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component is 3 • 5 mm and for the 6-day period it is 2 mm. It
is not easy to account for this.

The analysis gives a line spectrum, since it is of isolated
periods. But it is possible to show that, if the function I(T) has
a spectral function S((D), the mean square amplitude of each
component of the line spectrum produced should be inversely
proportional to the time analysed, whilst the number of lines
in a given frequency interval Aa> is proportional to the total
time covered by the record under analysis. Taking into account
the random phases, the same mean value for S(co) should be
obtained in cither case. The lack of agreement may be due in
part to the fact that the recorder was measuring peak values of
the current.

The solid curve in Fig. 6 is a graph of
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where /0 = 80 min, and t ~ Infoo ~ period in minutes, whilst
the dotted line gives the limiting value when t0 -> oo, namely
/(/)= 0-7/2.

It will be seen that the solid curve gives an approximate
agreement with the plotted points although possibly a longer
value of /0 would agree better.

This form of spectral function is convenient because if
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Fig. 7.—Relation between gain in accuracy and time of observation.
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In Fig. 7 the value of aNlo\ is plotted for different values
of t and N. Taking /0 — 80 min, it is seen that by taking
continuous observations over 30 min the error should be about
0 • 69 times as large as that of a single observation, while if two
readings are taken at intervals of 15 min and averaged the error
would be 0 • 72 times that of each.

For an observing period of one hour, two observations
averaged would give 0-71 times the error of one, while five
equally-spaced observations would give 0 • 59 times the error.

DISCUSSION ON
"C.W. NAVIGATIONAL AIDS"

AT THE RADIOCOMMUNICATION CONVENTION, 2ND APRIL, 1947

Dr. R. L. Smith-Rose: The papers, together with the supporting
papers, are complementary, I think, to those presented before
this Convention last week, and they all serve to bring up to date
our present knowledge of the position occupied by radio aids
to navigation, interpreted in what I consider to be the correct
manner. It could be questioned, however, whether the inter-
pretation put upon the phrase "radio aids to navigation," not
only by the authors but by a good many other engineers con-
cerned with this subject, is correct in limiting it to systems
which virtually exclude radio direction-finding. The very fact
that at this Convention the subject-matter has been presented
at two separate sessions, one dealing with direction-finding and
one with the alternatives with which the papers are mainly
concerned, does indicate, I think, a little confusion in the minds
of some people, because, surely, a radio aid to navigation is
any radio system which assists the navigator; and one of the
oldest, and one which had given the best service in this country,
is ordinary direction-finding. Exception might also be taken
to the use of the phrase "continuous wave" radio aids to navi-
gation, since some of the systems use modulated continuous
waves, whereas others do not.

One of the features which is obvious in this subject at the
present time is the very considerable number of possible aids
which are available, all of which have various merits and perhaps
some disadvantages. This has led to a very embarrassing
situation for those who have to select one or other of these aids
for different purposes. I think it may be of some interest to
outline the historical sequence of thought and development in
different nations. This subject has been approached in different
ways in various parts of the world. In this country, for instance,
we have not paid much attention recently to what may be called
directional transmitting installations. During the years from
1910 onwards, a considerable amount of work was done on
radio direction-finding, and it is not too much to say that this
country has led the world in investigations on the development
of direction-finding technique for all purposes to a very advanced
stage. On the other hand, it should be recalled that about 25
years ago, Mr. C. S. Franklin read a paper before the Wireless
Section, describing the work which he and Mai com" had been
doing on the use of very short waves. As a result of this work,
rotating directional transmitters, or beacons, operating on
wavelengths of 4-6 m, were installed at Inchkeith and South
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Foreland and used to demonstrate some of the possibilities of
this type of navigational aid to ships. In Germany, most effort
has been devoted in the past to developing directional trans-
mitters, and a rotating-beam system was used to guide Zeppelins
on their raids on this country during the 1914-18 War.

Even earlier than this, in 1907, Scheller first used the principle
of the equi-signal course indicator, the standard-beam approach,
as we call it now, making use of two beams directed at a slight
angle to one another, and transmitting one morse character on one
side and another on the other side. That idea does not seem to
have been developed very rapidly in Germany, but it was taken
up in America, which country had also been rather slow in
developing direction-finding until a few years ago, and developed
into what became well known as the radio range, a system
utilizing Scheller's principle for navigating aircraft over long
distances. The American continent is particularly favourably
situated for laying out air routes on long straight paths along
which it is convenient to use a course indicator of this type.
The Germans later applied the technique at very high frequencies
in the form of the Lorentz beam, which has become almost
universally adopted as a means of guiding aircraft to aerodromes
and has been developed and elaborated in various countries.

I think that the principle of determining the position of a
receiver by measuring differences in phase originated in Russia.
From 1932 to 1938, a large amount of work was carried out there,
under the supervision of Mandelstam and Papalexi, on the use
of phase-difference measurements, not for such a practical
purpose as to enable a ship to find out where it is, but in order to
establish the velocity with which waves travel from one point to
another in different circumstances over land or over sea. I
should like to emphasize the importance of that work, because it
is only when we know and can be sure of the value of the velocity
of the waves that such a system can be used to determine the
position of a ship or aircraft. Much work in this field has been
encouraged by the British Admiralty.

We thus find ourselves nowadays with a very large number of
systems which have been evolved, and I think that one of the
problems which confront us to-day is to decide which one or two
of the systems will serve the needs of both air and marine
navigation. I suggest that what is required of a successful
navigational aid, apart from any technical merit, is that the
receiving end must be very simple, and preferably should not
require additional apparatus beyond what the navigator already
has for other radiocommunication purposes, and that it must
be direct indicating; it must not be assumed that anyone skilled
in wireless or radio techniques will be at the disposal of the navi-
gator. It should be possible for him to read directly from some
simple indicating instrument his position or a figure which he
can take straight to a chart from which he can interpret his
position. In that respect, some of the systems mentioned in the
papers have a distinct advantage over others developed as a
result of radiolocation technique, in which a more or less
elaborate operation (speaking from the navigator's point of
view) has to be carried out before the position is determined.
Apart from that, I think the successful system of navigational
aid must be the same all over the world, particularly for aircraft
and also for long-distance shipping. We cannot contemplate
the possibility of aircraft or ships having to carry several sets of
equipment in order to navigate from one port to another or from
one aerodrome to another. We should bear these points in
mind when discussing the technical principles of the various
systems.

Group Captain E. Fennessy: Messrs. Whelpton and Redgment
have broadly reviewed the systems which have been developed
in recent years, but some of the fundamental problems which
confront the designers of such equipment appear to require

further emphasis. Long ranges are obtained largely by means
of ionospheric reflection, and this introduces inaccuracies in
fixing. To escape this dependence on the ionosphere, design is
tending towards the use of lower and lower frequencies, even
with pulse techniques such as low-frequency Loran.

Below 70 kc/s, or possibly 100 kc/s, the static noise-level and
cost per kilowatt radiated increase rapidly. Nevertheless, if
accuracy is to be provided at long ranges, it is almost certain that
low frequencies must be employed. Consequently, such a
world-wide system must necessarily be expensive. The question
whether the expenditure can be justified in terms of the increased
reliability and accuracy over other existing methods has not yet
been settled, but it leads to another point. The authors have
referred to short-base and long-base systems. In the long-base
system, ambiguities are introduced in order to achieve accuracy;
in the short-base system ambiguity is avoided at the cost of ac-
curacy. It is doubtful whether a system which offers a bearing
accuracy worse than 1-2 deg is going to be worth while for
providing fixes at 1 000-1 500 miles. For navigation at this
range an accuracy better than within 10 miles should be pro-
vided, and it seems fundamentally unsound to attempt to obtain
this from a short-base-line system. The problem of ambiguity
must be faced; there are no fundamental obstacles, but only
difficulties regarding details of engineering technique. If this
issue is shirked, an inaccurate system will result and, because
low frequencies will be employed, the system will be expensive.
It seems likely that navigators will decide that such a system
does not justify its cost and that they can do better with existing
aids, particularly in the case of air navigation, where, as aircraft
fly at increased altitudes, astro-observations are possibly coming
back into their own.

There is an urgent need for reliable data on noise levels. For
navigational purposes it is necessary to ensure that fixes can be
obtained at any time, or at least at fairly regular intervals, through-
out a flight or voyage. Therefore it is the peak noise, and the
rate of recurrence of that peak noise, which are important. The
amount of information at present available on noise below
200 kc/s is insufficient for planning systems as expensive as
long-range navigational aids are likely to be.

Mr. C. E. Strong: Speaking of high-traffic-density areas, such
as Western Europe, it seems clear that radio services must be
provided to enable aircraft to check their positions continuously
and not only in the vicinity of airports. Just as there must
be complete communication-service coverage, so there must be
complete location-service coverage. Both must presumably be
effective at all times to aircraft flying as low as, say, 1 000 ft.

It is not obvious whether the navigational-aid service, or
radiolocation service, should be provided by many short-range
systems or by fewer longer-range systems, or, to put it differently,
whether it should be planned on the basis of the use of very high
frequencies, for which the range is not much in excess of the line-
of-sight distance, or on the use of much lower frequencies, say
around 100 kc/s, for which the primary service range could be of
the order of 200 miles.

The question is akin to that facing broadcasting engineers—
whether to obtain the required coverage by a few long-wave
stations, like Droitwich, giving a primary service to about 200
miles, or by a considerably larger number of shorter-wave stations,
having much smaller primary service areas. On the one hand,
a comparatively small number of low-frequency systems, e.g.
hyperbolic systems or omni-range systems, could be used to
obtain primary service ranges of about 200 miles, or, on the
other hand, many Gee systems or very-high-frequency omni-
range systems with primary service ranges of the order of only
75 miles could be employed. As aircraft travelling at 300 m.p.h.
traverse a 75-mile-radius service area in half an hour, there is
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obviously very much to be said for broader service areas, i.e. for
l.f. working. Moreover, m.f. direction-finding has given depend-
able service and appears to offer great scope for a modern m.f.
system with the directivity on the ground rather than in the
mobile station. If, however, the radiolocation system is con-
sidered in relation to the communication system, then the
very-high-frequency short-range operation does not after all
appear so very unattractive. It is agreed that the communica-
tion system for such areas must be based on v.h.f. transmission,
i.e. on small service areas. Indeed, there is no alternative
considering the number of channels needed and the necessity
of leaving h.f. bands for long-distance work. Therefore, if
the country has in any case to be divided into small communi-
cation zones with overland communication between them, it is
not unreasonable to make each communication zone also a
radiolocation zone; this arrangement would offer administrative
advantages in making the centre of each zone a centre of both
communication and location service. Since the communication
and location services, both working on very high frequencies,
have approximately equal service ranges, the communication and
location service areas should obviously be concentric, thus
reducing the number of frequency changes necessary. The
airway would thus be divided into a number of contiguous zones,
each under the charge of a zone supervisor responsible for com-
munication and location service in his zone and for the routing of
messages overland from his zone to other zones or bases. The
zones could be used as control blocks in the airways systems for
the continuous regulation of the flow of traffic to prevent the
accumulation of aircraft in airport regions.

Dr. R. A. Smith: A study of the tragically numerous flying
accidents which have occurred recently reveals that a great many
of them have happened owing to aircraft having to wait to land
at an airport. The reason may be twofold; it may be that air-
craft have inadequate instrument-landing facilities, or that they
cannot be handled by the control system. The most urgent need
as regards navigational equipment is for a simple system to solve
this urgent problem of waiting to land. I agree entirely with Mr.
Strong that for this kind of work we are forced into the v.h.f.
region for technical reasons. The noise problems in the lower-
frequency bands are only too well known.

Having been in the past a protagonist of pulse systems, I do
not want to engage in the profitless occupation of making com-
parisons between pulse and c.w. systems. I should like, however,
to say a word about some of the considerations which forced
us to adopt pulse systems during the war. Tt was not that we
were entirely blind to the merits of c.w. systems, nor indeed that
we were versed in pulse techniques, that made us prefer pulse
systems, but, as will be realized, the problems of navigation are
very different indeed during war time from those of peace time.

Some of the navigational systems mentioned in the papers
depend for their accuracy on maintaining, for example, a spot
radio-frequency with high accuracy. Whenever it is necessary
to maintain such a frequency, the spot can be the immediate
target for all the attentions of the enemy. A system of navi-
gation which does not depend on radio-frequency accuracy, and
in which the radio frequency can be moved over a considerable
range, has very great advantages in war time.

For the problem of navigation in peace, other considerations
indicate that the c.w. systems have many advantages. I cannot
go the whole way, however, in saying that pulse systems have no
place in peace time; I think that there are applications for them,
but they are different from those which they have in war time.
For example, the method of measuring range by using the pulse
technique is so simple and direct that it does seem to be the
right way of doing it. Nevertheless, if a really neat way of
measuring range, using c.w. techniques, which would be applicable

to a large number of aircraft at once, could be evolved, it would
be most valuable.

Mr. H. Stanesby: I hope and believe that in due course only
c.w. systems will be used for providing long-range navigational
assistance. It is true that, if short enough pulses are used on a
pulse system, the accuracy can be improved at moderate ranges
by separating the ground- and sky-wave components, but so
much bandwidth is taken up in achieving this that, I feel, the
price paid is too high. Moreover, long-range aids must of
necessity employ relatively low frequencies although the frequency
space is even more valuable in that range than it is at the higher
frequencies.

Neglecting propagational effects, the minimum bandwidth
required for a c.w. navigational aid giving, say, bearings, is
proportional to the angular cover and the bearing accuracy
provided, and inversely proportional to the time required for an
observation and to the number of ambiguities of the system.
It is easy to confirm this in a simple case. Considering a system
yielding bearings over an angle of, say, one radian with an ac-
curacy of 0 01 radian, and having no ambiguity; and supposing
bearings are determined at a receiving point by counting the
interlocked dots heard before an equi-signal condition is reached,
much the same as with Consol; and assuming also that a dis-
crimination of one dot is always possible; then, for an accuracy
of 0 01 radian in a sector covering one radian, it would be neces-
sary to send a set of 100 dots interlocked with a second set of
100 dots, changing the relative strengths of the two sets through-
out the keying sequence. If the observation were to take no
more than 60 sec, and the fundamental component only of the
dot frequency were transmitted, the bandwidth occupied would
be ± 100/60, i.e. ± 1-7 c/s approximately, and if the third
harmonic of the dot frequency were included, it would still be
only i 5 c/s. By using crystal filters, receivers can in fact be
made which effectively isolate such a narrow band, although no
doubt in practice rather wider bands would be employed. If we
could allow x ambiguities in the pattern of bearings, an inaccuracy
of 0-Ol.y radians, and 60z sec for an observation, the bandwidth,
including the third harmonic of the dot frequency would be
± 5/xyz c/s. It is clear, therefore, that the price paid in band-
width for the somewhat greater accuracy of pulse systems at
moderate ranges is very great if the bandwidth occupied is 25 or
even 50 kc/s.

Somewhat similar considerations could be applied to c.w.
hyperbolic systems, such as Decca, with which phases are com-
pared continuously. The time required for an observation and
the accuracy requirement would then have their counterpart in
the response time of the narrow-band receiving circuits and the
indicators.

Mr. C. Crampton: The range mentioned in the papers by
Messrs. Whelpton and Redgment is all distances up to 1 500
miles. There appears to be a very considerable difficulty in
obtaining satisfactory performance with the hyperbolic systems
described when the intensity of the sky wave is approximately
equal to that of the ground wave, which at night takes place
on these low frequencies in the neighbourhood of 200-300 miles.
With both the c.w. system and the pulse system, there is a
serious loss of accuracy at that distance and at further distances
as yet uncertain. From the most reliable data that we have
on the pulse type of system, it appears that the apparatus which
has so far been used has been incapable of providing resolution
of the component arriving from the ionosphere and that arriving
along the ground at the distance of 200 or 300 miles. Whether
that can be improved by better design and circuit engineering
does not seem to be certain, but if the utilization of this very
valuable property of the pulse system depends on improved
engineering, it may be profitable to exploit the possibility to the
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greatest extent. Although I agree with the speakers who have
emphasized the need for limiting the bandwidth occupied, I feel
that there are occasions when the best possible accuracy at night-
time may be needed, and the system capable of giving it must
receive serious consideration. I think that it would be valuable
if the authors were to put on record some brief comparison of
the difficulties which arise with the c.w. and the pulse systems
respectively under the conditions to which I have referred.

Mr. R. J . Dippy: I think that it has not been made sufficiently
clear that nowadays, at any rate for aircraft requirements, an
instantaneous fix is essential and that a running fix is not good
enough.

To my mind, there is a question of very considerable interest
in the accurate measurement of phase in the v.h.f. continuous-
wave omni-directional range referred to. It is a question of
measuring the phase of sinusoidal envelopes, and that is done at
30 c/s. We all know how very difficult it is to measure phase to an
appreciable degree of accuracy, and it would be most instructive
to be shown how this problem has been solved in an economic
manner with equipment which is rugged, stable and light in
weight. It will be remembered that an overall accuracy of
bearing measurement of 2 deg is claimed.

It has been suggested that a d.f. loop can be used to check the
accuracy of the Consol or similar bearing. The Post Office
have pointed out that, if a d.f. loop happens in some circumstances
to be used when the Consol bearing is taken, a very considerable
error can result.

Mr. Caradoc Williams has indicated that active work is going
on in this country in the development of altimeters, but I do not
think that he emphasized enough the difficulty that the captains
of flying boats experience in estimating height when coming in
to touch down over a glassy sea, because it appears to them as
a surface at an undefined distance. I should like to mention the
use which is being made of very sensitive low-level altimeters in
the measurement of the depth of waves and the wavelength when
the measurement is done by aircraft. This information is of
great importance to the meteorologist, and we now have a tool
for giving him information for a very wide area very quickly.

Group Captain P . Allerston: Mr. Caradoc Williams mentioned
the problems of the radio engineer; I wonder whether he recalls the
problems that the radio engineer has postulated to the operational
staff. During the 1939-45 War, the development of c.w. navi-
gational aids was not pressed in this country as much as it might
have been; the reasons are fairly well known: there was always
the risk of giving away information to the enemy. However,
despite the progress made in the development of pulse technique,
such navigational aids as are available still suffer from various
handicaps, particularly those of insufficient range and too great
complexity, and at the present time there is not a single radio
navigational aid which is outstanding in the facilities it offers.
Engineers working in this field may have felt discouraged during
the war, but I hope they will bear this latter point in mind. There
is an urgent need for a really good system which will give accurate
and continuous information of position at all ranges. But the
initial cost must be reasonable; and for use in aircraft, the equip-
ment must be small, light, simple to operate and easy to maintain.
I think these points are of overriding importance.

Mr. W. Ross: In considering the various factors involved in
the choice of system, one matter has not been mentioned so far
this evening, namely the question of whether a technique can be
devised which will provide such facilities at various ranges as to
form a completely integrated system of navigation, taking the
craft from long ranges right into the port or airfield. I should
welcome the authors' comments on this point. It seems to me
that the P.O.P.I. multiplex system is the most adaptable in that
respect.

I should like to take up one point with Group Captain
Fennessy. I do not believe that the solution of the problem of
ambiguity is entirely devoid of fundamental problems. It is
necessary to radiate a different frequency, use the group velocity
instead of the phase velocity, or use a different aerial spacing, all
of which can give rise to fundamental problems and not merely
engineering difficulties.

On a point raised by Dr. Smith, I should like to say that to my
mind the omni-directional system is very troublesome. I speak
from many years' experience in direction-finding and know the
difficulties which are encountered.

Mr. C. W. Earp: I understood Mr. Whelpton to say that he
expected sufficient signal/noise ratio could be obtained for
l.w. beacon systems, despite the high noise level on these fre-
quencies, because noise could be eliminated by the use of a
narrow-band technique. I must disagree entirely with the above
explanation, and insist that the signal/noise ratio is determined,
not by transmission bandwidth, but by the mean power of trans-
mission and the receiver time-constant of indication. If the
receiver circuits are correctly adapted to the transmission
concerned, then, at the maximum range of a beacon, the signal/
noise ratio is theoretically independent of transmission band-
width. The statement made by Mr. Whelpton is in some respects
similar, but represents the viewpoint diametrically opposite to
that of pulse enthusiasts who, in the early days of radar, expected
to gain in signal/noise ratio by the use of a wide-band technique.
It has been put forward that by using a wide-band technique in
the form of very short pulses, most of the noise could be gated
out of the receiver as occurring at a different time from the signal.
Actually, of course, the wide-band technique causes more noise
to enter the receiver, and the part that is coincidental with the
signal produces exactly the same effect as the steady noise of
lower peak value which is present in the narrow-band system.
In actual fact, there is no theoretical gain either with the wide-
band or narrow-band technique, provided that the correct
receiver is used.

Being interested in matters of communication, I regard
bandwidth as an important "raw material," and I do not like to
see it wasted. Furthermore, I agree that there is a strong case
for narrow-band technique for l.w. beacons, but I think the
reason would be better expressed as follows. As has already
been pointed out, a beacon system does not need to occupy a
large bandwidth. On frequencies, therefore, when the frequency
stability of receivers is likely to be adequate, it becomes practical
to divide up the total bandwidth available into separate narrow
channels, and hence to provide the maximum possible service.
Also, a basic requirement of l.w. transmission is to radiate a
maximum of mean power, which can be obtained only by con-
tinuous radiation, and a c.w. working usually means a narrow-
band method. On long waves, we can make narrow-band
receivers with sufficient setting accuracy and frequency stability,
and advantage should be taken of this fact to provide not only
the highest mean power of transmission, but also the maximum
number of transmissions without mutual interference, and the
correct co-ordination between the transmission and receiving
techniques.

With short waves, we are unable to use narrow-band receivers,
for the frequency stability would not be adequate. Unfor-
tunately, a narrow-band transmission in a wide-band receiver
usually leads to an inefficient result. Hence, there is a case for
the use of wide-band transmission in the form of short pulses,
whereby the excess noise received by the wide-band receiver can
be eliminated by gating the required wide-band pulse.

Mr. P . Adorian: The discussions at the Radiolocation and
Radiocommunication Conventions clearly show that the interest
of engineers is focused primarily on long-distance navigation,
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and short-distance navigational aids do not seem to receive the
attention they deserve. While not wishing to minimize the value
of the various long-distance navigational aids, whether using
c.w. or pulse technique, I should like to put this problem in clear
perspective. As I see it, the greatest service we can give to
aviation is to provide foolproof landing aids. It has become a
relatively simple matter to navigate from one point on the earth
to another, whether a modern c.w. or pulse technique is employed,
or even if only the old-fashioned loop direction-finder is used.
Very little flying time is lost by pilots losing themselves. On
the other hand, very considerable flying time is lost by pilots not
being able to land owing to bad visibility and being diverted to
other airports, or not being allowed to take off as reports from
their proposed destination indicate bad visibility. It is no
exaggeration to say that at present the relative importance of
providing landing aids is at least ten times greater than the
importance of long-distance navigational problems, which can be
considered solved. Instead of debating the relative advantages
and disadvantages of various systems of long-distance navigation,
it would be better if we were to concentrate most of the available
engineering effort in producing a successful landing aid.

Of the various systems so far described, the S.C.S.51 seems to
be the nearest to the perfect landing solution, but, whether such
a system is internationally adopted or not, there seems to be
general agreement between people engaged in airline operation
that apparatus similar to the Ground Controlled Approach
system should also be employed.

The G.C.A. system is being considered not only as a cross-
check on other short-distance navigational methods, but also as
a self-contained landing aid which has many advantages that
other systems cannot give. The G.C.A. equipment was not
referred to at this Convention, presumably because it uses a
high-precision radiolocation system working on the pulse
technique. On the other hand, this apparatus was only briefly
referred to at the Radiolocation Convention, perhaps because the
apparatus has not been faithful to pulse technique by using c.w.
methods of radiocommunication. Be that as it may, the fact
remains that when all other systems of landing aids fail, G.C.A.
can usually bring down planes safely. The main criticism of
G.C.A. systems has been that it is very complex, although this
complexity is entirely on the ground; that it is expensive to operate
and maintain, mainly in man-power; and that it is slow in oper-
ation. These disadvantages will be eliminated when the new
Path Approach Direction equipment is fully developed as, in the
P.A.D. system, the operation is cut down to one man and the
apparatus is being very much simplified for ease of maintenance.
As regards the speed of operation, in a recent talk before the
Royal Aeronautical Society, Mr. H. C. Pritchard gave the rate
of landing as 15 planes per hour, which, although in my opinion
somewhat pessimistic, is still 15 planes per hour more than any
other landing aid is doing in really bad visibility, when, as is
well known, all flying has to be abandoned unless G.C.A.
equipment is available.

The G.C.A. or P.A.D. system should be considered as a life-
boat service able to bring down planes when other systems fail
and having the great advantage that any plane, so long as it has a
radio receiver, can be "talked down." These systems do not
require special equipment in each aeroplane, and their accuracy
depends entirely on ground equipment which can be maintained
efficiently at all times. Admittedly, there is the language diffi-
culty when international operation is considered, but this can be
overcome.

Mr. H. Fletcher (communicated): I should like to discuss a
scheme that was conceived in 1941, to facilitate tank navigation
in the desert, although the immediate requirement faded before
it was fully developed. Nebulous mention of it appears in

Vol. II of the Proceedings of the International Meeting on Radio
Aids to Marine Navigation, held in London during May, 1946.*

The first requirement of any c.w. system is that the radio
transmissions emanating from separated points must be related
in frequency and phase. This is achieved in the Decca and
Erika systems by having a master with derived slave carrier-
waves, whereas in the present scheme, two free-running r.f.
transmitters can be used and a locking action achieved by
deriving a modulation signal for one of the transmitters from the
beat frequency resulting from mixing the two closely adjacent
master-oscillator frequencies. This essential feature, which
moreover facilitates the use of communication-type transmitters,
receives no mention in the papers. In the simplest version of the
system, the unmodulated carrier, together with one sideband, is
selected by a conventional receiver, thereby producing a hetero-
dyne output of the same frequency as that produced by a similar
receiver accepting the modulated carrier and the other sideband.
Comparison of the phase of these audio outputs (and not r.f.
outputs as stated in Section 3.3.3 of the first paper) gives directly
the required space phase-difference of the transmitters as viewed
from the receiving point, in terms of the unmodulated carrier
frequency.! The claim in Section 3.4, of being able to use
narrow-bandwidth stable audio filters in l.f. radial track guide
and P.O.P.I. systems is therefore equally applicable to this
system and merits attention. Furthermore, the comment in
Section 3.4, that this system inherently requires a fairly-wide-
band receiver, is inadmissible, and 100 c/s or less can be used to
provide efficient spectrum utilization and propagational disper-
sion to negligible proportions.

It should be noted that the system could be operated in any
frequency band, so as to provide a short medium- or long-range
aid; lane identification is achieved by the simultaneous trans-
mission of fine and coarse grid-signals, as accepted in Section
3.3.3. This valuable feature does not appear to have been taken
into account in the summing up, and, in contrast, the P.O.P.I.
system does not appear to be capable of providing any resolution
of ambiguity without considerable complication or duplication
of the major units.

A further development of the scheme provides a single-channel
tone-multiplex system, requiring only one high-grade conven-
tional receiver with an audio attachment 4

The comparison in Section 3.4 should indicate the practical
disadvantages of remote synchronization and moving parts in
the P.O.P.I. system and that phase-stable filters and the elimin-
ation of crosstalk are equally important to both schemes. The
prevention of undue harmonic distortion may be found simpler
than the requirement to convert chopped c.w. to c.w. without
phase change, so that for a long-term project my relatively
undeveloped scheme is at no real disadvantage.

Some distinction needs to be made in the generic classification
of schemes which have phase comparison at low and radio
frequencies (Fig. A). By absorbing undesirable ground reflec-
tions, predictable interference patterns in the vertical plane
might facilitate a v.h.f. blind-landing aid, somewhat as illus-
trated in Fig. B.

Dr. R. F . J . Jarvis (communicated): In connection with
Section 3.3.1 of the paper by Messrs. Whelpton and Redgment,
I should like to draw attention to the system which I described
in a previous discussion.§ The only distinguishing characteristic
of the two signals in this system is their direction of arrival at
the receiver.

With regard to the bandwidth requirements of these systems,
this system, and the Decca system, require only zero bandwidth

• H.M.S.O., 1946.
t See Reference No. 36 for a full proof and derived schemes.
j British Provisional Patent Specification No. 3181/46.
§ Journal I.E.E., 1946, 93, Part III, p. 247.
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in the transmission. In a phase-comparison time-multiplex
system, the transmission bandwidth can be reduced indefinitely
by increasing the duration of the dashes of carrier frequency.
At the same time, however, the bandwidth of the filters used in
the receiver to hold over the signals for phase comparison must
be reduced, and the time taken by the receiver to build up to the
final reading is increased. Instead of using narrow-band filters,
the phase of each dash of the carrier wave can be compared in
turn with that of a highly stable oscillator. In this case also, the
time which is taken on obtaining a position indication becomes
longer as the duration of the dashes is increased. If a position
indication is required by a stationary observer, therefore, the
bandwidth required in the P.O.P.I. transmission, and in the
receiver, is determined solely by the time that can be spent in
obtaining the observation, or in waiting for the receiver to reach
a final reading after the transmission signal has been applied to
it. The latter also applies to the theoretical receiver bandwidth
required in the Decca system and the first system mentioned
above. If the observer moves in the field, however, then, with
all these systems, there is a lag between the apparent and the
true indication, which increases as the velocity of the observer
is increased and as the bandwidth of the receiver is decreased,
and which is a maximum when the observer is moving at right
angles to the hyperbolic lines of constant phase-difference.

If the observer is moving with uniform velocity, so that the
apparent frequency to the observer of the two transmissions
can be determined from the Doppler effect, the magnitude of this
error can be determined from the phase-frequency characteristic
of the receiver.

It appears to be necessary to distinguish between the band-
width of the transmission and that required in the receiver.
The transmission bandwidth may have any value down to and
including zero, depending on the system employed, but the
theoretical bandwidth required in the receiver depends not only
on the transmission bandwidth, but also on the rate at which it
is desired to make a measurement if the observer is stationary,
and also on the velocity of the observer in the field if the observer
is moving. In practice, the receiver bandwidth may have to be
wider than the theoretical minimum on account of instability
of components.

Mr. H. T. Mitchell {communicated): Referring to Section 3.3.4
of the first paper, the authors state that the problem at the
receiver is to hold over or extend at least one of the signals until
the two others are received. This is not necessarily true. There
are other methods of measuring the relative phase of dashes which
do not occur simultaneously; for instance they can each be com-
pared with a very stable oscillation of the same frequency. This
method is mentioned in the supporting paper referred to by the
authors.*

* Reference No. 37.
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Fig. C shows how a cathode-ray tube and associated phase
changers can be employed to measure the relative phase of two
dashes, say, A and B. With the switch in the upper position, the
A dash is brought to a straight line on the cathode-ray tube by
means of the phase changer; with the switch in the lower position,
the calibrated phase changer is set to give a similar straight line
on the B dash. The phase difference between the dashes is given
by the calibrated phase-changer. It is interesting to note that
this circuit does not require that the switch shall be synchronized
with the received signals; this is due to the discrimination of the
eye when viewing the figures on the cathode-ray tube. An alter-
native arrangement, using scale and pointer instruments, is shown
in Fig. D. With this arrangement it is necessary to synchronize
the switch with the incoming dashes.

The authors refer to this matter again in Section 3.4, where it is
stated that "The only real difficulty in P.O.P.I. is the conversion
of a chopped continuous wave into a true continuous wave in
the receiver, without phase change." If this is true, I should
like to ask the authors whether they do not consider that some
thought should be given to the equipment suggested by Figs. C
and D, the cathode-ray tube method, when automatic direct-
reading instruments are not required, and the meter method or
a development of it, when they are required.

Mr. W. J . O'Brien {communicated)'. Messrs. Whelpton and
Redgment compare an omni-directional beacon system, using
frequency multiplex, to one using time multiplex. The use of a
single beacon is very limited, however, and I feel that a com-
parison should be made on the basis of both systems providing
a navigational fix and having 360 deg coverage.

Let us compare first the proposed P.O.P.I. (time multiplex)
base-line arrangement with the standard Decca system (frequency
multiplex). P.O.P.I. requires three widely-spaced beacons, each
having four aerial sites. Three of these aerials have very rigid
siting requirements in that they must form a triangle with
approximately 1-mile spacing. The fourth aerial is situated
about 4 miles away. R.F. transmission lines must be provided
from the transmitter building to each of the four aerials. Because
of unavoidable mutual antenna coupling, the antennae radiation
is limited to about 2%. The Decca system uses chains com-
posed of four aerial sites, spaced about 70 miles apart, neither
the spacing nor the siting being critical, and antennae can be
constructed with 50% radiation efficiency. Comparing fre-
quency requirements, we find that P.O.P.I. calls for three allo-
cations, each having a bandwidth of about 1 kc/s, and Decca
uses four frequency allocations, each having a 300-c/s bandwidth.
(This reduction in bandwidth has resulted from the fitting of
crystal filters to the receivers.) The transmitted spectrum of the
P.O.P.I. would almost surely extend beyond the bandwidth of
1 kc/s, whilst that of Decca is theoretically zero. For equal
coverage, the P.O.P.I. system requires six 50-kW transmitters,
as against four 2-kW transmitters for Decca. The fix accuracy
of P.O.P.I. would be less than that of Decca, but would be free
of ambiguity.

The disadvantage of the triple-beacon system with regard to
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ground equipment cost and multi-frequency allocation seems to
be overcome by the use of a wide-base P.O.P.I. system. This
system presents unsolved technical problems in addition to the
known ones, such as the locking of ground-station commutation,
phase locking, and signal-strength difference at close ranges.

Wide-based P.O.P.I. will of course have ambiguity and,
if integration meters are used, slipping of the counters may be
expected to be much more likely than with continuous trans-
missions. Also, with present techniques, there seems little
possibility of providing lane identification.

Mr. J . A. Ratcliffe (communicated): I think a little more is
known about the propagation of long and very long waves than
is suggested in the papers. The following facts may be of interest;
they are based on the extensive literature published before about
1932, and on some experiments which my colleagues and I made
between 1934 and 1939 and are now continuing.*

By day the intensity of the ionospheric wave at all distances
decreases as the frequency decreases from 1 Mc/s until some
frequency near 40 kc/s is reached; after that it increases again,
and at 16 kc/s it is comparable with the ground wave even at a
distance of 200 km. Our experiments show with certainty only
that the minimum intensity of the ionospheric ray occurs between
100 kc/s and 16 kc/s, although a limited series of measurements
which we made in 1938 showed a strong ionospheric ray by
day on a frequency of 30 kc/s. Possibly the abnormally great
absorption of transatlantic signals on frequencies near 40 kc/s
reported by Andersonf implies that the change from weak
to strong day-time intensity of the ionospheric wave occurs
near this frequency,

For transmission distances up to 400 km, the day-time reflec-
tion coefficient of the ionosphere for frequencies of 16 kc/s is
about 0-5 in winter and 0 1 in summer. At night it is about
0-5 for reception at 100 km and near unity for reception at
200 km. At the latter distance, it is important to consider
multiple reflected waves at night.

Experiments on higher frequencies} have led to the hypothesis
that Region E of the ionosphere is irregular in the horizontal
plane, with the irregularities continually varying, so that reflection
in it is analogous to the reflection of a street lamp in the surface
of a pond ruffled by the wind. This hypothesis accounts for the
observed variations in the amplitude and phase of one single
"ray" reflected from the ionosphere at these higher frequencies,
and for the differences in the variations observed at two different
receiving points separated by more than one or two wavelengths.

At a frequency of 16 kc/s, there is indirect evidence from the
variability of amplitude and phase observed at one point, that
the reflection at night is also as if from an irregular surface of
this kind, and it is probable that the variations would be found
to be different at receiving points separated by about one wave-
length. By day, however, the amplitude and phase of the down-
coming wave are found to vary in a remarkably smooth manner,
and it is possible that then the reflection is from a region which
is much more uniform. Tt may well be that, under these day-
time conditions, the constancy of phase at a given point, and the
similarity of phase at two separated points, are good enough for
the purposes of radio navigation. Experiments are in hand to
test this point.

For distances up to about 200 km, the phase of the downcoming
wave on a frequency of 16 kc/s varies regularly throughout the
day, corresponding to a change of reflection height of 13 km,
with a minimum height near midday. A "catastrophic iono-
spheric disturbance" alters the phase, but not the amplitude, of

* BEST, J. E., RATCLIFFE, J. A., and WILKES, M. V.. Proceedings of the Royal Society,
A, 1936, 156, p. 614, and BUDDEN, K. G., RATCLIFFE, J. A., and WILKES, M. V., ibid.,
1939, 171, p. 188.

t Proceedings of the Institute of Radio Engineers, 1931, 19, p. 1150.
j RATCUFFE, J. A., and PAWSEY, J. L., Proceedings of the Cambridge Philosophical

Society, 1933, 29, p. 301, and PAWSEY, J. L., ibid., 1935, 31, p. 125.

the downcoming wave for a propagation distance of 200 km,
whereas on the shorter waves it produces a fade-out or greatly
decreases the intensity.

Mr. S. B. Smith (communicated): I am surprised to find no
reference in the paper by Messrs. Whelpton and Redgment to
errors due to variations of the wave velocity when l.f. phase-
comparison beacons are operated over land and sea and upon
the surface wave. It would be of great interest to many of us
if a Table, such as that given in the Appendix, could be published
to indicate the equivalent standard deviations to be expected
of various aids and working under all types of operational
conditions.

In Section 2.3, Messrs. Whelpton and Redgment suggest that
the choice of frequency in the 10-100-kc/s bands is immaterial
as the E-region is more or less stable over this part of the
frequency band. I am not at all convinced that sufficient
theoretical or experimental data exist as yet to justify this state-
ment. Efforts have been made to check the probable night-
time error of phase using 15 and 100-kc/s waves, but, as far as
I can judge, the results are incomplete and not conclusive. Much
mathematical and physical research is needed in this field. Have
the authors any further views regarding this very impotant
matter?

In Section 2.3, the suggestion is made that 70 kc/s may be the
optimum frequency for such aids, both with regard to cost and
ground-wave accuracy for a distance of 1 500 miles over sea. I
wonder what night-time accuracy is contemplated at distances
over sea of 300-800 miles.

In Section 3 the authors suggest that in the choice of optimum
apertures further propagational experiments are necessary. 1
think that along some geographical routes, particularly when the
sky wave predominates, it is not at all certain that the instrumental
accuracy associated with phase counting is accompanied by
equally accurate ionospheric stability. In fact, geomagnetic
phase retardations, when operating along certain routes, may
quite easily degrade the overall accuracy to such an extent that
A-B of Fig. 2 may be the optimum aperture and not A-C. I
should like to know the authors' views on this matter.

In Section 3.2.3.1, a day-time accuracy of ±0-25 deg along
the normal to the line of aerials is claimed; I understand that the
Germans had considerable trouble in siting such an excellent
beacon. Have the authors any additional siting data, which
would be of great interest to many of us? Also, could they be more
precise with regard to night-time standard deviations at various
distances?

Referring to Section 3.2.3.3,1 am somewhat at a loss to account
for the Germans' confidence in time integration by means of
recorders. If such gains are realized, it seems to be due largely
to the aerial system, if similar work relating to visual and
recorded bearings (short-base direction-finding) form any
criteria. Have the authors any statistical data resulting from
German work in this field? Regarding Section 3.4, 1 appreciate
the authors' difficulties in assessing the advantages and dis-
advantages relating to so many competing systems. Many of
the aids require specialized receivers in the ship or aeroplane,
coupled with the need for international acceptance if the aids are
to succeed globally. It seems to me that the German Sonne has
much to commend it in this regard, despite its operationally
lower accuracy and simple receiving facilities.

Any accuracy data relating to the use of long-range phase
beacons of the Decca type, when observed from an aircraft over
broken country, would be of interest. It is thought that when
operating at heights of 10 000 ft and using a 100-kc/s wave,
ground reflections may cause marked phase ambiguities, whereas
a 15-kc/s wave would not suffer to such a marked extent in this
respect. In neither case have ionospheric waves to be considered.




