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SUMMARY
The paper outlines the expansion of the long-distance point-to-point
system during the war years and some of the advances in technique
which have made for more reliable communication. The expansion
of the network maintained by the British Post Office, and the improved
techniques introduced into its point-to-point radio systems, are considered representative of the general picture and are discussed, the
more detailed discussion of the various advances being left to the
supporting papers.
The effect of the war on the communication system is outlined, some
of the problems and the methods of solution are described, the relative
advantages of single-sideband operation are considered, and an
analysis is given of the several telegraph systems. The importance of
precise frequency control is stressed and the trends in design and
performances achieved are quoted. A brief analysis is made of the
rhombic and multi-element array, and the aerial-connecting problems
experienced both at large transmitting and receiving stations are outlined. Reference is made to the importance of ionospheric data
forecasting in the planning and operation of a long-distance network.
Finally, an attempt has been made to outline future trends in terms
of the world-wide communication network.

mitting, and Baldock, St. Albans, Cupar and Cooling Marshes
for receiving, thereby primarily providing both-way radio links
for public correspondence between the United Kingdom and
fixed points throughout the world (see Fig. 1). All extraEuropean services were worked on a telephony basis, but those to
Europe were worked by telegraphy and telephony, all telephony
services being connected to the public telephone services. The
general technical control of the U.K. terminations of the radiotelephone circuits was effected from the Radio Telephony
Terminal in Faraday Building, London, the outgoing speech
being passed to the Rugby station and the incoming speech
received from either the Baldock, Cooling or Cupar station by
land-line; special equipment located in the Radio Telephony
Terminal being used to combine the transmitted and received
speech signals in a suitable manner for further transmission
under the control of the Overseas Exchange over the normal
trunk circuits in this country. For radio-telegraphy, operating
control was exercised from the Central Radio Office, a highspeed multi-channel v.f. network being provided to convey the
signals to and from the various stations; all incoming telegraph
signals were received at the St. Albans station.
Since it had been decided on security grounds that all the
point-to-point radio-telephone circuits should be closed down
from the outbreak of war, arrangements were made early in 1939
for all transmitting and receiving plant used for telephone purposes to be adapted also for telegraph operation. Whilst the
telephone circuits were suspended immediately on the outbreak
of the war, the circuit between the U.S.A. and this country was
quickly reopened and remained continuously available to a
limited number of correspondents throughout the war; adequate
security arrangements to ensure no undue disclosure of information to enemy interception of the transmissions being enforced.
Subsequently, various telephone channels were reopened and
operated as required either for normal speech or the relaying of
broadcast programmes. An indication of the rapid change of
policy is given by the fact that before the end of September, 1939,
a radio-telephone service to Copenhagen had to be introduced
since the normal land-line arrangements were no longer available.
At a later stage, certain telegraph equipment at Leafield even had
to be converted for telephone operation to meet certain special
requirements.

(1) INTRODUCTION
There is no need to stress the importance of adequate longdistance point-to-point communication in both war and peace,
the former being clearly reflected by the information given in the
Opening Address to this Convention and the latter by the
extensive expansion programmes planned since the end of hostilities. Although a very considerable effort was put into the
provision of additional point-to-point radio links throughout
the world during the war years, it cannot be said that any
spectacular or fundamental advances were made in the technique
of long-distance communication. This state of affairs differs
widely from that obtaining for radiolocation in all its phases,
and was no doubt due to the fact that, for some two decades
prior to the war, the efforts of large numbers of radio engineers
had been concentrated on long-distance communication so that
the technique had, by 1939, reached a fairly advanced state.
However, many improvements have been made of which the
increased application of the single-sideband technique, new
systems of telegraph operation, improved frequency control, the
merging of radio and line technique and the forecasting of
ionospheric data for efficient circuit planning, are perhaps
representative.
(2.1) Stations existing Prior to the War
The expansion of the network maintained by the British Post
Office, and the improved technique introduced into its point-toWhereas the Rugby Radio Station2 was first designed as a
point radio system, are probably representative of the general world-wide very-low-frequency transmitting station, and was
picture and will be discussed broadly, more detailed discussion opened for such service on the 1st January, 1926, it was soon
of many of the various advances being given in the supporting developed as the centre for both long- and short-wave worldpapers, which also include one dealing exclusively with point- wide radio-telephony from this country. Thus, in addition to
to-point telegraphy.1
the 500-kW long-wave telegraph transmitter GBR and another
of somewhat lower power, it housed, by the outbreak of war,
(2) EXPANSION OF THE POINT-TO-POINT RADIO SYSTEM the low-frequency single-sideband telephony transmitter for the
OF THE BRITISH POST OFFICE
American service and some ten high-frequency telephony transPrior to the outbreak of war, the Post Office operated point-to- mitters, of which two, having a power of 80 kW, operated on a
point radio stations, located at Rugby and Leafield for trans- twin-channel s.s.b. basis to New York. Within two weeks of the
outbreak of war all the short-wave transmitters were adapted to
* Radio Section paper.
t Engineer-in-Chief's Office, G.P.O.
[23]

24

MUMFORD: LONG-DISTANCE POINT-TO-POINT COMMUNICATION

Nr Edinburgh

(emergency)

A / Transmitting
• i t station
A / Receiving
station

*WhitctTurch
* (emergency)

British statute tniles
Fig. 1.—Post Office point-to-point radio stations.
change from telephony to telegraphy working, with remote keying, ments were placed on the Rugby transmitters (and on those at
since it was realized that the country would necessarily need the Leafield), notably, perhaps, the shadowing of B.B.C. services,
use of all its long-distance radio plant—if not for telephony, which involved the erection of some twenty additional aerials
most certainly for telegraphy. During the course of the war, and the provision of a corresponding number of frequencyboth the power and the valve-cooling-water distributions at the control drives. Many of these commitments did not mature,
station were very substantially modified for the dual purposes but certain others arose at very short notice; thus, for example,
of accommodating the additional load of new short-wave the Rugby station, in conjunction with the Radio Telephony
transmitters which were frequently being added, and of localizing, Terminal, played its part during the military operations in France
as far as possible, the effect of bomb damage by duplication of in June, 1940, when a service was hurriedly improvised for
equipments, pipework and cabling. A 1 150-kW Diesel-alter- jamming operational signals of the enemy. From the end of
nator set was also installed as a standby source of power for 1943 a similar but somewhat more extensive facility was made
the station. Various special and emergency service commit- available to the Air Ministry and was used for sending false
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release three 600-ft towers, already fabricated, which, though
insufficient in number for erecting an extensive aerial system of
the type in use at Rugby, were immediately available. A site
was therefore sought with flat ground adjoining a high cliff, on
which anchorages, in conjunction with the three towers erected
on the flat ground, could be used to support an adequate aerial.
The most suitable site that could be found was at Criggion
(Briedden Hill) near Shrewsbury.3 This site was also suitable
for accommodating other types of transmitters and aerials and,
for dispersal of equipment, Criggion Radio Station? was planned
for a complement, in addition to the very-low-frequency transmitter, of 14 high-frequency and two low-frequency transmitters. Water is taken from the River Severn, and the mains
power supply is supplemented by a standby Diesel-alternator set
of 1 000 kW rating. Thus the station is comparable in size
with the Rugby Radio Station. The very-low-frequency transmitter, practically completed in March, 1943, was brought into
service on the GBR frequency, 16kc/s, a few days after the
destruction by fire of the Rugby transmitter on the 30th March,
1943, and was in continuous service throughout the remainder
of the war, even after the restoration of the Rugby transmitter.
It became necessary in the middle of 1941 to plan the extensive
The Leafield Radio Station, which was in process of construc- radio facilities which would be required if the transatlantic cables
tion at the outbreak of the First World War, had become the main were destroyed by the enemy, as might well have happened
centre of Post Office telegraph transmitting facilities, housing, before or during an attempted invasion of this country. As
by 1939, three low-frequency medium-power and six high- part of the plan, two emergency radio transmitting stations
frequency transmitters. During the war an extension was made were established, one at Kingsbury in N.W. London, and the
on the short-wave building, thereby doubling its size, and new other at Edinburgh. These two stations, situated very near
transmitters were installed. An extension of site area was also main centres, were to act principally as reserves in the event of
acquired and six steel masts were erected, carrying arrays for pro- invasion, for overseas communications, especially with the
viding a beam service for news distribution throughout the world.4 U.S.A. At each station, use was made of existing building
Extensive modifications, similar in purpose to those at Rugby, accommodation, suitably modified, and four high-frequency
were made to the power and cooling-water distributions. transmitters with mains and standby power were provided and
Arrangements were also made to renovate the ten main aerial installed with little delay at each station. The transmitters were
masts, originally erected in 1912, which are of tubular construction primarily intended for telegraphy working, but two of the four
and 300 ft tall, by a treatment of reinforced concrete, without at Kingsbury were adapted for s.s.b. telephony. Later, a fifth
having to suspend any transmissions.*
transmitter, capable of s.s.b. operation, was added at Kingsbury.
The St. Albans and Baldock receiving stations are respec- The receiving facilities at the Cupar long-wave radiotelephony
tively the main telegraph and telephone radio receiving centres. receiving station were augmented with short-wave receivers to
Whilst all the telephone equipment of the Baldock station was cover emergency services in association with the Edinburgh
adapted for telegraph working on the outbreak of-hostilities, transmitters. The necessary receiving facilities for association
many of its specialized telephony receivers' were diverted to with the Kingsbury equipment were to be covered by either the
interception work, both ends of the link under interception St. Albans or the Baldock radio station, but, in the event of their
having to be received and combined for ease of observation. being cut off, a further reserve receiving station was capable of
A similar service for the interception of picture telegraphy being improvised at very short notice within London itself.
passed through an experimental stage, but after the destruction In Edinburgh, a reserve telegraph office was established so that,
of the Central Telegraph Office in 1940 was not developed further. in the event of the London area being cut off from the North,
The Cupar receiving station operates the very specialized self-contained radiocommunication systems could be available
equipment required for the transatlantic low-frequency telephone in both Edinburgh and London, essentially for communication
circuit. During the war it was equipped with an additional with the U.S.A. As it happened, the facilities provided were
number of short-wave receivers.
never required for their original purpose, but they were invaluable
The construction of the extensive multiple aerial system and for meeting the ever-increasing demands for point-to-point
two receivers using the musa system^ was completed at the communications.
Cooling receiving station just prior to the war, but testing was
The desirability of dispersal of equipment as a precaution
suspended owing to other more urgent commitments and to the against damage by enemy action, led to the decision to establish
vulnerable location of the site. Towards the end of 1941, a reserve station for point-to-point radio reception, and since it
however, testing was resumed and the equipment was brought was also most desirable to make a reserve provision of receiving
into service on the 1st July, 1942, with consequent upgrading of equipments for the maritime services, the two functions were
the quality of reception in this country of high-frequency trans- combined at a single reserve receiving station. To avoid delays
mission over the transatlantic radio-telephone link.3
due to new building work, a site was again sought with a vacant
building adjoining to house the receiving equipment. Selection
(2.2) Stations erected during the War
was very limited, being restricted by line communication as well
The services of the Rugby very-low-frequency transmitter as by radio considerations and shortage of vacant buildings.
GBR, which were in full use from the start of the war, were of The site finally selected was at Whitchurch, Shropshire, where a
such importance as to justify the building of a reserve transmitter station containing a number of receivers of various types and
and aerial system on another site. The Admiralty were able to some fifty aerials was established and operated.
messages to enemy intercepting aircraft on the wavelengths
actually in use by the enemy, during air raids on Germany.
Such requirements meant that the schedules of operation and
commitment were under frequent review and change, all plant
being kept in full use. Following tests in this country in August,
1941, and trials over the transatlantic long-wave radio-telephone
link in December, 1941, the practicability of working multichannel telegraphy over this link was established.3 Further
tests with short-wave single-sideband transmission led to the
inauguration of a multi-channel telegraph service between this
country and the U.S.A. in July, 1943. This technique proved of
considerable value and was widely used subsequently. On the
30th March, 1943, a fire (due to natural causes) destroyed much
of the very-low-frequency telegraphy transmitter GBR (then in
full and urgent use), the low-frequency telephony transmitter
G BY, and the roof of the building. Repairs, which involved the
provision of some unique equipments, were completed and the
transmitters restored to service, GBR in November, 1943, and
GBY in March, 1944. Owing to delay in obtaining the special
cable for the aerial tuning coils, an external coil was designed
and erected for GBR, and this coil was in continuous use up to
July, 1945.3
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A reserve Radio Telephony Terminal was set up, in much less
vulnerable surroundings than the City area of London, with
facilities for carrying out, though to a reduced extent, any of the
functions of the normal terminal, should this become necessary;
privacy devices were provided. Two additional, similar, privacy
devices were also obtained and installed in well-protected premises
near the working terminal, which lacked any appreciable
protection.
(2.3) Telegraph Control Arrangements
Early in the war, when considering the .provision of telegraph
control circuits to the main radio transmitting stations, the
decision was reached to replace the specialized and non-standard
high-speed v.f. equipment by the normal standard Post Office
equipment, so that a substantial pool of equipment would be
immediately available in the event of damage. Confirmation
of the wisdom of this decision came when all the available
high-speed v.f. transmitting equipments were destroyed in the
fire at the Central Telegraph Office; fortunately, the necessary
alternative receiving v.f. equipments were already available at
the radio stations, so that dislocation of the radio-telegraph
circuits was minimized.
In view of the possible complete interruption of the normal
land-line facilities, small receiving stations were erected close to
the main transmitting stations so that multi-channel v.f. control
of many of the main transmitters could have been exercised from
some of the s.s.b. equipment at the emergency Kingsbury
station.
(2.4) Present Development
Considerable post-war expansion of overseas telephone services
is envisaged, and the extent to which this service has already
been expanded is shown in Fig. 2, which also shows the additional
services projected for the near future. The expansion will, to
some extent, be met at transmitting and receiving stations by
equipment freed on account of the cessation of war-time telegraph
and other special services, but provision of new equipment and
more accommodation has already had to be made for the Radio
Telephony Terminal, since its equipment had not been expanded
to anything like the same extent. Moreover, the adaptation of
telephone transmitters, formerly working on double-sideband
transmissions, to multi-channel s.s.b. transmission makes the
problems even more acute for terminal equipments.
Since 1935, considerable attention has been given to the
development of radio-telephone terminal equipments capable of
automatic or unattended operation and, in fact, an "automatic
technical operator" was produced. During the war, developments on two parts of the normal equipment have largely met the
requirements of automatic operation. Thus the singing suppressor has been improved so that the receiving gain is maintained
constant on nearly all calls, and a constant-volume amplifier,
produced for insertion in the transmitting path to the radio transmitter, has been developed capable of maintaining a constant
level of speech to the transmitter for a range of 40 db in level of
signals from the Overseas Exchange; this amplifier tends to
decrease its gain at the rate of 5-10 db per hour if long periods
free from speech are experienced, resets quickly for speech but
will not increase its gain if continuous noise at moderate levels
is received.

telephone transmissions between London and New York until
1936, extension of the method to the other transoceanic telephone circuits being delayed by the war. Since the war,
general agreement has been reached with the various operating
companies on these point-to-point radio-telephone links to
change from d.s.b. to s.s.b. operation, and the time seems near
when its operation for the long-distance ship service must be
seriously considered. In view of the rapidly increasing importance of the subject—not only has the method become
popular for telephone transmissions but it has also been shown
that it readily lends itself to provide multi-channel telegraph
channels—it is proposed to discuss the subject in some detail.
Advantages which may be claimed for the s.s.b. system as
compared with the d.s.b. system are:
(a) Reduced bandwidth requirements for the transmission of
a given number of speech channels.
(b) Economy in transmitter power consumption.
(c) Improvement in the average signal/noise ratio at the
receiver, assuming the peak output power of the transmitter to be
the same for both systems.
id) Freedom from non-linear distortion under conditions of
multi-path propagation and selective fading. This advantage
is particularly significant when the radio link is used for highquality telephony (e.g. broadcast relaying), for speech with
split-band privacy, or for multi-channel voice-frequency telegraphy. The effect of non-linear distortion on speech with
split-band privacy is to give rise to a serious loss of quality and
intelligibility owing to the non-harmonic nature of the distortion
components in the reproduced speech; the effect of non-linear
distortion on multi-channel voice-frequency telegraphy is to
produce intermodulation between the channels, causing teleprinter errors.
The main disadvantages of s.s.b. operation are the somewhat
increased complexity of the equipment required and the need
for a high degree of stability in all the oscillators used in the
system.
The advantages of s.s.b. working have, however, been found to
outweigh the disadvantages for the commercial operation of
long-distance point-to-point radio links. That the advantages
of this system of transmission are obtainable is due to the
fact that the output signal of the normal type of amplitudemodulated d.s.b. transmitter contains a greater number of
frequency components than are theoretically essential for the
transmission of the intelligence contained in the modulating
signal (i.e. the speech to be transmitted). Thus, transmission
of the carrier wave is theoretically not essential, and if eliminated
partially or completely from the transmitter output signal it
may be reintroduced at the receiver from a local oscillator or by
some other means. In addition, each of the two sidebands
produced when the transmitter is modulated contains a component
corresponding to each component of the modulating signal. Each
sideband by itself contains all that is necessary for reconstruction
of the modulating signal at the receiver, and transmission of
more than one sideband is therefore theoretically unnecessary.
With the s.s.b. system only one sideband, either the upper or the
lower, is radiated, the other being suppressed in the early stages
of the transmitting equipment, and the carrier being either
suppressed completely or radiated at relatively low level. With
this arrangement the first advantage indicated above is realized,
(3) EXTENSION OF SINGLE-SIDEBAND OPERATION
since the band of frequencies required is only half as wide as that
From their inception in 1927, the first successful commercial required for the corresponding d.s.b. transmission. Moreover,
long-distance radio-telephone transmissions operating between little or no power is radiated in the absence of a modulating
this country and the U.S.A. utilized the s.s.b. method of signal, whereas with the d.s.b. system the carrier wave is radiated
operation, the carrier being entirely suppressed and the wave- continuously; thus a substantial saving of power is to be
lengths used being some 5 000 m. S.S.B. operation, however, expected. Finally, with the s.s.b. system, the whole of the
was not successfully applied commercially to the high-frequency power-handling capacity of the final radio-frequency amplifier
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Fig. 2.—Radio-telephone circuits, early 1947.
stage of the transmitter can be utilized to handle the one sideband instead of two sidebands and a carrier wave, as with d.s.b.
transmission. This means that with s.s.b. operation the power
radiated can be made substantially greater than the power in
the corresponding sideband with d.s.b. transmission, and advantage can be taken of this to obtain improved signal/noise ratio
at the receiver. If the receiver selectivity is also restricted to
one sideband, a further improvement in signal/noise ratio is
obtained.

On the basis of certain assumptions it is possible to compare
theoretically the signal/noise ratios obtainable with the two
systems. Thus, if the peak output power which thefinalamplifier
stage of the transmitter will deliver to the aerial is the same in
each case, if the maximum modulation depth employed with the
d.s.b. transmission is 100%, and if full advantage is taken of the
possibilities for improved receiver selectivity with the s.s.b. system,
the signal/noise ratio should be approximately 9 db better than
with d.s.b. transmission.

28

MUMFORD: LONG-DISTANCE POINT-TO-POINT COMMUNICATION

(3.1) The Single-Sideband System in use for the
Transatlantic Telephone Circuits
The system operated on the transatlantic high-frequency
telephone circuits between Great Britain and the U.S.A. is
essentially a s.s.b. system of the type discussed and offers the
same theoretical advantages, but the transmitting and receiving
apparatus is so arranged that at least two speech channels can
be accommodated simultaneously, using one transmitter and
one receiver. Two features of the system are of particular
interest, namely the pilot carrier and the method of twin-channel
operation.
On the high frequencies the carrier wave is not completely
suppressed at the transmitter but is radiated at relatively low
level (actually — 26 db relative to the peak power which the
transmitter can handle). This low-level carrier is termed the
pilot carrier and is filtered out from the remainder of the
signal at the receiver, where it performs several important functions. Thus, before the received s.s.b. signal can be demodulated
it is necessary to replace the carrier wave from a local oscillator
or by some other means. The frequency difference between the
local oscillator in the receiver and that used for generating the
carrier at the transmitter must not exceed a few cycles per second,
and one function of the pilot carrier is to ensure this; the desired
result being achieved by using the pilot carrier to control the

dated within the same bandwidth as that required for a single
channel using the d.s.b. system. With simultaneous operation of
two channels in this manner it is found that the power in each channel is not reduced appreciably relative to the power which would be
permissible if only a single channel were in operation. Use of
excessive levels results in inter-channel crosstalk of the unintelligible kind from each channel into the other owing to unavoidable non-linearity in those sections of the transmitting
apparatus which are common to both channels. Until recently
the full advantage of possible reduction in bandwidth for twinchannel working has not been taken in the system, one channel
being displaced 2 250 c/s from the pilot carrier in order. to
minimize crosstalk. This displacement is effected at audio
frequency at the Radio Terminal.
(3.1.1) Features of the Transmitting Equipment.
The transmitting equipment at present in use on the U.K.U.S.A. telephone link employs three stages of modulation for
generation of the signals. In the Post Office design of equipment, carrier frequencies of 100 kc/s and 3 Mc/s are used at
the first and second stages of modulation respectively, rejection
of the unwanted sideband components is effected by means of
filters, and crystal filters are employed after the first modulator
(see Fig. 3). The first and second modulators, together with
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Fig. 3.—Block schematic of typical s.s.b. transmitter.
frequency of one of the receiver oscillators. In an alternative
arrangement, often used and termed the reconditioned carrier
condition, a local oscillator is not employed but the pilot carrier,
filtered from the remainder of the signal, is amplified and
stabilized in level by means of a limiter and then recombined
with the remainder of the signal at a relatively high level prior to
demodulation. These arrangements have so far been found to
be more generally satisfactory than those employing entirely
independent high-stability oscillators at transmitter and receiver.
As indicated earlier, the system permits transmission of two
speech channels simultaneously, using common transmitting
and receiving equipment. The transmissions corresponding to
the two speech channels share a common pilot carrier and may be
symmetrically disposed with respect to it, i.e. occupy in the
frequency spectrum the positions appropriate to the upper and
lower sidebands respectively of a d.s.b. type of transmission;
thus with this arrangement two speech channels are accommo-

associated filters, oscillators, power supplies, etc., form the
s.s.b. transmitter drive unit.8 The output signal obtained from
this unit is of the form finally required, in so far as it consists
of a low-level pilot carrier with twin speech channels, adjacent
in the frequency spectrum, one above and the other below the
carrier, but the frequency of the pilot carrier at this point is fixed
at 3 • 1 Mc/s (3 Mc/s + 100 kc/s). The function of the third and
final modulator is purely that of a frequency-changer to raise the
signal to that part of the frequency spectrum allocated for the
transmission. The present equipment is so arranged that at the
output of thisfinalmodulator the frequency of the pilot carrier can
be given any desired value in the range 4-0-23-0 Mc/s.
Since the output of the final modulator is at low level, and it is
not readily practicable to increase this level in the present state
of the art, it follows that it is necessary to employ, between
the final modulator and the transmitting aerial, a considerable
degree of amplification. The amplifiers used for this purpose
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must have a high degree of linearity to avoid distortion and, in
the case of twin-channel operation, to keep crosstalk between
channels at a low level. The problem is comparable with that
encountered on d.s.b. transmitters of the type where modulation
is effected at an early amplifier stage, and subsequent linear
amplifiers, capable of operation on any frequency in the normal
operating range of the transmitter, are provided. With the
s.s.b. transmitter, however, the output level from the modulator
is much lower, so that the gain of the radio-frequency amplifier
chain following the final modulator and the requirements for
linearity and stability are appreciably harder to meet.
Relevant to the amplification of s.s.b. signals is the question of
how the rating of such a transmitter is to be specified. The
method internationally agreed may not be widely known and
deserves special mention. As is well known, the rated output
power of a d.s.b. transmitter is at present specified, by international agreement, as the carrier power delivered to the aerial,
and this should be accompanied by a statement of the maximum
percentage modulation depth employed. With s.s.b. transmission there is no steady output power, equivalent to the carrier
power in the d.s.b. case, which can conveniently be specified
since the high-frequency power delivered to the aerial varies
between a relatively low value in the absence of modulation
(the pilot carrier power) and a maximum value at the peaks of
modulation. In consequence it is customary, in specifying the
rating of a s.s.b. transmitter, to quote this higher maximum
value, which is generally referred to as the peak power of the
transmitter. This is usually determined by the overload point of
the final transmitting amplifier, which depends in turn on the
degree of distortion permissible. In most cases it corresponds
fairly closely to the maximum power which could be delivered to
the aerial on peaks of modulation if the same final amplifier
were used for the amplification of d.s.b. signals. For example,
a particular transmitter which can be used either for s.s.b.
or d.s.b. operation (with modulation at an early amplifier,
stage) is rated for d.s.b. operation at 15 kW carrier power
with a maximum modulation depth of 100%. The power
delivered to the aerial at peaks of modulation is thus approximately 60 kW, and this is also the approximate rating of the
transmitter when used for s.s.b. purposes.
For s.s.b. operation the final modulator requires, in addition
to the 3- 1-Mc/s s.s.b. signal from the drive unit, a conversion
frequency supply at a frequency fc, so chosen that the pilot
carrier frequency^ at the output of the final modulator has the
particular value desired. It will be appreciated that the stability
of the pilot carrier frequency is dependent on the stability of the
frequency^,, and it is preferable that crystal oscillators should be
used to generate the frequency^, where this is possible, although
a high-grade master oscillator may give an adequate stability.
The degree of frequency stability required may be indicated as a
tolerance for frequency drift not exceeding 10 c/s in 10 sec.
The oscillator equipment used to generate/c, whether master or
crystal oscillator be employed, corresponds closely in function
to the similar equipment used to control the carrier frequency
of a d.s.b. transmitter, and indeed the same equipment may be
used. It is important to note, however, that the pilot carrier
frequency fp is not a simple integral multiple of the oscillator
frequency/0, as would be the case with a d.s.b. transmitter.
(3.1.2) Features of the Receiving Equipment.
The receiver has to meet several requirements not called for in
a receiver used on a normal d.s.b. circuit. Foremost, perhaps,
is the necessity for replacing the carrier at the receiver prior to
demodulation. This may be supplied from a local oscillator, in
which case the pilot carrier is used to control automatic frequency
correction (a.f.c.) circuits incorporated in the receiver, with a
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view to reducing the difference between its own frequency and
that of the local oscillator to a minimum. To this end, in
addition to the a.f.c. circuits, the receiver is provided with a
crystal filter for separating the pilot carrier from the remainder
of the signal. If the reconditioned carrier condition is used,
the crystal filter and a.f.c. circuits are again required, the function
of the a.f.c. now being merely to maintain the pilot carrier
frequency within the pass-band of the crystal filter.
Present Post Office receivers are of the superheterodyne type,
having two i.f. amplifiers, the first i.f. being at 600 kc/s and the
second at 100 kc/s; they are fitted with the filtering and a.f.c.
facilities discussed, the filtering being effected at the second i.f.
In addition, crystal filters are provided for the purpose of separating the two speech channels prior to demodulation. The
automatic gain-control is operated solely from the pilot carrier,
which, under selective fading conditions, may not be indicative
of the general sideband level. Additional regulation of the a.f.
level is therefore required, and constant-volume amplifiers which
operate at audio frequency to maintain a constant receiver
output level are provided for this purpose. A block schematic
of a typical receiver is shown in Fig. 4, a more detailed
description being given elsewhere.8
(3.2) Multi-Channel Telegraph Operation on Single-Sideband
Circuits

The application of multi-channel v.f. telegraph working to
land-line circuits whereby up to 18 audio tones, 420, 540,660...
2 460 c/s (120 c/s spacing) are keyed to provide up to 18 separate
telegraph channels, is well known. During the war, a similar
form of multi-channel telegraph operation, using the standard
type of land-line equipment, was applied to radio circuits, the
keyed v.f. signals being arranged to modulate a s.s.b. transmitter,
a receiver and associated v.f. receiving equipment being provided
at the receiving terminal.3 This form of telegraph operation on
radio circuits was introduced originally on the low-frequency
telephone channels between this country and the U.S.A., carrier
frequencies of 58-5 and 66-5 kc/s being used, one for each
direction of transmission. Later it was applied successfully to
the high-frequency circuits. Initially single-tone operation was
employed, but experiments using two tones for each telegraph
channel—one tone for the mark and the other for the space
signal—showed such a marked reduction of telegraph signal
distortion due to noise, and, in the case of high-frequency
transmission, to fading, that two-tone operation was adopted;
at times even four-tone operation has been practised.
In these early applications, the use of standardized v.f. equipment was aimed at in preference to the development of entirely
new systems, although it was recognized that an appreciable
improvement in performance might well be obtained subsequently
by redesign. So far as the transmitting terminal was concerned
only very minor alterations to the telegraph equipment were
required to combine the single-tone channels of the normal
land-line system for two- or four-tone working. At the receiving
terminal, however, where the signals have been affected by passage
over the radio path, somewhat more elaborate modification was
necessary. Fig. 5(a) shows a block schematic for a standard
v.f. terminal in which Fl, F2 are the individual band-pass
filters at 120 c/s spacing: Dl, D2 . . . are amplifier detector
panels, and Rl, R2 . . . are the relays supplying the d.c. pulses
to line. Fig. 5(6) is a schematic diagram of an arrangement
adopted for two-tone working by the American Telephone and
Telegraph Company. Fl and F2 are a typical pair of filters
receiving the mark and space signals, respectively, appropriate
to a given telegraph channel, the outputs being paralleled and
passed through a limiter LI and then re-separated in filters F1A
and F2A; amplifier detectors follow as for the equipment shown
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in Fig. 5(a). Figs. 5(c) and 5(d) show two arrangements used in
the U.K. during test and traffic. In the first, a two-tone arrangement, thefiltersFl, F2 are followed by amplifier detectors which
provide an appreciable range of a.g.c. prior to the detector valves
in Dl, D2, the a.g.c. action being obtained from both detectors
Dl and D2. In the second arrangement, for four-tone working,
the circuit consists essentially of two two-tone circuits working
into a single relay, the winding having four sections. Each
two-tone circuit includes additional compressor-amplifiers AG1,
etc., preceding the amplifier detector panels. The gain-control
circuits of the compressor amplifiers are linked, so that fading
of the tone on one two-tone circuit does not necessarily result
in an increase of noise level, since the gain is quite probably
being controlled by the other two-tone circuit.
With two-tone working 12 frequencies are used to provide 6
telegraph channels, but the maximum number of tones transmitted simultaneously is 6, as for single-tone working. Although
it is possible, using a multi-tone generator, to arrange that the
voltages shall never add in phase simultaneously for all frequencies,
it is not possible to guarantee that relative phase changes do not
occur between the v.f. terminal and the output stage of the radio
transmitter. It might therefore appear to be necessary to adjust
the level per tone in accordance with the number of channels in
use so that the radio transmitter is not overloaded by the peak
amplitude signal. For various practical reasons, however, this is
unnecessary and the levels actually adopted in a typical transmitter are shown in the accompanying Table, the levels quoted
being relative to that of a single tone which just fails to overload
the tiansmitter.
Relative level (db) for each tone
Number of v.f.
channels
in operation

1
2
3
4
5
6

(a) Theoretical
to avoid
peaks overloading
transmitter

0
-6
-9-5
- 12
-14
- 15-5

(b) Actually
adopted

-6
C)

- 11
- 12
-13
-14

In considering these figures it must be appreciated that these
particular transmitters were designed primarily for telephony
working on the earlier d.s.b. type of transmission, and it is unsafe
to maintain a single tone continuously at a level higher than
6 db below the overload level.
(3.2.1) Degree of Fading likely to be Experienced.
It is desirable to know, for various practical operating
conditions, the extent of the level fading of single-frequency
tones and the differential level fading between two tones, and
measurements have been made on the New York-London
circuits, using the musa receiver at Cooling. Each set of
measurements corresponded to an analysis of the fading which
occurred in a period of lOmin, the 10-min periods being
taken at random over several days and nights. Since measurements were made under very high field conditions and also when
the circuit was barely commercial, the results, some of which
are summarized in Figs. 6 and 7, are typical of most conditions
likely to be experienced during traffic periods. The average
fading level distribution occurred fairly uniformly over the complete audio-frequency band used in the transmissions, and the distribution of the average differential fade between the pairs of
tones was nearly independent of tone frequency; the limits of
the least and most stable conditions experienced are indicated.
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In general, the most stable conditions occurred when the
ionization density was a maximum, i.e. at the end of a period
when the whole of the transmission path was in daylight; the
worst conditions occurred when the ionization density was a
minimum, i.e. at the end of a total-darkness period. The data
for constructing curves of this type were obtained by the use
of an experimental fading analyser designed to record automatically how long the depth of fading exceeded pre-set amounts.
(3.2.2) Brief Description of a Link employing Triple-Diversity Reception.
Several radio-telegraph links have been set up by one of the
Services in close collaboration with the Post Office to provide
this form of multi-channel point-to-point telegraph working
over long distances. Since the project was initiated during the
war, an essential feature was the adaptation of existing designs
of radio transmitters, receivers and telegraph equipment. A
complete scheme is outlined in block schematic form in Fig. 8,
which shows the three main sections of plant required for the
system, namely the telegraph terminal containing sending and
receiving terminals, the radio transmitter and the radio receiver.
Descriptions of the apparatus are summarized below.
The telegraph terminal equipment on the sending side has to
accept the d.c. signals and convert them into two-tone v.f.
signals; the arrangement of the equipment has therefore been
modified from that of a standard 12-channel v.f. telegraph
equipment as used on inland systems. For operating on a twotone basis, one audio frequency is used for the marking and
another for the spacing signal; thus two of the sending static
relays are so connected that current in one direction will produce
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signals before the audio signals appropriate to each telegraph
channel are converted to d.c. signals and combined to give a
single output. The separation of the channels and the combination of the three diversity signals appropriate to each telegraph
channel is performed by the v.f. telegraph receiving equipment.
Three audio outputs from the receiver are therefore extended to
the v.f. telegraph receiving equipment.
This v.f. receiving equipment accepts the two-tone v.f. signals
and reconverts them to d.c. signals to operate the teleprinters.
The arrangement of the equipment has therefore been modified
from that of a standard 12-channel v.f. telegraph equipment. A
special two-tone detector has been provided which deflects the
tongue of the receiving relay to either the mark or space position,
depending upon which tone is being received; thus the relay is
used in the neutral condition, i.e. without bias. The circuit
is so arranged that the d.c. signals produced from tones of the
same frequency on each of the three sections of the receiver are
combined to operate one relay. This relay then functions as in
an ordinary inland multi-channel telegraph system to operate
the teleprinter.

30
/Least stable propagation condition

I10
Average

stable propagation condition

3
4
5
2
Depth op differential fade, db.
Fig. 7.—Two-tone differential fading characteristic.

6

Frequencies of tones, 420 and 540 c/s.

low attenuation in the path of one tone and high attenuation in
the path of the other tone. When the current from the teleprinter is reversed the attenuation conditions are reversed. Two
adjacent tones of the standard frequencies are used to provide
one 2-tone channel, and it is arranged that during the idle
condition the lower frequency is not attenuated. Similar
arrangements are used for each of the 6 channels and the outputs
of the 12 sending filters are paralleled as in the normal inland
system. Facilities are also given for working with only one
channel for line-up purposes between the v.f. telegraph equipment and the radio transmitter; the single-channel facility can
be used for traffic should the radio conditions be unsatisfactory
for 6-channel working.
The radio transmitter used in this particular application was a
commercial transmitter which had been adapted for s.s.b.
working.
The radio receiver used was a triple-diversity receiver modified
to cater for s.s.b. working; triple-diversity reception being used
to minimize the effects of selective fading over the radio path.
The receiver was designed to receive single-channel c.w.
signals on a triple-diversity system. For this use the three radio
signals are separately converted via i.f. and a.f. stages to three
d.c. telegraph signals carrying the same general intelligence,
maybe with differing degrees of completeness. These are then
combined to operate a recording bridge. In the reception of
multi-channel signals, each of the three audio outputs contains
the combined signals of the 6 two-tone channels and it is necessary to separate the 6 channels in each of the three complex

(3.3) The Use of Single-Sideband Receivers for the Reception of
Double-Sideband Signals
The improvement in signal/noise ratio due to s.s.b. operation
results mainly from the more efficient loading of the transmitter
with the energy which conveys the intelligence. A reduction in
distortion is, however, the result of the s.s.b. method of reception,
and is one which can also be obtained when the signal to be
received is of the d.s.b. type. In the normal method of reception
d.s.b. signals the main cause of degradation of the quality of
reception is the distortion which accompanies the selective
fading of the carrier. The depth of modulation on d.s.b. highfrequency transmissions is normally made as great as possible
in order to achieve the best possible signal/noise ratio, but
unfortunately the reduction of the carrier level due to selective
fading may cause frequent over-modulation in the received
signal. With normal d.s.b. reception the distortion due to such
selective fading may seriously reduce the intelligibility of speech.
On the other hand, s.s.b. reception of d.s.b. signals enables nonlinear distortion due to selective fading to be avoided almost
completely and enables an appreciable improvement in the merit
of the radio channel to be obtained.
If a twin-channel s.s.b. receiver is used, the two audio outputs
convey the same intelligence but are derived from different sidebands of the d.s.b. radio transmission. Interference which affects
one channel may not affect the other, so that a manual selection
of output will often enable interference to be avoided. In the
absence of interference, the two outputs may be used in frequency diversity to mitigate the level changes associated with
selective fading. The average signal/noise ratio is about the
same with s.s.b. and d.s.b. reception of d.s.b. signals when
selective fading is present, but some improvement in the signal/
peak-noise ratio is frequently observed in practice owing to
the large value of the time constant normally used for the a.g.c.
system of s.s.b. receivers. It is considered that the advantages
of s.s.b. reception will, in many cases, justify the use of s.s.b.
receivers for the provision of broadcast relays from d.s.b. transmissions, as an initial step before the transfer of radio links to
complete s.s.b. operation and as a means for obtaining improved
reception in those cases where it may not be intended to change
the distant transmitter to s.s.b. operation.
(4) TELEGRAPH TRANSMISSION SYSTEMS
Some appreciable use was made during the war of very high
speeds for transmitting radio-telegraph signals, when it was
vitally important on security grounds for the time occupied in
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transmitting a complete message to be very short. This has
given prominence to the fact that it is possible to use very high
speeds of transmission—but not direct printing—when conditions are favourable, and it is therefore not unreasonable to
ask why more use is not made of such high speeds in handling
ordinary telegraph traffic on point-to-point radio services. For
instance, it has been suggested that by using a single telegraph
channel with a speed of the order of 960 bauds (1 200 w.p.m.),
maximum use is made of the transmission properties of the
ionosphere. It is proposed to consider briefly whether or not
this is in fact the case.
The bandwidth required for transmitting signals is proportional to the speed of transmission, and there is no inherent
saving of width in using very high signalling speeds. There is,
moreover, no novelty in a system which transmits intelligence at
a very high rate; the ordinary television transmitter does so.
It would, for example, be possible to send signals at hundreds of
thousands, if not millions, of words per minute over a television
channel, but, as is well known, the band occupied by a television
channel is extremely wide. When high-frequency signals are
sent over long distances, in general they travel simultaneously
VOL. 94, PARTIIIA.

over several different paths, with different times of transmission.
The result is that the signals at the receiving end are liable to
become lengthened, because each character may consist of several
overlapping components arriving at slightly different times.
This lengthening, which may amount to 2 millisec or more, is of
course more troublesome the shorter the signal elements, and
introduces distortion which is proportional to the speed of
transmission. It will be seen, therefore, that the properties of
the ionosphere, instead of being used to their greatest advantage
by employing high-speed single-channel systems, are such as to
discriminate very definitely against very high speeds on a single
channel. It is true that there may be a time of day when
very high speeds can be used without experiencing excessive distortion, but it is beyond all doubt that the higher the speed the
shorter will that time become. As a result, the somewhat
paradoxical situation arises that the higher the speed at which
it is desired to transmit traffic, the longer the traffic is likely to be
delayed at the sending end, waiting for suitable ionospheric
conditions.
The alternative is to use a multi-channel s.s.b. system of the
type already described. A 12-channel system operating at a
3
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maximum speed of 80 bauds per channel would have the same
aggregate speed as a single-channel system operating at 960 bauds
and, if both systems used the same total power, under similar
conditions the signal/noise ratios would be the same. On the
12-channel system the distortion due to multi-path transmissions
would, however, be only 8 % of that on the high-speed singlechannel system. Moreover, with a multi-channel system it is
possible to extend the time over which communication may be
carried out, when conditions are deteriorating, by combining
channels. For example, instead of using 12 channels, each on a
single tone, it is possible to use 6 channels, each with marking
and spacing tones, which ensures that a tone is always present
on each channel for operating an automatic gain control, and
that the receiving relay need not operate with a bias. Both these
factors are of great importance when fading and noise are present.
If fading conditions demand, it is possible to go further by
paralleling two such channels. The frequency diversity of such
an arrangement affords considerable improvement when selective
fading is present. As the signal/noise ratio deteriorates, the
time over which traffic can be handled can be extended by reducing
the number of channels in use and increasing the power of the
remainder so that the aggregate power remains substantially
unchanged.
It can, of course, be argued that when conditions prevent
high-speed working on a single-channel high-speed system, traffic
might still be passed at reduced speeds. This is, of course, true,
but the width of the band admitted by the receiver at the other
end of the channel must be reduced correspondingly to obtain
full advantage of the reduction of speed. The multi-channel
system would, however, be able to operate at maximum speed
for a much longer period than the single-channel system, because
of its relative immunity from the effects of multi-path transmission. The valuable facility of being able to extend channels
by land-line if desired is also gained, a facility of the greatest
value in avoiding delays, for it would then be possible to put
offices between which there was a considerable amount of traffic,
in direct telegraphic contact with each other.
It may be said in conclusion that after a careful examination of
the question no reason can be found for recommending the use
of a single-channel very-high-speed system for point-to-point
services. Propagation conditions discriminate severely against
the use of very high signalling speeds, but, even if this were not
so, operating difficulties alone would make their use undesirable.
It is interesting to note that these conclusions do not conflict
with modern practice in land-line telegraphy, where the link
between the sending and receiving stations does not limit signalling
speeds to anywhere near the same extent as does the ionosphere.
(4.1) Tests on Various Telegraph Transmission Systems
The effective overall comparison of various telegraph systems
on actual radio links is a difficult problem, and it became
apparent several years ago that an electronic device which
under the control of an operator could simulate the propagation
conditions arising on a radio link and thus enable different
systems to be compared under similar conditions would be of
great value at the design stage. Such a device, known as the
"fading machine," has been developed and forms the subject of
a supporting paper.s With its aid the performances of various
telegraph transmission systems have been studied in the laboratory
under precisely controlled and repeatable propagation conditions,
including selective fading, which exists most of the time on longdistance short-wave radio links, owing to the multiple-path nature
of the propagation. A brief summary of the results obtained
in the laboratory for "on-off" and "frequency-shift"10 systems is
of interest; more detailed information is given in the paper
previously mentioned.

With "on-off" keying (c.w. telegraphy) the main effect of
multiple-path propagation is to prolong the duration of each
telegraph signal, and, if the prolongation is excessive, faulty
recording ensues. Tests using the fading machine operating
under a two-path condition to provide a fading signal for a
commercial high-frequency telegraph receiver, bandwidth 400 c/s,
150 words per minute, undulator recording, showed that a 30-db
fading range could be readily accommodated, provided that the
path time-delay difference was small and the signal/noise ratio
at the trough of the fade exceeded 10 db. However, many
errors resulted when the fading was selective in character and
corresponded to a 2-millisec path time-delay difference. Under
these selective fading conditions an increase of transmitter power,
no matter how great, would be relatively ineffective in reducing
the telegraph errors. However, the simulation of spaced-aerial
diversity reception has shown that the errors due to selective
fading can be substantially reduced, even when the degree of
diversity is comparatively small, and that space-diversity reception can make a very effective contribution, which cannot be
achieved by increase of transmitter power.
An investigation of the effects of selective fading on two-tone
v.f. telegraph signals (one tone for mark and another for
space signal) showed generally similar results to those obtained
for "on-off" keying in that, while a wide range of fading could
be accommodated when it was not very selective in character,
highly selective but not very deep fading produced distortion
of the telegraph signals sufficient to cause teleprinter errors.
Fortunately, the two-tone v.f. system lends itself readily to
frequency diversity, the normal procedure being to key simultaneously the tones in two channels spaced by some 1 000 c/s.
This enables a marked reduction of distortion to be effected.
The tests also underlined the importance of low operating speeds,
since, as already indicated, under given selective fading conditions
the distortion increases approximately in proportion to the keying
speed. Additional tests have shown frequency-shift operation to
have marked advantages over "on-off" keying under selective
fading and high noise-level conditions, particularly where spacedaerial or frequency diversity is not employed. Even with
severe selective fading (2-millisec path time-delay difference,
30-db fading depth) faultless operation of a teleprinter (60 w.p.m.)
was obtained, provided that the signal/noise ratio at the fading
minima exceeded some 6 db. The very satisfactory performance
of the frequency-shift system when applied to teleprinter operation suggested that such a system might have advantages for the
operation of Hell printers, as compared with the keyed amplitudemodulated carrier system at present in use. This was confirmed
by fading-machine tests simulating severe selective fading and a
high noise-level; an advantage of some 20 db was found under
such conditions in favour of frequency-shift as compared with
an amplitude-modulation system operating with the same peak
transmitter power.
Not only is such a device as the fading machine valuable for
obtaining reliable basic data on various radio-telegraph and
radio-telephone transmission systems, but it also seems destined
to become very valuable in analysing the performance of all the
various associated pieces of radio equipment, e.g. the voiceoperated switching devices used in a radio-telephone terminal,
either separately or as a complete radio link.
(4.2) Use of Common Equipment for a Number of Simultaneous
Telegraph Transmissions
One war-time development whereby the outputs of several
low-power telegraph transmitters operating in the high-frequency
band were combined, amplified and radiated from a common
rhombic aerial, is of particular interest since, if it can be further
developed, it may have useful applications in peace. In the early
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stages of the war the need arose for a relatively large number of
low-power transmissions to Europe, the demand being met
initially by the use of one transmitter and an associated dipole
aerial for each service. However, the large expansion of the
service and the need for quick frequency-changing rendered this
system rather unwieldy, and it was considered that a more
flexible and efficient service would be provided by a system of
rhombic aerials, each associated with a wide-band amplifier
carrying a number of simultaneous transmissions. The characteristics of the rhombic aerial, constant impedance over a wide
frequency band and the form of the polar diagram, were of
course very suited to the purpose. Such a system was developed
and gave very satisfactory operational The two main types of
amplifier produced covered the ranges 3-8 and 8-13 Mc/s
respectively, and were fed from the outputs of 2-watt crystalcontrolled oscillators, the oscillator outputs being combined in
resistance networks. Each amplifier was capable of handling
up to 12 simultaneous transmissions each located anywhere in
the frequency band and without reference to the other transmissions, and each transmission could deliver up to 40 watts to the
associated rhombic aerial. Alternatively, a number of higherpower transmissions could be combined with a number of lowerpower transmissions so long as the rating of the amplifier was
not exceeded.
The amplifier design called for reasonably linear operation to
ensure low harmonics and minimum inter-channel crosstalk. It
was not practicable to apply negative feedback, but the balanced
push-pull arrangement finally employed gave a reasonable performance. Thefinaldesign comprised three wide-band push-pull
stages with input and output transformer networks and transformer coupling between the second and third stages. Valves
having a high ratio of mutual conductance to capacitance were
used to obtain the bandwidth required and, in the absence of
suitable high-power valves, high-efficiency low-power valves were
paralleled. The first stage employed two valves (Class A), the
second four valves (Class AB1) and the final stage eight valves
(Class AB2). In designing the output transformer to deliver
0-5 kW, some difficulty was experienced owing to the high
voltage between turns and the need for tight coupling between
the two halves of the primary winding, but a satisfactory design
using iron-dust cores was evolved. The amplifier and its
associated power pack were contained in a 5-ft cubicle provided
with a cooling fan.
(4.3) A Multi-Channel M.C.W. Transmission System
For some time past, the Post Office has operated high-frequency
radio-telegraph transmitters for simultaneous broadcast transmissions on behalf of three news agencies; the m.c.w. system of
transmission (on-off keying) being used with a nominal modulation depth of 100%. Although the destinations are the same in
each case, entirely separate transmitters and transmitting aerials
have been used for each service, and it was suggested that economy
of transmitting equipment could be effected and, at the same
time, that differences between the grades of service given to the
recipient by the three transmissions could be minimized by the
use of a particular type of multi-channel system of operation
requiring only a single transmitter and transmitting aerial
for all three services. The particular system evolved is a
pulse type of multiplex transmission which can cater for simultaneous operation of a number of telegraph channels, using a
separate carrier frequency for each. If a system of this type is
to be employed for the purpose under consideration it is essential
that the grade of service given to each recipient shall not be
seriously inferior to that already given and that it shall not
necessitate use of special equipment at the receiving end. It
appeared probable that a system of the type proposed might
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be made to meet these requirements satisfactorily, but it was
known that in its simple form, using rectangular pulses, it would
be open to objection on grounds of excessive frequency spread
and consequent interference with other transmissions. In effect
the new system combines features of "time division" and "frequency channelling." The use of pure "time division" or
"pulse working" minimizes the effect of intermodulation in the
sender at the cost of increased frequency spread. The spread
has generally been reduced by modifying the shape of the
switching wave so that the possibility of intermodulation has
necessarily had to be taken into account. In the system finally
adopted each channel employs a conventional m.c.w. transmission, with sinusoidal modulation (900 c/s) having a depth of
100% or any lower depth so long as each channel utilizes the
same depth of modulation, the special feature of the system
being that the channels have modulation envelopes differing in
phase by 180° for diplex working; by 120° where triplex
operation is concerned; and by 360°/« in the most general case
where there are n channels. The individual carriers may have
any frequency within the limits of the pass-band of the transmitter
at any particular setting, probably, therefore, within ± 10 kc/s.
It can be shown that the peak voltage of the output wave from
such a system is twice and three times the amplitude of the
carrier wave for diplex and triplex operation respectively. In an
actual sender the peak voltage Ep is the limiting factor, and the
amplitudes of the individual carrier waves must be limited to
Ep/2, Ep/3, . . . Epln for 2, 3 . . . n transmissions respectively.
It is interesting to note that for the case of a single modulated
transmission e = Ec sin coct (1 + sin cot), the peak voltage of the
output wave is 2EC so that the carrier voltage must be limited
to EpJ2, the same value as for the form of diplex operation now
being discussed. From the point of view of peak loading,
therefore, it is immaterial whether the sender is called upon to
handle one or two m.c.w. channels if the requisite phase relationship of 180° is maintained between the modulation envelopes;
at the same time, however, the spread of the emissions is restricted to the minimum required for any m.c.w. transmission.
For triplex operation the amplitude of each carrier has to be
reduced to Ep/3, i.e. to two-thirds of the carrier amplitude that
could be used for single-channel or diplex working with 100%
modulation. An idea of the mode of operation may be gained
from Fig. 9, which illustrates the mutual phase relationships
between the envelopes of individual channels of a triplex system
and also shows the type of wave that is obtained when signals are
sent on one or more channels simultaneously.
It will be appreciated that the general form of multi-channel
operation for m.c.w. transmissions described differs essentially
from that practised in certain earlier forms of diplex operation.12
Particular interest attaches to the new system, since with this all
channels may be operated simultaneously on the one sender,
which is designed for linear operation to avoid the generation
of intermodulation products, the phases of the individual
modulation envelopes—a common modulation frequency being
employed—being so adjusted that the peak voltage limitation
is set only by the combined amplitude of the carrier waves, the
presence of the modulation sidebands causing no increase in the
resultant peak amplitude. This feature makes it possible to
utilize the power-handling capacity of the sender very efficiently,
without the frequency spread of each channel exceeding that for a
single m.c.w. channel.
(4.4) Synchronization of Telegraph Transmitters
A single, fixed telegraph transmitter operating on a low radio
frequency provides a fairly precise navigational facility, and late
in 1939 it was decided to attempt the simultaneous operation of
three widely separated telegraph transmitters situated in Great
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Fig. 9.—Diagrammatic representation of the operation of a triplex system.
Britain on a common frequency of about 50 kc/s and thereby to
prevent accurate bearings being obtained in the vicinity of this
country. Since perfect synchronism cannot easily be obtained
between all the transmitters of a group operating on a common
frequency, and as a very slow beat between two carriers results in a
long period of minimum signal level, some compromise between
nearly exact synchronism and a beat fast enough to impair
signal intelligibility is necessary. If the transmissions consist of
morse signals, a difference of only I or 2 c/s between any two
carrier frequencies may cause serious mutilation of the morse
characters and render the signals unintelligible. Experiment
showed that the synchronization accuracy should be such that
beats between the carriers are of the same duration as those due
to the amplitude variations resulting from normal fading for the
frequency employed and should not exceed 1 in 5 sec, or 0-2 c/s.
Crystal-oscillator drives enabled this requirement to be met.
Since the transmitters are necessarily sited in different localities,
it is almost inevitable that there will be differences in line delays
to the various stations from the common control point, and that,
if the difference is appreciable, serious mutilation of the radiated
signals must result. Tests were therefore made to determine the
effect of unequal line delays on signal intelligibility during dual
morse transmissions. Assuming approximately equal received
fields from two transmitters and that the delay is such as not to
cause complete overlapping, the readability of morse signals
depends not only on the time-difference delay between the two
signals, but also on the skill of individual operators in their ability
to read morse signals with prolonged "marks" and "clipped"
spaces. When signalling difficult passages, telegraphists commonly introduce emphasis in hand-sending by prolonging dashes
and clipping dots, and a large degree of such character malformation may be introduced, resulting, not as might be assumed in
reduced, but in increased intelligibility—the purposes intended.
It cannot, therefore, be assumed that a given keying delay difference, the effect of which reduces all spacing intervals equally,
will result in a proportionate reduction in intelligibility. The
actual readability will depend on the amount of such "marking
bias" which the individual receiving operators can tolerate
without impairing reception. Fig. 10 shows the relationship
between speeds in words per minute, and the estimated permissible
keying delay differences in milliseconds for various percentages
of spacing interval reduction. The line delays were finally
equalized to within about 2 millisec.

A- Spacing intervals reduced to 25% of normal
•B-
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"

•
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Fig. 10.—Permissible keying delay for various speeds.
(5) DIRECTIVE RECEIVING SYSTEMS
An increasing amount of effort has been directed during the
past decade towards the development of receiving systems capable
of providing commercial circuits under very adverse propagation
conditions. The importance of this approach to the general
problem of improved long-distance radio circuits cannot be overemphasized since, in general, it is not practicable on economic
grounds to increase the transmitted power appreciably beyond
the levels in current use. One line of attack on this problem
has been to increase the aerial system gain by using several unit
aerials suitably phased. However, the increase of gain necessarily sharpens the directivity of the aerial system so that, to
prevent loss of effective gain due to variations of wave-arrival
direction, it is necessary to make the direction of the major lobe
adjustable. An example of such a system is the multiple-unit
steerable array, musa,6 which has been in operation at both
receiving terminals of the London-New York high-frequency
radio link since July, 1942. This receiving system, with its
in-line array of 16 rhombic aerials, provides a highly-directive
high-gain system and allows of the steering of the major lobe of
the polar diagram in the vertical plane. Thus, from the informa-
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(iii) The receivers operated from the steered outlets may be of
any type, e.g. double- or single-sideband, telephony or telegraphy.
(iv) High gain and sharp directivity could also be used for
reception from distant mobile units such as ships and aircraft.
(6) FREQUENCY CONTROL
The maintenance of the international frequency tolerances for
long-distance point-to-point systems has been facilitated considerably by the work13 accomplished during the war years on
the large-scale application of crystal control to mobile cornmunication systems for the Services. The advances have been
in respect of circuit technique, crystal manufacture, crystal
mounting and increased frequency range of crystals operating
in the fundamental modes, and it is now possible to produce
crystals for use in the range 4-20 000 kc/s. The stability performance now practicable is such that decreased tolerances could,
if necessary, be achieved on long-distance point-to-point services
without undue difficulty.14 In fact, where necessary, daily
stabilities within f 1 x 10-8 are practicable without specialized
maintenance. For fixed-station operation in the high-frequency
band and an ambient temperature range of 10 deg C a tolerance
of f 30 x 10-6 can be achieved without temperature control.
In this band it is Post Office practice to employ crystals in the

oscillator to within & 2 x 10-7 of nominal; the requirement was
met by crystal control.
Much simpler types of drive circuit using elementary temperature control are used for the high-frequency transmitters to meet
the present tolerance requirements.
Experience before the war in the development and operation of
the several high-frequency transmitters at Rugby had clearly
illustrated the advantages of the centralization of the drive
equipment at a station operating a number of transmitters and
services, and experimental work on a small scale had indicated
its practicability. Up to that time it had been the practice to
fit the crystal drive as an integral part of the transmitter, with
consequent lack of flexibility (two drives could not be switched
between transmitters when a rapid transfer of service was
required) and maintenance difficulties. Centralized drive equipment was therefore designed and installed in the main short-wave
building at Rugby. Experience of the system clearly illustrated
its advantages, particularly from the viewpoint of flexibility and
ease of maintenance, and similar systems on a smaller scale
have been provided at other stations. The Rugby system is
representative and will be briefly described since it is doubtless a
forerunner of even more extensive centralization at large transmitting and receiving stations. The installation (see Fig. 12) was

S.W. Transmitters

, , , , ,/

-

R.F. cable connections
t o transmttters

I

RF interconnecting cables

I

50 Crystal oscillators
50 Crystal oscillators
"'
2~d~wtabk
2 Adjustable
Fig. 12.-Block schematic of centralized drive equipment at short-wave transmitter building, Rugby.

-

range 2 000-6 000 kc/s, the desired carrier frequency being
obtained by frequency multiplication. At present the most
stable crystal-controlled oscillators operate in the range 5s
150 kc/s where minute-to-minute, day-to-day and month-tomonth stabilities of I x 10-10, 1 x 10-9 and 2 x 10-8
respectively can be realized; this performance can, of course, be
translated to other bands by frequency multiplication and
division. As an exampIe of very stable drive circuits, the Rugby
transmitter (GBR, 16 kc/s) may be quoted. After the fire at
Rugby the damaged valve-maintained tuning-fork was replaced
by a crystal drive, operating at 96 kc/s, the final frequency being
obtained by frequency division. A bridge-stabilized drive is used
and the temperature of the mounted crystal is controlled by a
bridge thermostat. The crystal element is a narrow bar with
plated electrodes and is mounted in an evacuated container by
wires soldered to the plated surfaces. Over a period of three
years the allocated frequency has been maintained within
f 1 5 x 10-7 (a few adjustments of a reactance associated with
the crystal have been made to compensate for the long-period
ageing drift). A similar drive system for the Criggion transmitter
(GBZ, 15 2 kc/s) using a 91.2-kc/s crystal, has given similar
results. Another high-stability application has been to the GBY
suppressed-carrier s.s.b. transmitter on 66.5 kc/s and to its
complementary receiver on 5 8 . 5 kc/s. For a special application
it was desired to maintain the transmitter and the receiver beating

designed to provide the drives for up to 12 transmitters and, in
view of the very large size of the transmitter hall, is divided into
two equal parts, one feeding the north and the other the south
part of the hall. Each part comprises 50 crystal oscillators, two
variable-frequency oscillators, supply, monitoring and highfrequency distribution frames. The distribution arrangements
are such that the output of any of the 52 oscillators, at a level of
onewatt,can be connected by coaxial connectorsat the distribution
frame to any of the transmitters in the end of the building concerned. In addition, a limited number of connections between
the north and south positions enables south oscillators to be used
for the control of north transmitters, and vice versa. Coaxial
cabling connections are employed from the centralized positions
to the transmitters, and no trouble has been experienced from
cross-talk, despite the high fields present. The oscillators and
their associated equipment are mounted on 6 ft 6 in repeater
racks, and the system is capable of extension against increasing
demands. The variable-frequency oscillators are capable of
providing any frequency which may be required at short notice
and for which a crystal is not available, and it will be appreciated
that they served an extremely useful purpose during the war
years. The centralized system has been well proved during
the war years, and in future transmitter installations extensive
centralization is envisaged. Thus a layout can be visualized in
which the drives are concentrated, including variable-frequency
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generators whereby the ultimate stability of crystal control can be
made available immediately at a whole range of closely-spaced
frequencies throughout the working spectrum, together with
audio amplifiers, volume indicators, keying controls and all linecontrol equipment. If a group of transmitters is operating on
a s.s.b. suppressed-carrier basis, the present standard frequencies
of 100 and 3 OOOkc/s can be provided for all the transmitters
from one central oscillator.
There are a number of applications for which a simple highstability oscillator capable of a small degree of frequency variation would be very useful. The frequency of a crystal-controlled
oscillator can be varied slightly by means of a variable condenser,
suitably placed in circuit, but the range of frequency variation
obtained in this way is insufficient for many purposes. If,
however, an inductor, in parallel with a variable capacitor, is
shunted across the crystal plate a relatively wide range of frequency variation is then possible, the stability obtained being far
higher 4han that of a simple LC oscillator. Oscillators of this
kind have been studied theoretically and experimentally, using,
for instance, a number of different quartz plates vibrating in the
thickness shear mode with clamped-electrode type mountings.
It appears fairly easy to obtain a smooth frequency variation of
750 parts in 106, the frequency/temperature coefficient of such
an oscillator not exceeding 3 parts in 10$ per degC. If
desired, the frequency can be controlled by a reactance valve
and many of the advantages of ci ystal control can be realized in
s.s.b. receivers, while it also enables direct frequency modulation
of a crystal-controlled sender to be effected.
(7) AERIAL SYSTEMS
The rhombic aerial, which was so widely used during the war,
can generally be designed to work satisfactorily over the complete
high-frequency band required for long-distance point-to-point
services; thus, to cover the diurnal and annual variation of
usable frequency for a particular service, one rhombic aerial may
be used instead of a number of resonant aerials, with obvious
saving in structural costs and aerial switching arrangements.
Unless resonant aerials supported on relatively tall structures are
considered, a comparison will also show a saving in site area.
Rhombic aerials may be overlapped and even be erected one
within the other on one set of supporting structures without
suffering appreciable interaction, thus effecting further economies
in structural cost and site area, although introducing some
complication in maintenance. However, structurally the rhombic
aerial is very simple, and this reduces the fault liability and general
maintenance costs to small proportions.
Unfortunately, the radiation efficiency of the rhombic is lower
than that of the resonant type of aerial; thus for a single-wire
rhombic the radiation efficiency is about 50%, half the power
delivered to the aerial being absorbed by the terminating line
resistance, but with a 3-wire rhombic the efficiency may rise to
some 80 %. These relatively high losses may be partially offset,
however, by the use of relatively short feeding transmission
lines, a result of the saving in site area which can generally be
effected. In this connection end-fire aerials are more suitable
than broadside arrays for arranging in a fan formation round a
central building, a feature which is particularly important in the
case of a radio station working to all parts of the world—moreover, since rhombics may be made bi-directional, still further
reduction in site area and length of feeders is possible.
A disadvantage of rhombic aerials when they are required for
multi-destination services, e.g. Press services, is that they cannot
be made to cover a wide geographical zone. If the relative
field-strength contours for a rhombic aerial are plotted on
rectangular co-ordinates with equal linear vertical and horizontal
scales representing angle of elevation and azimuthal deviation
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respectively, the contours of the main lobe of radiation are
always substantially circular. To obtain reasonable geographical
coverage with such an aerial, a lower gain than is attainable from
an array of resonant elements such as a Koomans aerial must be
accepted. Fig. 13(a) shows such contours for a horizontal
rhombic of side length 5 wavelengths, half side-angle 70°, erected
one wavelength above earth.
With a multi-element resonant array, however, considerable
control can be exercised over the shape of the field-strength
contours by varying the width and height of the array. Compare
for instance Fig. 13(6), which shows the contours for a horizontal
Koomans array 4A wide and 4 elements high with the lower
element iA above the ground, and Fig. 13(r) those for a 4-element
array a wavelength wide and with the lower element a wavelength
above the ground. From Fig. 13(c) the advantage of using the
resonant-type array for zonal working is apparent, and it is for
this type of service that the array is particularly useful. The major
disadvantage of such resonant arrays is of course that they will
work on only one frequency; any appreciable change of frequency
necessitates a new array. Generally, however, such arrays are
expensive to erect and maintain compared with rhombic aerials,
and since one aerial and transmission line have to be erected for
each frequency in each direction, the feeder-switching operations
are thereby multiplied and made more complicated.
Transmission lines at Post Office radio stations are in general
of the open 2-wire type. The matching of such lines to
multi-element resonant aerials presents no difficulty, but with
rhombic aerials of the single-wire type, an aperiodic matching
line of the exponentially tapered type is desirable to match the'
impedance of the aerial (about 800 ohms) to that of the line.
The impedance of 3-wire rhombics is practically the same as
that of a 2-wire transmission line, and special matching devices *
can be obviated; this is particularly valuable at transmitting
stations where the terminating resistor takes the form of a dissipative transmission line. The connection of transmission lines
to a transmitter has generally been effected by leading the openwire lines into the transmitter building and connecting them
direct to the output stage of the transmitter. Difficulties
immediately arise, however, when it is required to switch any of
a number of transmitters to any of a large number of transmission
lines, and the use of high powers increases these difficulties. So
far as the author is aware, the problem has so far been solved for
a limited number of transmitters only, each transmitter being
given immediate access to a relatively few transmission lines.
Complete and immediateflexibilityof connection between a large
number of transmitters and transmission lines is becoming an urgent requirement and is under examination in many organizations.
At receiving stations, arrangements have generally been made
to connect any receiver to any aerial. Open-wire transmission
lines (600 ohms) have commonly been used between the aerial
and the receiver building. The distribution within the building
is made with unbalanced 75-ohm coaxial cable, suitable impedance-matching transformers, 600-75 ohms, being provided
at the open-wire line terminations. The external open-wire line
is used on the grounds of low attenuation and low cost, while the
75-ohm coaxial feeders within the building are employed because
of convenience from the aspects of distribution and freedom from
crosstalk. The design of the matching transformers is such that
the loss is less than 1 db over a frequency band of 3-22 Mc/s.
(8) FORECASTING FROM IONOSPHERIC DATA
Since 1939 there have been considerable advances in the
knowledge of radio wave propagation and of the level of atmospheric noise in various parts of the world. As a result of these
advances, which have been stimulated by the increasing and
widespread application of radio signalling, navigational devices
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and radar, the conditions under which signals can be transmitted
and received over long distances can now be forecast with
reasonable accuracy. This information is vital to the planning
of long-distance services, and its importance cannot be overstressed. Since the whole question is being covered in other
papers to be presented at this Convention,1*. 16 it is proposed here
merely to give a broad outline of the position for the sake of
completeness. As the performance of a radio system is determined primarily by the received signal/noise ratio rather than by the
strength of the signals themselves, a knowledge, both of the attenuation of the radio wave in transmission and of the level of atmospheric noise at the frequency and receiver site in use, is necessary.
Considering first atmospheric noise, the level is a function of
frequency and location. By 1939 little information on atmospheric
noise in the various parts of the world had been published, and
the lack of it was a handicap to the advance planning of radio

services. As the need became apparent, all available information
was collected and wherever possible supplemented by additional
measurements. From these data, charts were produced which
enabled the atmospheric noise level on any frequency to be
estimated for any time and any part of the world. These charts
have proved invaluable, two examples of their use being the
prediction of the coverage of broadcasting stations and of the
level of radio interference which could be tolerated, notably from
pulse transmissions, without materially increasing the general
level of background noise.
On the question of the attenuation of radio signals, the
beginning of the war found radio engineers well provided with
data on the attenuation suffered by very-low, low, and mediumfrequency signals over various distances. However, in the case
of the long-distance transmission of high-frequency signals, a
much more complicated problem than for the lower frequencies,
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the technique of forecasting the frequency and power required
for a particular service was still being evolved. In general, for
high-frequency long-distance transmission the signal attenuation
decreases as the frequency approaches the maximum usable
frequency (m.u.f.) for the path in question, and on lower frequencies the signals may suffer much greater attenuation. In
addition, atmospheric noise in general increases with decrease of
frequency. It is thus desirable to employ a frequency approaching as nearly as possible to the m.u.f. value. Although in 1939
the prediction of the m.u.f. for given conditions was well established, precise information on the variation of the m.u.f. with
time over the surface of the globe was not available. However, much progress has been made in the last few years and
engineering methods of forecasting the m.u.f. have reached a
high state of precision, basic data to which these methods may
be applied being issued regularly by the Department of Scientific
and Industrial Research in this country and the Department of
Commerce in the U.S.A. Advances have also been made in the
computation of ionospheric absorption, and methods have been
developed which give a reasonable indication of the order of
field strength to be expected. A considerable amount of information has been collected on irregularities in the behaviour of the
ionosphere, and predictions of their probable occurrence are now
published. Extensive analysis of the incidence of ionospheric
disturbances and their correlation with other phenomena, such
as solar activity and magnetic storms, have been made. A study
of the earliest symptoms of ionospheric disturbances enables
early warnings to be issued which are of particular value.
The improvement in the ability to predict the best frequencies
to use under given conditions, and the power required for a
satisfactory service, now enable reliable estimates of frequency,
power and aerial design to be prepared well before links are set
up, and also enable much better use to be made of existing
facilities. It cannot be over-emphasized that, in the planning
of new services, long-term predictions are required by the
engineers concerned. They are of great value to the Post Office,
particularly in the operation of its world-wide Press broadcast
services, because reports of receiving conditions are in this case
only obtained after considerable delay. An indication of the
extent of the Press telegraph services for which predictions are
prepared is shown by Fig. 14, which indicates many of the
receiving points for such services.
(9) FUTURE DEVELOPMENT
In devising a system of world-wide communications, attention
must obviously be directed towards the most effective utilization
of a given frequency allocation, since this will minimize the
number of allocations required and make for the most effective
use of plant.
Considering first the effective utilization of, say, a band
5 kc/s wide for telegraph operation, such a band could be utilized
either by the direct keying of a single carrier wave or alternatively
by the direct keying of a number of carrier waves spaced throughout the band. Since a spread of ± 2 • 5 kc/s is available for use,
a very high keying speed for a single carrier wave would be
involved. Thus assuming morse transmissions for which the
fundamental frequency is approximately 40c/s for a keying
speed of lOOw.p.m., and again assuming—although this may
well be disputed as not entirely necessary—that the 3rd harmonic
of the keying speed must be transmitted, the keying speed for
the band-spread of ± 2-5 kc/s is some 2 000 w.p.m. Generally
it will be agreed that it is impracticable to realize direct keying,
reception and printing—for printing seems an essential feature of
any modern telegraph system—of a single carrier at this speed.
If full advantage is, therefore, to be taken of the bandwidth
available some form of channelling becomes necessary to keep
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the keying speed per channel at a more acceptable figure. Thus
an increasing use of multi-channel v.f. telegraph equipment
working into s.s.b. transmitting and receiving equipment may
well be expected, particularly since the radio equipment is
equally useful for both telegraphy and telephony. Using twotone working, with the tones separated by 120 c/s, the aggregate
speed amounts to some 1 800 w.p.m. for 18 channels. There
seems no reason, therefore, why much higher effective traffic
capacity should not be handled in what is frequently regarded as
the band associated with a particular frequency allocation than
is the general case at present, and there can be little doubt that
the most efficient and effective method of utilizing the frequency
spectrum is to keep all channels working between any two
particular places as close together in frequency as possible,
rather than to have them scattered among other transmissions
in a much wider band. Such scattering means, in effect, wastage
of the band available to a given allocation, since the filters in the
receiving equipment must be allowed sufficient frequency space
to develop an adequate discrimination against neighbouring
transmissions which, coming from differing sources to the desired
signals, will certainly have much greater level variations relative
to the desired signals than the individual channels of a multichannel system have amongst themselves. There are many obvious
advantages of channelling, including the setting aside of special
channels for high-priority messages which can then be injected
into the transmission system without interrupting the flow of
routine traffic on other channels, and the most useful possibility of
using certain of the channels, at times, for purely relaying purposes between two points which are unable for any reason to effect
direct contact but each of which is in satisfactory communication
with a third party also operating on the multi-channel basis.
This latter possibility is illustrated diagrammatically in Fig. 15.
It is certain that a much greater use of relaying will be made in
the future to ensure a greater continuity and reliability of communication between main centres throughout the world, and
since this means the simultaneous use of a greater number of
frequency allocations to operate the traffic channel the need for
the greatest economy in the frequency band required is obvious.
Finally, the use of such two-tone multi-channel printing telegraph
systems, which are inherently economical in their bandwidth
requirement, may well enable private-wire teleprinter services to
be offered in the future, not only on the inland network of a
country, but also to those d'stant parts of the world to which it
is connected by radio.
So far as radio-telephony is concerned, the s.s.b. method of
operation is rapidly superseding the d.s.b. method for reasons
which have been discussed earlier in the paper. Generally, such
equipment is being operated on a multi-channel basis, and in
some cases a number of v.f. channels are included for order-wire
purposes and the passing of traffic data, and the frequency band
required for the transmission of a speech channel has already
been halved. Various methods of compressing the bandwidth
for speech below that normally considered the minimum for
satisfactory reproduction are being developed and may well, in
the fairly near future, enable a number of speech channels to be
contained within the band normally required for one. It seems
that only by the use of some such methods, with their resulting
economy in frequency requirements, can the frequency spectrum
available for long-distance telephony transmissions be made more
nearly adequate.
It is exceedingly difficult to assess the commercial value of the
improvement given by receiving equipment of the musa type,
for which the cost, compared with that of a normal receiver, is
rather high. It seems probable, however, that some such
equipment capable of wave-angle selection in both the vertical
and the horizontal planes will be developed, although probably on
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Fig. 14.—Receiving points covered by predictions for Press services.
simpler lines in many respects. Having seen the advantages of reception, and, as the beam is fixed in direction, its width must
using a highly directional steerable receiving antenna, it is not be made so narrow that it sometimes excludes the best
natural to consider whether further improvement could not be direction. One of the difficulties in using a steerable sending
obtained bv using a highly directional steerable transmitting antenna is in finding the optimum direction in which to steer
antenna system to concentrate all the energy from the .transmitter it at any instant. The probability is that the optimum angle of
into the optimum directions. So far, only sending aerials, having reception corresponds to the optimum angle for transmission
a moderately widefixedbeam-width compared with that available on the return channel from a nearby site on a similar frequency,
in a musa system, have been used, because the best angle of so that a steerable sending antenna might well be controlled
elevation for transmission varies from time to time as it does for from a neighbouring steerable receiving antenna. It might, for
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Fig. 15.—Diagrammatic representation of relaying over multi-channel s.s.b. network (one-way traffic only illustrated).
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