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Preface to the
Second Edition

A considerable time has e.apsed since the book was written and in this
period remarkable developments in navigational aids have taken place. All
the aids dealt with in the previous edition are continuing in use with
perhaps changes in the hardware with advances in the art of electronics.
Since the basic principles remain the same and as the emphasis in the book
is on these, it has not been found necessary to effect many changes.

One way in which the developments in field of electronics have made
a difference is the advent of powerful, compact and relatively low cost
computing devices. This has opened up possibilities of new techniques of
navigation. An outstanding example of this is the Global Positioning
System (GPS) developed by the American Department of Defence which
can provide very accurate positional information all over the globe to the
military, and with slightly reduced accuracy, to all others. Some space has
been devoted to this topic because of its importance and its potential for
worldwide use. As a consequence chapter nine has been changed to
‘Satellite Navigation Systems’. >

The Microwave Landing System (MLS) which is intended to replace the
currently used Instrument Landing System (ILS), in due course of time;
has also been dealt with briefly.

The treatment of the subject is directed to the students of engineering,
in particular communication and electronics engineering, and the emphasis
is on the technical rather than operational aspects of the subject, as in the
earlier edition.

For information on the new material introduced, I must gratefully
acknowledge the assistance given by Bharat Electronics Ltd., Bangalore
and in particular their central Research Unit. I am indebted to the staff of
the unit, particularly H Ramakrishna and G Raghava Rao_with whom I
have had many helpful discussions. I must also
Communication and Electronics Ltd. (GCEL), whodx
information on the Navigational Aids manufactur, éby
included in this edition.




Preface to the
First Edition

As in many other fields, electronics has made a revolutionary impact in the
field of navigation. This art which started with the use of a few instruments
such as the sextant and the compass followed by the manual calculations
has now developed to such an extent that the navigator has at his disposal
a vast array of instruments and computers which automatically present his
position and the distance he has to travel to his destination and other
navigational information. All this has been made possible by the advent of
electronics. There are now numerous radio aids to navigation and some
aids which do not involve radio emissions of any type but are dependent
on electronics for their functioning.

This book aims at giving an introductory treatment of this vast and
expanding field. While navigation as such is the field of the professional
navigator, the electronic engineer cannot afford to be ignorant of the
variety of ways in which the technology of electronics has been appliéd to
navigation. Appropriately then, the subject figures in the syllabus of the
bachelor’s degree in electronics in most universities. This book is
addressed to such an audience.

The empbhasis here is on systems and engineering principles rather than
details of equipment. Only in a few places are circuits given. Treatment of
the details of circuits, etc. are out of place in a book of this nature and size.
An attempt has been made to cover most of the important navigational
facilities that are in operation in this country and abroad.

A subject such as this where rapid developments are taking place and
much of the latest developments are only available in classified literature,
any book which deals with details, tends to get obsolete. But a treatment
of the basic principles is likely to have a more lasting value.

The book is divided into nine chapters, the first being 1ntroduct6’r}z:§;ié:"}l\

the next seven dealing with various common navigational aRfS including
the self-contained systems of Doppler radar and inertial 1gat10n The
last chapter deals briefly with some of the recent developméngs. Add]tldnal, -

matter of relevance is given in the four appendices. A listaof ceferences Wty

Y

including textbooks is given for further reading on the toplQS dealt: w1th As
the book is intended for students in the final year of their bachelor’s

N\



viii Preface to the First Edition

provided by commonly available tests like Terman’s Electronic and Radio
Engineering is assumed. A set of questions and exercises has been
included in the end with a view to help the reader increase his appreciation
of the subject and to encourage further reading. Metric units of distance
have been used throughout the book. As much of the literature on the
subject makes use of other units such as the statute mile, nautical mile,
knots, etc., the conversion factors are given in a footnote for ready
reference.

This book is the result of a suggestion made by Prof S V C Aiya,
formerly Head of the Department ot Electrical Communication Engineer-
ing at the Indian Institute of Science, and the encouragement he gave me.

It has been used in the class room for a number of years and owes its
present form to the many helpful suggestions made by the students
themselves, for which I thank them. I am also thankful to the Director,
Indian Institute of Science, for permitting me to bring out this volume and
to Prof B S Ramakrishna, Chairman of Electrical Sciences, for the
encouragement he has given. The drawings were prepared by Mr
Vijayendra and the manuscript was typed by Mr Govindaraju, and I am
grateful to them for the care and trouble they took.

Bangalore,
26th March, 1975

NS NAGAraiA
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1.1 INTRODUCTION

Navigation, the art of directing the movements of a craft from one point
to another along a desired path, has an origin going back to pre-historic
times. Many great voyages of migration appear to have been undertaken
even in the pre-Christian era. In the early days, none of the aids of later
navigators, such as the compass, the chronometer and the sextant, were
available. These voyages were accomplished perhaps by the voyagers’
knowledge of the movements of the sun and the stars and the winds.

As time progressed, various instruments came to the aid of the
navigator. By the sixteenth century, the compass, the clock, the theodolite
and, at least, crude charts of the known world were available to the
navigator. The great navigator, Magellan, circumnavigated the Globe in
the early sixteenth century with the aid of these instruments. By the
eighteenth century, the chronometer, a very accurate clock, was produced.
With the chronometer, the navigator was able to determine his longitude
by noting the transit time of heavenly bodies. The other instruments were
also improved and the charts became more extensive and accurate.
Navigation, by then, had become a science as well as an art. In the
twentieth century, electronics entered the field. Time signals were
broadcast by which the chronometers could be corrected. Direction finders
and other navigational aids which enabled the navigator to obtain a fix
using entirely electronic aids were developed and came into extensive use.

Our principal concern in this book is with electronic navigational aids,
i.e. navigational systems which employ electronics in some way. However,
a brief account of other methods of navigation are inciuded to present the
main topic in the proper perspective.

1.2 FOUR METHODS OF NAVIGATION

Navigation requires the determination of the position of the craft and the



2 Elements of Electronic Navigation

currently used methods of navigation may be divided into four classes:

(i) Navigation by pilotage (or visual contact),

(ii) Celestial or astronomical navigation,

(iii) Navigation by dead-reckoning, and

(iv) Radio navigation.

We will be concerned with only the last two of these, but, before we
proceed, some general ideas regarding the other methods of navigation are
desirable.

(i) Navigation by pilotage In this method, the navigator fixes his
position on a map by observing known visible landmarks. In air navigation,
for example, when the ground is visible, the navigator can see the principal
features on the ground, such as rivers, coast-lines, estuaries, hills, etc. and
thereby, fix his position. Even at night, light beacons, cities and towns
provide information about the position of the craft. Pilotage in this sense
is, of course, possible only under conditions of good visibility.

Pilotage is also possible with the aid of an air-borne radar and this is
called ‘Electronic-Pilotage’. The radar used for this purpose is generally a
microwave search radar provided with a plan-position (PPI) display on
which the terrain is mapped. The PPI picture has, of course, poor
resolution compared with the human eye, because the angular resolution is
typically 3° and the resolution radially, along the time-base scan is of the
order of a few kilometers. This is, however, sufficient for indentifying the
more prominent features of the terrain. Electronic pilotage has the
advantage that its range is high, generally 50 to 100 km and that it can be
used under conditions of poor visibility. In addition, the distance of the
objects ‘seen’ can be determined far more accurately than by visual means.
Because of these advantages, radar can be a valuable navigational aid
under certain conditions. Both the methods of pilotage require recogniz-
able features in the terrain and would, therefore, be useless over stretches
of sea if there are no islands in the field of vision. Both methods of
pilotage depend upon the availability of accurate maps of the terrain.

(i) Celestial navigation Celestial navigation (also called astronomical
navigation) is accomplished by measuring the angular position of celestial
bodies. Almanacs giving the position of celestial bodies at various times
(measured in terms of Greenwich Mean Time) are readily available. The
navigator measures the elevation of the celestial body with a sextant and
notes the precise time at which the measurement is made with a
chronometer. These two measurements are enough to fix the position of
the craft on a circle on the face of the globe. If two such observations are
made, the position or ‘fix’ of the craft can be identified as one of the two
points of intersections of the circles. If the position of the craft is known
approximately, the ambiguity between the two possible positions may be
eliminated. Sometimes, a third observation may have to be made to remove
the ambiouitv.

Infroduction 3

The basis of this method is as follows. Referring to Fig. 1.1, if P is the
position of craft on the surface of the earth, and Q the point on the surface
of the earth at which the celestial body is at
the zenith at the time of observation (called
the sub-stellar point), the celestial body
makes an angle 6 with the vertical at P. The
arc joining sub-stellar point and the position
of the craft also subtends an angle 0 at the
centre of the earth. The locus of all points
subtending this angle is a circle with the sub-
stellar point as the centre. The position of the
latter can be obtained from the almanac if the
exact time of observation is noted. One
observation of 6 (or the elevation angle
90° — 0) gives one position circle. Two
observations, providing two intersecting cir-
cles, are generally sufficient to obtain a fix. In practice, the two obser-
vations are not made at the same instant and consequently the craft will
have moved between the instants of observations. But this can be allowed
for in the reckoning.

The advantage of celestial navigation is its relative independence of
external aids. It has the disadvantage that the visibility should be good
enough to take elevation angles of heavenly bodies. This may nf)t be
always possible at sea, but in air navigation, with modern aircraft flying at
altitudes above 5000 m, visibility is always good.

The accuracy of fixes obtained in this method of navigation depend.s
mainly on the accuracy with which the elevation of the heavenly body is
taken. This, in turn, depends on the accuracy with which the horizon can
be located. Under favourable conditions, these angles can be measured
correct to 1 min ‘of arc, which implies the position line accuracy of one
nautical mile. ,

(iii) Navigation by dead-reckoning In this method of navigatlop, the
position of the craft at any instant of time is calculated from the previously
determined position, the speed of its motion with respect to earth along
with the direction of its motion (i.e. its velocity vector) and the time
elapsed. The term ‘dead-reckoning’ abbreviated ‘DR’ stands for ‘deduced
calculation®’. This is the most common and widely used method of
navigation. [t i

Navigation by dead-reckoning, requires some means of finding the
direction of motion of the craft (called the “track angle”) and a speed

Fig. 1.1 Principle of celestial
navigation

* The origin of the term is attributed by some to the use of a log attached to the
line used in taking measurement of ship’s speed at sea. The log is dead’, i.e.
stationarv in water while the ship is in motion.
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indicator. The first requirernent may be met by a magnetic compass and the
second by an instrument such as the air-speed indicator in aircraft and the
mechanical log in ships. DR navigation would be straight-forward, if the
medium in which the craft travels is stationary. But this condition rarely
prevails. The complication introduced by the velocity of the medium will
be appreciated by referring to Fig. 1.2. In this, the aircraft has a direction

A /

Track angle o

Fig. 1.2 The velocity triangle

of apparent motion, OA, which is called the ‘heading’ of the aircraft. The
wind has a velocity in a different direction, OB. The velocity of the aircraft
with respect to ground is given by the vector combination of these two, i.e.
by OC. The angle which the vector OC makes with the North is called the
‘track angle.” It is clear that the heading and track angle are not, in general,
the same, the exception being when the wind is in the direction of OA4 or
its reciprocal. Further, the air speed and ground speed are not the same
when there is a wind. The true ground speed and direction can, however,
be determined by constructing the velocity triangle and DR navigation is,
thus possible, if the wind velocity is known. Similar considerations apply
to navigation of ships as tidal currents require to be taken into account. But
these are known to much better accuracy than wind velocities which keep
changing in magnitude and direction constantly. Navigation by dead-
reckoning over long distances is subject to appreciable errors unless
intermediate checks are possible.

In air navigation, the wind velocity is generally obtained in the course
of the flight from weather broadcasts or by communication with ground
stations. In long flights over water, modern air operations resort to
‘minimal flight paths’, i.e. paths which require minimum flying time. If
there were no winds, this would be the path of minimum geographical
distance, which is the great-circle path between the starting point and the
destination. But the presence of winds, particularly high velocity air
currents at high altitudes completely alters the situation. The path taking
the shortest time uses favourable wind directions and may be longer

nnnnnnn Lhinalley T€ tha catbnwea ~AF fnnbinan (60hn cancaaiin mndao N L a o
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region of flight is known, the experienced navigator can take a route which
is long geographically but requires shorter time. This is called ‘pressure
pattern navigation’. The' instruments required for this are a barometric
altimeter to measure the ‘pressure altitude’ and a radio altimeter to
determine the absolute altitude. The navigator flies at constant pressure
altitude and notes the change in absolute altitude over an interval of time.
With this information, he is able to compute the cross-component of the
wind which is required for dead-reckoning, and serves as a check on
predicted pressure and wind. (For further details of this method, see
Ref. 3).

In recent years, new techniques of determining the true velocity and
direction of motion have been developed. These employ sensors of
acceleration based on inertial principles and sensors of velocity based on
Doppler effect and have given rise to ‘Inertial navigation’ and ‘Doppler
navigation’ respectively. The principles of these methods are the subject of
Chapters 7 and 8.

(iv) Radio navigation This method is based on the use of elec-
tromagnetic waves to find the position of the craft. The various techniques
employed form the subject matter of the greater part of the following
chapters where a number of common systems are described. All these
systems depend upon transmitters and/or receivers at known locations on
the earth’s surface and transmitters and /or receivers working in cojunction
with them in the vehicle. These systems involve a dependence of the craft
on installations on land and are, therefore, not self-contained systems of
navigation like the DR system. In the last analysis, all these systems
depend on the properties of rectilinear propagation and constant velocity of
electromagnetic waves and the navigational parameters (direction, dis-
tance, etc.) are obtained by direct or indirect measurement of delay (or
delays) occuring in the transmission. The positional information is related
principally to (i) the measurement of direction, (ii) the measurement of
distance, or (iii) the difference in distance of two transmitters. These give
the locus of the craft on (i) a line, (ii) a circle, and (iii) a hyperbola,
respectively. The intersection of two or more such loci gives the fix or
position of the craft.

Satellite navigation systems, dealt with in chapter 9, also depend on the
establishing of loci on which the craft is located. The Transit system, the
operation of which depends upon the measurement of Doppler shift in the
frequency it radiates, defines a hyperboloid of revolution, the intersection
of which with the surface of the earth gives the locus of the possible
positions of the receiver, and the intersectiuii of two or more loci
establishes the position of the receiver. The Navstar system depends on the
measurement of the exact distance of the receiver from the satellite and so
the locus is the intersection of a spherical surface with the earth (or a
concentric sphere in the case of aircraft flying over the earth), and again
the intersection of two or more loci establishes the position of the receiver.

In the fallawing chanters the nrincinles underlving the operation of
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Radio Direction-finding

The earliest method of electronic navigation was by direction-finding, i.e.
the determination of the direction of arrival of electromagnetic waves at
the receiving station. As electromagnetic waves travel along the great-
circle path, direction-finding helps to locate the transmitter along a great
circle. Though the oldest form of electronic navigation, this method is still
in wide use both on ships and aircraft.

The direction-finder may be located either on the craft or on ground. In
the former case, the determination of the bearing of two or more fixed
stations will give a ‘fix’. In the latter case, the ground station finds the
bearing of the craft and passes on the information to the craft by a radio
communication channel. Both the methods are in vogue.

Direction-finding may be carried out in any region of the radio
spectrum, though certain frequencies are specifically allotted for naviga-
tional purposes, in the LF/MF, HF and VHF bands. The technical features
of direction finders operating at these frequencies naturally differ, but the
fundamental principles involved are the same. These will be considered
next, with the loop antenna (which is used mainly at low and medium
frequencies) as the basis.

2.1 THE LOOP ANTENNA

Consider a rectangular loop antenna of length a and width & (Fig. 2.1) with
its plane vertical, mounted so that it can be rotated about the vertical axis.
Let there be a vertically polarized electromagnetic wave incident on it,
coming from a direction nicking an angle 6 with the plane of the loop*.
The source will be assumed to be so far away, that incident wave is a plane
wave. Voltages are induced in the vertical members of the loop, but not in

* In all the following discussions, it will be assumed that the direction of the
incoming wave is fixed, i.e. from the east. The polar diagram is therefore,
interpreted as the polar plot of the loop output when the loop is rotated about its

Radio Direction-finding 7
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Fig. 2.1  (a) Loop antenna, (b) ifs setting, (c) phasor diagram and .
(d) polar diagram

its horizontal members as the wave is verticaily polarized. The magnitude
of the voltage induced in the two vertical members is a-& where € is the
magnitude (say rms) of the electric field. The voltages in the tw? members
will not be in phase, as can be seen in the phasor diagram, Fig. 2.1 (o).
Taking the electric field at the centre of the loo;.) as'the reference, the
voltage induced in AB [represented by phasor OX in Fig. Z1 (c)‘]. lags by
an angle ¢ and that induced in CD leads by an equal angle. The difference

in path lengths being %b cos 6, the phase difference ¢ is given by

o= —Z—Tilbcose
4 2

=7 hcos@ (2.1)
A

If the electric field at the centre of the loop is
£ @) = JZ € cos (o)

the voltages induced in AB and CD are then

e = V2 ae cos (a)t—g—b cos 6)
and
e, =~/§a£cos(wt +Zr/{b cos 9)

The resultant voltage around the loop is thus
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e,=e—e;= 2ae [cos (a)t - %{-b cos6) — cos (a)t + %b cose)]

=2 ag 2sin (%b cos 9) sin @t (2.3)

This voltage is represented by phasor XY in Fig. 2.1(c). The voltage ¢,
is in phase quadrature with the reference electric field and has a magnitude

which depends on the value of . In particular, when 0 is T or -3£, e =0.
If b is very small compared with A, we may put .

sin (—;rjb cos 9) = % b cosB
2
and e =~/§£Tﬂab cos 0 sin ot
= E; cos 0 sin ot (2.4)

2
where we have put +/2¢ L1 . E;. The output amplitude is propor-

tional to cos 6. The polar diagram of the loop antenna is, therefore, a
‘figure-of-eight’ as shown in Fig. 2.1(d). Note that the ‘zero’s or nulls
occur when the plane of the loop is perpendicular to the direction of arrival
of the electromagnetic wave, i.e. parallel to the wave front. The other
points that emerge on examination of expression (2.4) are:

(a) The output voltage is proportional to the area of the loop, ab.

(b) The phase of the output voltage reverses when loop passes through

a null, i.e. if in one lobe of the figure-of-eight it is leading the
reference field by 7/2, then in the other lobe it lags the reference
field by /2.

If the loop-has 4 turns instead of one, the output voltages of the turns
add up and the resulting output is \'times that of a single turn loop. In the
above discussion, we have considered a rectangular loop, but the
conclusions are applicable to loops of other shapes (e.g. triangular or
circular ones) because these may be considered as made up of on infinite
number of elementary rectangular loops, for each of which the output
voltage is proportional to the area. As a consequence, the loop voltage is
proportional to the loop area, irrespective of the shape of the loop.

In the above analysis, we have obtained the voltage output of the loop
from the electric field of the incoming wave. Precisely the same results are
obtained if we calculate the voltage on the basis of the magnetic field. The
output in this case, will depend on the rate of change of magnetic flux
linked with the loop. When the loop is East-West, the linkage is maximum
and the output is, likewise, maximum. When the loop is North-South, its
plane is parallel to the wave front and there is no flux linkage. The output
is, therefore, zero.

The markedly directional property of the loop antenna can be used for

olel Y X-7-7
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output to a receiver, and turning the loop until a null is obtained. The
direction of arrival of the electromagnetic wave is then determined (with
an ambiguity of 180°) as the one normal to the plane of the loop. The null,
rather than the maximum signal is chosen because it is more sharply

defined, i.e. at the null, the rate of change of signal with angular
displacement of the loop is higher than at the maximum of the figure-of-
eight.

The ambiguity of 180° arises because, the two nulls are indistinguish-
able from each other when only the magnitude of the signal is considered.
But the nulls are distinguishable when the phase of the signal is also
considered. For example, if the loop is turned clockwise, at one null the
phase of the signal (with respect to the reference field) changes from /2
leading to 7/2 lagging, and at the other null, it changes from 7/2 lagging
to /2 leading. Therefore, some method of finding the phase of the signal
with respect to the reference field can be used for resolving the ambiguity.
This process is called ‘sense-finding.’

For sense-finding, a vertical antenna is used in conjunction with the
loop. The vertical antenna is non-directional (i.e. its horizontal polar
diagram is circular) and it is kept close to the loop antenna so that the
voltage induced in it is in phase with the reference field. The output
voltages of the vertical antenna and the loop antenna are then respectively

e, =K coswt }

e; =cos0 sinwt %! ‘

omitting some constants of proportionality. The factor X is the ratio of the
vertical antenna output amplitude to the maximum loop antenna output
amplitude. These two voltages are in phase quadrature, as is also evident
from the phasor diagram in Fig. 2.1(c). If the phase of one of them is
changed by 90° and the two voltages are then added, sense-finding is
possible because the voltage from the loop will add to or subtract from that
of the sense aerial depending on the direction of arrival of the elec-
tromagnetic wave. Let us assume that the phase of the loop output is
changed by m/2 making it

e’, = cos 6 cos mt

The sum of the two voltages, which is the input to the receiver E is given

by
E;= Kcoswt + cosf coswt

= (K + cos 6 coswt (2.6)

Thus when 6 = 0, the amplitude of the input is (X + 1) and when 6 = T,
it is (K — 1). If E; is plotted as a function of 6, we get the polar diagram
of the combined antenna. These plots are shown in Fig. 2.2 for several
values of X Ideally, % should be unity, giving the cardioid pattern

[Fie 2 2(~\1 in whicrh the carrect directinn of the wave and ite recinrncal
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(a) (b) (c)

Fig. 2.2 Polar diagrams of combined vertical antenna and loop antenna
(@ x>1,(b) Kx<1, and (©) x=1

are distinguished by a large difference in the combined output. It should
be noted, however, that while for direction-finding the loop is turned to
give zero or minimum signal, for sense-finding, it should be turned to give
the maximum loop signal. The procedure for direction-finding consists,
then, of the following steps: (a) with the sense antenna disconnected, the
loop is turned to give the minimum signal and its angular position is
noted; (b) then the loop is turned clockwise (say) by 90°. The signal
increases to its maximum; (c) the sense antenna is now connected. If the
orientation of the loop indicates the correct direction, the signal increases
and if it indicates the reciprocal, the signal decreases. (Note that two
conventions have been introduced in this procedure—firstly that the loop
is turned clockwise after obtaining the null and secondly that the signal
increases when the correct direction is indicated. In order that this may be
true, appropriate connections of the loop terminals have to be made).

In loop antennas, an undesirable effect known as the ‘antenna effect’
arises due to the pick-up of a small voltage (either in the receiver or
elsewhere) which is independent of the orientation of the loop. The loop
antenna is used to find the zero signal position, and, therefore, even a very
small extraneous voltage adversely affects the operation. If the pick-up
voltage is in phase quadrature to the voltage around the loop, it merely
changes the null to a minimum and broadens it (‘quadrature antenna
effect’). If it is in phase with the loop output voltage, it makes the two
lobes of the figure-of-eight pattern unequal, as in Fig. 2.2(b) (X < 1). The
most important change brought about in this case is the non-opposite
nature of the two minima, which can be readily checked in practice.

2.2 LOOP INPUT CIRCUITS

The loop antenna is by itself inductive and the loop output is not generally
used directly as an input to the receiver. A variety of circuits is used at the
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the loop voltage and to establish the desired phrase relation between the
output of the loop circuit and the output of the vertical antenna for sense-
finding. A description of some of these circuits is given in Ref. 2 and 3. The
basic elements of a few of these circuits are shown in Fig. 2.3. In the
circuit shown in Fig. 2.3(a), the inductance of the loop is tuned out by a
capacitor, the two together making a series tuned circuit, and the voltage
across the capacitor or half of it is used as the input to the receiver. The series
tuned circuit provides a certain amount of circuit magnification of the
loop voltage e;. As the current in a series tuned circuit is in phase with
the applied voltage, the voltage across the capacitance lags by /2 with
respect to the input voltage. Figure 2.3(b) and 2.3(c) show developments
of the same circuit to achieve a better balance than is possible with the first

=

circuit.

Compensating
(a) capacitor (b)

(d)

Fig. 2.3 Loop input circuits: (a) series tuned; (b) and (c) balanced
circuits; (d) a screened loop

One of the important sources of antenna effect is the asymmetry of the
loop antenna with respect to the ground. To minimize antenna effect, the
centre of the loop is earthed and its output is, thereby, balanced. If the
input stage of the receiver is single-ended, half the voltage across the
tuning capacitor is applied to the grid of the first stage and some unbalance
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either a compensating capacitor Cz may be used as in Fig. 2.3(b) or a
balanced input stage may be employed as in Fig. 2.3(c). Any residual
antenna effect can be compensated by introducing a controllable voltage in
phase with antenna voltage. In all adjustments aimed at eliminating
antenna effect, a check is made to see whether the minima correspond to
opposite bearings by tuning in a station and turning the loop. Ideally, the
two bearings obtained must differ by 180° and any departure from this
figure is minimized by adjustment of the compensating circuits.

i Balancing of the loop is made more effective and accurate by enclosing
it in an electrostatic shield which is broken at one point near the Top. A
completely shielded loop will, of course, not pick up any signal but if a
break is'introduced, the performance of the loop is scarcely affected, while
any unbalance introduced by surrounding objects is minimized. The
receiver can be an ordinary communications receiver but with arrangement
for switching off automatic volume control.

2.3 AN AURAL-NULL DIRECTION-FINDER

The input circuit of a manually operated loop direction-finder is shown in
Fig. 2.4. This circuit illustrates one method by which the voltage required
for sense-finding may be obtained and introduced into the loop circuit.
There is a provision in this circuit for sharpening the nulls. On shipboard,
the presence of metallic objects such as stacks, guys, etc. tends to produce,
by re-radiation, undesirable voltages in the loop. In particular, the voltages
having the quadrature phase relationship broaden the null. Provision is
made in this circuit to introduce a quadrature voltage which can be
eldjusted to cancel the picked-up voltage. The operation of the circuit is as
follows.

]
i/

1. Balance
= 2. Sense

Fig. 2.4 Input circuit of an aural-null direction finder
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The loop circuit consisting of the loop antenna, L;, C; and L, is a series
tuned circuit for the loop voltage. In the ‘Balance’ position of switch S, an
additional voltage is introduced through the variable inductive coupling
between L; and L,. This voltage is obtained from the vertical antenna and
the components C,, Ls and Cj are so adjusted that this voltage is in phase
quadrature to the loop voltage. With the variation in magnitude and sign
permitted by the variable coupling between L, and L;, the quadrature
component arising from ‘antenna effect’ can be cancelled out. For sense
finding, the switch S is thrown to position 2. The vertical antenna circuit
has now a large series resistance R;. The current in L, is, therefore, in
phase with the vertical antenna voltage and the voltage induced in L, is in
phase quadrature to this, i.e. it is either in phase or in phase opposition to
the loop voltage. This satisfies the requirement for sense finding. The
magnitude of this voltage can be adjusted to the optimum value to get good
sense discrimination by adjusting the resistance R;. The direction-finding
procedure consists of the following steps: with the switch S in position
‘Balance’, the bilateral bearing of the signal source is found, using, if
necessary, the coil Ly to sharpen the null. The loop is then turned by 90°
and the switch is thrown to the ‘sense’ position. Then by noting whether
the signal strength increases or decreases, the sense can be determined. To
facilitate sense-finding, the direction-finders have two scales, one for
bearing and the second one for sense, the latter being displaced with
respect to the former by 90°. To turn the antenna by 90°, therefore, the
pointer on the direction-finding scale is turned to the same numerical value
on the sense-finding scale.

2.4 THE GONIOMETER

The loop direction-finder has the disadvantage that the loop has to be small
enough to be rotated easily. This results in relatively small signal pickups.
Further, to facilitate manual operation, the loop has to be located near the
receiver. This is a requirement which is not always easy to meet,
particularly on ship-board. Both these disadvantages are eliminated by
using two fixed loops, mutually perpendicular, and combining their outputs
in a ‘goniometer’. The loops, being fixed, can be as large as practicable
and the goniometer can be placed along  with the receiver in any
convenient location. The antenna and goniometer arrangement is shown in
Fig. 2.5.

The goniometer consists of two windings, mutually perpendicular
(called the ‘stators’), and a winding at the centre of these, called the
‘rotor’, which can be rotated about the axis of symmetry. The two fixed
loops are connected to the two stator windings and the voltage induced in
the rotor is taken to the receiver. It will be shown in the following
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paragraph that the voltage induced in the
rotor is equivalent to the voltage in a
rotating loop antenna.

Referring to Fig. 2.6(a), ‘let the two Loop
loops be oriented N-S and E-W and let the et
incident electromagnetic wave (vertically
polarized) make an angle 6 with the f
North. The currents flowing in the two
loops are then proportional to cos 6 (N-S
loop) and cos (90 — 6) = sin 0 (E-W loop).
For convenience, let the corresponding
stator coils be called N-S coil and E-W
coil. The magnetic flux in these coils,
produced by the loop currents are propor-
tional to cos @ and sin O respectively -
[Fig. 2.6(b)], and the resultant magnetic  Fig. 2.5  Sketch of the
flux has the same direction with respect gapPmigter
to the N-S stator that the electromagnetic wave has with respect to the
normal to the N-S loop. The voltage induced in the rotor is maximum when
the flux is perpendicular to the plane of the rotor and zero when it is
parallel to the plane of the rotor. The bearing can be found by turning the
rotor to a null, and taking the direction of the plane of the rotor to the
normal to the N-S stator coil as the direction of the incoming wave with
respect to North. The signal from the rotor can be combined with the signal
from a vertical antenna for sense finding.

G —~ Recieved
/é{ input

Goniometer

Hcos 0
H sin 6 9

(a) (b)

Fig. 2.6 () Plan of the loop antennas, and
(b) the maghetic field within the goniometer

2.5 ERRORS IN DIRECTION-FINDING

In the analysis of the loop direction-finder given in Sec. 2.1, we have
assumed that a vertically polarized wave is arriving at the antenna from the
direction of the transmitter. This condition will hold good only for ground-
wave propagation over a perfectly conducting earth. In practice such
conditions do not prevail; the wave may not be normaly polarized, it may
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not be the same as that of the transmitter. Errors will arise in direction-
finders on this account. These may be divided into four broad classes as
given below.
(a) Errors due to abnormal polarization of the incoming wave (night
effect and aeroplane effect).
(b) Errors due to abnormal propagation.
(c) Site errors, arising from re-radiation of energy from neighbouring
objects.
(d) Instrumental errors, arising from imperfection of the receiving
apparatus.
These will be considered in turn.

(a) Polarization Errors

In the early days of direction-finding, a type of error was observed, mainly
at night time, which was characterized by displaced minima, rapid changes
in their position, a poor null, etc. The cause of this proved to be the
abnormal polarization associated with ionospheric propagation. As sky-
waves were more prominent at night in the low frequency band, the name
‘night effect’” was given to this phenomenon. However, at high frequen-
cies, it may occur at all times of the day. Abnormal polarization also
occurs in radiation from aircraft transmitters and the so-called ‘aeroplane
effect’ has, therefore, the same basic origin as night-effect.

Consider a loop antenna set to receive an electromagnetic wave incident
at an angle B measured from the vertical (Fig. 2.7). Let the polarization be
vertical, i.e. let the electric vector be in the vertical plane in the direction
of propagation. The emf induced in the loop may
be regarded as the sum of those due to two
components of the electric vector E, a vertical
component E sin 8 and a horizontal component E
cos B in the plane of propagation of the incoming
wave. If the loop is positioned with its plane at
right angles to the plane of propagation, the net
voltage developed in the loop due to the vertical
component is zero, and the horizontal component
does not induce a voltage in any part of the loop
at all. Therefore, a null is obtained in the correct
direction and no error will result. An electromag-
netic wave polarized in this way is said to be
‘normally polarized’.

Consider now a plane polarized wave incident
at an angle fB but with the electric vector making an angle o with the
vertical. This situation is represented in Fig. 2.8(a), where cartesian
coordinate axes have been drawn. The direction of propagation is in the

Esin 3

‘Ecos 3

Fig. 2.7  Sketech of
normally pol-
arized wave
incident on
loop antenna
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Fig. 2.8 (a) Sketch of abnormally polarized wave incident on loop
antenna and (b) components of the magnetic field inducing the
loop voltage

XZ plane and the loop can be rotated about the Z-axis. If the loop is
positioned in the 9 °Z plane, a null is not obtained as with normally
polarized wave because there is a y-component of the electric field which
will induce voltages in the horizontal members of the loop. A null is
obtained away from this position. It is easier in this case to analyze the
behaviour of the loop with reference to the magnetic vector H, noting that
the voltage induced in the loop is proportional to the magnetic vector
normal to the loop and that no voltage is induced if the magnetic vector
is parallel to the loop. The H-vector of the plane-polarized wave can be
resolved into three components

H,, = H cos o along the y-axis
H, = H sin cos 8 along the x—axis 2.7
and H, = H sino sin f along the z-axis

The component H, has no effect as it is parallel to the plane of the loop
and cannot induce any voltage in it, whatever the orientation of the loop.
The two components H, and H,, being in time phase, produce a resultant
field Hg, and a null is obtained if the loop is turned by an angle J such that
its plane is parallel to Hy instead of H, as with a normally polarized wave.
By simple trigonometry [Fig. 2.8 (b)],

tan 6 = tan o - cos 3 (2.8)

The bearing obtained is in error by the angle 6, which is a function of both
the angle of incidence () and the polarization angle o. For purposes of
comparison of different direction-finders, a ‘standard wave’ is specified,
having o = B = 7m/4. The error & obtained with this wave is called the
‘standard wave error’. For the loop aerial which has been studied, this is,
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In the above simple analysis, only the effect of the incident wave is
considered and the wave reflected by the ground has been ignored. This
will not lead to a serious error as the effect of the reflected wave is
generally small.

Sometimes the down-coming wave is not plane-polarized and the
various voltages induced in the loop by the components are not in time
phase. In such a case, the null is poorly defined or it may even be
impossible to obtain any null at all. Methods of eliminating polarization
errors are discussed in Sec. 2.6.

(b) Errors due to Abnormal Propagation

It was earlier assumed that the electro-magnetic wave travelled along the
great circle path from the transmitter to the direction-finder. This is
generally true but sometimes the path deviates from the great circle plane.
When the propagation is via the ionosphere, such deviations can occur
owing to scattered reflections and tilt of the reflecting regions. As both
these phenomena are associated with propagation via the ionosphere, they
are more evident at high frequencies. Errors arising from these causes are
random and can be specified only in terms of the rms value, which appears
to be about 1° (Ref. 4).

Abnormal propagation can also occur at low and medium frequencies
under certain conditions. When the direction-finder is near a coast and the
direction of arrival of the wave makes a small angle with the coast-line,
there is a bending of the wave towards the land owing to the differences
in the conductivity of the sea and land. The transmitter, therefore, appears
to be more towards the sea than it actually is. This phenomenon is
sometimes called ‘coastal refraction.” These errors are generally small
(about 1°) and generally constant and could be corrected by calibration.
A similar phenomenon may be observed in mountainous terrain, owing to
the tendency of the electromagnetic wave to travel along valleys. In air-
borne direction-finders, mountainous terrain may cause errors when there
is a simultaneous reception of the signal from the transmitter by a direct
path and by reflection from a mountain side. This is called ‘mountain
effect’. When it is present, the apparent direction indicated by the
direction-finder shows irregular fluctuations about the true course.

(c) Site Errors

An ideal site for a direction-finder must be flat (i.e. without any obstacles)
and must have a high conductivity. In actual sites, these conditions are not
fulfilled and errors arise either on account of reflections from large
surfaces or on account of re-radiation from various objects nearby. Even
objects underground, such as buried cables, pipes, etc. can produce errors

(R AR SRy tha anil Aanduativito iec law and tha alastramaonetic wave
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penetrates the soil to some depth. It is difficult to assess the effect of
nearby objects with any certainty but as a broad generalization it may be
said that larger the object and nearer it is to the direction-finder, the greater
is its potentiality for introducing site errors. A full discussion of the
problems of siting direction-finders may be found in Ref. 5.

In a mobile installation, as on a shipboard, the choice of site is very
restricted and the direction-finder is invariably surrounded by objects
which absorb some of the energy from the wave and re-radiate it. These
cases merit separate study both in view of their special features and of
their importance. ’

On shipboard, metallic objects such as stacks, poles, guys and rigs act,
as ‘re-radiators’. This last term is used in a broad sense as the fields
produced by these objects at the direction-finder antenna are not
necessarily radiation fields, but include induction fields, both magnetic and
electrostatic. If the antenna is on the centre-line of the ship, the errors tend
to be zero in four directions, namely forward, astern, and to either side.
The plot of error versus the bearing of the transmitter appears as shown in
Fig. 2.9, and the error is called ‘quadrantal error’ as it is maximum in each
of the four quadrants. The sign of the quadrantal error is such that the
apparent bearings tend to be shifted towards the forward or stern part of
the ship. The reason for the quandrantal nature of the error is that the large
errors are introduced by the loop structures on the ship, made up of mast
and hull or stack, which are aligned roughly fore and aft. The loop antenna
has maximum coupling with these when its plane is also fore and aft., and
minimum coupling when its plane is turned by 90°. When a transmitter is
along the centre-line of the ship, the loop structure of the ship has
maximum induced currents, but these do not induce any voltage in the loop
antenna when the latter is turned to obtain a null, for it will then be at right
angles to the centre-line and will have minimum coupling to the loop
structure. The error is, therefore, zero or minimum. When the transmitter

+30°
+20° -

Error in bearing

0° 90° 180° 270° 360°
Bow Starboard Stern Port Bow
Fig. 2.9 Quadrantal error curve of a ship-board direction-finder
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is at right angles to the centre-line of the ship, the loop structure has net
zero voltage induced in it and will, therefore, not affect the loop, antenna
minimum. The error is thus again zero or minimum. Between these four
positions, the error is maximum and the nulls may also be poor, requiring
balancer adjustments. In addition to the loop structure, some vertical
members may re-radiate and give rise to ‘semi-circular errors’, i.e. errors
which are maximum at two points on the circle. These errors, which are
of the nature of ‘antenna effect’ can generally be compensated by balancer
adjustments.

The loop structure of the greatest importance is the mast-stack
combination making up an open loop. The errors arising from this can be
compensated largely by closing the loop by a “compensator”6 which
consists of one or more conductors stretched between the mast and the
stack. Shielding the loop, as stated earlier, also helps to reduce the errors
arising from open radiators. In spite of all these precautions and
compensations, the residual errors in ship-borne direction-finders are
appreciable and calibration is essential. In some installations, mechanical
means of automatically applying the correction are incorporated.

Quadrantal error occurs in aircraft direction-finders also, owing to the
distortion in the field pattern produced by the wings, engines, propellers
and other parts of the aircraft. Airborne direction-finders are almost always
provided with cam mechanisms, by which corrections are automatically
applied.

(d) Instrumental Errors

Errors also arise owing to imperfections of the components used in
direction-finders. In manually operated ones, the most important is the
octantal error introduced by the goniometer. In automatic direction-finders,
other components such as synchros, resolvers, etc. may also introduce
errors. All these errors are generally small and if required could be
compensated by calibration.

2.6 ADCOCK DIRECTION-FINDERS

It was shown in the last section that polarization errors arise owing to the
voltage picked up by the horizontal members of the loop. The Adcock
antenna is designed to eliminate polarization errors by dispensing with the
horizontal members. It consists of a pair or more of vertical antennas, the
signals from these being taken to the receiver either by underground
conductors or by shielded balanced pair of wires. In the first case, no
voltage will be induced in the horizontal member, if the conductivity of the
earth is good, and in the second case, whatever voitages are induced in the
two horizontal members tend to cancel out. Several forms of the Adcock
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Fig. 2.10 Adcock direction finders {the standard-wave error is
indicated in each case)

H-type Adcock antennas, depending on the position of the horizontal
members, relative to the vertical members.

Electrically, the Adcock antenna is equivalent to a single-turn loop, and,
therefore, for equal sized ones, the output of the former is very low. To
compensate for this, the vertical antennas are made large and conse-
quently, a fixed antenna system in conjunction with a goniometer is
employed at the low, medium and high frequencies. The need .for large
antennas also makes the Adcock direction-finder unsuitable for mobile
installations. Another disadvantage of this type of antenna is that it has a
high internal impedance which is largely capacitive and presents some
difficulties in connecting it to the input circuits of a receiverS. Sense-
finding in the Adcock antenna system is carried out in the same manner as
in the loop systems by using a vertical antenna.

The Adcock direction-finder is not completely free from polarization
errors, because some voltage is induced in the horizontal members even
when buried underground. The errors are, however, reduced. Typical
values are also indicated in Fig. 2.10. In antennas of the type shown in
Fig. 2.10(a) which are used commonly in the VHF band, errors can arise
due to unequal capacitance between the antenna and the earth, but they
become less as the height of the antenna system above the earth is
increased.

2.7 DIRECTION-FINDING AT VERY HIGH FREQUENCIES

Direction-finding in the frequency band 100-150 MHz is widely employed
for aeronautical navigation purposes. This is done by ground-based
installations, which obtain the aircraft bearing and pass it to the aircraft by
radio telephony. Adcock direction-finders are invariably used for this
purpose. In the VHF band, the size of the vertical antenna and its spacing
are such that the complete antenna system can be easily rotated. ‘A typical
manually operated installation consists of a rotatable aerial ssystem
mounted on a mast above the direction-finder (DF) hut with the receiver
in the hut. Modern direction-finders are commonly of the automatic type
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principles of operation a “phase-comparison’ direction-finder are given in
Sec. 2.8. An alternative type, employing modulation techniques, is
described in Ref. 4 and 7. Recently, a direction-finder employing a new
technique has been developed. This is the Commutated Aerial Direction-
Finder (CADF)) and is dealt with in Sec. 2.9.

As VHF propagation is confined essentially to line-of-sight ranges,
direction-finders in this band mainly serve aircraft, though some use is
made of them for harbour control. Errors at these frequencies generally
originate from polarization and site irregularities. Radiation from aircraft
is often abnormally polarized and inspite of using vertical H-Adcock
antennas, some error will be present, particularly when the radiation is
incident from a high angle. Site errors are more prominent when the
radiation arrives at a low angle and in this case, the choice of a good site
is important.

2.8 AUTOMATIC DIRECTION-FINDERS

Manually-operated direction-finders have the virtue of relative simplicity
and the advantages associated with a human operator who can exercise the
faculty of auditory discrimination in the presence of interfering signals.
But in many situations, the need for an operator and the slowness inherent
in manual operation are serious disadvantages. An obvious example is that
of a direction-finder in an aircraft, where the air crew is fully occupied
with other tasks and carrying an additional crew member is uneconomical.
Another instance is where the ground direction-finder has to take the
bearing of an aircraft and pass on the information to the control tower. An
automatic direction-finder which can give a remote indication at the
control tower has distinct advantages in this situation. Automatic direction-
finders of many types have been developed to meet such requirements> *
L Here, only two such systems will be described, namely the radio
compass, an air-borne direction-finder operating in the LF/MF band
(200-3000 kc/s) and the ground-based automatic direction-finder operating
in the VHF band.

(a) The Radio Compass

The radio compass uses a loop antenna in a servo feed-back system. The
loop antenna is coupled to the servo-motor which is actuated by an error
signal derived from the loop output and turns the loop until the error signal
and, therefore, the loop output is zero. It thus automatically positions the
loop to a null. For the proper operation of the system the error signal must
change its sign as it passes through zero and to achieve.this, an
arrangement equivalent to a phase sensitive detector is used. As pointed
out in (b) in the analysis of Eq. 2.4, the phase of the carrier undergoes a
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change its sign if a phase sensitive detector is used. This arrangement still
permits two positions of equilibria corresponding to the two nulls but one
of them is unstable. The loop, therefore, takes up only one position in these
circumstances.

A block-diagram of the radio compass is shown in Fig. 2.11. The
equipment is provided with a pair of fixed loops and a gonio which is
mechanically coupled to a motor and a synchro-generator. The motor is a
two-phase one, actuated by two inputs—one from the switching oscillator
and the other from the receiver output. The former is a constant input and,
therefore, provides a fixed reference and the latter, a signal in phase with
this or exactly 180° out of phase, depending on the position of the loop
with respect to the direction of arrival of the signal. The direction of the
torque on the motor correspondingly changes its sign depending on -the
position of the loop and the motor tends to move the gonio to the position
of the zero torque or the null.

Sense ant.

; Loop .| Balanced RF T
Gonio amp. ol amp. Mixer ]
Gonio Servo Switch Local
motor W amp. T osc. 0scC.
Synch Servo If.

rep. det. l amp.

Audio det.

Fig. 2.11 Block diagram of a radio compass receiver

To obtain an output which is dependent on the phase of the gonio signal,
the following method is employed. The output of the gonio is fed to a
balanced modulator and modulated by a signal from the switching
oscillator. The output of the balanced modulator, which consists only of
the side band components, is combined with the sense aerial input, which
is phase-shifted so as to be in phase with the suppressed carrier of the
signal. The resultant is fed to a superheterodyne amplitude-modulated
receiver. The demodulated output of this will have a switching frequency

waveform, the phase of which, in relation to the input to the balanced

L Aetmeminad Tar cimnlicitv. it will be assumed that
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tP?e output of the switching oscillator is sinusoidal. The balanced modulator
gives the product of the gonio signal and the switching sinusoid, i.e.

eg= A cos ot [cos O - cos 1] (2.9)

where @, is the incoming carrier frequency, @, is the switching frequency
generally a low audio frequency such as 135 Hz and 6 is the orientatior;
of the goniometer rotor coil with respect to the reference direction. The
term within the square brackets is the gonio output. The output e, is
combined with the vertical antenna signal, say B cos @.t (B > A). The ir(l) ut
to the superheterodyne receiver is then ¥ . b

€ip = COS W - A cos @t - cos @+ B cos w,t

o A
—B[l+§cose-coswst} cos ,t (2.10)

This e.xpression represents a carrier of frequency @, amplitude modulated
b?/ a sinusoid of frequency @, the phase and amplitude of the modulating
signal being dependent on the value of cos 6. If cos 0 is positive (7/2 > 0
> — m/2), the demodulated output is in phase and when cos  is negative
({r> Q> m/2) and (- w< 6 < - m/2), it is in anti-phase to the switching
smu5f)1d cos @ gt, as shown in Fig. 2.12. The demodulated output may be
amplified and fed to the second winding of the two-phase gonio motor, but
such an arrangement will have low power efficiency. Instead, a m’otor

\ /\
/ \ i (a)
Switching
U \/ —> 1!  waveform

(b)

0 cos O positive
wi2> 0 >-—x/2

(==}

Acos w.t

(c)

Gonio output
=0

Demodulator output
o

(d)

cos 6 negative

x>0 >x/2
-7>0 <-x/2

Fig. 2.12 Comparison of waveforms: (a) Switching sinusoid, and (b), (c)
and (d) are Servo detector ouputs for. various values of A
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control circuit employing thyratrons is generally used. A simplified circuit
of one such is shown in Fig. 2.13. The operation is as follows. The gonio
motor M has two windings, one of which is supplied directly from the ac
input to the transformer T}, through a capacitor C giving a phase change
of about 90°. The other winding of the motor is fed from one half of the
secondary of the transformer through saturable reactors which act as
switches. The saturable reactors have two windings each, the dc windings
(Dl, D;) which are connected to the thyratrons, and the ac windings (4;,

A,) which are in the motor circuit. The impedance measured across the ac
winding depends upon the current in the dc winding. If the latter is zero
or very small, the impedance is high. When the current increases above a
certain value, the core saturates and the impedance of the ac windings
becomes very low. The saturable reactors thus act as switches which are
closed when there is a current in the thyratron and open when there is no
current. The phases of the voltage applied to the second winding of the
motor and, therefore, the direction in which it turns, thus depends on the
reactor which is saturated.

E N

—0
Dy Mains
400 Hz
Lo
D,

Fig. 2.13 Motor control circuit of radio compass

The thyratrons get their plate supply through V5. The switching
frequency sinusoid applied between the grid and cathode of Vj; is of such
a magnitude that the tube conducts during the positive half cycles and is
cut-off during the negative half cycles. The input to the thyratrons is
obtained from the receiver and is applied to the two grids in anti-phase
through the transformer T,. The phase of the voltage at the primary
depends upon the position of the gonio-coil and will be in phase or 180°
out of phase with the reference signal and of course will be zero at the
nulls. If it is in phase, one of the thyratrons (say V) will conduct and if
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it is in anti-phase, the other (V,) will conduct. The direction in which the
motor turns depends upon the position of the gonio coil and it can be
shown that the coil attains the equilibrium position in one of the nulls. The
demonstration of this is left to the student.

The gonio, the receiver and the motor constitute a feed-back control
system and the details of its behaviour such as its tendency to hunt about
its equilibrium position and the closeness with which it follows a changing
null may be studied by application of feed-back theory. These aspects will
not be dealt with here. Mention is, however, made of two points relevant
to this. The first is the use of the resistor R, in the cathode of V; as shown
in Fig. 2.13. This resistance provides the bias for V;. When the error signal
is small, (i.e. near the null), the average current tends to be low, and this
is counteracted by a small voltage drop in R,. When the error signal is
large, the average current is large and increases the bias on V; and thus
again counteracts the effect of the signal. As a result, the motor torque is
kept more nearly constant. The second point of importance is that many
versions of the equipment provide an ‘anti-hunt’ circuit, which is
essentially a tachometer feed-back, the necessary input being obtained
from a generator coupled to the same shaft as the one driving the gonio-
coil. This eliminates oscillations or ‘hunting’ without adversely affecting
the speed of response. The gonio motor is also coupled to a synchro
generator, which is connected to synchro receivers (see appendix III) at
remote points. The synchro receiver reproduces the angular position of the
generator (and, therefore, of the loop), and thus performs the function of
a bearing indicator.

The radio compass is one of the most widely used navigational aids.
Though it does not give very precise bearings, its simplicity and the large
number of ground transmitting stations available for obtaining bearings
have made it a common item of aircraft navigational equipment. Modern
versions of the installation employ ferrite cored loops and transistorized
electronic equipment. The antennas are made very flat and can be so
mounted on the fuselage, so that the drag is very low, facilitating their use
on high speed aircraft. Some receivers are provided with crystal tuning for
increased stability.

(b) A VHF Phase-comparison Automatic Direction-Finder

The principle of operation of this DF can be understood if one examines
the nature of the output obtained from an Adcock aerial to which the
output of a vertical aerial situated in the centre is added. As an Adcock
palr is equwalent to a loop aerial, the output may be expreswd in the form

= + CO 9 COS W1 (2.6)
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where % is the ratio of the peak amplitudes of the vertical and Adcock
antennas and @ the angle which the plane of the aerial makes with the
direction of arrival of the signal. For convenience, let the angles be
measured from North and let ¢ be the direction of arrival and y the angle
which the plane of the antenna makes with the North. Then in Eq 2.6

6=y-¢
Let the antenna be rotated with an angular velocity @, so that

Y= @t and

eo= [K + cos(og — ¢)] cos w¢ (2.11)

This is an amplitude modulated signal. When it is demodulated in an
envelope detector, the variable component of the output obtained is
proportional to cos(@¢ — ¢).

Suppose a reference sinusoid of the same frequency (@) is obtained by
coupling an alternator to the rotating antenna. By suitably positioning the
poles of the alternator, one can obtain from it the sinusoid cos @. The
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phase difference between the demodulated receiver output and the
alternator voltage, i.e. the angle ¢, gives the direction of arrival of the
signal. The bearing may, therefore, be read off directly on a phase
measuring device. This is the basic principle of some VHF DFs employing
the phase-comparison technique. A block diagram of one such equipment®
is shown in Fig. 2.14 and its operation is explained in what follows.

The DF employs a pair of fixed Adcock antennas with a capacitance
goniometer to obtain the rotating figure-of-eight pattern. Instead of using
a vertical antenna for obtaining a fixed phase signal, an unbalanced output
is taken from the capacitance goniometer rotor. The vector sum of the
voltages induced in the rotor, when combined with the figure-of-eight
pattern gives the required cardioid as represented in Eq. 2.6. The gonio
rotor is coupled to a motor and rotated at 25 rps. To the same shaft is
attached an ac generator which gives a 25 Hz ac voltage of fixed reference
phase. The signal from the goniometer, which is modulated at 25 Hz by the
rotation of the rotor, is applied to the receiver and after demodulation and
amplification is passed through a selective amplifier and is applied to a
phase measuring device along with the signal from the reference generator.
For remote indication, the two 25 Hz signals are made to amplitude
modulate two audio frequency carriers which-are then transmitted to the
remote point where they are demodulated and the two modulating 25 Hz
signals are recovered. These are then applied to a phase-meter.

The phase-meter and the associated circuits are shown in Fig. 2.15(a).
The meter is provided with two coils whose axes are at right angles to each
other and in the centre is a small permanent magnet mounted on a spindle
to which the indicating pointer is attached. When two direct currents are
passed in the coils, the magnet aligns itself with the resultant magnetic
field. The angle to which it turns is such that the tangent of this angle is
equal to the ratio of the currents in the two coils. If these two currents are
made proportional to cos ¢ and sin ¢, the position of the pointer will
directly indicate the direction of arrival of the electromagnetic wave. The
circuit shown in Fig. 2.15(a) is the phase-to-amplitude discriminator which
performs the function of giving output currents proportional to cos ¢ and
sin ¢ when provided with two inputs cos @,¢ and cos (@, — ¢). Its operation
is as follows. The reference signal is split into two components by phase-
splitting networks and amplified by push-pull amplifiers to obtain two
equal voltages in phase quadrature in the secondaries of the transformers
T, and T,. These are represented by phasors OA and OB [Fig. 2.15(b)],
which lead the original reference voltage in the primary by 45° and 135°
respectively. The variable phase signal is applied to a similar phase-
splitting network and amplified and two equal outputs are obtained from
two centre-tapped secondaries of transformer T5. These outputs lead the
variable phase input by 135°. The secondaries of the transformers are
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Fig. 2.15 (a) Circuit of the phase measuring part of the receiver and
(b) phaser diagram of voltages in the circuit

secondaries of 7T; to the quadrature reference voltages, giving the four
phasor quantities.

- 2 5 =2 = =
OP = OA + gp; 0Q = O4 + AQ

e e e e
OR = OB + BR; OS= OB + BS

The variable phase signal is much smaller than the reference phase
voltage. The above relations may then be approximated as follows

OP = OA + AP - cos (90 — ¢) = O4 + AP sin ¢
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0Q = OA — AP sin ¢
OR = OB + BR cos ¢, OS = OB — BR cos ¢

The voltages are rectified and the resultant direct voltages, which are
nearly equal to the peak ac input are applied to the grids of the tubes Vi,
V,, V5 and V. The currents which flow in the windings of the phase-meter
are proportional to the difference between the corresponding grid voltages
at the tubes. The differences are equal to 2 AP sin ¢ and 2 BR cos ¢, but
as AP and BR are equal (as the secondaries of T are identical), they are
proportional to the sine and cosine of the phase angle ¢, which is also the
bearing angle.

To maintain the desired accuracy in this type of instrument, the various
components must be accurately constructed and must maintain stable
values. Some octantal error arises in the instrument as the variable phase
signal is not very small compared with the reference phase one, but this is
made to cancel the octantal error arising in the capacitance goniometer.
The overall accuracy may be as high as about 1°.

The DF operates on a VHF radio telephony channel. The speech
frequencies are modulated at 25 Hz by the goniometer and intelligibility is
impaired. To overcome this drawback, the receiver output going to the
speech channels is demodulated by applying a 25 Hz voltage to variable
gain amplifiers.

2.9 THE COMMUTATED AERIAL DIRECTION-FINDER

We have so far considered DFs which employ antenna of dimensions small
compared with the wavelength. If the width of the antenna (6 in Eq. 1.1)
is increased beyond several wavelengths, the antenna will have 2 multiple
lobe polar diagram and cannot be used in the same manner as the smaller
one for direction finding. Such an antenna, called a wide-aperture antenna
would, however, have the advantage of reduced site errors. Site errors
arise because objects in the site tend to produce local distortions in the
wavefront. A small aperture antenna is affected by these but a large
aperture antenna, of a width of many wavelengths, tends to even out the
effect of these distortions and reduce site errors. But different techniques
(rather than null location) have to be used ‘to utilize the wide aperture
antenna. A ‘commutated aerial direction-finder’ (CADF) for use in
VHF/ UHF bands is made by GCEL in India. It operates in two bands,
100—156 MHz and 225-399 MHz. The commutation pulse rate is 216 Hz.
The antenna consists of 16 dipole elements for VHF and UHF. The errors
in normal sites are said to be within  2°. The system is fully solid state
and employs microprocessor and VLSI technologies. The “commutated
aerial direction-finder” employs the method described in what foliows.
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Consider an antenna system consisting
of two antennas 4 and B (Fig. 2.16) sep-

arated by a distance of less than % and

rotated around the circumference of a
circle of radius r(r > Q).

Let @, be the angular velocity of rota-
tion of the antennas about the centre O and
@, the angle subtended by the two ante-
nnas at O. Consider an electromagnetic
wave incident from a direction making an  Fig- 2.16  Rotation of two
angle 6 with the North. The phases of the ggzzg%s 3 Ez(;:: 4
voltage in the two antennas, (with respect moduiqﬂgnp
to a reference phase at 0) are then:

2
¢ = %r cos(w ¢ —0) in B

2rr —
¢2 = l COS(a)St == t] = 6) in A (2.12)
The phase difference ¢ between these two voltages is thus
2rr ——
p=0,-0,= —/L—[cos(a)st —6) —cos(w,t — 1, — 6)]

.t
= » 28in ——1 -sin(wst—G—M)
2 2

Since the chord length AB = 2r - sin (wztl )’

2 Sy
¢=77EABcos(a)st—t1/2—0) (2.13)

If the signals from 4 and B are applied to a phase detector, the output
voltage will be proportional to cos (@t — §— @¢;/2). The bearing 6 may
be obtained by phase comparison with a reference signal cos wt, which
can be obtained from the antenna rotation. This is the basic method
employed for determining 6. In practical implementation, instead of
rotating the antenna pair, a number of antennas are fixed at equal distances
along the circumference of a circle and the signals from pairs of these
antennas are sequentially sampled. For details of the implementation, see
Ref. 9, 10. The term ‘commutated aerial direction-finder’ arises because of
this technique.

The CADF gives improved performance over the Adcock system, not
only in the presence of site imperfections but also when multipath
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2.10 RANGE AND ACCURACY OF DIRECTION-FINDERS

Ground-based direction-finders are generally of the Adcock type and are
relatively free from polarization errors. In day time, such installations
when installed on a good site have the limiting accuracy of the
instrumentation, generally of the goniometer, which may be under 1°, if
calibrated. At night time, when sky-wave propagation is predominant,
errors will arise which may range from 2° to 4° depending on the distance
of the transmitter (150 to 600 km)*. Most ground-based Adcock stations
operate between 2 and 3 MHz and serve ships. Such stations are not
suitable for aircraft as aircraft transmissions are generally confined to
much higher frequencies because of the difficulties associated with
equipping the aircraft with efficient antennas operating in this range.

Ground-based VHF DFs are widely used, particularly in civil aviation.
Their range is mainly limited by the line-of-sight propagation. The
principal errors are due to the site. When such direction-finders are
installed in an airport, these errors can be quite large. But with the
provision of remote indication (as in ADF), the DF can be installed in a
good site and the errors reduced. The commutated antenna DF enables a
further reduction of site errors by a large factor.

Airborne DFs are generally of the loop type and operate in the MF/LF
band. Reliable operation is possible with ground waves up to several
hundred miles under favourable conditions. Accuracies up to 2° (after
correcting for aircraft quadrantal errors) are possible. At night times, sky
waves contaminate the signal and long range operation is not possible.
Under these conditions, fairly reliable operation is possible only at the
lower end of the frequency range and up to much shorter distances (less
than 150 km). The calibration of these DFs holds only at one frequency
and the condition of pitch and roll may also alter it. Taking all these factors
into consideration, the bearings obtained from ground wave cannot be
relied on to better than % 5°.

In spite of the errors in the bearing determined, the aircraft (or ship) can
always use the bearing for ‘homing’, i.e. going towards the transmitter. In
the case of aircraft, when flying over the transmitter, a rapid reversal of
bearing takes place. This gives an indication of the position of the aircraft.
In the case of ships, it is inadvisable to home on to a beacon, because of
the risk of collision. Transmitters transmitting continuous waves or
modulated continuous waves are widely used in civil aviation for
navigational assistance. These are called ‘non-directional beacons’

* In literature on Navigation, distance are often given in Nautical Miles and
Statute Miles and speed in Knots. The following conversion factors may then
be used.

1 Nautical Mile = 1.85 km

1 Statute Mile = 1.61 km

1 Knot = 1.85 km/hr
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QUESTIONS AND PROBLEMS

1. Show that the voltage induced in the loop when it is derived on the basis
of the rate of change of magnetic flux linking the loop is the same as
given in Eq. 2.4.

2. A loop antenna consists of 10 turns of wire. The loop is tuned and the
output voltage is 100 times the induced voltage. It is required that the loop
output be at least 100 uV when the field strength of the electromagnetic
wave is 10 WV/m at the frequency of 300 kHz. Suggest suitable
dimensions of the loop.

3. Why is a balanced modulator stage used in the radio-compass receiver?
It has been stated in the text that the operation of the receiver is equivalent
of that of one using coherent demodulation. Justify this.

4. The automatic VHF direction finder described in Sec. 2.8(b) employs two
selective amplifiers [or active filters]. Discuss the effect of a slight
mistuning of one of the filters.

5. Draw the phasor diagram of 2.15 (b) when an aircraft is approaching the
direction finder from 30° East of North.

Radio Ranges

Radio ranges are navigational aids which are mainly used by aircraft.
There are two types of radio ranges in use, the low frequency four-course
radio range and the VHF omni-directional radio range. The former can be
used by any aircraft equipped with a receiver which can tune to the
frequency of the ground station, which is in the LF/MF range of 200-400
kHz, while the latter requires special equipment. The LF/MF radio range
is obsolescent and so only a brief treatment of the principles of its
operation is given. The VHF omni-range (generally abbreviated or VOR)
is in use in most parts of the world.

3.1 THE LF/MF FOUR-COURSE RADIO RANGE

The LF/MF radio range employs two antenna systems each of which has
a polar diagram of the figure-of-eight type, these two being at right angles
to each other [Fig. 3.1(a)]. The points of intersection of these two figures-
of-eight, when joined to the centre, give four directions in which the
signals from the two sets of antennas have the same strength. These are
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Fig. 3.1 (a) Polar diagram of the four-course radio range and
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called equi-signal courses. A transmitter is made to energize these
antennas alternately by a relay called the link circuit relay. In order to
distinguish the transmission from the two antennas, one of them is made
to transmit the letter N (— ) in morse and the other to transmit the letter
A (-—) the two being ‘inter-locked as shown in Fig. 3.1(b). Both these
transmissions are modulated by an audio frequency note of 1020 Hz. When
the aircraft is on course, the two signals being equal, a continuous note
of 1020 Hz is heard. At points off the course, either the letter N or the
letter A is predominant. Owing to the fact that the ear can distinguish only
a finite change in the intensity of the signal, the equi-signal course appears
spread over a small angle, generally about 3°. The radio range, thus
provides four paths at right angles along which the aircraft can navigate.
These paths are arranged to be along the most useful routes.

In a variation of this system, called the SRA (Simultaneous Range
Adcock) five antenna towers are used, four at the corners of a square and
the fifth at the centre. Power is fed to all the antennas. The transmission
from the corner towers give rise to two figure-of-eight polar diagrams. The
transmissions from the centre tower, which differs in frequency by
1020 Hz, combines with the others to give four equi-signal courses. In
addition, by a combination of the power and phase of radio frequency
energy fed to the four corner antennas, the figure-of-eight patterns can be
reduced or increased in size and the two lobes of the pattern can be made
unequal. This enables one to obtain courses which are not perpendicular to

each other, as shown in Fig. 3.2. These are called course-bending and

course-shifting. In addition, by feeding the power to the antennas through
a goniometer, rotation of the courses is also made possible. In this system,
it is possible to arrange the courses to serve routes which are not
necessarily perpendicular to each other. The radiation from the central
antenna can also be modulated to serve as radio telephony channel to
broadcast weather news.

The' radio range facility gives good service over a range of about
200 km. The transmission from the central tower can be used for radio
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compass operation also. The disadvantages of the range are (1) the limited
number of courses (i.e. four) available, (2) poor signal/noise ratio, (3)
fatigue caused by listening to the tones, and (4) difficulty of identifying the
course. These factors, and the emergence of the VHF omni-range have
contributed to the obsolescence of the LF/MF radio range.

3.2 VHF OMNI-DIRECTIONAL RANGE (VOR)

This facility operates in the range 108-136 MHz in the VHF band. An
aircraft provided with the appropriate receiving equipment can obtain its
radial position with respect to the range by comparing the phases of two
sinusoids obtained from the range radiation. Any fixed phase difference
defines a radial course and so, in effect, the VOR may be regarded as
providing an infinite number of courses, as against the four of the LF/MF
radio range. The principle of operation is given in what follows,

The range transmitter radiates two patterns, distinguishable by different
modulations, one of which is omni-directional and carries the modulation
of a reference 30 Hz sinusoid, while the second pattern is a figure-of-eight
rotating at 30 rps. The radio frequency phases of the two are locked. The
omni-directional radiation has a much stronger field than the figure-of
eight one, and therefore, the combination gives rise to a rotating cardioid.
At the receiving point, the rotating cardioid, after demodulation, gives a
30 Hz signal of variable phase, while the omni-directional signal gives a
30 Hz signal of fixed reference phase. Figure 3.3 shows how the phase
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Fig. 3.3 Reference (R) and variable-phase (V) signals of VOR received
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difference between these is equal to the bearing of the receiving point from
the beacon transmitter. By suitable instrumentation in the aircraft, this
phase angle may be directly displayed on a meter.

-The dependence of the phase of the demodulated signal in the receiver
on -the bearing of the receiver is readily established in the following
manner. Let the cardioid have its maximum in the direction of North at
t =0 and let it rotate clockwise with angular velocity @,. The equation of
the cardioid (taken as representing the magnitude of the electric field) in
polar coordinates is:

e€=1+kcos @ (k<1) 3.1

where 0 is the angle measured from North. This is shown by the full line
cardioid in Fig. 3.4, where the maximum of the cardioid (0 = 0) is in the
direction of North. At a time ¢, when the cardioid has turned by angle .,
the field magnitude in a direction ¢ is N

given by the same equation but with 6
replaced by ¢ — @, as is clear from the
cardioid shown by the broken line in
Fig. 3.4. The signal received by a re-
ceiver in the direction @ is, therefore
proportional to 1 + £ cos (¢ — @), which
has a sinusoidal component of angular
frequency ®,. By comparing the phase
difference between this and a signal cos
g, the angle ¢, which is the desired
bearing, can be determined. Note that the
reference signal and the variable phase :

. ' L . phase signal by rota-
signal are in phase when the receiver is fion of the cardioid
due North of the beacon. pattern

As the omni-directional and figure-of-
eight patterns have the same carrier frequency, the reference sinusoid
cannot be made to directly amplitude modulate the former. To enable
separation, the following method is employed. The radio frequency power
fed to the omni-directional antenna is amplitude modulated to a depth of
30% by a subcarrier with a mean frequency of 9960 Hz which its itself
frequency modulated at 30 Hz, the maximum frequency deviation being
480 Hz. The variable phase signal is produced, as stated earlier, by the
rotation of the phase locked figure-of-eight pattern. The magnitude of the
signal received from the rotating pattern is such that it causes a 30%
modulation of the omni-directional carrier (i.e. £ = 0.3 in Eq. 3.1). The
facility of modulating the omni-directional pattern by voice is also
provided. The various parts of the VOR equipment are shown in the block
schematic Fig. 3.5. The figure pertains to the equipment developed by
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developed by the Civil Aeronautics Administration (CAA)'%, mainly in
respect of the antenna system and the way in which a rotating figure-of-
eight is obtained. In the CAA equipment, four Alford loop antennas,
energized through a capacitor goniometer were used. Rotation of the stator
of the goniometer produced a rotation of the polar diagram. In the FTL
equipment, this pattern is produced by a dipole antenna which is itself
rotated. In both these equipments the 9960 Hz sub-carrier which is
frequency modulated at 30 Hz is obtained by a ‘tone wheel’ which is
coupled to the rotating element. This part of the equipment will be
described later.

Antenna 1T T~
system | 1
Modulation
eliminator
Oscillator nd ;
multipliers naI;r)lower 1 Omni -
1st power (200‘1;) [ <\\_—// antenna
amplifier —l_r Olker
L ) cage
Dipole
Inner
cage
Amp. and 2nd power < -
1st power amp. VI S
stage (Modulator) Tone shisal o T><«—Tone wheel
n signal Motor

Voice

amplifier «—— Speech input

Fig. 3.5 Block diagram of the VOR ground equipment

Referring to Fig. 3.5, the transmitter consists of a crystal controlled
oscillator, frequency multipliers and a driver, and a power amplifier. The
power amplifier is amplitude modulated by the modulator which is given
an input consisting of the tone wheel signal (9960 Hz sub-carrier) and
when desired, a voice signal. The output of the power amplifier is divided
into two parts, the greater part (about 90%) of which goes directly to the
omni-directional antenna. The remaining part is passed through a modula-
tion eliminator and energizes the rotating antenna. (In the CAA equipment,
it goes to the rotor of the goniometer.)

The antenna system is a special cage-type one developed for this
purpose and a detailed description of it is given in Ref. 11 and 13. It
consists of a disc-type antenna with four slots which gives the omni-
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pattern. The latter is enclosed in a double-cage made up of vertical rods
and two end-plates which act as a radial waveguide coupled to free-space
through vertical slots. The dipole is only a tenth of a wavelength long but
because of its position within the waveguide, it presents a resistive
impedance. The outer of the two cages enclosing the antennas is extended
up by 12 feet. The net result of the antenna structure is to give a radiation
made up of the two required patterns, the polarization of the radiation
being horizontal. This antenna is also simple to adjust for correct
operation, as the difficulty of properly phasing the four Alford loops in the
older type of equipment is eliminated by the use of a rotating antenna.

The 30 Hz reference phase signal, as stated earlier, is transmitted in the
form of a frequency modulation of a 9960 Hz sub-carrier. This modulated
carrier is obtained from the tone wheel attached to the motor which rotates
the dipole aerial. Thus, in effect, the two 30 Hz signals are generated by
the rotations of the same motor and, therefore, have exactly the same
frequency. A part of the tone wheel is shown in detail in Fig. 3.6. The tone
wheel is like a gear wheel, made of magnetic material. A permanent
magnet with a coil around it is placed close to the periphery of the wheel.
Rotation of the wheel induces a voltage in this coil. The teeth of the wheel
are non-uniformly spaced to give a sinusoidally frequency-modulated
output. The tone wheel output, which is about 0.6 mW in a 600 ohm load,
is amplified and made to amplitude modulate the transmitter. The relative
positions of the tone wheel and the dipole antenna are made adjustable to
enable the alignment of the 0° phase difference course with the true North.
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magnet

Coil Tone wheel
output

—_— Gear wheel
with variable -
spaced teeth
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Fig. 3.6 Detail of the tone wheel

The importance of maintaining the phase relation between the carrier of
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been mentioned. This requirement is met by first modulating the carrier,
then separating a part of it and removing its modulation. If, one the other
hand two separate power amplifiers were used for the modulated and
unmodulated outputs, there is a possibility that the phase angle between the
two carriers will change due to small changes of tuning. The method is,
therefore, not employed and instead modulation eliminator, the circuit of
which is shown in Fig. 3.7, is employed.
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Fig. 3.7 Circuit of the modulation-eliminator

The operation of the modulation eliminator is as follows. The circuit
consists of a bridge ABCD (Fig. 3.7) made up of coaxial lines, in which
three arms, AB, AD and DC are A/8 long and the fourth arm BC is 5/81
long. At D, there is a resistance load and at B, a load consisting of two
special VHF diodes which act as nonlinear resistors. The power arriving
from 4 to C takes two paths, one via D and the other via B, and as these
two are in anti-phase (because the arm BC is A/2 longer than the others),
the resultant voltage is the difference between the two. If the bridge is
balanced, (i.e. if the impedances presented at D and B are equal), there will
be no net output. The power arriving by the path ADC may be taken to be
a constant fraction of the input power, as there is a linear resistance
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termination at D. The power arriving via ABC, however, depends upon the
value of the terminating resistance presented by the diode circuit, which
depends upon the actual voltage applied. The special diodes used have a
characteristic such that for inputs below a certain value, they can be
approximated by a linear resistance while for high inputs, saturation occurs
and the slope resistance becomes high.

The value of the load resistance due to the balance resistor appearing at
the point D is high (about 7—;— times the characteristic impedance of the
transmission line) and, therefore, little power flows into it. Most of the
power is transmitted to C. In the other path ABC, below the saturation
voltage, the diode circuit presents a very low impedance and only a small
fraction of the input voltage appears at C. There is thus a net voltage at C
which is the difference between the larger voltage coming via ADC and the
smaller voltage coming via ABC. Above the saturation voltage, the diodes
act as high resistances and the impedance presented at B is made equal to
that at D. The bridge is, therefore balanced and the excess voltage above
the critical value gets cancelled out at C. The critical voltage is set to a
value which corresponds to the modulation trough. The output at C then
will be proportional to the input up to an amplitude corresponding to the
modulation trough and beyond that it remains constant. The modulation is
thus eliminated. ;

In a practical modulation eliminator, the bridge may consist of coaxial
lines of 50 ohm characteristic impedance. The linear resistance at D has a
value of abour 400 ohms. On the other side, the diodes present a forward
resistance of about 80 ohms when not saturated, which is transformed to
16 ohms at the point B by a quarter-wave transformer. Most of the power
is, therefore, absorbed here and very little goes to the point C. When the
diodes are saturated they present a high resistance. They also come in
series with the resistors R, R; and R, which combine to present the
resistance required at B to balance the bridge. The resistor Ry is made
adjustable to achieve exact balance. The modulation eliminator has an
efficiency of about 23% and delivers about 15 W to the rotating antenna.

3.3 VOR RECEIVING EQUIPMENT

The air-borne equipment which can utilize the VOR facility consists of a
broad band omni-directional antenna, a multichannel amplitude modulated
receiver which can be tuned over the required band, and an instrumenta-
tion unit which processes the receiver output to obtain the course
indication. In most of the modern installations, a common receiver is used
for the reception of VOR and ILS signals (see Chapter 6) and the
demodulated output is switched to the required instrumentation and display

1rcu1ts The frequency band over whlch the receiver works in 108.0 to
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ones by 50 kHz. Continuous tuning over this range is not desirable.
Modern receivers are crystal controlled and tuned to spot frequencies. By
a system of multiple heterodyning, the 560 channels are obtained with a
limited number of crystals, as explained in Appendix II. Transistorized
circuits are used in modern receivers.

The essential elements of the instrumentation part of the receiver are
shown in the block diagram of Fig. 3.8. The demodulated output of the

9960 Hz Discri- Phase
| amp. || minator || 30 flz shifting L:S‘Z > l;ef.e
and for 30 Hz LESOIVET and fl;lter pr:s
limiter ref. phase - adding amp-
signal network
30 Hz
]
Signal
input
from ' Bridge
; Low Variabl .
receiver | | pass ;}?:see 30 Hz phase
filter amp. e
P DC
output
400 Hz Servo | | 2?3 3
mot
Ay g mod.
IN

Fig. 3.8 Insturmentation part of VOR receiver

receiver, which is the input to the instrumentation unit contains the
variable phase 30 Hz signal and the reference phase signal as frequency
modulation on the 9960 Hz sub-carrier. These are separated by filters into
two channels. The reference phase signal is passed through an amplitude
limiter, a discriminator and a low pass amplifier to obtain the 30 Hz
modulation. The variable phase signal is similarly amplified by a low pass
amplifier. (It must be ensured that the phase changes introduced in these
two branches are equal, as otherwise, the course will be in error by the
difference between the two phase shifts.) The two 30 Hz signals thus
become available and the phase difference between them is to be
displayed. This is donec by a feed-back arrangement utilizing a resolver, a
phase-detector and a motor, as shown in Fig. 3.8. The resolver is a sine-
cosine generator used to produce an angular phase-shift that is precisely
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equivalent to the angular position of its shaft (see Appendix-III). The
reference phase signal is given to the resolver and its output filtered,
amplified and applied to the phase detector. The variable phase signal is
also applied to the phase detector. The output of this circuit is a dc voltage,
the magnitude and polarity of which depends on the phase difference
between the two inputs. The dc output goes to a balanced modulator which
has a 400 Hz ac switching input, and its output is a 400 Hz voltage, the
magnitude and phase of which depend upon the magnitude and polarity of
the dc input. The ac output is applied, after amplification, to a motor which
is coupled to the resolver. The feed-back loop is thus completed and the
motor turns the resolver until the phase detector output is zero, i.e. until the
phase change brought about by the resolver is equal to the phase difference
between the reference and variable phase signals. The shaft position of the
resolver then indicates the phase difference between the reference and
variable phase signals, i.e. the direction of the craft with respect to the
omni-range. The position of the shaft may be conveyed to any location in
the aircraft (e.g. the pilot’s control panel) by a synchro system.

3.4 RANGE AND ACCURACY OF VOR

As the operating frequency is in the VHF band, the range of the VOR
facility is essentially the line-of-sight range, extended approximately
10-15% by refraction effects. The line-of-sight range depends upon the
height of the VOR antenna and of the aircraft. The useable range is in
addition limited by signal/noise considerations and for very high flying
aircraft is limited to about 400-500 km. For an aircraft flying at 6000 m
(20,000 ft), the range is about 335 km.

The overall error of the VOR system is made up of errors arising from
the following sources:

(a) ground station and aircraft equipment,

(b) site irregularities,

(c) terrain features, and

(d) polarization.
(a) The ground station equipment error is mainly the octantal error in the
installations using two antenna pairs and a rotating goniometer for
obtaining the rotating figure-of-eight pattern. Octantal error can also arise
owing to in homogeneity in the ground characteristics at the installation
and could, therefore, occur even where rotating antennas are used.
Equipment error in the receiver and indicator in the aircraft arise owing to
imperfections of the circuits and components such as those contained in the
feed-back control system. The magnitudes of the equipment errors are best
specified in terms of the probability distribution. Analysis of a large
number of ground station errors indicates'* that the error distribution is
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(b) Site errors arise when the signal arrives at the receiver by two paths,
one directly from the range and the other after reflection from objects in
the neighbourhood of the range. The reference phase signal is not
appreciably affected by this, as the difference in the path delays is always
small compared with the period of the modulation cycle. The variable
phase components may, however, differ appreciably. Referring to Fig. 3.9,
the signal arriving directly at the receiver has the variable phase
component with a phase difference
¢, with respect to the reference
signal while the reflected signal
has a phase difference ¢,. The
carriers of the two signals are also
not in phase generally. The combi-
nation of the two variable phase
signals produces, after demodula-
tion, a 30 Hz signal, the phase of
which is different from both ¢,
and ¢,. The analysis of the error is
given in Ref. 13. The magnitude of Fig. 3.9 Error due to site irregularity
the error depends upon the relative

strengths of the direct and reflected signals as well as upon ¢, and ¢,.
Because of this last quantity, the error varies as the aircraft moves along
a radial line, keeping @, constant resulting in slow bends in the course. Site
errors cannot easily be eliminated and, therefore, considerable effort has
been devoted to improving the performance of the VOR by refinements of
technique. One such development is mentioned in the next section.

(c) Terrain errors are those appearing even at considerable distance from
the VOR station, owing to the nature of the terrain (e.g. hills, lakes
mountain ranges, etc.) which changes the path of propagation. These errors
occur in the immediate vicinity of the interfering objects and appear as
rapid fluctuations (‘Scalloping’) in the course-deviation indicator.

(d) Polarization error arises because of the vertical component of the
radiated electric field, which has a polar diagram different from that of the
horizontal compenent. The error can be reduced by minimizing the
vertically polarized component radiated by the ground antenna and by
making the aircraft antenna insensitive to vertically polarized signals. The
latter alone cannot provide a complete solution, because the aircraft has to
bank in the course of maneuvers and, however good the antenna, it will
then inevitably respond to the vertical field. Suppression of the vertical
component from the transmitted radiation is, therefore important, particu-
larly for radiation at higher angles.

3.5 RECENT DEVELOPMENTS
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stringent requirements demanded of navigational aids. The principal
deficiency is its proneness to site errors, and their elimination has attracted
considerable developmental effort. The Doppler VOR system has been
developed by CAA in the United States and is claimed to give a reduction
of site errors by a factor of 7 and has the merit that it is completely
compatible with existing installations, i.e. it does not require any
modification of the aircraft equipment.

In the Doppler VOR, the variable phase signal is transmitted as the
frequency modulation on a 9960 Hz sub-carrier and the reference phase as
the amplitude modulation of the carrier at 30 Hz. The antenna system
consists of a ring of 50 individual antennas and a central antenna. The
diameter of the circle is about 51 and power is switched consecutively to
the 50 antennas, producing an effect similar to that of the rotation of a
single antenna (as in the CADF). The switching rate is such as to produce
30 revolutions per second. At the receiver, the effective rotation of the
antenna produces a frequency modulation with a maximum frequency
deviation of 480 Hz. The carrier radiated by the outer aerials is made 9960
Hz higher than that from the central aerial. Therefore, the resultant field
appears to have an amplitude modulation at 9960 Hz which is frequency
modulated at 30 Hz with a frequency deviation of 480 Hz. The phase of
the modulation clearly depends upon the bearing of the receiver, as the
frequency deviation is maximum when the antenna is moving in the
direction of the receiver (either towards or away from it), and is zero when
it is moving at right angles to this direction.

In one type of Doppler VOR (D-VOR) made by G.C.E.L. in India, the
antenna system comprises the central antenna which radiates the amplitude

“modulated carrier, modulated by the 30 Hz reference phase signal, as also
speech and station identification signals. The outer antenna system consists
of a ring of 48 Alford loops, which are fed with the upper and lower
sideband signals of a carrier modulated by 9960 Hz. These, combined with
the carrier radiated from the central antenna, result in an amplitude
modulation at a mean frequency of 9960 Hz which becomes frequency
modulated at 30 Hz by the virtual rotation of the outer antenna.

Field studies of Doppler VOR have shown that site errors and bends
under comparable site conditions are reduced by a factor of four to seven.
The disadvantage of the Doppler VOR is the greater complexity of the
ground equipment and the large area required for the installation. (A 50 m
diameter counterpoise was used in the developmental models.)

The site errors having been reduced by the wide aperture antenna
employed in Doppler VOR the remaining errors are principally instrumen-
tal ones. In a developmental system, these errors area sought to be reduced
by the use of a multilobe technique similar to that in TACAN (see
Chapter 5). This system requires15 changes in the receiver equipment and
hac en far nat heen widelv adonted.

r
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QUESTIONS AND PROBLEMS

The VOR signal received by an aircraft consists of a carrier modulated by
a 30 Hz sinusoid and also by a sinusoid of mean frequency of 9960 Hz.
Taking the depth of modulation in each case as 30%, write down an
expression for the received signal.

In the instrumentation part of the VOR receiver in Fig. 3.8, suggest
suitable band-pass characteristics of the variable phase signal and
reference phase signal filters.

Referring to Fig. 3.9, let the signal arriving after reflection be 10% of the
signal arriving directly, and let ¢, = 60% and ¢, = 120°. Assuming that
the reference phase signal is not affected by the combination of reflected
and direct rays, and also assuming that the two carriers are in phase,
calculate the error in the indication obtained.

In the Doppler VOR described in Sec. 3.5, the antenna in effect rotates at
30 revs/s on the circumference of circle of diameter 5A. Show that this
leads to frequency modulation of the received signal with a frequency
deviation of about 480 Hz. Suppose the carrier frequency of the station is
changed by 5%, keeping the antenna unaltered, would the operation of the
receiver be affected?

In the CAA equipment of VOR, the rotating pattern is produced by
feeding four Alford loops modulated in time quadrature at 30 Hz, by
means of a goniometer. The four Alford loops in effect form two loop
antennas at right angles to each other, producing a figure-of-eight pattern.
Show that by feeding power varying sinusoidally at 30 Hz and in phase,
quadrature to the two antennas a rotating figure-of-eight pattern is
produced.



Hyperbolic Systems of
Navigation

Loran and Decca

Hyperbolic systems are based on the measurement of the diffe?rence in the
time of arrival of electromagnetic waves from two transmitters to .the
receiver in the craft. The name arises from the fact that the locus of points
which have a constant value of such a delay is a hyperbola on a plane
surface. . :

Referring to Fig. 4.1, let us assume that statl?n A a.nd st.atlon B m.ake
synchronous transmissions and that some means 18 prqvxded in the re.ce.lver
at P to measure the interval between the time of arrival of the radiations

AP BP

from the two stations. This interval #; =——~ g where c is the velocity

C . .
of electromagnetic waves. Taking the coordinates of P as (x, y) with
reference to the axes shown in the figure, we have

J
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o a1 Analvsis of a hyperbolic system (A and B are fransmifters
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AP =\(x +d)? +y?, BP=4(x-d)* +y*

and for a constant value of time delay

AP — BP =+/(x +d)* +y*, - \/(x —d)* +y* = const. = [ (say)
where [/ is the difference between path lengths AP and BP. Simplifying,
this equation may be put in the form

ﬁ_)’_2=1
a® b
2 2
where a2=l__ and b2 =d? P
4 4

This is the equation of a hyperbola, with foci at 4 and B. All the possible
values of the delay ¢, give a family of confocal hyperbolae (Note,
however, that the delay can be either positive or negative but its magnitude
cannot exceed 2 d/c, which is the delay at all the points on the line joining
A and B, to the left of 4 and to the right of B). The determination of the
delay locates the craft on one of these hyperbolae. If there is a third
sysnchro- nized station C, the determination of the delays between the
reception of signals from 4 and B and also between those from B and (&)
would locate the craft on two hyperbolae, and their intersection gives the
fix, as shown in Fig. 4.2. This is the basic principle of hyperbolic
navigational systems, in general. Different systems use different tech-
niques for determining the delay.

Fig. 42 Three stations producing two sets of hyperbolae

Three systems in current use are described below, namely LORAN,
DECCA and OMEGA. Of these, LORAN (or LORAN-A) has been
included for the purpose of explaining the principles. It is now obsolete
and has been succeeded by LORAN-C, the basics of which are included.
T AD AN ic a nulead cuctam while DECCA and OMEGA are C.W. systems.
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4.1 LORAN-A

Loran stands for ‘Long range navigational aid’. This system was
developed during the last world war and found wide use. At present,
certain regions of the world, principally the Pacific and Atlantic sea-boards
of North America and the region around Japan are served by this facility.
Loran-A or Standard Loran as it was previously called, is the earlier
version and operates in the higher MF band around 2 MHz. A subsequent
development, called Loran-C, operates in a band around 100 kHz. These
facilities can be used both by ships and by aircraft because of the nature
of propagation in these frequency bands.

Loran is a pulse system. The ground stations transmit a train of pulses
with fixed time relation between them and at the receiver, these pulses are
identified and the delay between
them is measured on a cathode-ray of
tube. In the earlier paragraph, the

example of two synchronized sta- b Ty b=\
tions was given for simplicity. But ¢ B

if the transmitters at 4 and B trans- d i

mit identical pulses simultaneously,

there would be an ambiguity be- : i (L
cause it would not be possible to o P

determine which pulse arrived first.

To avoid this, the pulse transmis- o— \o t=t,
sions are not made simultaneously. 4 B

The station A (called the ‘Master’) [ X d,
transmits a pulse first and station B

(called the ‘Slave’) transmits a : ;’ t=t+13

pulse a fixed time after the recep- Fig. 4.3
tion of the pulse from 4 at B. The
sequence of transmissions and re-
ceptions is indicated in Fig. 4.3. This is as follows:

The sequence of transmission
and reception in Loran-A

t = 0 (say), station 4 transmits a pulse;

d
t =t = —L, the pulse reaches the craft;
c

t = t,, the station B transmits a pulse (¢, is called the ‘absolute delay’).

d ' -
t=ty+ ty=t,+ —2=, the pulse from B reaches the craft. The transmission

C
of B takes place after the pulse from A reaches B.

The time interval between the two received pulses, ie. ¢, + ¢; — ¢, is
measured. The fixed delay in the transmission of B, namely ¢,, is known
and, therefore, #; — f; can be determined. This quantity may be either
positive or negative, whereas ¢, + t; — ¢; is always positive. The line 4B
is called the base line and in the case of Loran-A is from 400 to 700 km.

The pulse repetition frequencies used in the Loran system are in the
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by crystal clocks. The sequence of pulses for a master-slave pair is
ABAB...., the interval between the 4’s and B’s being one pulse repetition
period (7). The interval between one transmission of A and the next
transmission of B is called ‘absolute delay’. (The absolute delay must
necessarily be greater than the time taken for the transmission to reach

from A4 to B, i.e. zc—d = P). Let this be indicated by 7. Then the maximum

interval between A and B pulses at the receiver is T+ J, when the receiver
is at a point on the line BA, beyond 4 (such as R in Fig. 4.1) and the
minimum delay is 7 — 8 when it is at a point on the line 4B, (such as §
in Fig. 4.1). In order to avoid ambiguity in the identification of 4 and B
pulses and aid measurement, the absolute delay is made more than half the
repetition period (772). Therefore, the interval between an 4 and the next
B pulse is always greater than 772, and the interval between a B pulse and
the next 4 is always less than 7/2. At the receiver, the pulses are displayed
on an oscilloscope which has a special type of time-base [Fig. 4.4 (a)], in
which the period 7 is split into two parts, one half being displayed below
the other. The spot moves from the left to top right, and flies back to
bottom left in a period exactly equal to 77/2. The duration of each trace is
nearly 7/2—actually 772 less the flyback time. 4 and B pulses can thus be
identified by their positions on the two traces. Figure 4.4 illustrates the
display when the pulses are in the correct position (a), and when they are

(a) (b) (©)
Fig. 4.4 Loran-A display. The correct display is shown in (a)

in the wrong positions [(b) and ©]1. :
In order that the minimum interval between the receptions of 4 and B

pulses should be greater than 772, we should have
T- B> T/2,say - B=1T/2+ 6

where & is some small delay which is arbitrarily fixed. The obsolute de-
lay 7 is then

T
=— +4
T 2+B

ML - oceitomaaan momd mminimnim intarval hatween the nulses are:
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tmax=(§+ﬂ+6)+ﬂzg+2ﬁ+5

T T
Lnin =(?+B+6)—ﬂ=?+5
When the path lengths from the craft to 4 and B are the same, as for the

points on the y-axis in Fig. 4.1, the interval between the received pulses is
7, the absolute delay.

4.2 LORAN-A EQUIPMENT

Loran transmitters have a peak power of 100 kW which feed into a vertical
quarter-wavelength antenna. The repetition rates of the pulses are
accurately controlled by crystal clocks. The master station operates
independently and transmits pulses of the required periodicity. The slave
station is also provided with a crystal clock to maintain the repetition rate
but the timing of these is controlled manually or semi-automatically to
maintain the fixed delay.

The Loran system employs three basic repetition rates of 20 Hz, 25 Hz

and 33% Hz. Each basic rate is sub-divided into a group of eight freq-
uencies which differ from the above by small but accurately controlled

1 . 0
steps of E’TIE and% Hz. Thus, on any single carrier frequency, there can

be 3 X 8 = 24 channels. (The pulses from the station which has a different
repetition frequency will move along the time-base and thus will not
interfere with the station to which the receiver is synchronized). There are
four carrier frequencies in the band 750-1950 kHz so that in all
24 X 4 = 96 channels are available.

The Loran receiver is a conventional superheterodyne receiver with one
special feature—the gain of the receiver in the two parts of the time base
(Fig. 4.4) are different and their relative values can be controlled manually.
This permits the equalization of the 4 and B pulse to facilitate matching.
The bandwidth of the receiver is 40 kHz. Both this bandwidth and the
shape of the transmitted pulses are carefully controlled so that the received
pulses are of the same shape and in the process of finding the delay
between the 4 and B pulses, the two can be brought into coincidence.
Thus, though the pulse widths are nominally 40 L sec, the error in the
measurement of delay can be brought down to 1 . sec.

The principlal operation in the use of Loran is the measurement of the
delay between 4 and B pulses. This is done in the Loran Indicator. In the
earlier indicators, the time bases were controlled by crystals, which also
gave calibration pulses. The measurement of the time interval followed a
special procedure which involved the use of time bases of three speeds and

a nranadiira far hreinaina tha muilaan feta anfaaidacan ae than facdmns o2
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base. This took considerable time. In the modern receivers, the oscillo-
scope is still used to bring the pulses into coincidence by a delay control
but the reading is obtained from an electronic counter which indicates the
time difference in three decades.

4.3 RANGE AND PRECISION OF STANDARD LORAN

As Loran operates in the upper MF band, both ground-wave and sky-wave
receptions are possible. Ground-wave reception is operative mainly in the
day and is particularly good over the sea. At night, both ground- and sky-
wave receptions are possible, the latter being more prominent at long
distances. For navigation, signals from at least two stations, but generally
three stations, are necessary and, therefore, the factor of importance is the
area over which usable signals are received from the pair or triplet of
stations, rather than the maximum range at which the signal from a
transmitter can be received. This area is dependent both on the maximum
range of the stations and on the distance between the stations, or their
‘base-line’ as well as on the relative positions of the stations. In Fig. 4.5
are shown two Loran triplets and their service area. The area within which
a Loran fix can be obtained is shown heavily bounded and the areas where
signals from only two stations can be obtained (providing only a
hyperbolic line of position) is shown stippled. The service area depends on
the latitude of the region, the season of the year and the time of the day.
The average range for ground waves over the sea in the temperate latitudes
is about 600 km and in equatorial regions about 500 km. The range over
land is considerably less—about a half to a third of the above. Sky-wave
ranges, which are the same over land and sea, may be appreciably higher.

(a) (b)

Fig. 45 Coverage of Loran-A chains

The accuracy attainable with the Loran system is dependent on several
factors. The first of these is the accuracy with which time interval
measurements can be made, which in turn depends upon the signal
strength. The second factor is the accuracy with which ground stations are

e . fo i iVen bmmnbtlinm smmasr land tAa a nrenhahla
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error 1.5 to 2 | sec in the measured time interval. Thirdly errors may be
introduced by sky-wave propagation, because the path taken by the wave
is not along the ground but a longer one via the ionospheric layer.
Figure 4.6 shows the several possible paths which the wave can take via
the.ionosphere and the pulses these give rise to at the receiver. In addition
to being delayed, the pulse appearing by the sky-wave path generally has
a distorted shape which makes it difficult to match the waveforms of the
pulses from two stations. However, with practice, an operator can identify
and obtain the delay between two corresponding sky-waves (usually E; or
E;) and by averaging over a number of observations, reduce the
measurement error to about 3 U sec. Correction will still have to be applied
for the additional delay introduced by the sky-wave path and curves and
formulae based on average values of ionospheric heights, etc. are available
for this purpose. However, they can be regarded as only approximate and
so a further error is introduced into the computation of the delay.

F - layer

E - layer

hop F
1st

hop E 2nd
hop E

Ground ray —T‘l ‘ f 1 ’ ’ F
st 2
2nd '
E hop F
E,

(b) -

Fig. 4.6 Sky-wave reception of Loran-A signals [Paths of propagation
are shown in (a) and the received signals in (b)]

The error in the determination of one time interval results in a
corresponding uncertainty about the position of the hyperbola on which the
craft is located. If ¢ is the measured time interval and At is the probable
error, the vehicle may be expected to be between the two hyperbolae
corresponding to the delays at £ — A¢ and ¢ + A ¢ as shown in Fig. 4.7 (a).
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ty+Ar t + A
ty—=dy = Ay

(a) (b)

Fig. 4.7 Position errors in Loran-A navigation

chain gives a delay ¢ with an uncertainty A¢;, and a delay ¢, with
uncertainty A f,, the position of the craft will be within a quadrilateral area
bounded by sections of four hyperbolic lines as in Fig. 4.7 (b). If A¢; and
At, are very small, the two hyperbolae defining the limits of the error are
nearly parallel at the point of intersection. The region representing the
uncertainty in fix is, therefore, a parallelogram (shown shaded in Fig. 4.7),
the area of which increases as the angle between the two intersecting
hyperpolae decreases. There is thus introduced a further geometrical factor
into the errors in Loran. These considerations are, of course, common to
all hyperbolic systems.

4.4 LORAN-C

As stated earlier, Loran—C operates in the band 90-110 kHz. It is a
development arising out of the wartime work on low frequency Loran
operating on 180 kHz. The advantage of the low frequency is that the
range of groundwave transmission is very much larger than at 2 MHz and
attenuation is nearly the same over land and sea. The larger ground wave
range, in turn, permits greater separation between master and slave
stations, which is generally limited by the necessity to synchronize the two.
With a longer base-line a greater coverage can be obtained. Base-line
lengths for Loran—C are generally several hundred kilometres.

With the limited band-width available for Loran—C, the pulse width has
to be very long and this by itself would reduce the accuracy of the system.
However, greater accuracy than Loran-A is in fact attained by matching
the carrier frequency cycles within the pulse. To enable this, the carriers
of the transmitters are derived from cesium atomic clocks and the pulse
envelope is standardised and accurately controlled. The master and slave
station carriers are also accurately matched. At the receiver, a match
between the envelopes is obtained (to eliminate ambiguity) and simultane-
ously, the rf cycles within the pulse are matched. The time measurement
accuracy attainable thus becomes much greater than in Loran-A, and in
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practice is of the order of 0.1 W sec. The errors from this source are in fact
smaller than the errors introduced by the uncertainties and changes in the
velocity of propagation of the ground wave. The travel time 7 between
two points at a distance D apart is given by'®

7= Dv + C,

where v is the velocity of propagation of the ground wave and C, is a
correction term introduced because of the finite conductivity of the ground
and the phase retardation introduced by it. The velocity v itself is related
to the velocity of electromagnetic waves in free speace (c) by the equation:

v=clhn

where 7 is the refractive index of the medium, in this case, the atmosphere.
Corrections to take these into account are published by the authorities
concerned with producing the Loran charts or are sometimes incorporated
in the chart itself. Variations in these corrections put an ultimate limit on
the accuracy of the system.

Though for higher precision, ground waves have to be used, over
considerable areas, sky waves may have to be used. This would introduce
errors because of the delay increase consequent on the increased path
length. These can be corrected by the published estimated delays.

The Loran—C transmitters transmit pulses of long duration but of
accurately controlled envelope, which is so designed that 99% of the
energy is contained within the band 90-110 kHz. The pulse repetition
frequency is locked to the carrier frequency of 100 kHz so that all the
pulses are of exactly the same shape in envelope and carrier. One such:
pulse is shown in Fig. 4.8(a).

The peak power is 1 MW. The transmissions actually consist of a
succession of pulses, eight in number for the slave stations and nine in the

case of the master station, as shown in Fig. 4.8(b). These pulses are stored

and combined in the receiver to improve the signal/noise ratio. The ninth
pulse transmitted by the master station is used for coding to indicate
malfunction in any station. .

To measure the time delay, a special technique is used, whereby a null
is obtained at the peak of the third pulse. Thereby, the initial pulses which
may be corrupted by noise are avoided. For details, see Ref. 32.

Loran—C has a range of 3500 km over sea and 2200 km over land.

4.5 THE DECCA NAVIGATION SYSTEM

The Decca system operates in LF band (between 70 and 120 kHz) and
employs unmodulated continuous waves. The measurement of the time

difference in the reception of signals from two stations, which fixes the
position on a hvnerhala. is accamnlished hv meacurina tha nhaca
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Fig. 4.8 Loran-C Pulses
(a) Shape of a single puise .
(b) Pulse groups transmitted. Each pulse is shown as a single
line, T, T, and T, are the ‘absolute delays’ of the slave

stations

difference between the signals of the two stations, the radiations of which
are phase-locked, instead of the time interval between pulses, as in Loran.
A decca chain consists of four stations, a master and three slaves, the latter
being at the corners of a triangle and the former at the cgntre. These give
three sets of hyperbolic position lines, one set corresponding to the master
and each slave. Fix is obtained over a considerable area by the intersection
of two hyperbolic lines. :
If all the stations in a decca chain had the same frequency, their
radiations will be indistinguishable at the receiver and the measurement of
phase difference becomes impossible. This difficulty is avgided by
radiating harmonically related frequencies from the four stations and

1% 4lee mlbann camnnccmmmnanta at a ~amman harmanie freaniencv which
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is obtained at the receiver by using multiplying circuits. The result is the
same as if the common hormonic were radiated by the stations, as will be
shown. The four frequencies of the chain are related by a common sub-
harmonic. If f is the sub-harmonic frequency, the master station has the
frequency 6f, and the slave stations the frequencies 5f, 8f and 9f. The
master and each slave have therefore, a common harmonic, as below.

Master station Slave Common harmonic
6f (Red) 81 24 f
6f (Purple) 5f 30 f
6f (Green) 9f 18 f

The frequency f is about 14 kHz.
(The slave stations are distinguished by the colours which are used on the
charts for the hyperbolic lines which they generate with the master station.)
Referring to Fig. 4.1, let A4 be the master station, radiating a frequency
n, fand B the slave station radiating the frequency n,f. Let the radiation
at A be proportional to cos 27n ;f¢ and that at B to cos 2 wn, ft. (The
two radiations are phase-locked at a common harmonic frequency.)
The field at P due to these two stations is proportional to

AP 2n(BP
cos £2nn1ft—£ri—l) and cos (ZEant——i—)], where A; =
1 1

c/ny fand A, = c/n, f. Let the mth harmonic of the first and m,th harmonic
of the second be the same (i.e m;n; = m,n,). The output of the multipliers
giving these harmonics are:

2m AP
cos m (Znnlft— )
M
2 BP
and cos m, (Znnz o= 2 )
2

The phase difference between these two outputs is:

2nm, AP 2mm, BP

A Ay
o 2wmyn, f AP st 2myn, f BP
b c c
__2mAP _ 2mBp _ 2% 75 _gp)
- C/ml nlf C/mznzf ﬂ,mn
c c

= wavelength of the common har-

where Apn = =
i myny [ many f
monic frequency.
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The phase difference measured is thus the same as if the stations
radiated the common harmonic frequency.

The measurement of the phase difference rather than the time dlfference
gives rise to ambiguity, as the phase difference can be measured without
ambiguity only from O to 360°. A change in the path difference of 4,,
brings about a change in phase of 3C0°. Consider the line joining the

master and a slave station. Movement along this line by A brings about

a change of phase of 360°. The half wavelength depzends upon the
particular master-slave pair and on the frequency, but has an average value
of about 500 m. As the base line length may be 120 to 200 km, it is
obvious that there will be several hundred phase changes of 360° in going
from one station to another, which implies a very high degree of
ambiguity. The phase measuring meter (Decometer) will-do one complete
revolution for each 360° phase change, and though another pointer may be
geared to it so as to show the number of revolutions it has made, position
determination becomes difficult unless one knows one’s position very
precisely at some time and can keep a continuous count of the revolutions
of the decometer. The region defined by two adjacent hyperbolae which
correspond to a phase change of 360° (i.e. a path difference change of 4,,,)
is called a ‘lane’. The transmitted frequencies, wavelengths and lane
widths are given in Table 1 for f = 14.166 kHz.

Table 1 Typical values of frequency and lane width in a decca
system
Transmitted Lane width on Common Harmonic
Station frequency kHz  base line (m) Frequency kHz
Master 85.0