon plane (strictly a cone) is
very useful, azd to a first approximation this divides the visible from the
invisible in a radar as well as an optical sense. Coming nearer to the
truth we should recognise, however, that the norwal process of atmospheric
refraction makes the visible region rather more extensive; for radar
purposes this is of'ten expressed in the state that to a normelly refracted
wave close to the earth, the earth appears to have a curvature which is 3/21.
of its actual value. Thus the fiction of rectilinear propagation can be
made to give more useful results by considering the radius of the earth

to be some 4/3 of its actual value over a region embracing the horizon and
going some little way beyond, retaining other dimensions at their natural
values within this region, of course. It will be seen that this factor
increases the distance to the horizone. Rader waves continue to hug the
earth beyoné the horizon because of diffraction, though this earth=bound
component is rapidly attenuated in comparison with .the behaviour of
unrestricted waves, and the extent to which waves of appreciable amplitude
persist beyond the horizon is dependent on freqguency, becoming less as
frequency rises. Diffraction thus adds very little in the way of working
ranze beyot. the horizon for centrimetric radar systems, but gives more
assistance to the longest radar waves. It iz important to remember that
these considerations affect primarily the component of radiation travelling
in the lmmediate neighbourhood of the earth's surface and have little effect
or. paths which are not so restricted.

(2) Atmospheric refraction is not a stable phenomenon, and its wmagnitude

is highly dependent on meteorological conditions, particulaerly on temperature
and humidity-gradients. These factors may combire to give local conditions
wder which a glancing rey is refracted by just that amount which is necessary
to follow the actual curvature of the earth. This phenomenon is known as
"super-refraction”, and is associated in cptics with the formations of mirages. .
For this to take place the appropriate conditions must apply throughout an
atmogpheric belt whose minimum depth is determined for each fregquency, and
which becomes less for the shorter waves. VWhen the belt is established

a "duct" is said to exist and this will permit propagation of waves within
the duct under highly favourable conditions provided the waves are short
enough to be trapped. The unexpectedly large ranges at which radar targets
are somctimes dectectable can usually be explained as due to super-refraction.
It should be noted that whereas diffraction helps the longer waves, super-
refraction favours the shorter waves owing to the fact that ducts become
more rare as their depth increases, but that these favours, though handsome,
ere somewhat fickle in their incidence over large tracts of the earth's

surface.

(3) As regards radar-measurements, the most significant effect of the
processes considered so far is to make angle of sight determinations rather
suspect for extremely small angles, but as these are in any case suspect
for other reasons, the additional complication is not very serious for most

practical purposes.

(&) Constancy of velocity of propagation should also be considered briefly.
Here it is sufficient to say that so far as unrestricted waves are concerned
ary effects due to atmospheric inhomogeneity may be ignored in practical
radar range-computations for comparatively short paths, but that in long-range
working with paths clozse to the ground or sea, a correcticn can be made to
allow for the slightly reduced speed encountered, in addition to making
allowance for the curved pathe These factors are of practical significance
in redio-navigation, particularly.at the longer ranges.
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(5) The ionosphere plays no significant part in most radar-propacation
problems, though the longest radar-waves are not too short to be reflected.
If it becomes necessary to increase the range of early-warning radar systems
very considerably, then the ionosphere might be expected to play an important
part in longer-wave radar systems, as it does in long-wave long-range radio~
navigatione. On the other hand, etmospheric absorption is quite negligible
for the longer radar-waves, but becomes very important in connection with
centimetric radar systems owing to the presence of broad absorption-bands
(due to oxygen and water vapour, particularly) in this part of the spectrum,
and these will seriously impair range-performance if frequencies are chosen
without regard to atmospheric transparency. A rather similar effect arises
owing to scattering by small particles in the atmosphere such as raindrops.
These also drain away energy from a wave passing through and not only weaken
the response of radar targets situated in or beyond the raincloud, but in
addition complicate the response to a target in the cloud as seen on a
radar-display by presenting with it all the associated echoes due to back-
scattering which arrive at the same time. Here too the longer radar-waves
suffer to a negligible extent whilst the problem becomes more pressing on the
shorter centimetric waves. In the region the situation is alleviated by the
use of short pulses and narrow beams, which serve to reduce the number .of
interfering raindrop—echoes arriving at any instant.
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