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The 200-foot steel tower of the repeater station at Blackcastle Hill near Dunbar, Scotland. This is the tallest 
tower along the relay chain, the height being necessary due to the hilly terrain to be traversed to the southward. 
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British Television Relay Network 

THE TELEVISION development pro­
gramme of the British Broadcasting 
Corporation envisions the availability 

of television service to over 7 5 per cent of the 
population of the United Kingdom by 1953. With 
the opening of the station at Kirk o'Shotts, 
Scotland, early this year, the greater part of the 
programme has been brought to reality with 
service now available to about 68 per cent of the 
nation. 

Since the post-war re-opening in 1946 of the 
station at Alexandra Palace, near London, the 
British television network has been extended to 
include first, a station at Sutton Coldfield , near 
Birmingham (1949) , another at Holme Moss, 
near Manchester (195 1 ) ,  and now into Scotland 
with a transmitter at Kirk o'Shotts, near Edin­
burgh. The accompanying map illustrates the 
extent of the network, which is now more than 
400 miles (644 kilometres) in length. 

Standard Telephones and Cables, Limited, 
have contributed considerably to the network 
development, including the manufacture and 
installation for the British Post Office of the 
coaxial cables between London, Birmingham, 
and Manchester, the terminal equipment for the 
Birmingham-Manchester cable, and lately, the 
microwave radio relay system linking the Man­
chester and Edinburgh stations. 

It. is proposed in this paper to give a short 
description of the design and characteristics of 
the various links in this television network, with 
special emphasis on the features of the new radio 
relay system. 

1. London-Birmingham Coaxial Cable 

The first step in the post-war development 
plan of the British Broadcasting Corporation 
was the provision of a high-powered transmitting 
station at Birmingham to supply service in the 
Midland area. 

Two links between London and the Sutton 
Coldfield station were projected and ordered by 
the Post Office for purposes of comparison-one 
link by means of a coaxial cable and the other 
by a radio relay system. At the time of writing, 
the television service is being provided by the 
coaxial cable, which was constructed and laid 

by Standard Telephones and Cables, Limited, 
while the repeaters for the cable were designed, 
made, and installed by the Post Office.1 

The above map illustrates the British television 
relay network at its present stage of completion. 

The unique feature of this cable is that it con­
tains two tubes of 0·97 5-inch (2·48-centimetre) 
diameter that are capable of transmitting an 
extremely wide band of frequencies to cater for 
television signals of very high definition, for 
colour television, or for any future development 
requiring the transmission of a very wide band­
width. 

At present, the repeaters are spaced at 12-mile 
(19-kilometre) intervals but an ultimate repeater 
spacing of 3 miles (4·8 kilometres) is envisaged. 

1 H. Stanesby and W. K. Weston, "London-Birmingham 
Television Cable," Electrical Communication, v. 26, pp. 
186-200 ; September, 1949. 
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In addition to the two large tubes-one for 
each direction of transmission-there are four 
smaller tubes of the standard 0·375-inch (0·953-
centimetre) dimension, with repeaters spaced at 
6-mile (9·6-kilometre) intervals. These tubes are 
satisfactory for the transmission of 405-line tele­
vision signals but are actually in use for tele­
phone channels. 

The length of the main portion of the cable is 
12 1 · 1  miles ( 194·9 kilometres) , but at each end 
are shorter lengths providing connection to the 
television transmitters and to the switching 
centres. 

2. Birmingham-Manchester Coaxial Cable 

The second stage of the programme was pro­
vided by a coaxial cable laid from Birmingham 
to Manchester, a distance of 71 miles (114·2 
kilometres), with a spur cable between Manches­
ter and the transmitter at Holme Moss. 

The main cable contains six 0·375-inch (0·953-
centimetre) tubes, of which two are at present 
used for transmission of television signals, 16  
paper-insulated quads for supervision and control 
of the repeater stations, and 172 paper-insulated 
quads for local telephone traffic. The repeater 
stations, with equipment designed and installed 
by the Post Office, are spaced at about 6-mile 
(9·7-kilometre) intervals. 

The spur cable between Manchester and the 
transmitter contains 2 coaxial tubes with 4 

screened pairs for sound transmission and 24 
paper-insulated quads for repeater control. 

Vestigial-sideband terminal equipment is used 
with this cable to translate the video signal into 
a form suitable for transmission over the tubes. 
The principle consists in the modulation of a 
carrier with the video band, and the transmission 
over the cable of one complete sideband, the 
carrier, and only a vestige of the other sideband. 
This arrangement enables the video signal to be 
shifted to an appropriate part of the frequency 
spectrum without increasing the bandwidth to 
twice the video bandwidth as would be required 
by double-sideband practice. Transmission of 
television signals in a strictly single-sideband 
fashion presents very great technical difficulties 
that are obviated with vestigial-sideband trans­
mission at the expense of only a small increase in 
bandwidth. 

3. Manchester-Edinbur�h Radio Link 

The latest link of the network to be completed 
is the microwave radio relay chain between 
Manchester and Kirk o'Shotts, near Edinburgh. 
This system was brought into operation on 
March 14, 1952 , but was actually used nearly a 
month earlier on an experimental basis to permit 
Scottish viewers to witness the funeral services 
of the late King George VI.  

On this route the Post Office did not foresee a 
need for additional trunk telephone facilities in 

The c'!1>le between I:ondon and Birmingham contains two large coaxial tubes and a group of four smaller 
tubes mt

.
erspersed with five quads. At present, the large tubes are used for television programmes. Screened 

pairs for broadcasting and quads for supervisory circuits make up the other three sets of wires. 
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the near future; furthermore, the terrain lends 
itself well to the planning of a radio relay system. 
It was therefore decided to adopt the latter 
alternative rather than to lay a 2-tube cable for 
television alone. A two-way radio relay sys­
tem employing 7 repeater stations was routed 
from Manchester towards the east coast, north to 
the Firth of Forth, and thence inland to Edin­
burgh and Kirk o'Shotts. The length of the route 
is about 250 miles (400 kilometres) . Provision has 
been made at repeater stations to inject into 
the circuit programmes originating at major 
cities along the route. The repeaters normally 
operate unattended, with control and super­
vision of repeaters performed from each of the 
terminals. 

The system operates on a frequency of 4000 
megacycles, a wavelength of 7 ·5 centimetres. 
The line-of-sight paths between the repeaters 
were surveyed before construction was started 
by the use of Standard Telephones and Cables ' 
portable microwave links2 for determination of 
the heights required for each antenna at sites 
that in many cases could not be chosen solely 
from considerations of propagation effects. The 
average spacing between repeaters over the 
route is about 31 miles (50 kilometres). 

Equipment at terminal and repeater stations 
affords one uni-directional channel in each di­
rection. Each channel is designed to handle the 
O-to-3-megacycle bandwidth of a 405-line, 50-
frame, interlaced television signal. 

To ensure a high degree of reliability, all 
transmission equipment with the exception of 
paraboloidal reflectors and main waveguide feeds 
is provided in duplicate ; the change-over from 
one set of equipment to the other being fully 
automatic in the event of a breakdown. In the 
same way, automatic stand-by sources of power 
supply have been provided in case of a breakdown 
in local public mains supply. 

The terminal transmitting equipment at each 
end of the link is designed to accept the video­
freq uency bandwidth of 0-3 megacycles at a 
peak-to-peak voltage of 1 volt in an impedance 
of 7 5 ohms. This video signal is applied to the 
reflector-cathode circuit of a velocity-modulation 
tube oscillating at a basic frequency of 4000 

2 "Portable Microwave Television Link," Electrical 
Communication, v. 27, pp. 295-297 ;  December, 1950. 

The cable between Birmingham and Manchester 
contains 6 coaxial tubes, 16 quads for supervisory 
control, and 172 quads for local telephone traffic. 

megacycles. The resulting frequency excursion 
extends to 6 megacycles for a change in the video 
input from the bottom of a synchronising pulse 
to the peak white-picture signal.3 The basic 
oscillator-tube frequency is stabilised by a pre­
cision crystal oscillator operating at a frequency 
of the order of 20 megacycles. 

A travelling-wave amplifier provides the final 
amplification at all stations before the modulated 
signals are passed by waveguide to the trans­
mitting antenna. The travelling-wave tube is a 
most important and powerful new tool in the 
development of centimetre-wave technique. It 
provides substantial amplification over a very 
wide frequency band, its operation depending on 
the interaction between the electric field of a 
stream of electrons beamed through the centre 
of a wire spiral and the electric field of a signal 
travelling along the spiral. This wartime inven­
tion has been developed to the commercial stage 
by Standard Telephones and Cables, Limited, 
and so far as is known the Manchester-Kirk 
o'Shotts link is its first application in public 
service. 

The antennae for both the terminals and re­
peaters of the link consist of 10-foot (3-metre) 
paraboloids fed by waveguide horns. The width 
of the beam is 1 ·5 degrees between half-power 
points, and the transmitted power is 1 watt. 

3 British television standard where peak white = 70 per 
cent of signal acting positively and synchronizing pulse 
= 30 per cent of signal acting negatively, both with respect 
to the black level. 
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The heights of the steel towers bearing the an­
tennae ranges between 20 and 200 feet ( 6 and 60 
metres) , depending on the height of the site in 
relation to the profile of the terrain over which 
the transmission passes. 

On arrival at the first repeater in the chain, 
the wave is passed from the receiving antenna to 

60-MEG ACY CL E  
M I X E R  I NT ERMEDIATE-

FREQUENCY 
AMPL I F I ER 

fin +60 

LOCAL 
OSCI LLATOR 

F REQUENCY-
CONTR OL F E EDBACK LOOP 

CRYSTAL-
COMPARATOR CONTROLLED 

OSC I LLATOR 

for amplification, and then detected to provide a 
1-volt peak-to-peak signal for application to a 
television transmitter or to a coaxial cable 
system. 

The waveguides and their circuit elements 
that carry the 4000-megacycle signals are fabri­
cated out of brass or copper, and have a rec-

TRAVELI NG-
MI X E R  W AV E  �I FIEO fout 

fin ±23 fjn+37=fout 

LOCAL 
OSCI LLATOR 

FREQUENCY-
CONTROL 
FEEDBACK 
L OOP 

COMP ARATOR 

Block diagram of the frequency-transforming and amplifying equipment at a repeater for one direction of 
transmission. The stand-by equipment is not indicated here. 

a superheterodyne receiver. This receiver em­
ploys a crystal-controlled local oscillator operat­
ing at a frequency 60 megacycles above the mid­
frequency of the incoming frequency-modulated 
transmission. The 60-megacycle intermediate­
frequency signals are applied to an amplifier 
fitted with automatic gain control , and then 
again translated to a frequency 37 megacycles 
above or below the incoming signal. 

Unwanted products of the last process are re­
jected in a filter, and the desired sideband is 
passed to a travelling-wave amplifier and thence 
to the transmitting antenna. The frequencies 
transmitted from successive repeaters are alter­
nated by multiples of 37  megacycles to prevent 
possible interference between repeaters. 

This process occurs at each successive repeater 
until the farther terminal of the link is reached, 
where the incoming 4000-megacycle signal is 
applied to a receiver, converted to 60 megacycles 

tangular cross-section of 2 by� inches (5· 1 by 1 · 7 
centimetres) . The waveguides from the equip­
ment racks up to the antennas are filled with 
dry nitrogen under slight pressure to prevent 
corrosion of the inside surfaces. Inside the 
equipment racks, it would be impractical to fill 
the guides with nitrogen, and therefore the 
waveguide surfaces here are gold plated. 

A 4-wire land-line telephone circuit intercon­
nects all repeaters and terminals of the system 
to provide a party-line circuit and a 2-tone voice­
frequency-telegraph circuit that carries the 
supervisory and remote-control signals. The 
remote-control desks at each terminal control the 
apparatus at repeaters which transmit television 
signals in the direction toward the terminal in 
which the desk is installed. 

On the following few pages are presented a 
series of photographs illustrating some of the 
equipment comprising this new radio relay link. 
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The steel tower of a repeater station built on Blackford Hill, near Edinburgh. 

The travelling-wave ampli­
fier has for the first time 
been put into public sei:v­
ice on the Manchester-­
Edinburgh radio relay link. 
The tube is cooled by a 
s t r e a m  of air dir e c ted 
through the radiator (shown 
dismounted at the right). 
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The waveguide switching arrange­
ment above a suite of cubicles at a 
repeater. The four lines at the left run 
up the tower to the antennae. 

On the facing page is a suite of ap­
paratus cubicles at one of the repeater 
stations. A second set mounted at the 
hack of this one contains the stand-by 
apparatus. 

At the right, this waveguide termi­
nates in a horn feed at the focal point 
of the IO-foot paraboloid. The small 
tube carries nitrogen for pressurizing 
the waveguide. 
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Copyright by British Bro.idcasting Corporatic 

The terminal relay station at Kirk o'Shotts. 
short coaxial cable carries the video signals fro 
this point to the adjacent broadcast transmith 

Full supervision of the incom 
ing signals may he exercise 
from the control desk at Kir 
o'Shotts. The remote control 
for the apparatus at the vari 
ous repeaters terminate here 
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Production-Line Soldering and Brazing* 
By C. E. EADON-CLARKE 

Standard Telephones and Cables, Limited; Footscray, England 

IN LIGHT as well as in heavy engineering, it 
has become increasingly common to fabri­
cate parts by brazing or soldering relatively 

simple components together. By far the most 
widely employed tools for these operations are 
the soldering iron and the blowpipe, but in re­
cent years the need for brazing and soldering on 
the production line has led to the development of 
three methods that can be push-button operated 
and process controlled for use by semi-skilled 
personnel. 

Soldering and brazing are processes for joining 
metals in which molten filler material is drawn 
by capillary attraction into the space between the 
adjacent surfaces of the parts to be joined. In 
general, the term soldering is applied to the proc­
ess when the filler material flows below 500 de­
grees centigrade and brazing when above this 
value. To ensure sound mechanical as well as 
electrical joints, the surfaces must have the cor-

* Portions of this paper have been reprinted from an 
article by C. E. Eadon-Clarke on " 'Push-Button' Solder­
ing and Brazing" published in Welding and Metal Fabrica­
tion, v. 19, pp. 247-252; July, 1951. 

rect spacing, be clean, and a suitable flux em­
ployed to assist wetting. 

These processes differ from welding, with 
which brazing is often confused, in that welding 
is an operation in which the metallic parts are 
joined by heat and pressure fusion or by the 
addition of filler metal direct to the joint. 

1. Processes 

Of all the various possible methods of apply­
ing the necessary heat to the parts to be fastened 
together, the oldest and most widely known are 
the soldering iron and the gas blowpipe. It is 
felt that no further discussion of these systems is 
necessary here, but Table 1 has been prepared to 
compare them with three new systems that have 
come into widespread use in the last decade. 
These new methods, the electro-gas, electrical­
resistance, and radio-frequency heating systems, 
all are characterized by the fact that the opera­
tion is almost completely automatic, requiring 
relatively little skill for production use. It might 
be surmised that one of these systems would be 
most effective for any particular job under con­
sideration, and this is indeed true , as is illustrated 

TABLE 1 
COMPARISON OF VARIOUS SOLDERING AND BRAZING METHODS 

Soldering Iron Blowpipe Electro-Gas 
Resistance Machine Radio-Frequency 

Equipment Equipment 

Surface Pattern Immaterial Immaterial Immaterial Clean and smooth Immaterial, but pref-
erably not too irreg-
u1ar 

Heat Generated By conduction By convection By convection Throughout body and By induction on out-
by conduction from side surface on1y 
electrodes 

Contact Required Yes No No Yes No 

C o n t r o l  of Hea t e d  Only area i n  con tact Moderately localized Very localized Very localized Very localized 
Area with bit 

---------

Process Control Manual Manual Process timed or mov- Process timed Process timed or mov-
ing conveyor ing conveyor 

Suitability for Produc- Flexible and ideal for Flexible, suitable for Flexible, suitable for M e dium or l a r ge Large-scale produc-
tion Quantities operatiorn; that can- small quantity batches small or large quan- q u a n tities; m o d e r- tion, particularly for 

not be readily jigged tities of jobs that can a :ely flexible long runs 
be handled in produc-
tion line 

Capital Cost Very low Very low Low Low Moderately high 

Type of Personnel Re- General factory engi- General factory engi- General factory engi- General factory engi- Routine by factory 
q u i r e d  f o r  M a inte- neer neer neer neer engineer, but visits by 
nance makers' e n g i n e e r s  

needed periodically 

September 1952 ELECTRICAL COMMUNICATION 179 

www.americanradiohistory.com

www.americanradiohistory.com


Figure 1-A 4-kilowatt induction-heating equipment ·with dual work stations. The stations are used alternately, but 
since each has individual controls, differing brazing or soldering work can be treated without changing the control settings. 

TABLE 2 
APPLICABILITY OF METHODS TO VARIOUS TYPES OF JOBS 

Soldering of Light Tin-Plate Most suitable 
Box Work, Lids, Side Seams, 
Tagger Plates, Terminal and 
Wire Joining 

Soldering of Rigid Tin-Plate Suitable in 
Structures, Terminals into many cases 
Lids. Details where Solder 
is Pre-placed 

Soldering of Heavy Section Not suitable 
Details 

Brazing Medium and Heavy 
S e c t i o n  D e t a i ls. A l l o y  
Flowing U p  t o  650 Degrees 

Not possible 

Centigrade 

Brazing Medium and Heavy 
S e c t i on D e t a i ls. A l l o y  
Flowing Above 650 Degrees 
Centigrade 

Not possible 

180 

Blowpipe 

Too violent unless 
flame is kept in 
motion 

Too violent unless 
flame is kept in 
motion 

Electro-Gas 
Equipment 

May be too vio­
lent since flame is 
stationary 

May be too vio­
lent since flame is 
stationary 

Resistance Machine 

Hand tools suitable in 
some cases, but compo­
nent will often not stand 
pressure of electrodes for 
machine operation 

Suitable 

Radio-Frequency 
Equipment 

Usually not possible 

Suitable for large quantities 

Suitable for fer- Suitable for fer- Suitable for ferrous and More suitable for ferrous 
rous or non-fer- rous or non-fer- even better for non-fer- than non-ferrous loads 
rous materials rous materials rous materials 

Suitable for all 
materials 

Suitable for all 
materials 

Suitable for all 
materials 

Suitable for all 
materials 

Suitable for all materials, 
but particularly for non-
ferrous 

Not suitable since carbon 
electrodes deteriorate rap-
idly 

More suitable for ferrous 
than n o n - fe r r o u s  l o a ds. 
Speed limited by time for 
heat to conduct inwards 

Suitable for ferrous but rate 
of heating decreases above 
Curie point (780 Degrees 
C e n t i g r a d e). N o t  really 
suitable for non-ferrous ma­
terials 
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by Table 2. In the following pages, some of 
the more salient characteristics of these auto­
matic processes will be pointed out, with em­
phasis on the newest of the three, the electro-gas 
method. 

2. Induction Heating 

Radio-frequency induction heating is the most 
widely known method, since it has received much 
attention during the recent war. An example of 
an induction heating equipment is given in 
Figure 1. 

In this process, the alternating-current mains 
supply is transformed to an output frequency of 
from 400 kilocycles to 5 megacycles, and this 
radio-frequency current is passed through a 
water-cooled copper tube (known as the heating 
inductor) that is shaped to enclose the area to be 
treated. The object to be heated does not touch 
the inductor, but is separated from 
it by an air-gap of from 116 to t inch 
(1 ·5 to 6-4millimetres) . The smaller 
the air-gap, the more efficient the 
process, but this is often offset by 
the complexity of working with 
close tolerances. The radio-frequency 
current flowing through the heating 
inductor induces opposing currents 
in any metallic object nearby, and if 
the object to be heated is brought 
close to the inductor, these currents 
will generate heat in it by virtue of 
the electrical resistance of the metal. 
The heating efficiency is to some ex­
tent thus dependent on the resist­
ance of the metal to be heated, the 
efficiency increasing with resistance 
for any given induced current. 

The most striking feature of radio-frequency 
induction heating is that the induced currents 
flow only on the outside surface of the object 
and, therefore, this is the only area in which 
heat is generated. The remaining mass of ma­
terial receives heat by conduction from this 
outer layer, and this may set a time limit on the 
brazing process since burning of the outside 
layer may occur before sufficient heat penetrates 
to the brazing alloy and the joint. 

The overall power efficiency of induction heat­
ing varies considerably depending on the type of 
work, but it is of the order of 40 to SO percent 
for ferrous objects, and may fall as low as 25 
percent for nonferrous work. On the whole, the 
process is most suitable where very large num­
bers of similar components must be heated, 
particularly if they are ferrous. 

Since the strength of the oppos­
ing currents induced in the object to 
be heated falls off very rapidly with 
the distance of the object from the 
heating inductor, very localized heat­
ing of small areas is possible on rela­
tively large objects ; this accounts for 
the rather strange shapes of some 
of the heating inductors shown in 
Figure 2 .  These coils have been 
shaped to fit around those parts of 
an object in which heat is desired. 

Figure 2-The heating inductors are shaped to place the coil near 
only those parts of an o0ject in which heat is required. 
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3. Resistance Heating 

The second process is not so well known, but 
has proved very successful ; this is resistance or 
electrode heating. Here, the mains supply volt­
age is transformed down to about 2 to 12 volts, 
which is safe for the operating personnel without 
protection. This voltage is ap­
plied directly through carbon 
electrodes to the object to be 
heated (Figure 3). The resulting 
current passing through the re­
sistance of the object generates 
the heat, and since this current 
may be of the order of hundreds 
or thousands of amperes, it will 
be seen that for a given voltage 
the resistance of the object has 
a marked effect on the amount 
of current and on the heating. It 
is of interest to note that while 
radio-frequency induction heat­
ing is best suited to ferrous 
work. the effect of resistance in 
the work makes resistance heat­
ing best for nonferrous objects. 

steel, a hard electrode would be used against the 
copper, and a medium or soft against the steel. 

The correct grade and the shaping of the 
electrodes is a matter of experience and trial , 
but this is quickly obtained by practice. It is 
particularly important to keep the resistance 
between each electrode and the work to a mini-

Three grades of carbon elec­
trodes are available and are 
known as soft, medium, and 
hard, in order of increasing elec­
tr ica l  res is tan c e .  Soft  and  
medium electrodes are most 
usually employed in the produc­
tion line, since they can be 
readily shaped to fit the contour 

Figure 3-l\ resistance-heating hand tool is used to soft-solder a terminal 
lug on the end of a cable. Note that the carbon electrodes are shaped to fit 
partially around the lug. 

of the object, and the heat generated in the 
electrode itself is not excessive. They burn away 
rather quicker than the hard grade, and for 
that reason are often mounted in water-cooled 
electrode holders when the duty cycle is high. 
A production-type machine with water-cooled 
holders is shown in Figure 4.  

Hard-grade electrodes permit the use of much 
lower currents than the soft, hut due to their 
resistance they tend to heat rapidly. This heat 
is conducted through the contact to the object 
being heated and may be particularly useful 
when treating copper details. The different 
grades are useful in obtaining a uniform heat 
balance. For example, when joining copper to 

mum, or surface burning at these points will occur. 
\iVhen treating castings, the surface is smoothed 
where the electrodes are to be applied ; iron cast­
ings are particularly troublesome to handle, 
especially where the final temperature has to be 
over 450 degrees centigrade. 

In practice , the heating rate and final tempera­
ture in resistance heating is limited by deteriora­
tion of the electrodes, and brazing with alloys 
flowing above 650 degrees centigrade is not satis­
factory. The process is particularly applicable to 
soft-soldering operations, being equally satis­
factory for pre-placed solder rings or for hand­
fed solder. The electrode pressure, held for the 
entire heating cycle and for at least part of the 
cooling cycle, ensures strong good-quality joints. 
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...:;Figure 4-A production-line-type resistance brazing machine. On this 10-kilowatt equipment, the carbon electrodes 
are mounted in water-cooled holders. Pressure on the foot-pedal causes the electrodes to come together and grip the 
work firmly. The current is then applied until the brazing alloy melts; pressure is maintained while the work cools. 
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4. Electro-Gas Equipment 

The most recently developed method of pro­
duction-line soldering and brazing employs gas 
as the heating medium but relies for the control 
and timing on electricity. This has been named 

Figure 5-The Stanelco electro-gas 
equipment. Gas and air control valves 
are on the side of the cabinet, and the 
front panel mounts the process-control 
timer and the various control buttons. 

the Stanelco electro-gas process and an example 
of this equipment is shown in Figure 5. 

The effectiveness of the ordinary blowpipe de­
pends entirely on the skill of the operator. I ts 
operation is limited by the fact that, when the 
gas and air pressure are increased to obtain the 
highest heat, it is often found that the flame is 
unstable and tends to "blow off." This fault was 
overcome in the glass-working industry-where 

AIR-AND-GAS 
M IXTURE 
---+ 

-----EXPANSION 

,lllt--- CHAMBER 

� MAIN J ETS 

Figure 6-Design of a typical high-intensity burner. 

intense localized heating is so often required­
by the development of specialized burners that 
operate with compressed air �and pressurized 

gas, or with a pre-mixed and pressurized air-and­
gas supply. The basic design of these burners is 

shown in Figure 6. The air-gas mixture passes 
through a fine wire mesh that acts as a final 
mixer and a filter to remove extraneous particles, 
and then the bulk of the mixture emerges from 
the burner at high speed via the main jets. A 
small proportion, however, enters an expansion 
chamber on the burner and leaves this chamber 
at a relatively low speed. This latter gas burns as 
pilot flames that continuously ignite the mixture 
emerging from the main jets. The result is a 
steady, narrow, intense, ribbon flame. 

Previous limitation to the use of these burners 
on production lines has been caused first, by the 
lack of knowledge of their existence outside the 
glass industry, and second, by the need for gas­
pressure boosters or mixing plant, which would 
not be economically justified except where many 
heating stations are used. 
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operated valves in the air and 
gas supplies. When in the "off" 
position, sufficient gas is by­
passed to act as a pilot so that 
the burners instantly re-light 
when the "on" button is de­
pressed (Figure 8) . A process 
timer is included and this can 
be switched in when desired for 
production-line work. 

The coal-gas-and-air flame 

Figure 7-Diagram of the electro-gas equipment showing the control valves 
for gas and air and the injector unit. The electrical process timer that operates 
the magnetic valves is not indicated above. 

burns at about 1300 degrees 
centigrade, which is a suitable 
temperature for most brazing 
operations and is also applic­
able to soft soldering and an­
nealing. There is a wide range of 

The more recent development of efficient air­
gas injectors has, however, removed the need for 
boosters, and hence the picture has been changed. 
Compressed air at any pressure over 10 pounds 
per square inch passes through a fine jet in the 
injector shown in Figure 7 and then across a 
small chamber containing gas ; the mixture 
emerges through a specially shaped orifice. The 
diameter of the jet and of the orifice are carefully 
related to the number and type of burners in use, 
but there is sufficient tolerance for practical 
operation, and it is a simple matter to change the 
injector where necessary. 

The air and gas supplies to the injector are 
regulated by valves until steady flames are pro­
duced. The flame width is about t inch (3·1 
millimetres) , and many well-defined cones, 
similar to small bunsen flames, can be seen. 

The next advance was to harness this form of 
heating with electrical control, and this was 
achieved by the introduction of electrically 

suitable burners already avail­
able on the market, which is a great asset, 
and the flexibility of the mounting arrangement 
to give them the desired heating pattern appeals 
to the production engineer. 

5. Conclusion 

There will always be a place for use of each of 
the five methods of soldering and brazing that 
have been presented. The production engineer 
must consider carefully the range of work to be 
handled before purchasing equipment. Resist­
ance machines and electro-gas equipment are 
becoming increasingly more popular due to their 
flexibility, low capital cost, and very low main­
tenance. 

Figure 8-In the photograph at the left, the pilot flames 
are alight, and the work has been placed in position When 
the "on" button is depressed (right), the burners produce 
steady and intense flames to give clean high-quality 
brazed joints. 
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Netherlands-Denmark Coaxial-Cable System 
By 

J. Tj. VISSER, K. L. LARSEN, and FRANK FAIRLEY 

Netherlands Department of Posts, 
Telegraphs, and Telephones 

Danish Department of Posts, 
Telegraphs, and Telephones 

Standard Telephones and Cables, 
Limited; London, England 

BEFORE the second world war, practi­
cally all international telecommunications 
traffic between the Scandinavian coun­

tries and the rest of Europe was routed via 
Germany. After the war ended, everything was 
done to re-establish as fast as possible the com­
munications facilities that had been interrupted 
by hostilities. The most important circuits were 
quickly established, but it soon became obvious 
that it was not possible, at least for several years, 
to reconstitute the communications network that 
had formerly existed in Germany. This was highly 
disorganised by the separation into military zones 
of occupation and by the destruction of much 

Figure 1-Main routes involved in the cable scheme. 

equipment only partially replaced by provisional 
systems of a military character. Even the former 
complete network would have been inadequate 
to meet the growing needs of countries deprived 
by the war of international communications, and 
the part that could be re-established had to carry 
a large proportion of military traffic. 

These considerations caused the Netherlands 
and the Danish administrations to review in 
August, 1945, the possibility, which had been 
considered long before the war, of a direct con­
nection by submarine cable between the two 
countries. The considerable distance involved, 
about 260 kilometres ( 140 nautical miles) , had 
previously made such a project impracticable 
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Figure 2-Main network of carrier systems in the Netherlands. 

but technical developments during the war years, 
such as the introduction of improved dielectrics 
together with coaxial construction for submarine 
cables and the possible use of submerged re­
peaters, which had been introduced by the Brit-

ish Post Office,1 opened up new possibilities for 

1 R. J. Halsey and W. T. Duerdoth, "Modern Submarine 
Cable Telephony and Use of Submerged Repeaters," Post 
Office Electrical Engineer's Journal, v. 37, pp. 33-39 ; July, 
1944. 
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long submarine cables. Discussions between the 
two administrations showed that such a cable 
would not only fonn a main artery for interna­
tional traffic, but in its passage across Denmark 
could be planned to provide a large number of 
much needed circuits for inland use. Enquiries of 
the nearest interested European administrations 
showed that Norway (linked with Denmark dur­
ing the war by cables Hirtshald-Arendal and 
Frederikshavn-Sandefjord), Sweden (with the 

Baltic cables now terminating in Eastern Ger­
many) , Belgium, France, and Great Britain 
would welcome this proposal. Accordingly, the 
two administrations proposed this cable as part 
of the proposals of the Comite Consultatif 
International Telephonique for rebuilding the 
European long-distance cable network, and it 
was included in the 'Programme Generale d 'Inter­
connexion en Europe' agreed to at the meeting 
at Montreaux in 1946. Figure 1 shows a map of 

the main routes of in­
terest in connection 
with this scheme. It 
was planned that all 
these routes would con­
sist of 4-wire, high­
velocity circuits using 
coaxial  or quadded 
carrier cables of  the 
highest quality, fully 
conforming to the rec­
ommendations of the 
Comite Consultatif In­
ternational Telepho­
nique. Figures 2 and 3 
show the main routes of 
the internal cable net­
works of the Nether­
lands and of Denmark, 
with connections to 
other countries. 

1. Netherlands-Den­
mark Link 

Figure 3-Long-distance telephone network in Denmark. 

The first project for 
the North Sea crossing 
involved a single air­
spaced polythene co­
axial submarine cable 
of the same construc­
tion as that of the 
Anglo-Dutch cable 6 
that was laid in 1947. 
This somewhat expen­
sive cable, which would 
have provided 48 cir­
c uits w i t h o u t  sub­
merged repeaters or  120 
circuits with one sub­
merged repeater using 
d ifferent frequency 
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GERMA NY 
NETHERLANDS UAGSTROM COMPANY, INC, N.Y. 

Figure 4-Route of the submarine cable between Oostmahorn and R¢m¢. 

bands for each direction of transmission, was 
abandoned in favour of two solid-polythene co­
axial cables of smaller diameter and of cheaper 
construction, each of which, using different fre­
quency bands for the two directions, would pro­
vide initially 36 circuits with two submerged re­
peaters. The proposal to use two independent 
cables had the great advantage that in the event 
of interruption of either cable only half the cir­
cuits would be lost. Advantage can also be taken 
of two cables to allow the circuit capacity to be 
increased by replacement in each cable in turn 

of the initial repeaters and the addition of 
further repeaters without complete loss of ser­
vice. It was proposed that a normal land coaxial 
cable with one tube for each direction of trans­
mission should be used for the route across 
Denmark. 

After many discussions regarding the best 
route, bearing in mind that only a few narrow 
shipping lanes had been cleared of mines, it was 
decided to land the submarine cables at Oostma­
horn on the Frisian coast of the Netherlands and 
on the Island of Rji)mji) connected by causeway to 
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the Jutland mainland of Denmark. From there, 
the route would pass to Copenhagen via Kolding 
and on the Netherlands side would be terminated 

2 LAYERS OF STEEL TAPE ARMOUR 
38 MILLIMETRES ll·5 INCHES) BY 
0·76 MILLIMETRE !0·03 INCH) 

2 LAYERS OF POLYTHENE TO OVER­
ALL DIAMETER OF 23·7 MILLI­
METRES (0·9 INCH) 
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POLYTHENE COVERED BY 2 
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2 LAYERS OF COMPOUNDED PAPER 
COVERED BY TARRED JUTE 

2 LAYERS OF TARRED JUTE WITH­
COMPOUND 

2 LAYERS OF TARRED JUTE--� 

ARMOURING OF 15 GALVANISED 
ROUND IRON WIRES 7 MILLI­
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\ 

made by Nordiske Kabel-og Traadfabriker, 
Copenhagen, under license from the International 
Standard Electric Corporation. 

LEAD SHEATH 2 MILLIMETRES 
(0·08 INCH) THICK 

INNER COAXIAL CONDUCTOR 7 
COPPER WIRES 1·94 MILLIMETRES 

(0·076 INCH) IN DIAMETER 

FOLDED COPPER TAPE 19·7 MILLI­
METRES (0·78 INCH) WIDE BY 

0·38 MILLIMETRE (0·015 INCH) 
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MILLIMETRES 

6 COPPER STRIPS 12·1 MILLIMETRES 
(0·48 INCH) WIDE BY 0·38 MILLI­

METRE (0·015 INCH) THICK 

COPPER BINDING TAPE 35 MILLI­
METRES (1·38 INCHES) WIDE BY 

0·1 MILLIMETRE (0·004 INCH) 
THICK 

2·5 MILLIMETRES (0·097 INCH) 
OF POLYTHENE 

ARMOURING OF 17 GALVANISED 
ROUND IRON WIRES 7 MILLI­

METRES (0·28 INCH) IN DIAMETER 

2 LAYERS OF TARRED JUTE WITH 
COMPOUND 

Figure 5-Cross section showing construction of the sea, land, and shore cables. 

at the repeater station at Leeuwarden, from where 
it would join up with the existing Netherlands 
symmetrical-pair carrier cable network. 

With the acceptance in principle of the scheme 
by the two administrations, the contract for the 
overall complete system and also for the equip­
ment was awarded to Standard Telephones and 
Cables, Limited of London, in association with 
Standard Electric A/S of Copenhagen and N eder­
landsche Standard Electric Mij N. V. of The 
Hague. The submarine cables across the North 
Sea and the short land ends were manufactured 
by Submarine Cables Limited, London. The 
land coaxial cable (including the submarine 
portions across the Great Belt in Denmark) was 

2. Land and Sea Cables 

The route taken by the submarine portion be­
tween Oostmahorn and Rjl)mjl) is shown in Figure 
4. The total length is approximately 263 kilo­
metres ( 142 nautical miles) . The sea cables con­
sist basically of an inner coaxial copper conductor 
of overall diameter of 6 ·6  millimetres (0·26 
inch) insulated with solid polythene bringing the 
diameter to 23·7 millimetres (0·935 inch) fol­
lowed by an outer coaxial conductor with arm­
ouring and protection. The outer conductor is 
insulated with an additional layer of polythene 
at the shore ends of which about 0·93 kilometre 
(O·S nautical mile) is in the sea in order that the 
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contact with the sea water will be free from the 
disturbing influences of stray fields. This same 
insulation of the outer conductor, protected by 
an additional lead sheath and steel tape armour­
ing, is followed out across the island of R¢mp 
where the repeater station is about 5 kilometres 
(2 · 7 nautical miles) from the landing point. A 
cross section of the sea cables, shore ends, and 
land cables is shown in Figure 5. Between the 
coast repeater station at Oostmahorn and Leeu­
warden where the system terminates, a distance 
of about 39 kilometres (21 nautical miles) , solid 
polythene cables similar to the submarine cable 
but of somewhat smaller dimensions are used. 
The outer conductor of these cables is insulated 
from earth and protected by a lead sheath for a 
distance of about 3 kilometres (1 ·6  nautical 
miles) from Leeuwarden. 

The submarine cables, each with its two sub­
merged repeaters, were laid by the British Post 
Office cable ship .Ll!Ionarch with the assistance of 
the Netherlands cable ship Poolster and the 
Danish cable ship C. E. Krarup, which rendered 
particular assistance in buoying and in laying 
the shallow-water parts of the cable for distances 
of 26 and 20 kilometres (14 and 1 1  nautical 
miles) respectively. The whole of the work in­
cluding loading, buoying, and jointing of the 
submerged repeaters in the open sea was carried 
out between August 8 and September 2 ,  1950. 
Although only a narrow channel about 1 ·9 kilo­
metres (1 nautical mile) wide in parts had been 
swept of mines and particular navigational care 
was necessary, the work proceeded smoothly and 
was interrupted for only one day by storms. 
From the point of view of crosstalk between 
them and also in order to facilitate picking up, 
the two cables were laid as far apart as possible 
in the cleared channel , the spacing being of the 
order of 0·9 kilometre (0·5 nautical mile) . 

The section across Denmark, a distance of 323 
kilometres ( 1 74 nautical miles) , consists of a 
2-tube coax.ial cable between Rpm¢ and Kalvs­
lund with a 4-tube coaxial cable between Kalvs­
lund and Copenhagen. Two of these 4 tubes will 
also serve to extend the Danish national circuits 
from Copenhagen to Esbjerg by means of a 
coaxial cable planned between Kalvslund and 
Esbjerg. These cables are all constructed to 
standard specifications of the Comite Consultatif 
International Telephonique for coaxial cables 

(Livre jaune, Tome I I I ,  Specification A.VI) , 
each tube of which has an inner copper con­
ductor 2 · 64 millimetres (0 · 104 inch) in diameter 
insulated with polythene discs and an outer 
folded copper tape of 9·5 millimetres (0·375 
inch) in diameter. The 2-tube section is pro­
vided with 8 star quads in the tube interstices 
and the 4-tube cable with 5 star quads, which 
are used for system maintenance purposes. The 
cable is lead covered and for the most part it is 
�teel-tape armoured and laid in trenches at a 
greater depth (80 centimetres (31·5 inches) as 
against 60 centimetres (23·6 inches)) than normal 
in Denmark to give better protection against 
frost damage. In some sections, particularly 
around Copenhagen, the armouring is omitted 
and the cable is drawn into ducts. 

The normal coaxial land cable is laid on the 
causeway joining R¢mp to Jutland and on the 
Little Belt Bridge between Jutland and the 
island of Fyn. The only part of this route where 
special technical problems have been encountered 
is in the Great Belt crossing between Fyn and 
Zeeland. The distance is about 20 kilometres 
(10·8 nautical miles) and the island of Sprpgp 
being conveniently situated in the middle would 
allow repeater stations to be located at each side 
of the crossing and on Sprpg¢ thus maintaining 
the normal spacing of approximately 10 kilo­
metres (5·4 nautical miles) for unattended coaxial 
repeaters. This assumes that coaxial tubes with 
characteristics similar to those of the land cables 
could be used for the sea crossings. Whilst it 
would, of course, have been possible to use solid 
polythene coaxial cables of the submarine type, 
as these normally consist of a single tube, either 
a special system of frequency translation would 
be necessary for the sea crossing or several 
cables with specially designed repeaters would 
be required. Both these solutions would be some­
what clumsy and expensive whereas, if a normal 
air-spaced 4-tube land cable could be used, the 
uniformity of the system between Copenhagen 
and Rpm¢ could be preserved. It was considered 
that the shallow water, smooth sea bed, and 
comparative freedom from anchorages in the 
Great Belt would be acceptable conditions for a 
Jand-type cable provided it could be laid. 

As a precaution against damage by shipping, 
each submarine section is duplicated and pro­
vision is made at the 3 repeater stations involved 
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to change the repeaters from the working to the 
spare cable by manual switching. In addition, to 
prevent water penetration along the whole cable 
lengths in the event of damage, paper plugs were 
wound round the inner coaxial conductors at 
distances of 100 metres (328 feet) , and a 13-
millimetre (0·5-inch) wide plastic tape was ap­
plied longitudinally along the joint in the outer 
coaxial tube. The tubes were covered with a 
layer of paper wrapping and the interstice quads 
were wrapped with 3 layers of loose crepe paper. 
This does not produce a completely watertight 
cable but, due to the swelling of the paper plugs 
and wrapping on water penetration, it is con­
sidered that only a few hundred metres of cable 
would be damaged before repairs could be put in 
hand. Figure 6 shows the coaxial tubes with this 
protection. Impedance and pulse echo tests 
show that, although the presence of the plugs 
can be detected at frequencies above 1 ·2 mega­
cycles, the deviations in the impedance curve 
are in all cases less than half the maximum value 
(3 per cent) prescribed by the Comite Consultatif 
International Telephonique. The first of the 
Great Belt cables, all of which were made by 
the Nordiske Kabel-og Traadfabriker and laid 
by C. E. Krarup, was spliced in the cable ship , 
but subsequent cables were jointed as one length 
in the factory and laid in the normal manner for 
submarine cables. The whole cable section in 
Denmark was laid between June , 1949, and 
December, 1 950. 

hagen, the transmission is the usual 4�wire ar­
rangement over two coaxial tubes in a single 
cable. 

The equipment at Leeuwarden is provided to 
translate the band of frequencies associated with 
each channel to frequencies suitable for trans­
mission over the submarine cables. These bands 
have been chosen as :-

24-168 kilocycles per second* in the Nether­
lands-to-Denmark direction. 

208-352 kilocycles in the Denmark-to-Nether­
lands direction. 

Provision is not made, however, to translate 
each channel from its audio frequencies 300-to-
3400 cycles as it is planned to switch the circuits 
in blocks of twelve at Leeuwarden to the Nether­
lands network of carrier cables. The input to the 
translating equipment consists, therefore, of three 
basic 12-channel groups in the 60-to-108-kilo­
cycle band. 

3 . 1  CABLE 1 (EAs,T CABLE) 
The three basic groups, 60-108 kilocycles, are 

modulated with carrier frequencies of 516 ,  564, 
and 612  kilocycles respectively, producing a con­
tinuous band of frequencies of 408-552 kilo­
cycles. This band is then modulated with a car­
rier of 5 76 kilocycles, producing the band 24-
168 kilocycles, which is transmitted to line. 

PAPER TAPE 1 3 - M I L L I M E TRE (0 · 5  · I N C H ) 
P L A S TIC TAPE APPL I E D  
LON G I T U D I N A LLY 

PAP E R  P LUG 2 5 
M I L LI M E TR E S  
( I  I NC H )  LO N G  

Figure 6-Coaxial tube for Great Belt cable. 

3. Overall System 

The system is worked on a grouped frequency 
basis on each of the two cables between Leeu­
warden and R!llmyj, each cable carrying both di­
rections of 36 speech circuits. Provision is also 
made in the system for a wideband two-way; 
broadcast channel, which displaces three speech 
channels when radio programme transmission is 
taking place. From Ryjmyj to Kolding and Copen-

The incoming frequency band 208-352 kilo­
cycles is first demodulated with a carrier of 760 
kilocycles producing the band 408-552 kilo­
cycles ; this band being broken down to the three 
basic groups by a demodulation process that is 
the reverse of the modulation process described 
above. 

* "Per second" has been omitted from the frequency 
designations that follow. 
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3.2  CABLE 2 (WEST CABLE) 
In this case, the three basic groups are modu­

lated with carriers of 420 , 468 , and 5 1 6  kilo­
cycles, respectively, producing a band of fre­
quencies from 312 to 456 kilocycles, which is 
then modulated with a carrier frequency of 1364 
kilocycles giving the band 908-1052 kilocycles 
finally with a carrier of 1076 kilocycles produc­
ing the same line frequencies as for Cable 1 ,  that 
is 24-168 kilocycles. 

In the reverse direction, the incoming fre­
quency band 208-352 kilocycles is first demodu­
lated with a carrier of 1260 kilocycles producing 
the band 908-1052 kilocycles, which is then 
broken down to the three constituent groups by 

double-stage demodulation, first with a carrier 
of 1364 kilocycles and then with individual group 
carriers of 420, 468, and 516  kilocycles as above. 
The arrangement of frequency translations of 
the submarine system and of the Netherlands 
carrier system extensions at Leeuwarden is 
shown in Figure 7. 

After the modulation processes described 
above, the signal band is amplified to a level 
suitable for transmission to line, first passing 
through an equaliser, which results in the higher 
frequencies being transmitted at a higher level 
than the lower, thus simplifying the equalization 
at the remote end and easing the amplifier load­
ing problem. The signals then pass through the 
low-pass section of the directional filters, these 
filters being provided to separate the frequency 
bands used for the two directions of transmission. 
Finally the transmission is through the high-pass 
section of the line filters, this section passing all 
frequencies above 20 kilocycles, the low-pass 
section passing frequencies from zero up to a 

little over 10 kilocycles. This low-frequency band 
is used to provide an engineering speaker circuit 
operated on a party-line basis with two-wire 
repeaters at Oostmahorn and Rpmf 

In the reverse direction, the transmission is via 
the high-pass section of the line filters, the high­
pass section of the directional filters, and then 
through an equaliser that corrects the slope 
introduced by the line. The signal is then ampli­
fied and demodulated as described previously. 

At Rpmp, the frequency-translation processes 
are similar to those described for Leeuwarden, 
but in this case the band is not broken down to 
the basic twelve channel groups but its position 

A suite of bays comprising the main frequency-transla­
tion equipment at Leeuwarden. Two of the bay sides are 
being installed : it only remains to slide the appropriate 
panels into their positions in the rack frameworks and to 
complete the circuit by means of plug-in connectors. 

in the frequency spectrum is changed to suit 
transmission as a 4-wire circuit over the coaxial 
land-cable system into Kolding and Copenhagen. 

3 .3 CABLE 1 (EAST) 

The incoming frequency band from the sub­
marine cable, 24-168 kilocycles, is modulated 
with a carrier of 5 76 kilocycles to produce a 
band, 408-552 kilocycles, which is then trans­
mitted over one of the coaxial tubes to Kolding. 

In the reverse direction, the band received 
from the other coaxial tube from Kolding, 
namely 408-552 kilocycles is modulated with a 
carrier of 760 kilocycles, thus producing the 
band of 208-352 kilocycles for transmission to 
the Netherlands. 
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3.4 CABLE 2 (WEST) 

Jn this case, the hand , 24-168 kilocycles in­
coming from the submarine cable is modulated 
with a carrier of 1076 kilocycles, producing a 
band, 908-1052 kilocycles, which is then trans­
mitted to Kolding together with the 408-552-
kilocycle band derived from cahle 1. 

In the reverse direction, the band received 
from Kolding, namely 908-1052 kilocycles, is 
modulated with 1260 kilocycles to produce the 
required hand, 208-352 kilocycles, for transmis­
sion to the Netherlands. The frequency transla­
tions at Ry)my) are shown in Figure 8. 
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The amplification, filtering, and equalisation 
is similar to that described for Leeuwarden with 
two major differences. One is that as the trans­
mission from Ry)my) to Kolding and Copenhagen 
is by means of a 2-tube coaxial system, special 
filters have heen provided to separate the two 
bands, 408-552 kilocycles and 908-1052 kilo­
cycles, which are transmitted together over each 
of the two coaxial tubes and to route these bands 
to the equipment associated with cables 1 and 2 
respectively. Secondly, as the attenuation of the 
submarine cables is very much higher at the fre­
quencies transmitted from Denmark to the 
Netherlands (208-352 kilocycles) , the signals are 

Figure 7-Block diagram of frequency allocation at 
Leeuwarden repeater station. 
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transmitted at a much higher level (at + 30 
decibels referred to 1 milliwatt at 352 kilocycles) . 
This means that a special amplifier is necessary 
to handle these high powers. The amplifiers pro­
vided have a power-handling capacity of 100 
watts. 

5 7 6  
2 4 - 1 68 

7 6 0  

S P E A K E R  C I RCUIT 

1 076 
24 - 1 68 

1 2 60 

S PEAKER C I RCU IT  

has a frequency of 124 kilocycles and which feeds 

the harmonic generators. 
The master oscillator, frequency dividers, and 

harmonic generators are duplicated, and pro­
vision is made for automatic change-over within 
a time of 4 milliseconds from one set to the other 

408- 552  

408- 552 

908 - 1 0 5 2  

908 - 1 0 5 2  

2 - T U B E  
COAX IAL CABLE 

Figure 8-Frequency translations at RpmyJ repeater station. 

The level diagrams for the limit frequencies of 
each direction of transmission are shown in 
Figure 9. 

All the carrier modulating frequencies used 
both at Leeuwarden and Rj6mj6 are multiples of 
4 kilocycles and are derived from a number of 
harmonic generators, the fundamental fre­
quencies of which are 4 kilocycles or multiples 
thereof. Certain of the frequencies derived from 
these harmonic generators are modulated to­
gether to produce the wanted modulating fre­
quencies. 

A high degree of carrier-frequency accuracy 
and stability is achieved by the provision of an 
oven-controlled master crystal oscillator, which 

in the event of failure of the working set. The 
frequency-generating equipment is similar in 
general principle to that used in Kolding and 
Copenhagen on the normal coaxial system. 

At Kolding, the frequency bands, 408-552 
and 908-1052 kilocycles (parts of supergroups 
2 and 4) , are translated by the normal coaxial 
terminal equipment (partially equipped) to the 
basic supergroup range of 312-552 kilocycles. 
The 36 circuits of supergroup 2 are connected by 
through-supergroup filters at the basic super­
group frequency range to the normal coaxial 
system between Kolding and Copenhagen. Of the 
remaining 36 circuits of supergroup 4, these are 
first frequency-translated to the range 60-108 
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kilocycles and 12  (alternatively, 9 and 1 pro­
gramme channel) are translated to audio fre­
quencies and terminated at Kolding. The 
remaining 24 circuits arc connected by through­
group filters to the coaxial system to Copen­
hagen. The same frequency translations are used 
in the reverse direction for transmission between 
Kolding and Rpm¢. 

Between Kolding and Copenhagen, in addition 
to the through international circuits described 
above, 96 inland circuits together with one 2-way 
music channel are carried over one pair of tubes. 
Each pair of tubes between Copenhagen and 
Kolding is at present equipped with repeaters to 
take 600 circuits and may ultimately be equipped 

Figure 9-Level diagrams between Leeuwarden and Rpm0. 
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to take 960 circuits. The Kolding-Rpm¢ section 
is similarly equipped, and the R¢m¢-Leeuwarden 
submarine system is planned to take up to 120 
circuits on each submarine cable by changing the 
submerged repeaters and increasing their num­
ber. Kolding is arranged to provide full flexibility 
of growth between the following networks :� 
A) the Danish cable network, with extension to 
Norway radiating from Kolding, B) circuits to 
Copenhagen, with extension to Sweden ,  C) 
circuits to Esbjerg over the coaxial cable via 
Kalvslund, and D) the international circuits to 
the Netherlands. By equipping through-super­
group filters, through-group filters, or channel 
equipment as necessary in Kolding, any section 
can be connected to any other section at will as 
growth proceeds. 
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A suite of bays in the Copenhagen carrier repeater station. From left to right are the following bays :-power supply 
supergroup carrier generator, group carrier generator, two channel carrier generators, and four channel bays. 

4. Repeater Equipment 

4. SUBMERGED REPEATERS 

Each submarine cable is equipped with two 
submerged repeaters. 

Many factors must obviously influence the 
design of repeaters, their size being chiefly deter­
mined by whether they are required to operate 
on a 2-wire or 4-wire basis. In  this instance, 2-wire 
repeaters are necessitated by the fact that it is 
desired to use the same coaxial tube for both di­
rections of transmission. In turn, the size of the 
repeater and the depth of water in which it is 
required to be laid dictate to a large extent 
whether it is mounted in a flexible housing con­
structed as an integral part of the cable or as a 
separate entity to which the cable is connected. 
In the case of the submarine cables between 

R¢m¢ and Oostmahorn, 2-wire operation neces­
sitated the use of a repeater that, because of its 
size , could not be designed as an integral part of 
the cable, while the relatively shallow depth of 
water (40 metres (131 feet) at its deepest point) 
did not unduly complicate the process of laying 
the cable to which it is connected. The type of 
repeater employed is mounted in a cylindrically 
shaped steel casing. The weight of the complete 
repeater is 919 kilograms (2026 pounds) and the 
outer casing is designed to withstand a pressure 
of about 70 atmospheres (72·3 kilograms per 
square centimetre or 1029 pounds per square 
inch) . I t  is considered suitable for sea depths up 
to 400 metres (1312 feet) . 

The components of the repeater are mounted 
on a framework that is secured to the sealing 
plate of the repeater housing, and this framework 
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is then enclosed in a hermetically sealed brass 
case, the case being filled with nitrogen to exclude 
the effects of oxidation on the components. The 
assemhlv thus secured to the sealing plate is then 
enclosed in a heavy steel case , the sealing plate 
heing secured to this housing hy a number of 
heavy steel bolts, a gutta percha sealing gasket 
heing clamped hetween the sealing plate and the 
lip on the housing, to exclude the sea water. The 
cahles enter the repeater through special glands 
in the sealing plate and the joints between these 
cahles and the main sea cables are made within 
a chamber that gives mechanical protection but 
does not exclude the sea water, this of course being 
unnecessary. 

The power supply to the repeaters is hy con­
stant direct current of 0·445 ampere. At the' 
Oostmahom end, one 224-volt battery for hoth 
cahles is provided with its positive pole connected 
to the centre conductor of the cahles and its 
negative pole connected via the insulated copper 
conductor of a cahle to a large steel plate lying 
on the sea bed some distance off shore. The volt -
age drop on this conductor is continuously 
monitored. At the Rom¢ end , a metal rectifier 
cubicle for each cable, operating from the station 
alternating-current supply and producing 278 
volts, is provided with its negative pole connected 
to the centre conductor of the cable and its posi­
tive pole connected to a similar earth plate to 
that at Oostmahorn. Thus the two power sup­
plies at the ends of each of the cables are in 
series and produce a current along the centre 
conductor of the cable that returns through the 
sea. The valve heaters are connected in series 
with the centre conductor and the screen and 
anode voltages are produced by dropping the 
appropriate number of volts in the heaters and 
in a series resistance. The total voltage drop 
through the repeater is 220 volts. The rectifier 
set at R0m0 is automatically regulated so that 
the current is maintained to ± 1 percent of its 
nominal value, this degree of control being 
desirable to get the maximum life out of the 
repeater valves. Provision is also made for 
automatic shut down if the current varies sud­
denly by more than ± 7 per cent, thus preventing 
surges in the primary supply or breaks in the 
cable from damaging the repeaters. 

A block schematic of the repeater is shown in 
Figure 10. In principle, the repeater is essentially 

I I 

Submerged amplifier showing assembly and wiring. The 
amplifier unit is mounted on the heavy sea plate forming, 
as it were, the bulkhead between the amplifier section and 
the 'jointing chamber.' 

198 ELECTRICAL COMMUNICATION • September 1952 

www.americanradiohistory.com

www.americanradiohistory.com


the same as that used with land coaxial cables, 
being a 3-stage amplifier with negative feedback, 
except that only one amplifier is used for both 
directions of transmission. 

A by-pass low-pass filter across the repeater 
circuit is arranged to give a low-frequency speaker 
circuit between the terminals that is independent 
of the repeater. 

An important aspect in the construction of any 
submerged repeater is that all components shall 
be capable of continuous service without mainte­
nance. This means that not only must all compo­
nents be manufactured with the greatest precision 
but that, as far as possible, they must be tested 
to see if they are likely to make good their pre­
dictable life. 

This is particularly the case with valves, all of 
which are specially designed for long life and sub­
jected to an endurance test over a period of 500 
hours during which a very careful observation is 

4.2 LAND REPEATER AT 00STMAHORN 

The repeater in each cable transmits the same 
frequency bands as the submerged repeaters and 
operates in a similar way on a 2-wire basis, but 
is provided with separate amplifiers for each 
direction of transmission and does not receive 
its power supply over the cables. Access is pro­
vided to the speaker circuit at this station, which 
although normally unattended can be visited for 
maintenance purposes. A block diagram of the 
repeater is shown in Figure 1 1 .  

4.3 COAXIAL-LINE REPEATERS IN DENMARK 

The land repeaters in Denmark are located at 
distances of up to 10 kilometres (5 ·4 nautical 
miles) apart, and between Copenhagen and 
RjZlmjZI there are 34 repeater sections. Figure 12 
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Figure 10-Simplified block diagram of the submerged repeaters. 
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made of heater, anode, and grid currents. If 
there are no signs of deterioration during this 
time, past experience suggests that it is reason­
able to assume that they will continue to give 
the same standard of performance for several 
years. Similar tests are applied to other vulner­
able components such as coils and capacitors. 

shows the general layout of these repeaters and 
the power supply arrangements. The only sta­
tions normally attended are Copenhagen, Kold­
ing, and Ry)my). The interstice wires of the 
coaxial cables are arranged to provide alarms 
from unattended to attended stations and also 
service speaker circuits. 
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l 

5. Pilot and Test Frequencies 

Between Leeuwarden and R¢m¢, the small 
temperature changes of the cable in the sea do 
not warrant automatic pilot regulation ; minor 
adjustments of equalisation on the terminal 
equipment ,  only required at long intervals , are 

0 AUXILIARY REPEATER STATION 
UNATTENDED 

- COAXIAL CABLE (4 TUBES) 

.... _.........._ _ ,  

'-- -... .-:' · \._./'" :.:· · �s:.;;,.-.;,,��·'"°'' 

for replacement before actual failure takes place. 
Two testing facilities are provided, one of which 
measures the loop gain and the other intermodula­
tion. 

To measure loop gain, a virtual carrier fre­
quency in the band , 24-168 kilocycles, is sent 

Figure 12-Coaxial cable and repeaters between Copenhagen and R¢m¢ via Kolding. 

facilitated by the transmission over the cable of 
test frequencies at each edge of the frequency 
bands. The frequencies transmitted from Leeu­
warden are 20 and 1 72 kilocycles and from R¢m¢, 
204 and 356 kilocycles. These test frequencies 
may be applied to either of the two cables and, 
by the use of selective measuring equipment 
routine checks may be made without interrup ­
tion of service. 

A test frequency of 60 kilocycles may also be 
transmitted from Leeuwarden over each cable, 
and at R¢m¢ may be connected to a frequency­
comparison panel where it is compared with a 
frequency of 120 kilocycles derived from the 
local carrier-generation equipment. In this way, 
the master oscillators in the Netherlands and in 
Denmark can readily be synchronised. 

It is important, of course, to be able to test 
the submerged repeaters while they are in service 
so that preparations can be made in good time 

from Leeuwarden and in the repeater this is 
picked off at the high-level output by a narrow­
band filter, passed to a frequency doubler, and 
then twice the frequency, which lies in the band, 
208-352 kilocycles, is put back into the repeater 
at the same point at a suitable level. This doubled 
frequency then passes through the repeater in 
the reverse direction and back to Leeuwarden, 
where its level can be measured by means of a 
selective measuring set. Thus a measure of the 
loop gain is obtained. Because Oostmahorn is an 
unattended station, a similar facility is provided. 
Thus by arranging that different frequencies are 
selected by each repeater, measurements of loop 
gain can be made from Leeuwarden to Oostma­
horn, to the first submarine repeater end, and to 
the second submarine repeater. The transmitted 
frequencies from Leeuwarden are 152 ,  160 ,  and 
168 kilocycles respectively. 

To measure intermodulation, which gives an 
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indication of how the valves are ageing, two high­
level test tones are sent simultaneously, one from 
Leeuwarden and one from R¢m¢. Again these 
test tones are virtual carrier frequencies so that 
measurements can be made while the system is 
in traffic. The frequencies are chosen so that the 
third-order intermodulation product is 312  kilo­
cycles, which then travels back to Leeuwarden 
where its level can be measured by means of the 

. selective-measuring set mentioned above. Certain 
band-elimination filters have been included in 
the repeaters to ensure that, for one particular 
pair of test tones, intermodulation is produced in 
only one repeater and the second repeater is 
checked by a different pair of tones. The fre­
quencies chosen are :-

A. 236 kilocycles from R¢m¢. 
1 60 kilocycles from Leeuwarden, as for the loop 

gain test. 
Product is (2 X 236) - 1 60 = 3 1 2  kilocycles. 

B. 240 kilocycles from R¢m¢. 
1 68 kilocycles from Leeuwarden, as for the loop 
gain test. 
Product is (2 X 240) - 168 = 3 1 2  kilocycles. 

It should be noted that 312  kilocycles is a 
virtual carrier frequency, and at R¢m¢ there will 
be carrier leak at this frequency starting back in 
Kolding or Copenhagen. A 312-kilocycle band­
elimination filter is therefore equipped at R¢m¢ 
so that the intermodulation measured at Leeu­
warden will not be obscured by carrier leak. 

Over the land coaxial system 

be checked by the transmission over the cable 
of a test frequency of 60 kilocycles, where it is 
compared on an oscilloscope with a correspond­
ing frequency at the receiving end. 

6. Cable Supervision 

The line filters of the speaker circuit in the 
submarine repeaters and at Oostmahorn, Leeu­
warden, and R¢m¢ effectively transmit a fre­
quency band 0·3 to 10 kilocycles with little dis­
tortion. This band may be used for detecting 
submarine-cable faults by means of impedance 
measurements or pulse test gear. 

The land cable in Denmark is kept under gas 
pressure using nitrogen at 0·5 atmosphere (0·5 
kilogram per square centimetre or 7 ·4 pounds per 
square inch) . To detect failure in the lead sheath 
of the cable, contact manometers, designed by 
the Royal Swedish Telegraph Administration, 
are inserted in the cables at each joint, about 300 
metres (984 feet) apart. The contact manometer 
is shown in Figure 13. It consists of a glass tube 
that is closed at one end and that is provided with 
a mercury column that under influence of the 
pressure moves as a piston in the glass tube. At a 
given pressure, a short-circuit will appear be­
tween the platinum electrodes. The manometers 
are adjusted to give this contact at 0·3 atmos­
phere (0·3 kilogram per square centimetre or 
4·4 pounds per square inch) and as the position 
of the mercury column is decided by the relative 
pressures in the closed air space in the manom-

R ¢ m ¢-Kolding-Copenhagen,  FILTE R 

pilots of 2604 kilocycles and 60 
kilocycles in each direction are 
used to control automatically 

R U B B E R  
T U B E  

E X T ER N A L  { 
CON N ECTI O N S  

P L AT I N U M  
CONTACTS 

C O LU M N  2 C LO S E D  the gain of the repeaters to A I R  SPACE 

compensate for temperatu re � .., _______ ::::::: 2 5 0  M I L L I M ET R E S  ( I O  I N C H ES l ------J changes on the system. 
Intersupergroup test frequen­

cies of 308, 808,  1056, 1304, 
1552 , 1800, 2048, and 2296 kilocycles in each 
direction may be applied when required at 
Copenhagen and Kolding and by the use of 
selective-measuring equipment allow routine 
measurements of the line frequency characteristic 
to be checked. Between Kolding and R¢m¢, inter­
supergroup frequencies of 308, 808,  and 1056 
kilocycles may be used for the same purpose. 
Frequencies of the master oscillators may also 

Figure 13-Contact manometer. 

eter and in the cable, the adjustment is inde­
pendent of the temperature. The extra mercury 
column in the manometer serves as protection 
against contamination of the actual contact 
column. If the pressure falls in the cable due to a 
leakage in the lead sheath, the contact manom­
eter nearest the leak will close first and give an 
alarm over the service pair in the cable to the 
adjacent repeater station, from which, by a 
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Suite of bays at Oostmahorn. Covers have been removed to show one of the submarine coaxial-cable terminations, the 
amplifier, and on the left the termination of one of the two-band coaxial cables to Leeuwarden. 
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resistance measurement, it can he determined 
which manometer has operated. In this way the 
first rough determination of the position of the 
fault is given. The exact position is then found 
by putting into the cable a small amount of 
radium emanation (10 millicuries corresponding 
to under 0·01 millimetre (0·0004 inch) )  from one 
terminal. By regulation of the pressure from the 
two ends of the cable, a constant flow of gas is 
maintained. The radio-active gas will now slowly 
flmv to the faulty place and from here out into 
the surrounding earth , where it can be easily de­
tected by means of a geiger counter. The radio 
activity cannot he detected through both cable 
and surrounding earth hut only where the gas 
has escaped into the earth . This method was, as 
far as is known, first developed by the Danish 
Post and Telegraph Administration's laboratory, 

and it has been shown to give excellent determina­
tions of faults within 1 metre (3·28 feet) . 

7. Equipment Features 

With the exception of the submerged and co­
axial-line repeaters, where special arrangements 
have been used , all the equipment is arranged in 
Standard Telephones and Cables ' New Equip­
ment Practice , '  described earlier in this journal.2 

Connection of the panels with the bay wiring 
is made by means of plug-in-type connectors, 
which serve the dual purpose of completing the 
circuit and providing jack-in points for test leads. 
All components likely to be affected by climatic 
conditions are housed in hermetically sealed cans. 

2 F. Fairley, R. ]. M. Andrews, and A. C. Delamare, 
"Improved Equipment Practice Reduces Size of Telephone 
Transmission Systems,"  Electrical Communication, v. 27, 
pp. 2 1 -38 ;  March, 1950. 

C'..eneral view of the submarine cable terminating station at R¢mj2). The equipment serves the essential functions of 
translating the two groups of 2-wire circuits over the submarine cable to normal 4-wire operation over the inland Danish 
network. Associate functions such as testing and providing power to the submarine repeaters and to the auxiliary l�nd 
repeaters along the route to Kolding are also catered for at R¢m¢. 
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Rack frameworks and panels are specially de­
signed to afford easy access to all components ; 
panels calling for detailed examination may be 
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Figure 14-Attenuation versus frequency for the 
Netherlands-Denmark submarine cable. 
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removed from the bay and replaced by service­
able panels with a minimum loss in operating 
time. 

Power supplies are arranged on each bay side 
with appropriate power-unit panels mounted at 
the bottom. These bay-side power units, of which 
there are a number of standardised types, are 
designed for connection directly to the alter­
nating-current mains supply. 

Photographs show the equipment installed at 
various stations. 

Standby power supplies are provided at all 
stations. At Oostmahorn, the floated battery with 
reserve of 80 hours that supplies the submerged 
repeaters also supplies the anode voltage of the 
repeater at that station and the heaters are 
normally supplied directly from the mains by a 
transformer. In the case of mains failure, an 
automatic-starting motor-alternator operated 
from the same battery supplies the heaters with 
a break of two seconds, which is insufficient to 
allow them to cool appreciably. This arrange­
ment ensures that no traffic break occurs on 
failure of the mains supply. At R¢m¢, where no 
mains supply exists, continuously running diesel 
alternators, with standby, allow the equipment to 
operate without break in the event of failure of 
the normal arrangement. In other terminal and 
power supply stations, standby alternators auto­
matically switched into service in the event of 
failure of the mains supply are used. The power 
supplied to the equipment bays is automatically 

K O L D I  N G - L E EUWA R D E N  

(/) -�rtf 1 1 1  U.U 1 1 1 3 � 
_J 
ILi 

� :� r-r-f I T-tl 1--t-!I lr::i-:-:cLx�! AL I L�1 l E 1=:1=! I :t::::=FI I -+-11 I 
0 

� 
�h

-+
l
-+

1
--+

1
-s-+Y-

M
-+i-

R
-+t-

E
-+!-s�lr--s

tf HJ;] 
208 

1 0 52 

---SUBMAR I N E CABLE ---
----COAX I A L  L I N E-----

FREQUENCY IN K I LOCYCLES 

354 

906 

2 4  

1 052 

.---SUBMAR INE CABLE--­
---- COAXIAL L I N E ---­

FREQUENCY I N  K I LOCYCLES 
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speech circuit between Copenhagen and Rotterdam. 

regulated to ± 1 per cent by station regulators 
that operate on both normal and standby sup­
plies. 

8. Performan ce Data 

Figure 14 shows the attenuation-frequency 

+2 

characteristic of the submarine 
cable and Figure 1 5  shows the 
corresponding overall frequency 
characteristics including ter-

� + I 
IJJ 
� 0 
o 

minal and repeater equipments � 
of the whole section from Leeu­
warden to Kolding. 

I 
- 2  
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/ 

Copenhagen and Rotterdam and of the broadcast 
programme channel. 

9. Conclusion 

The Netherlands-Denmark link, providing 
long-distance circuits of the highest quality and 
planned for extension as traffic develops, will 
play a major part in the improvement of com­
munications over the whole of the western part 
of Europe. As an example of this, it may be men­
tioned that direct groups of 12 channels are 
operating between London and Copenhagen over 
this link without demodulation to audio fre­
quency at any intermediate point, and that such 
groups are amplified together en route about 
60 times with a total amplification of about 3300 
decibels or 10330• 

� i-... , 

4 6 8 2 4 6 8 
10 2 1 03 

2 4 6 8 

F R EQ U E N CY I N  CYC L E S  Figures 16 and 1 7  show overall 
frequency characteristics typical 
of the speech circuits between 

Figure 1 7-0verall frequency characteristic of the broadcast programme 
circuit between Copenhagen and Rotterdam. 
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Some Applications of Cold-Cathode Tubes to 
Switching Systems 

By S. SIMON 

Bell Telephone Manufacturing Company; A ntwerp, Belgium 

MONG the wide diversity of problems 
with which the telephone switching 
engineer is daily faced are some that 

can be solved most readily by resorting to elec­
tronic devices. This will be the case, for instance, 
when the energy available is too 
small to operate directly an ordinary 
relay or when signals of very short 
duration have to be detected. 

Figure 1 ,  it consists of three elements, a cathode, 
anode, and control anode , enclosed in a glass 
envelope_ filled at low pressure with a monatomic­
gas mixture consisting of 99 percent of neon and 
1 percent of argon. 

The cathode is a semicircular 
nickel electrode having a relatively 
large surface that is coated with a 
thin layer of a mixture of barium 
and strontium oxides. 

The anode proper is just the end 
of a bare nickel wire separated 
some 12  millimeters (0.46 inch) from 
the other electrodes. The control 
anode is placed very near the cath­
odes, has the same shape as the 
latter, and is similarly located with 
respect to the anode. In fact, the 
control anode in the 2313 tube is 
interchangeable with the cathode. 
Although this disposition is not es­
sential to cold-cathode tubes in 
general (the control anode might 
as well be reduced to a small sur­
face near the cathode) , it may prove 
useful in certain applications as will 
be seen later. 

Given the quality of perform­
ance expected from the device, it is 
left to the designer to solve the par­
ticular problem in the most econo­
mical way by a judicious choice 
among the available different types 
of electronic tubes, such as multi­

. electrode vacuum tubes, thyratrons, 
and gas-filled cold-cathode tubes. 
Although the performance of thyra­
trons is in many respects superior to 
that of cold-cathode tubes, there 
are many instances where the limi­
tations of the latter are more than 
outweighed by their unique advant­
ages ; they require no heating power, 
are subjected to no wear during idle 
periods, have a long service life, and 
need little or no maintenance. 

It is the purpose of this paper to 
give a short description of some of 

Figure 1-Cold-cathode 
relay tube. 

The space between anode and 
cathode will be referred to as the 
main gap. Similarly, the space be­

tween control anode and cathode will be de­
fined as the control gap. 

the most characteristic applications of cold­
cathode tubes to telephone switching and in 
particular to the rotary system. 

Before starting with this description, a brief 
account will be given of the structure and main 
characteristics of the 2313 type of cold-cathode 
tube, which is used throughout in the applica­
tions described later. 

I. Structure and Characteristics of the 
2313 Tube 

This tube is similar to the Western Electric 
type 313 tube, which was developed by Bell 
Telephone Laboratories. As may be seen in 

Assuming now that no current is flowing in 
the control gap, if a source of direct voltage is 
connected across the main gap with the positive 
side to the anode, it will be observed that the 
current flowing in the main gap remains negligi­
ble as long as the potential difference remains 
below a critical value called the main-gap break­
down voltage. 

When this voltage is reached, however, cumu­
lative ionization takes place in the gas and the 
current increases suddenly to a very high value 
that would lead to the instantaneous destruction 
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of the tube if no limiting resistance had been 
placed in series with the tube. At the same time, 
the potential difference between anode and 
cathode drops to a lower value, called the main­
gap sustaining voltage , which is practically con­
stant (at least within the current range for which 
the tube is rated) and independent of the cur­
rent, the magnitude of which is determined by 
the limiting resistance and the voltage of the 
direct-current source. The current can now be 
interrupted only by reducing the potential dif­
ference between anode and cathode below the 
sustaining voltage. 

Similar observations can be made if the direct­
current source is connected across the control 
gap, the anode being disconnected : the gas ionizes 
when the potential difference reaches the so

"
­

called control-gap breakdown voltage and de­
ionizes when it drops below the control-gap sus­
taining voltage. 

Assuming now that the control gap is brought 
into the conducting condition , it will be ob­
served that the potential difference between 
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Figure 2-Breakdown voltage plotted 
against transfer current. 

1 5 

cathode and anode required to initiate the break­
down between these two electrodes is smaller 
than without current in the control gap : the 
main-gap breakdown voltage is a function of the 
current flowing through the control gap. 

Given the cathode-anode voltage, the control-

gap current needed to initiate breakdown in the 
main gap is called the transfer current. 

The interesting fact is that only a very small 
transfer current is needed to initiate the main 
glow discharge. Once the latter has started , it 
becomes self-sustaining and is quite independent 
of the control anode. 

Figure 2 gives the relation between transfer 
current and main-gap breakdown voltage. It 
will be seen from this curve that no transfer 
current is required to initiate breakdown in the 
main gap when the anode-cathode voltage is 
higher than 200 volts, while about 1 microampere 
transfer current is sufficient with 130-150 volts 
between anode and cathode. 

The transfer process requires only a very short 
time, of the order of 100 microseconds, depend­
ing in some measure on the amplitude of the 
signal applied to the control anode and on the 
main-anode voltage. 

To restore the tube to its deionized condition , 
it is necessary to interrupt the main discharge, 
as already mentioned, either by opening the 
anode circuit or by causing the main-gap po­
tential to drop below the sustaining voltage. 

This interruption must be maintained for a 
time sufficient to allow for the deionization of 
the gas. The minimum deionization time varies 
with the nature and the pressure of the gas, with 
the intensity of the current in the main gap, with 
the nature of the anode load impedance, and 
with the relative potentials on the electrodes 
during the deionization process. For the 2313 
tube, this time does not exceed 10 milliseconds 
and by a suitable choice of the above-mentioned 
factors can be reduced considerably below this 
value. 

As already noted, the main-gap sustaining 
voltage is fairly constant and independent of the 
main-gap current. It is primarily dependent on 
the cathode fall of potential , which in turn is de­
pendent on the nature of the cathode material .  
The slope of  the current-voltage characteristic 
depends not only on the nature of the cathode 
surface but also on its area : a small cathode sur­
face would produce a steep characteristic. It can 
thus be readily understood that if the relative 
polarity between anode and cathode is reversed , 
i .e . ,  anode negative and cathod positive, a steep 
current-voltage characteristic will be obtained, 
owing to the fact that the anode with its small 
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noncoated area is now used as a cathode. Thanks 
to this asymmetrical current-voltage character­
istic, the cold-cathode tube can be used as a 
rectifier and as a polarity discriminator. This 
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Figure 3-Asymmetrical main-gap current-voltage 
characteristic. The sustaining voltage is maintained con­
stant across the main gap over a wide range of current. 

characteristic is shown in Vigure 3 for the 2313 
tube. Table 1 gives the electrical characteristics 
of the tube. 

2. Life of Tube 

The useful life of such a cold-cathode tube is 
limited by the destruction of the cathode coating. 
The cathode is submitted to a positive ion bom­
bardment that causes sputtering of the coating. 
Life decreases rapidly with increasing current as 
will appear from Table 2. This table is based on 
previously published data.1 

1 G. H. Rockwood, "Current Rating and Life of Cold­
Cathode Tubes," Transactions of the A merican Institute of 
Electrical Engineers, v. 60, pp. 901-903 ; September, 1941 .  

It is important for the designer to keep well in 
mind this relationship between life and current 
drain. As there is no wear whatever when the tube 
is at rest, such tubes will be especially adapted 
to devices that are maintained for most of the 
time in the idle or waiting condition and have to 
work for only brief periods. Under such condi­
tions, and with a high working current corre­
sponding to a life of, say, a few tens of hours of 

TABLE 1 

ELECTRICAL CHARACTERISTICS OF THE 2313 TUBE 

Nominal Control-Gap Breakdown 70 Volts 
Voltage 

Nominal Control-Gap Sustaining 60 Volts 
Voltage 

Minimum Main-Gap Breakdown 200 Volts 
Voltage 

Nominal Main-Gap Sustaining Volt- 80 Volts 
age 

Maximum Transfer Current (130 5 Microamperes 
Volts on Anode) 

Rated Current for Expected Life of 10 Milliamperes 
20,000 Hours 

actual duty, the practical service life may amount 
to several years or tens of years. 

Let T be the life expressed in hours of opera­
tion at a given current i and let k be the duty 
factor that is obtained by dividing the time the 
current is effectively passing through the tube 
during a g·iven period (one day for instance) by 
the length of that period. Then the useful life 
would be T/k. In other words, it may be said 
that each hour a fraction k/T of the cathode 
coating would be sputtered away. If, during an 
operating cycle , the current assumes different 
values ii .  i2, · · · i,., with duty factors kr, k2, .  • • k,., 
respectively, let Tr, T2, ·  • · T,. be the correspond­
ing life times as given in the table above. 

Thus, each hour a fraction 

TABLE 2 

LIFE RELATED TO TUBE CURRENT 

Tube Current in Milliamperes 

10 
20 
30 
50 

100 
150 

Life in Hours 

20,000 
1,000 

150 
40 

9 
4 

September 1952 • ELECTRICAL COMMUNICATION 209 

www.americanradiohistory.com

www.americanradiohistory.com


of the cathode coating would be destroyed. The 
useful life is readily obtained by the expression 

1 
!!.+!0..+ . . . + kn ° 

Ti T2 Tn 
If for instance for each operating cycle , the 

tube has to pass 50 milliamperes ii during 0.01 

r T 

Figure 4-Delay device. The time interval between the 
operation of K and the energizing of relay A is controlled 
by the values of R and C. 

second and 15 milliamperes i2 during 0.2 second, 
and if as an average of 100 such operating cycles 
occur each hour, the duty factor corresponding 
to ii is 

1 0 0  VOLTS 
k1= (0.01 

x 100) /3600 = 1/3600 

would be to state the currents that will give a 
life of 100, 1000, and 10,000 hours. One can only 
regret that this method has not been adopted 
yet by cold-cathode-tube manufacturers. 

3. Applications to Rotary Switching 
Systems 

The particular properties exhibited by cold­
cathode tubes make them adaptable to various 
specific uses, such as ; highly sensitive relay, 
short-impulse-detecting device , self-locking re­
lay, snap-action relay, marginal relay, polarized 
relay, rectifier, stabilizer, and potential limiter. 
Several of these specific uses are combined in 
some of the applications to be described. 

Two delay devices are shown in Figures 4 and 
5. In Figure 4, when contact K is operated, 
Capacitor C charges via resistance R and eventu­
ally reaches the breakdown potential of tube T 
after a delay determined by the time constant of 
R and C. Delays from a few milliseconds to sev­
eral seconds or tens of seconds can be obtained 
using only small paper capacitors. The maximum 
delay attainable is set by the internal leakage 
resistance of the capacitors and the insulation 
resistance of the wiring. 

50 VOLTS C 
and that corresponding 
to i2 is 

k2 = (0.2 
x 100)/3600 = 1/180. 

+�, T 

The life T1 according to Figure S�Alternating-current-operated time-delay circuit. 

the table would be 40 
hours and T2 would be 2000 hours. The useful 
service is thus 

--
1

--1--
1
-- = 100,000 hours 

3600 X40 + 180 X 2000 

or 1 1 .5 years. 
This example has been given to illustrate the 

fact that for a given service life expected from 
the tube, the lighter the duty cycle , the higher 
the current that may be allowed to pass through 
the tube. 

As suggested in Rockwood's article,1 the most 
useful type of rating for cold-cathode tubes 

The delay device of Figure 5 can work with 
alternating currents exclusively as the 50 volts 
of direct current required in the control-anode 
circuit can be derived from the alternating-cur­
rent mains by means of a small rectifier. When 
contact K is operated, capacitor C charges 
through resistance R on the negative half cycles 
through a reverse breakdown in the control gap 
until the charge is sufficient to break down the 
control gap on the positive half cycles. The main 
gap thus ionizes on every positive half cycle and 
the relay operates. The relay has been placed in 
the cathode circuit to avoid capacitor C loosing 
an appreciable part of its charge through the 
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control gap on the positive half cycles. In fact, 

each time current flows in the main gap, the 
voltage drop through the relay coil is sufficient 
to interrupt the control-gap current. It will be 

Figure 7 shows a device that is used to totalize 

the number of calls in a group of circuits. Each 
circuit of the group is provided with a contact K 
and associated resistance R. All these resistances 

B 

I NTERRUPTED 
TONE 

A lr 
TONE 
SOURCE 

B 

Figure 6-Periodic interrupter consisting of two interconnected timing circuits. The contacts are associated 
with the similarly lettered relays. 

noted that in this scheme, the tube T acts 
simultaneously as a rectifier and as a sensitive 
relay. 

The periodic interrupter shown in Figure 6 
may be used, for instance, to interrupt periodi­
cally a tone (busy tone, dead-level tone, etc.) in 
any required cadence. It is composed of two de­
lay devices, such as the one described in Figure 
4, mutually controlling each other. The pulse 
speed and ratio can be easily adjusted to any 
required values by a suitable choice of Rl , Cl , 
R2, and C2. 

K R 

K R 
I 
I 
I 
I 

� -!- K R 

RECORDING 
AMMETER 

l 

are commoned to battery via the primary wind­
ing of transformer TR. Whenever a circuit is 
engaged, its contact K closes, causing an abrupt 
current increase in the primary winding of the 
transformer and a short impulse in the secondary 
winding. This impulse has a positive polarity 
and causes tube T to ionize. Relays A and B and 
the traffic meter operate. Relay B opens the 
anode circuit. Relays A and B and the traffic 
meter fall off and the device is ready for an 
eventual next impulse. Tube T does not respond 
to the negative impulses that are induced when-

+ 50 
VOLTS 

B 

J- TRAFFIC 
METER 

C2 
i- 1 30 l _J_ VOLTS 

-:-

Figure 7-Traffic totalizer. The closing of any contact K will advance the traffic meter total by one unit. The recording 
ammeter will permit average holding time to be computed. 
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ever one of the contacts K opens as rectifier S 
acts as a short circuit for such negative impulses. 

If used in conjunction with a recording am­
meter calibrated to indicate traffic expressed in 
call-minute units, the average holding time for 
each circuit of the group can be readily obtained 
by dividing the total holding time of all calls as 
indicated on the ammeter by the total number of 
calls registered by the traffic meter. 

The devices shown in Figures 8 to 12  were 
developed to convert low-energy alternating­
current signals into direct-current signals with­
out appreciable distortion. In Figure 8, the 
alternating-current impulses are rectified by the 
bridge rectifier S. The rectified signal added to 

ALTERNATING­
CURRENT 
IMPULSES 

B 

"--------o--� B 

the signal should be kept within reasonable limits 
by means of a signal limiter if necessary to avoid 
a reverse breakdown in the control gap on a 
signal of large amplitude. 

In the scheme of Figure 9, two tubes Tl and 
T2 have been provided, mutually controlling 
each other by means of relays A and B. Tube Tl 
ionizes and relay A operates at the beginning of 
each alternating-current signal. Relay A pre­
pares the circuit for relay B in series with tube 
T2 which, however, cannot ionize as long as the 
signal is present. In fact, T3, which acts both as 
a limiter and as a full-wave rectifier, keeps the 
potential on capacitor C sufficiently low to pre­
vent the control gap of T2 from ionizing. As 

A 

B 

c 

DIRECT­
CURRENT 
IMPULSES 

Figure 8-Method of converting alternating-current impulses into direct-current impulses without timing distortion. 

the 60-volt bias causes tube T to ionize so' that 
relays A and B operate and lock to ground 
through one contact of relay A .  Relay B now 
raises the control-anode biasing voltage to + 90 
volts and reverses the polarity of the rectifier 
bridge, so that the rectified voltage now prevents 
the ionization of the tube as long as the signal is 
present. When the signal is over, the tube ionizes 
again, relay C operates and opens the circuit of 
relays A and B, which fall off. The latter in turn 
opens the anode circuit of the tube, which de­
ionizes, while relay C releases. At the same time 
the control-anode biasing voltage is set again to 
+ 60 volts. 

The same cycle of operations takes place for 
each of the following alternating-current im­
pulses. For reliable operation, the amplitude of 

soon as the signal disappears, T3 deionizes, capa­
citor C charges to + 130 volts through resistance 
R, tube T2 ionizes, and relay B operates. Tube 
T 1 deionizes and relays A and B are de-energized. 

The same sequence of operations takes place 
for each of the following alternating-current im­
pulses. Relay A thus follows closely and repeats 
the incoming alternating-current signals. Owing 
to the limiting action of T3, the amplitude of the 
signals may vary within very wide limits. It 
will also be noted that advantage has been 
taken of the interchangeability of cathode and 
control anode, which characterizes the 2313 type 
of tube, to allow T3 at act simultaneously as a 
rectifier and as a limiter. 

In the device shown in Figure 10,  the sending 
relay SR sends alternating-current signals of 
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different frequencies Fl and F2 to the line. At 
the receiving part of the equipment, the filter 
directs frequency Fl to the tube Tl and the fre­
quency F2 to the tube T2. Both tubes mutually 
control each other by means of relays A and B. 

step-by-step switch S2. When the starting 
contact is closed, relay B operates on the first 
impulse and locks in series with relay C, which 
energizes in turn at the end of the first impulse. 
Relay C on the one hand places SJ under the 

T3 +50 VOLTS 
ALTERNATING ­
GURRENT 
IM PULSES ,, 

R B + 130 ---o VOLTS 

Figure 9-Another method of converting alternating-current impulses into direct-current impulses, 

It can easily be seen that relay A repeats exactly 
the impulses from the sending relay SR. 

When impulses have to be transmitted by 
means of alternating current from one circuit to 
another located in the same office, the simple 
scheme shown in Figure 1 1  may prove useful. 

Relay D, which is stepping continuously, is 
common to both sending and receiving parts of 
the circuit and controls simultaneously the cir­
cuits connected to the step-by-step switch SJ 
and the receiving relay E with its associated 

Figure 10-Scheme for converting two signal­
ing frequencies into direct-current impulses. 

F l 

F l LTER 

F 2  

control of relay D and, on the other hand, sends 
an alternating current to the receiving tube T 
that ionizes its control gap as long as relay C is 
operated. Relay E is now also under the control 
of the common relay D in series with the main 
gap of the tube. Transformer TR and its associ­
ated tube T thus act as a remotely controlled 
switch. Both switches SJ and S2 step in unison 
until SJ closes the "stop" contact. Relay A then 
energizes, causing relays B and C to release. 
The latter removes the alternating current so 

+50 
VOLTS 

B 14'---o+l30 
VOLTS 
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--!11 Figure 12-Control of step-by-step switches with revertive pulsing. 
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l 

that tube T stops conducting and opens the 
circuit of SJ. Both switches SJ and S2 come to 
rest in identical positions. 

In the impulse-transmission schemes shown in 
Figures 8 through 1 1 ,  if for any reason the re-� 
ceiving circuit fails to operate correctly, the send-

Figure 13-Arrangement equivalent to a 
highly sensitive polarized relay. 

+ 1 5 0  

VOLTS 

ing circuit goes on transmitting impulses, quite 
unaware of the trouble. In applications where 
this performance would be unacceptable , the 
arrangement shown in Figure 12  might be used. 
In this scheme, both sending and receiving cir­
cuits are under the permanent control of each 
other. 

When the start contact is closed, relay B 
operates and connects an alternating current of 
frequency Fl to the line. Tube T2 thereupon 
ionizes, relays E and D being energized. An 
alternating current of frequency F2 is now sent 
back over the line. Tube Tl ionizes and relay C 
operates, causing the release of relay B and of the 
step-by-step switch SJ , which makes one step. 
The alternating current Fl is removed from the 
line, tube T2 deionizes, relays D and E are de­
energized as well as switch S2, which in turn 
makes one step. The alternating current F2 is at 
the same time disconnected from the line, causing 
the deionization of tube Tl . Relay C releases, 
relay B and switch SJ are energized again, Fl is 
connected to the line, and the same sequence of 
operations is repeated. Both step-by-step switches 
advance alternately until switch SJ reaches the 
"stop" contact, whereupon relay A operates and 
opens the starting ground potential. 

The arrangement shown in Figure 13 may be 
�onsidered to be a substitute for a highly sensi­
tive quick-acting polarized relay. If the terminals 
E are left open, an alternating voltage (450 
cycles per second, for instance) applied to trans­
former TRl would be unable to produce a sig-

nificant current in the primary of TR2 because 
one or the other of the two rectifiers would offer 
a high reverse resistance to such a current. If a 
negative reference voltage were applied to the E 
terminal connected to TRl ,  the same condition 
would prevail. If, however, the polarity of this 
reference voltage were to be reversed,  the two 
rectifiers would be operated in their forward low­
resistance condition and would offer a low­
resistance path to the alternating current. The 
alternating voltage produced across the second­
ary of TR2 from TRl would ionize the gas tube 
T and operate the relay. In a practical setup, a 
reference current of only 100 microamperes is 
sufficient to insure the ionization of the tube. 

Figure 14 illustrates an application of this 
scheme to stop a hunting selector on a free outlet 
that is characterized by a ground potential via 
a resistance Rl and by applying a negative po­
tential to it make this outlet immediately inac­
cessible to other selectors hunting over the same 
bank of outlets. 

R 2 

-5 VOLTS 
Figure 14-Method of selecting an outlet and 

busying it to other selectors. 
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As soon as the selector reaches the free outlet, 
a direct current flows through the rectifiers from 
the - 5-volt lead to ground through resistances 
Rl and R2 in series. Tube T then ionizes, operat­
ing relay A and opening the circuit to the driving 
magnet D of the selector, which stops. The anode 
current flowing through resistances Rl and R2 
brings the potential at point X to some - 10 
volts effectively busying that outlet for any 
other hunting selector. This busy condition 
stems from the fact that the potential prevailing 
at the outlet is now more negative than the 
- S-volt point, thus preventing operation of the 
rectifiers associated with the other selectors that 
contact the outlet. 

Another application of this system is illus­
trated in Figure lS ,  which represents a relayless 
subscriber's line circuit combined with a static 
call-detector circuit common to a group of SO 

RI 

subscribers. So long as none of the lines is in the 
calling condition, the polarity of the potential 
difference prevailing between points X and Y is 
such that the rectifiers are blocked. When a sub­
scriber lifts his receiver, a current starts flowing 
in the voltage divider Rl, R2, R3 via the calling 
subscriber's loop. As a consequence, the potential 
of point Y is raised in the positive direction so 
that the polarity between X and Y is reversed 
and the rectifiers become conducting. Tube T 
ionizes, relay A operates, and the line finders 
start their hunt for the calling line. 

Relay A thus acts as a common line relay for 
SO subscribers. It will be noted that the anode of 
the tube is supplied with alternating current to 
allow the tube to deionize and release relay A as 
soon as the calling line has been found by the 
line finder. The application of -48 volts to the 
C wire from the cord circuit prevents the recti-
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Figure 1 5-Relayless subscriber's line with common call-detector circuit. 
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fiers from working and removes the ionizing 
potential from the gas tube. This is a typical 
case in which the use of a cold-cathode tube is 
advantageous, because the circuit should stand 
ready to operate on any call during 24 hours of 

R.2 

at the register to the· reference alternating volt­
age while the other end is connected to the test 
brush of the hunting selector. So long as the 
compared alternating voltages are not identical, 
the difference voltage that appears across trans-

MARKING 
VOLTAGES 

0 0 0 0 0 0 
0 

REFERENCE T o 
°Vv:OoLLTDA�GiEE�-�����rRil _____________________ _  - - � 

RI c -130 
VOLTS 

- - --cp 
I 

K 

Figure 16-Phase discriminator used in 7E rotary system. 

the day, whereas the total time during which it 
has to respond to calls is of the order of only a 
few minutes per day. 

The phase discriminator shown in Figure 16  
is used in  the 7E rotary system, which i s  based 
on the use of 100-point single-motion selectors 
with multiphase marking. Each outlet in the 
selector arc is characterized by 1 of 12 alternat­
ing voltages, identical in frequency (450 cycles) 
and amplitude, but differing in phase angle by 
units of 30 degrees. The marking alternating 
voltages encountered by the test brush T of a 
hunting selector are compared in the register 
circuit with a reference alternating voltage 
characterizing the wanted group of outlets. 
This comparison is performed by a "phase dis­
criminator,"  which will stop the hunting selector 
as soon as the· test brush reaches a terminal 
marked with an alternating voltage in every 
respect identical (voltage, phase-angle, and fre­
quency) to the reference voltage. 

The operation is as follows. One end of the 
primary winding of transformer TRl is connected 

former TRl keeps the control gap of tube Tl 
ionized. The tube acts simultaneously as a po­
tential limiter and as a 2-phase rectifier, the 
limiting action taking place in the control gap 
and the rectifying action taking place in the 
main gap. The rectified voltage that appears on 
capacitor C is sufficient to keep the control anode 
of tube T2 below its breakdown voltage. As 
soon, however, as the selector reaches the 
wanted outlet, the compared alternating voltages 
become identical, the potential difference across 
transformer TRl drops to zero, tube Tl de­
ionizes ; capacitor C discharges to ground through 
resistance Rl, tube T2 ionizes, and relay A is 
energized and opens the circuit of the driving 
magnet D of the selector, which stops on the 
selected outlet. Autotransformer TR2 and resist­
ance R2 are provided to maintain a voltage 
across transformer TRl during the time the cir­
cuit via the test brush T is open while it passes 
from one terminal to the next or passes a terminal 
on which no potential is present. During this 
time, the test brush is at ground potential, 
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thereby ensuring the continuous existence of a 
potential between the brush and a terminal on 
which it arrives, so that the high-resistance film 
of the contact may be broken down. 

In the final selector, which must be able to 
select one particular outlet out of a hundred, the 
arc is divided in 10  groups of 10 terminals. The 
first terminal of each group is marked by 1 of 10  
alternating voltages with a potential of  10 volts, 
while the other terminals of each group of 10 are 
each marked by 1 of 9 alternating voltages with 
a potential of 6 volts. (Of the 12 voltages avail­
able in each group, 10 and 9 ,  respectively, are 
used only for the tens and units selections.) The 
wanted outlet is selected in two successive steps : 
first a 10-volt reference alternating voltage is 
connected to the comparator, according to the 
tens figure of the wanted subscriber. When the 
selector has been set on the first terminal of the 

group of 10 to which the wanted subscriber be­
longs, the discriminator is connected to a 6-volt 
reference alternating voltage corresponding to 
the units figure of the wanted number, contact K 
is momentarily opened to allow tube T2 to de­
ionize , after which the units selection takes place. 

By a suitable choice of the various components 
in the discriminator, the operating time, i.e. , 
the time from the moment the test brush con­
nects the wanted potential until the moment 
relay A opens its break contact, is approxi­
mately 3 milliseconds. 

The specific applications of gas tubes to tele­
phone switching outlined in this paper are based 
primarily on the performance of the tubes as 
high-speed sensitive relays. However, it must 
be noted that these are not the only properties 
possessed by the tubes that make them of great 
interest to the telephone engineer. 
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l 

Glide-Slope Receiver 
By R. C. DA VIS 

Federal Telephone and Radio Corporation; Clifton, New Jersey 

INSTRUMENT landing systems have been 
used for many years to guide aircraft to a 
position directly above the landing strip of 

an airport from which the pilot can make a safe 
landing despite limitations in visibility. The 
principles of operation require the setting up of 
radio-frequency radiated fields that at points of 

fundamentals so reference will be made here to 
only one1 published recently in this journal. 

1 .  Requirements for New Receiver 

The need for an improved glide-slope receiver 
to provide increased performance and for opera­
tion at several additional frequencies was widely 

recognized during the 
war. Consideration was 
given to the develop­
ment of such a receiver 
at that time and dur­
ing the immediate post­
war period. However, 
the problem was of 
such a nature and the 
number of interested 
parties was so great 
that sound progress 
could result only by 
pre pari n g  a target 
specification. This es­
sential step was initi­
ated by the air lines 
of the United States 
through their mutually 
owned Aeronautical 
Radio, Incorporated. 
Representatives of the 
individual air lines, the 
U n i ted States  A i r  
Force, Bureau of Aero­
nautics, Civil Aero-

Figure 1-154A glide-slope receiver. nautics  Administra-

equal intensity define surfaces above the ground. 
In the case of the localizer, the surface is a ver­
tical plane aligned directly along the center of the 
landing strip of the airport. For the glide slope, 
it is approximately horizontal but is tipped suffi­
ciently to touch the landing strip at a point allow­
ing adequate additional runway to bring the 
plane to a safe stop. The intersection of the two 
surfaces is the approach path the aircraft is to 
travel. Many papers have been written on these 

t i  on ,  and i nterested 
manufacturers were invited to prepare jointly a 
set of characteristics for a new receiver. The first 
draft was distributed in 1948 and a final version 
was issued in March of 1950. 

In the preparation of this report, much con­
sideration was given to systems for remotely 
controlling the receiver and to the relation 

1 R. A. Hampshire and B. V. Thompson, "ILS-2 Instru­
ment Landing Equipment," Electrical Communication, v. 
27 ,  pp. 1 12-122 ; June, 1950. 
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between the apparent width of a course and the 
intensity of the field producing it. 

It was finally agreed that the remote control 
of the receiver would be done through the ground­
ing of any one of 1 0  wires that would select a 
pair of frequency-determining crystals, the single 
desired crystal of that pair being chosen by the 
grounding of one of two additional wires. 

The course-width problem centered chiefly 
about the question of whether course softening 

Figure 2-Flight-deviation indicator with OFF flags 
visible to warn pilot that the system is not operating. 
The flags are automatically retracted from view when 
localizer and glide-slope signals are being received. 

should be employed. Course softening refers to 
a condition whereby the angular width of the 
course as indicated by the instrument on the 
aircraft becomes greater as the touchdown point 
is approached. Without softening, a constant 
angular deflection from a course provides the 
same indicator reading regardless of the distance 
from the touchdown point. It was agreed that 
the receiver should not be concerned with course 
softening but that this property should be con­
trolled by the transmitting equipment. Table 1 
indicates the difference in performance require­
ments as reflected in the characteristics of the 
currently used receivers, type R-89B/ARN-5, 

and a new receiver 154A described in this 
paper. 

A photograph of the J 54A receiver is shown 
in Figure l ,  and the flight-deviation indicator 
used with it may be seen in Figure 2. Right- and 
left-side views of the receiver with the side plates 
removed may be seen in Figures 3 and 4. 

2. Circuit Features 

Figure 5 is a block diagram of the--receiver. 
The selection of the operating channef being con­
trolled entirely by the choice of a crystal to 
produce the required heterodyne frequency, the 
remaining circuits are all of the fixed-tuned 
type. 

TABLE l 
PERFORMANCE REQUIREMENTS OF GLIDE-SLOPE RECEIVERS 

Characteristic 
Number of Channels 
Frequency Range in Megacycles 
Size* in Inches (Centimeters) 

Width 
Length 
Height 

Weight in Pounds (Kilograms) 
Plate Voltage in Volts 
Remote-Control Circuit in Number of Wires Plus Ground 
Sensitivity in Microvolts 
Selectivity. Over-all Attenuation at 300 Kilocycles 

Off Resonance in Decibels 
Harmonic Distortion in Percent for Inputs from 200 to 10,000 Microvolts 
Antenna Input 

Type 
Impedance in Ohms 

* Includes front and rear space for cables and plugs. 

R89B/ARN-5 
3 

332.6-335.0 

5 fs (13) 
15 (38) 
6! (17) 

12 .5 (5. 7)  
26.5 

3 
"" 100 
28 

High 

Balanced 
95 

154A 
20 

329.3-335.0 

4l (12) 
15! (39) 

7f (19) 
15 (6.8) 
> 150 

1 1  
20 
90 

� 5  

Coaxial 
52 
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l 

2 . 1  RADIO-FREQUENCY AMPLIFIER 

The radio-frequency amplifier was designed to 
cover the entire band over which the receiver 
must operate, from 329.3 to 335 megacycles per 

Figure 3-Right side of 154A receiver. 

Figure 4-Left side of 154A receiver. 

Figure 5-Block diagram of receiver. 

4 - STA G E  

second. The attenuation outside this pass band 
was made as great as possible by suitable com­
promises between sensitivity and tube loading 
for the four radio-frequency stages. Figure 6 
shows the selectivity of this amplifier and the 
ranges over which spurious responses may occur 
as a result of undesired outputs from the oscil­
lator and frequency-multiplier stages. 

The 6th harmonic of a crystal oscillator oper­
ating near 50 megacycles is used to produce the 
intermediate-frequency signal. It falls below the 
frequency of the received channel as is indicated 
in Figure 6. No trouble from spurious responses 
will result from the 5th harmonic as it will be 
near 253 megacycles and so far removed from 
the pass band of the amplifier as to produce no 
evident effect. 

The 7th harmonic falls above the channel fre­
quency and for operation at 329.3 megacycles 
would produce a spurious response that would 
be only 45 decibels below full output based on 
the selectivity of the radio-frequency amplifier. 
This is indicated by point A in Figure 6. As a 
protection against spurious responses of at least 
75 decibels was considered necessary, the fre­
quency multipliers producing the heterodyning 
wave were designed to attenuate the 7th har­
monic by at least 40 decibels with respect to the 
6th harmonic. 

DET ECTOR 2-STA G E  R A D I O -� F R E Q U E NCY M I X E R  I NTE R M E D I AT E - AUTOMAT I C  A U D I O - F I LT E R S 

A M P L I F I E R  -Iii' 5654 -Iii' F R E Q U E NCY -Iii' G A I N  f--+ FREQ U E NCY -Iii' AND 
A M P L I F I E R  CONTROL A M P L I F I E R  R EC T I F I E RS 5654 5 6 5 4  5726 5670 

� .. l 
I N DICATORS 

'w 

AUTO M AT I C-
C R YSTAL G A I N -

OSCIL LATOR CO NTROL 
Y25670 A M P L I F I E R  

!'2575 1 

1r ' 
AUTO M AT I C -

FREQUE NCY FREQU E N CY G A I N - F E E D B AC K  
DOUB L E R  _,. T R I P L E R  - CONTROL _,. CONTROL -

Yz5670 5654 D I O D E  5654 
1/25 7 5 1  
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Coaxial transmission-line sections are employed 
for tuning the radio-frequency amplifier stages. 
The central conductor of each line is provided 
with an end capacitance adjustment for tuning. 
By using invar for the central conductor and 
brass for the outer tube, the end capacitance 
changes as a function of temperature and, when 
adjusted to have the proper negative coefficient, 
will compensate for the effects of temperature 
on the tuning of the circuits. This arrangement 
is shbwn in Figure 7.  

CJ represents the input capacitance of the 
vacuum tube in series with a coupling capaci­
tance. C2 is a line-shortening capacitance that 
is not particularly affected by changes in tem­
perature. CJ provides the temperature-sensitive 
variation in capacitance, having a negative tem­
perature coefficient because the distance from the 
end cap to the central conductor will increase 
with temperature as the brass shield expands 
more rapidly with temperature than the invar 
rod. The proper division of capacitance between 
C2 and CJ is made by adjusting the position of 
the cap along the threaded end of the brass 
tubing. The position is determined experimen­
tally by measuring the shift in the radio-frequency 
selectivity of the amplifier for a known change 
in temperature and then calculating the dimen­
sional changes required to correct for the 
shift. 

2 .2  OSCILLATOR 

In general, the higher the frequency of an 
oscillator that must be multiplied to a particular 
injection frequency, the less trouble will result 
from spurious responses. As the oscillator fre-

quency is made higher, the unwanted harmonics 
of the mixer will be separated from the desired 
harmonic by a larger percentage of frequency, 
and fewer multiplications of frequency will be 
required. These factors reduce the requirements 
on selectivity of the radio-frequency amplifier, 

C 2  C 3  
T H R E A D E D  

F O R  

T U N I N G 

111..----1'-'1'"""-......., {­
C I  

Figure 7-Coaxial-line tuning elements used i n  the radio­
frequency amplifier. The end cap is threaded to permit 
adjustment. By using an invar rod for the central con­
ductor and brass for the outer tube, a negative coefficient 
of capacitance to temperature is obtained to stabilize 
operation over a wide temperature range. 

Figure 6-Selectivity 
characteristic of the fixed­
tuned radio-frequency am­
plifier. The 6th harmonic 
of the local crystal oscilla­
tor produces the 18.6-
megacycle intermediate 
frequency. The 7th har­
monic range is shown and 
would produce spurious 
responses if it were not 
suitably attenuated. 
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T U N E D  TO TUNED TO 
5 2 . 733 
MEGACYCLES 

1 0 3 . 567 
M EGACYC LES ---

in such an amplifier, the place­
ment of components and the 
filteringj of leads was given 
careful attention. The trans­
formers employed ceramic in­
sulation throughout to obtain 
a high degree of stability with 
variation in temperature. The 
center frequency of 18 .6 mega­
cycles holds to within ± 9 
kilocycles over the full range 
of ambient conditions pre­
scribed in the specification. 

!--o 
•I 

C l  C2 

Figure 8-Crystal oscillator circuit. Ll, Cl, and CZ reduce the effects of the 
inductance and capacitance of the leads through series tuning. 

2 .4 AUDIO-FREQUENCY AMPLI� 
FIER 
The audio-frequency ampli-

oscillator-frequency-multiplier selectivity, and 
shielding. 

As the oscillator frequency is increased, how­
ever, less power is available for driving the mul­
tiplier stages and the problem of avoiding "free 
running," when the crystal is not in control, 
increases. As a compromise, it was decided to 
use an oscillator frequency in the vicinity of 50 
megacycles. In the required range from 51 . 833 to 
52 .  733 megacycles, reliable fifth-harmonic-mode 
crystals may be obtained. 

Twenty crystals are provided and may be 
selected individually through the operation of a 
bank of 1 1  relays. The selected crystal is con­
nected between the cathodes of a pair of triodes 
in a cathode-coupled-oscillator circuit as may be 
seen in Figure 8. The crystal operates at or near 
its series-resonant mode. It was found necessary 
to tune out approximately the series lead induc­
tance of the wiring and to neutralize stray ca­
pacitance. The components required for this are 
Cl, C2, and Ll in Figure 8. The channel-switch­
ing operation does not require adjustment of 
these elements or of the oscillator-multiplier 
tuned circuits as the band over which the fre­
quency may be varied is less than 2 percent of 
the frequency. 

2 .3  INTERMEDIATE-FREQUENCY AMPLIFIER 

The 4-stage intermediate-frequency amplifier 
provides most of the gain before detection. I ts 
selectivity characteristic is shown in Figure 9.  
As regeneration can be very damaging to stability 

fier required compensation to 
maintain the course width over the specified 
temperature range. The increasing attenuation 
in the bandpass filters and rectifiers supplying 
signals to the indicator as the temperature 
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Figure 9-Selectivity curve for the four-stage 
intermediate-frequency amplifier. 
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increased is compensated for by the use of 
negative-temperature-coefficient resistors. Disk­
type thermistors responsive to the variations in 
ambient temperature are used as shown m 

Figure 10 to accomplish this compensation. 

2 .5  AUTOMATIC GAIN CONTROL 

The receiver is provided with an automatic­
gain-controlled ampli-
fier such that it will 
provide " fa i l - safe " 
operation of the indi­
cator. Any tube failure 
in the automatic-gain­
control system will pro­
duce a flag-alarm cur­
rent of less than 125 
microamperes, which is 
insufficient to move the 
warning flag from its 
OFF position. This pro-

I N PUT 

9 0 - C Y C L E  
F I LT E R  

1 50 - C Y C LE· 
F I LT E R  

TABLE 2 

VACUUM TUBES USED IN 154A RECEIVER 

Aerinc Type 

5654 
56Z6 
5751 
5670 

Commercial Equivalent 

6AK5 
6AL5 

1ZAX7 (approximately) 
ZC51 

W I DTH 

TO 
HORIZONTAL 

POINTER 

TO FLAG 
A L A R M  

tection is provided over 
a signal input range 
from 200 to 100,000 
microvolts. The auto-

Figure 10-Indicator circuit. The negative-temperature-coefficient resistors compensate 
for increases in attenuation with temperature in the filters and rectifiers. 

matic-gain-control characteristics are shown in 
Figure 1 1 .  

The very wide range of input voltage over 
which the receiver must operate and maintain 
substantially constant output placed great em­
phasis on the design of the automatic-gain-control 

rfl 1 00 w 

system. The glide-slope pointer must not indicate 
any · increase in course sharpness as the touch­
down point and, consequently, transmitter are 
approached. The receiver output must be main­
tained within +o,  - 1  decibel from the time the 
signal would first be used to the touchdown point, 

which corresponds to a 

/ DEFLECTION C U R R E N T  � 9 0  
a. 

5 0 0 1:l 
4 5 0  � 

a. 

range of open-circuit 
voltage from 200 to 
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Figure 1 1-Automatic-gain-control characteristic. The pointer-deflecting current and 
flag-operating current are plotted against receiver input applied through a resistance of 
50 ohms and expressed in microvolts for a 2-decibel ratio of 90- and 150-cycle side 
frequencies at 90-percent modulation. 

In addition to the 
usual  action of the 
automatic gain control 
on the radio- and in­
termediate- frequency 
amplifiers, an inverse­
feedback circuit is used 
in the audio-frequency 
amplifier. As will be 
seen in Figure 12 ,  VJ 

is a resistance-coupled 
audio-frequency ampli­
fier supplying signals 
to a shunt-fed output 
stage V2. Between the 
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plate of V2 and the cathode of VJ, an in­
verse-feedback circuit is connected. This cir­
cuit forms an attenuator that transfers a portion 
of the output signal to the input. The series arms 
of the attenuator are Rl and R2. The plate 
resistance of VJ forms the shunt arm. Since the 
grid of VJ is connected to the automatic-gain­
control circuit, the shunt resistance will vary 
with the input signal level. The voltage on the 
grid of VJ becomes more negative as the input 
signal increases, thus increasing the shunt re-

A U D I O ­
FREQUENCY 
I N PUT 

+ 

sistance for higher signal levels. This increases 

the amount of inverse feedback and reduces the 
gain of the audio-frequency amplifier. The values 
chosen for this circuit are so related to the rest 
of the system as to provide a slight reduction of 
output as the input signal varies from 200 micro­
volts to the maximum value. 

2 .6 TUBES 

With the exception of the OA2 voltage-regu­
lator tube, the 12  tubes used in the receiver are 

90-CYCLE 
FILTER 

150-CYCLE 
F I LTER 

of the reliable types 
developed for air-line 
use under the auspices 
of Aeronautical Radio, 
Incorporated (Aerinc) . 
The types used and 
their commercial equi­
valents are shown in 
Table 2.  
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Dynamic Aspects of Errors in Radio Navigational Systems 

Particularly in Cases of Fast-Moving Receivers 

and Transmitters * 

By HENRI BUSIGNIES 

Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 

IN FREE SPACE, the relative movement of 
a radio transmitter and receiver makes the 
latter observe a different frequency from 

that transmitted. According to the simple law 
of the Doppler effect, 

Frec = Fo(1 + V/c) , 
where 

Free = received frequency 
F o = transmitted frequency 

c = speed of light 
V = relative speed of approach or recession. 

(1 )  

I f  transmission is  not in free space, reflections 
will occur at all boundaries. However, to make 
this paper of practical use, consideration will be 
given only to reflections from the surface of the 
actual earth. 

The spectrum of received frequencies resulting 
from the relative movement of the transmitter 
and receiver, complicated by reradiation from 
reflecting surfaces, can be calculated by using 
(1 ) .  If both the transmitter and receiver are 
moving, the relative speed of each reflector with 
respect to them must also be considered. As a 
function of time, the received frequency spec­
trum changes in accordance with the variation 
in the shape of the triangular path connecting the 
transmitter, receiver, and reflectors. 

1. Values of Doppler Frequencies 

The _ highest Doppler frequency will result 
from the greatest relative speed among the ele­
ments in the system : the transmitter, receiver, 
and reflector. The lowest frequency will approach 
direct current. 

* Reprinted from Navigation, v. 3, pp. 60-62 ; September­
December, 1951.  Summary of a paper presented at the 
national convention of the Institute of Radio Engineers 
in New York, New York, on March 9, 1950 ; and at the 
national convention of the Institute of Navigation in San 
Diego, California, on June 30, 1950. 

At a transmission frequency of 10 ,000 mega­
cycles per second, the Doppler frequency spec­
trum may extend from zero to ±6600 cycles 
from the frequency of the originally transmitted 
wave for speeds of 720 kilometers (447 miles) 
per hour, and at 100 megacycles this spectrum 
may extend from zero to ±66 cycles. 

The phase of each Doppler component de­
pends on the number of wavelengths in each 
path and its amplitude on the efficiency of the 
reflector. The reflections would normally be 
weak compared with the direct wave but shield­
ing of the direct wave or some equivalent di­
rectivity effect may result in the reflected wave 
being stronger than the direct wave. Reflections 
are, therefore, a major factor in the design of 
many radio systems, particularly those dealing 
with directive and timing features for naviga­
tional purposes. 

2. Integration 

In 1937 and 1938, a study was made of the 
dynamic aspect of errors due to mountains1 and 
the ionosphere2 introduced into a medium-fre­
quency radio compass carried by an airplane. It  
was shown that these errors could be reduced by 
integrating the variations and by wide-band 
transmissions. Reflection effects were studied 
soon after in direction finders and omnirange sys­
tems operating in the 100-to-150-megacycle 
region. 

In directive systems such as direction finders , 
instrument landing, and omnidirectional ranges , 
the Doppler frequencies caused the indicated 
bearing to oscillate around the true value. Where 

1 H. Busignies, "Mountain Effects and the Use of Radio 
Compasses and Radio Beacons for Piloting Aircraft," 
Electrical Communication, v. 19, n. 3, pp. 44-70; 1941.  2 H. Busignies, "Evaluation of Night Errors in Aircraft 
Direction Finding, 150-1500 Kilocycles,"  Electrical Com­
munication, v. 23, pp. 42-62 ; March, 1946. 
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there was but one main reflection, the variations 
were quite regular ; they may seem to be sinusoi­
dal but are generally not. The sinusoidal oscilla­
tion is a particular case. While averaging reduces 
the error by a substantial ratio, it will not elimi­
nate it except in special cases. 

As a function of the number of reflections, the 
received spectrum looks more and more like 
random noise. The lowest-frequency components 
often are most disturbing as they persist too long 
for satisfactory integration. Some beats can oc­
casionally equal the scanning rate of an auto­
matic direction finder or omnidirectional range 
(30 cycles) or the modulation characteristics (90 
and 150 cycles) of the instrument landing system 

resulting in large deviations for short periods of 
time. Variations of bearings up to 10 degrees 
have often been recorded, as have deviations of 
1 to 2 degrees in instrument landing courses. 
Increased accuracy through averaging carries 
the penalty of slower response. 

An illustration of trading speed for accuracy 
is the case of a continuous-wave split localizer in 
which ground reflections made accurate readings 
with portable ground equipment next to impos­
sible but with which a straight course could be 
flown over the same area when flying at a suit­
able integrating speed. 

These improvements are obvious but it must 
be remembered that a delay in receiving naviga­
tional data is a form of error that is directly 
proportional to speed. It cannot always be ac­
cepted but, fortunately, a delay of a few seconds 
provides a substantial amount of integration. 
Delay errors must be analyzed carefully, par­
ticularly in the case of automatic flying. 

For instrument landing, considerable integra­
tion may be used for during a proper approach, 
the speed of the aircraft across the course is 
quite small with respect to that along the course. 
In the case of distance measurement, a delay of 
a few seconds it not acceptable unless proper 
accounting is made for it. 

3. Polarization and Directivity 

In directive systems, both directivity and 
polarization affect the results strongly. Directiv­
ity is generally used at only one terminal of the 
link. The usual figure-of-eight or cardioid pat­
terns will restrict the energy to half the area of a 
circular pattern, whereas a sharply directive 

system may distribute it over, say, 10 degrees or 
3�th of a circular pattern. 

The figure-of-eight and cardioid patterns are 
practically the worst systems with regard to re­
flections but are widely used because of their 
convenience. With antennas giving sharp multi­
lobed patterns, the reflecting surfaces are still 
scanned or illuminated but at different times and 
in most cases this permits satisfactory discrimi­
nation against reflections. The Doppler frequencies 
resulting are low frequencies and will cause more 
modulation or fading of the received signal than 
directivity error. Improvement may be con­
sidered to be proportional to the increase in 
sharpness of pattern. 

If the transmitting and receiving antennas 
deal with pure polarized waves, directional errors 
will be diminished as changes in polarization oc­
curring at a reflecting surface will reduce the 
effect of the reflected wave on the receiving 
antenna. Thus, a lack of polarization purity ac­
centuates the effect of reflections and reduces 
directivity information. 

Many flight recordings have been made on 
instrument landing localizers at 1 10 ,  320, and 
1000 megacycles and around omnidirectional 
ranges at 1 1 7  megacycles. Very useful data can 
be derived from these recordings on the best 
design of radio nagivational aids of the directive 
type for use under dynamic conditions. 

4. Time-Based Systems 

Navigational systems such as loran, gee , 
shoran, and distance-measuring equipment de­
pend on timing for their performance and are 
independent of directivity factors. While all 
Doppler frequencies due to reflections are pres­
ent, they produce beats only when pulses due to 
echoes overlap. When they do not overlap, they 
can be observed separately and as the echoes 
trail behind the direct pulse, the leading edge of 
the direct pulse is free from these dynamic errors. 

5. Bandwidth Versus Integrating Time 

The above suggests that accuracy may be 
effectively improved by trading increased band­
width for a reduction in time. 

Errors due to reflections can be averaged out 
by radiating a frequency spectrum such that the 
phases of the various reflected components are 
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received at random. Integration can then be ap­
plied over the frequency spectrum and will not 
require motion to be effective. Andrew Alford 
proposed and Sidney Pickles developed a local­
izer in which the carrier consisted of a large num­
ber of frequencies generated by beats among 
quartz crystals. A sinusoidal distribution of fre­
quencies would be best but this condition was 
only approached in the equipment built; the 
spectrum was approximately 4 megacycles wide. 
Many flight recordings made at a poor site, 
which was deliberately chosen, showed course 
bends as large as 1 3  degrees with a standard 
instrument landing localizer and were reduced 
to 1 degree with the frequency-spectrum system. 

Spectrum radiation would be particularly ef­
fective in the medium-frequency band for marine 
beacons. Frequencies around 300 kilocycles are 
subject to the so-called night effect due to 
reflections from the E layer of the ionosphere, 
which limits the range of loop-type shipboard 
direction finders to about 50 miles (80 kilometers) 
at night. 

In the night effect, the error goes through a 
complete cycle of variation for a 360-degree 
phase shift of the reflected wave with respect to 

the direct wave. If a sufficient number of differ­
ent phases are present over a complete cycle 
of reflection errors, an integrating direction 
finder (automatic direction finder or equivalent) 
will show considerable improvement. An im­
provement in accuracy of 5 to 1 may be ex­
pected using a relatively narrow band of fre­
quencies. A loop direction finder of the null type 
will also demonstrate the same improvement but 
will lose sharpness of null. Such a system, how­
ever, would permit the continued use of the 
present marine direction finders and also en­
courage the procurement of better automatic 
direction finders, both of which could be used 
with the present beacons without modification. 

P. Aigrain has calculated that using a 3 .3-
kilocycle band in the medium-frequency spec­
trum should reduce the error by a factor of 5 and 
a 5.5-kilocycle band by 20 to 30. Experimenta­
tion has not yet been started. 
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Some Recent Developments in Traveling .. Wave Tubes 
for Communication Purposes* 

By J. H. BRYANT, T. J. MARCHESE, and H. W. COLE 

Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 

BASIC features of traveling-wave tubes 
are reviewed together with their typical 
performance characteristics and their 

applications. Specific data on a commercial type 
of glass-envelope tube is presented to illustrate 
some of the characteristics. Factors leading to a 
new mechanical design are outlined, and a tube is 
described that embodies features of ruggedness 
and ease of handling. One object of the develop­
ment was to use the lowest voltage consistent 
with obtaining the required output power. The 
low voltage leads to a structure that is physically 
short, resulting in minimum size and weight of 
magnet. 

It is the purpose of this paper to describe a 
traveling-wave tube of new mechanical design 
that is far more rugged than those previously 
developed. First, however, the basic features of 
traveling-wave tubes will be reviewed. Typical 
performance characteristics will be discussed and 
consideration will be given to applications for 
traveling-wave tubes. The characteristics of a 
glass-envelope tube of conventional design will 
then be reviewed, and finally some factors lead­
ing to a new mechanical design will be outlined. 

1. Important Characteristics of Traveling­
Wave Tubes 

Traveling-wave tubes are broadband amplifiers 
for microwave frequencies. These tubes have the 
unique characteristic that the gain is constant 
and independent of frequency over a very wide 
bandwidth. A sketch showing the principal parts 
of a traveling-wave tube is given in Figure 1 .  

Here, a helical radio-frequency transmission 
line serves to carry the radio-frequency wave to 
be amplified. The electromagnetic wave thus 
propagated travels along the wire at approxi-

* Presented at the National Electronics Conference in 
Chicago, Illinois on October 23, 1�51. Reprinted from 
Proceedings of the National Electronics Conference-1951, 
v. 7, pp. 299-303. 

mately the speed of light. This means that the 
wave front progresses down the axis of the tube 
at a rate that is approximately proportional to 
the ratio of pitch of the helix to the length of a 
single turn. For example, the velocity of 1200-
volt electrons corresponds to one-fourteenth of 
the velocity of light. As shown, an electron beam 

RADI O - F R EQUE NCY 
OUTPUT 

RAD� - FREQUENCY INPUT 

Figure 1-Elementary traveling-wave tube. 

is made to traverse the region inside the helix. 
The moving electron beam interacts with the 
axial component of the electromagnetic field in 
such a manner as to produce three forward waves. 
One of these waves, the one of interest, has a 
negative attenuation component, which is to say 
that it is a gaining wave. It extracts energy from 
the direct-current beam and grows in magnitude 
so that an amplified signal is obtained at the out­
put. One reason that such a tube has extremely 
large bandwidth is that the velocity of propaga­
tion of the electromagnetic wave is constant over 
a very large frequency range. Also, as the fre­
quency is changed, the degree of interaction be­
tween the beam and the wave is such as to make 
the total gain practically constant. That is, as 
frequency is decreased and therefore the number 
of total wavelengths on the helix is decreased, the 
coupling between the field and the beam in­
creases, giving a greater gain per wavelength in 
such a way as to make the gain tend to stay 
constant. 

A typical glass-envelope traveling-wave tube 
is illustrated in Figure 2. Typical characteristics 
of gain and output power as functions of input 
power are shown in Figure 3 .  As can be seen, the 
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output power is a fairly linear function of input 
power to well above the rated power of 10 watts. 
Note the break in the power output curve, which 
is referred to as the point of initial limiting, and 
then the subsequent leveling off, which is effec­
tively power limiting. This characteristic of 
power limiting can be used to obtain certain 
desired system characteristics. 

Also of interest, when the tubes are to be used 
in a communication system, is the signal-to­
noise performance. A typical plot of signal-to­
noise ratio as a function of driving power is given 
in Figure 4. As shown here, the signal-to-noise 
ratio is of the order of 60 decibels and is reason­
ably constant as drive power is varied. 

2. Applications of Traveling- Wave Tubes 

2 . 1  AMPLIFIER 

As previously stated, traveling-wave tubes 
are broadband amplifiers for microwave fre­
quencies and have the unique characteristic that 
gain is practically constant over · an extremely 
wide frequency band. This means that a tube 

Figure 2-Typi: 5929 traveling-wave tube. 

may be used to amplify several frequencies 
spaced hundreds of megacycles apart. Alterna­
tively, the tube may be used at any number of 
frequencies at will without the necessity of em-
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Figure 3-Gain and output power as functions 
of drive power. 

1.6 

ploying tuning controls. Another unique char­
acteristic of traveling-wave tubes is that they 
are insensitive to load, as contrasted with tubes 
requiring resonant circuits for their operation. 

Thus far only 10-watt, medium-power tubes 
have been considered. Traveling-wave tubes at 
other power levels in other frequency bands have 
also been developed. Their characteristics are 
similar to those presented previously. An im­
portant application of traveling-wave tubes is 
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that of low-noise signal am­
plification for the input stage 
of radio receiving equipment. 
The most important charac­
teristic of these tubes is that 
they present a low noise fig­
ure. Recent developments 
have led to reproducible noise­
figure values of 10 decibels or 
better. 1  

Figure 4-Signal-to-noise ratio as  a function of drive power. 

2.2 PHASE MODULATION OF TRAVELING-WAVE 
TUBES 

Although traveling-wave tubes are character­
istically amplifiers, they have other interesting 
applications, such as for high-level mixing. A 
typical tube contains about 40 electrical wave­
lengths in the wave-propagating structure at the 
midfrequency of the band. With this large num­
ber of electrical wavelengths, frequency modu­
lation is relatively easy to achieve, as illustrated 
in Figure 5 .  Although this tube was not designed 
for frequency modulation, by application of 
audio or video voltages through electrodes in the 
tube one may realize phase modulations that 
result in frequency modulation of the output 
signal. As illustrated here , the modulating 
signal may be applied in series with the anode 
supply. Alternatively , it may be applied between 
cathode and focus electrode in the electron gun. 
A typical spectrum is shown in Figure 6. Here 
the modulating voltage is adjusted for maximum 
output power in the first sideband , which means 
that each of the first-order sidebands contains 30 
percent of the total power of the unmodulated 
carrier. The modulating signal is a 20-megacycle 
sine wave so that the frequency of this first side­
band is 20 megacycles higher than the carrier 
frequency. This property opens several possible 
applications. One application is to use a travel­
ing-wave tube to modulate a carrier signal with 
any desired modulation such as voice or other 
intelligence. Another application is that of 
realizing a frequency shift such as might be 
desired in a straight-through repeater station in 
a cross-country radio-relay link. 

1 A. G. Peifer, Philip Parzen, and J. H. Bryant, "Low­
N oise Traveling-Wave Tube, ' '  Electrical Communication, 
v. 29, pp. 234-237 ;  September, 1952 :  also Proceedings of 
the National Electronics Conference-1951, v. 7,  pp. 314-317. 
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Vmod = 15 root-mean-square volts for maximum power 
in the first-order sideband. 

Figure 5-Frequency modulation of a 
traveling-wave tube. 

Figure 6-0utput spectrum of frequency-modulated 
traveling-wave tube. 
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3. Traveling·Wave Tube of Improved 

Mechanical Design 

No practical difficulties have so far been en­
countered in laboratory or field tests of the 5929, 

which may be described as conventional in 
general concept. It is recognized , however, that 
from the point of view of strength an all-metal 
envelope would be preferable to a slender, 
elongated glass envelope. Consequently, a new 
tube has been developed which uses an all-metal 
envelope, as seen from Figure 7. The metal shell 
comprises the vacuum envelope and also .pro ­
vides complete shielding from stray radio-fre­
quency fields. The operating frequency range is 
is 5900 to 7100 megacycles. One object of the 
development was to use the lowest voltage con­
sistent with required output power. The rated 
output power is 10 watts with 25 decibels gain, 
and the tube operates at 1200 volts. This re­
duced voltage leads to a structure that is physi­
cally short, resulting in minimum size and weight 
of magnet. It will be noted that the input and 
output radio-frequency circuit connections are 
coaxial lines that are brought out at one end of 
the tube. 

Figure 7-Type XZ16 traveling-wave tube. 

Figure 8-Type XZ16 tube and electromagnet. 
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Figure 9-Experimental permanent-magnet arrangement. 

For operation, a single solenoid four inches in 
total length is required, as shown in Figure 8. 
The use of coaxial radio-frequency lines has sim­
plified the magnet design, allowing the use of a 
single continuous solenoid without the breaks in 
the field that are a consequence of using wave­
guide terminations. Because of the realization 
that permanent magnets should eventually re­
place electromagnets, a considerable amount of 
development has been carried out on the opera­
tion of these tubes in permanent magnets. An 
experimental permament-magnet arrangement 
is illustrated in Figure 9. Thus far, operation in 
permanent magnets has not been as satisfactory 
as operation in electromagnets, but it is believed 
that the difficulty is not fundamental, and it is 
expected that good permanent-magnet operation 
will be realized in the near future. 

As illustrated in the foregoing diagrams, the 
tube is packaged so far as the radio-frequency 
connections are concerned, but it is removable 
from the magnet. When the tube is placed in the 
magnet, the metal envelope serves to align the 
tube with the magnetic field and also to index 
the tube in the proper longitudinal position. To 
place the tube in operation, it is necessary only 
to connect the radio-frequency lines and the 
socket. 
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Low-Noise Traveling-Wave Tube* 

By A. G. PEIFER, PHILIP PARZEN, and J. H. BRYANT 

Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 

THE LOW-NOISE traveling-wave tube 
to be described has been designed for 
use as an input stage of a microwave 

receiver. For such service, low noise and moder­
ately high gain are desired. The traveling-wave 
type of tube offers a considerable bandwidth 
with no tuning adjustments. The tube has a gain 
of 15  decibels with an output power of one-half 
milliwatt at frequencies from 4200 to 5200 mega­
cycles per second. \Vith a velocity-jump electron 
gun and appropriate drift-tube lengths, a noise 
figure of 10 decibels is obtained. The operating 
voltage and current are 600 volts and one-half 
milliampere, respectively. A new version of the 
tube is now under construction in which the gain 
will be increased from 15 to 30 decibels with a 
comparable noise figure. 

A simplified diagram of a helix-type traveling­
wave tube is shown in Figure 1 .  The three essen­
tial parts consist of the matching sections, the 
helix, and the electron gun. The matching sec­
tions couple the input and output radio-fre­
quency lines to the helix. To obtain energy trans­
fer between the electron beam and the electro­
magnetic wave propagating down the helix, the 
axial velocity of the beam must be nearly equal 
to the axial velocity of the electromagnetic wave. 
The axial velocity of the electromagnetic wave 
is determined by the pitch and diameter of the 
helix and, therefore, the helix determines the 
operating voltage of the electron gun. 

A brief outline will be given of means for noise 
reduction in traveling-wave tubes, and con­
sideration given to the method of measurement 
of noise figure. Finally, some results of measure­
ments will be given, and a low-noise tube will be 
described. 

* Presented at the National Electronics Conference in 
Chicago, Illinois on October 23, 1951 .  Reprinted from 
Proceedings of the National Electronics Conference-1951, 
v. 7, pp. 314-317. Development of this tube is being spon­
sored by the United States Army Signal Corps Engineer­
ing Laboratories, Fort Monmouth, New Jersey. 

J .  Theory of Noise Reduction 

The limiting noise in a traveling-wave tube, 
which determines the ultimate noise figure, is 
generated by the velocity and current fluctua­
tions of the electron beam. The theory used for 
design of the tube described here considers the 
velocitv and current fluctuations in three dis­
tinct r�gions, namely, the diode region , the field­
free drift region , and the helix. 

The final results can be simply stated by means 
of the equation 

q2 To 
F = 1 + � -

T 
J sec2 ao 

2c a 
(1) 

where q2 is the magnification of the velocity 
fluctuations from the cathode to the drift region 
preceding the helix, c is the gain parameter, To is 
the cathode temperature in degrees Kelvin, Ta 
is the ambient temperature in degrees Kelvin, f 
is a factor that gives the variation of noise figure 
with length of drift region preceding the helix, 
and a0 is the ratio of the current to velocity 
fluctuations at the entrance to the drift region 

RADI O - FREQU E NCY 
OUTPUT 

RADIO - F R EQ U ENCY IN PUT 

Figure 1-Elementary traveling-wave tube. 

preceding the helix. When these factors are 
known, the length of the drift region necessary to 
produce a minimum noise figure may be com­
puted. 

Another noise-reducing scheme derived by an 
extension of the theory requires two drift regions 
and a velocity jump, which is a sudden accelera­
tion or deceleration of the electron beam. A 
velocity jump upward is made to occur at a 
velocity-modulation maximum. 
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The velocity fluctuations are reduced by the 
square root of the ratio of the potentials of the 
drift regions while the current fluctuations re­
main constant. Calculations for the tube de-

measuring the power necessary to double the 
receiver output power. 

Since the bandwidth of the traveling-wave 
tube is quite large, the limiting bandwidth of the 

Figure 2-Noise figure of three cascaded networks. 

cascaded networks is 
the bandwidth of the 
receiver c. The ampli­
t u d e - m o d u l a t i o n  
m icrowave rece iver 
used was constructed 
in the laboratory and 
has a bandwidth of 40 
megacycles. A gas-dis-

scribed here , which incorporates two drift re­

gions with a velocity jump, predict a noise figure 
of eight decibels. However, measurements thus 
far have shown a noi8e figure of 10 decibels. 

2. Measurement 

The noise figure of a network is defined as the 
ratio of the input available signal to available 
noise power divided by the ratio of the output 
available signal to available noise power. The 
over-all noise figure of the traveling-wave tube a, 
attenuator b ,  and receiver c shown in Figure 2 is 

where F and G represent the noise figure and gain 
of the network designated by the subscripts. 
The noise figure of the attenuator, network b, is 
one and its gain is the reciprocal of the loss. 
Upon rearranging (2) and substituting into it, 
the noise figure of the tube becomes 

Fe - 1 
Fa = Fabe - Ga X 1/Lb (3) 

Therefore , to find the noise figure of the tube, it 
is necessary to know the over-all noise figure of 
the cascaded networks, the gain of the tube, and 
the noise figure of the receiver. 

The noise-figure measurements were made by 
using the apparatus illustrated in Figure 3. The 
input power to the three networks may be ob­
tained from a noise source or from a signal gener­
ator. The initial level of the receiver indicator is 
set by attenuator b with no input power applied 
to the networks, but with the tube in operation. 
The over-all noise figure may be calculated by 

charge-lamp-l  ype noise 
source was used to measure the noise figure of 

the receiver. 
To eliminate the necessity of changing radio­

frequency circuit connections during an experi­
ment, a waveguide switch was constructed. The 
two positions of the switch in Figure 3 correspond 
to the positions for measuring over-all gain and 
noise, respectively. For gain measurements, the 
input power bypasses the tube and the input and 
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NOISE 
SO U RC E  

, -
1 

: c  I 
I 
L _  

WAVEGU I D E  
SWITCH 

D I RECTIONAL 
COUPLER 

I 
o-1\/V\ I 

I 
o-AN\ I I 

ATTENUATOR 

POWER 
MEASU R I N G  

D EV ICE 

TRAVELING­
WAVE 
T U B E  

RECE IVER 

Figure 3-Schematic of noise-measuring equipment. 
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Figure 4-Laboratory noise-measuring equipment. 

output lines of the tube are terminated with 
waveguide loads. In Figure 4 is shown the labora­
tory equipment for making noise measurements. 

3. Preliminary Investigations 

At the beginning of the development, a de­
mountable traveling-wave tube, whose cathode­
to-helix spacing could be varied, was set up. 
The electron gun was a single drift gun with no 
velocity jump. The correlation between the cal­
culated and experimental minima was good ; 
however, the absolute value of the experimental 
noise figure was two decibels higher than the 
theoretical value. This may be explained by the 
fact that the partition current was higher than 
normal in this experimental tube. 

4. Magnetic-Field Requirements 

The uniform axial magnetic field required for 
low-noise operation is about 2 75 gausses over a 

length of 1 1 136 inches (28.4 centimeters) . A sole­
noid to provide this field requires approximately 
50 watts of power. In Figure 5 is shown a solenoid 
with the tube in place. The solenoid is 4 inches (10 
centimeters) in diameter, 1 1 136 inches long, and 
weighs about 30 pounds (13 .5 kilograms) . Plots 
of the magnetic field of permanent-magnet 
structures available to date have shown the 
fields to be too nonuniform in the axial direction. 
However, the permanent magnets measured 
were only preliminary samples and better per­
formance may be expected with further develop­
ment and design. 

5. Mechanical Design 

The mechanical design was aimed at a rugged 
tube that would require few adjustments when 
being set up for operation. Figure 6 is a photo­
graph of the tube. To ruggedize the tube, a metal 
envelope was used to enclose all of the compo-
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nents. The envelope, 
besides being rugged, 
serves as a radio-fre­
quency shield prevent­
ing  stray radiat ion 
from interfering with 
the operation of the 
tube. 

Bearing surfaces on 
the metal envelope 
align the tube with 
the magnetic field and 
adj ustment  i s  not 
necessary for the in-
tial setup or when 
tubes are interchanged. 
The matching sections 
do not require adjust­
ment when the tube is 

Figure 5-Low-noise traveling-wave tube in solenoid. 

TABLE 1 operated in the frequency band of 4200 to 5200 
megacycles per second. The coaxial radio-fre ­
quency lines are terminated with coaxial type-N 
connectors. Connections to the electron gun 
are made with a 12-pin medium-shell diheptal 
base located at the opposite end from the radio­
frequency connectors. 

TYPICAL OPERATING CoNDITIONS 

6. Operating Data 

Typical operating conditions are given m 

Table 1 .  
Beam transmission to the collector is better 

than 99 percent of the cathode current. The helix, 
tube envelope, and solenoid are operated at 
ground potential. 

Figure 6-Low-noise traveling-wave tube. 

Heater voltage 
Heater current 

Cathode potential 
Cathode current 
Focus voltage 
Anode 1 voltage 

Anode 2 voltage 

Helix voltage 

Collector voltage 
Collector current 
Solenoid voltage 
Solenoid current 
Frequency range 
Gain 
Noise Figure 
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6.3 volts 
0.6 ampere 

0 volts 
0.5 milliampere 
0 volts 
150 volts 

600 volts 

600 volts 

650 volts 
0.5 milliampere 
100 volts 
0.5 ampere 

4200-5200 megacycles 
15 decibels 
10 decibels 
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Space-Charge-Wave Propagation in a Cylindrical Electron 
Beam of Finite Lateral Extension * 

By PHILIP PARZEN 
Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 

A METHOD is outlined for obtaining the 
effect of geometry on the propagation of 
space-charge waves in a cylindrical 

electron beam under arbitrary direct-current 
conditions. In particular, the case of the com­
plete-space-charge diode is discussed in detail .  
The results of this theory are verified by the 
experiments of Cutler and Quate. 

1 .  Introduction 

The nature of the propagation of space-charge 
waves in cylindrical electron beams of finite 
lateral extension has been discussed by Hahn1 and 
Ramo2 for the case of an electron beam drifting 
with a constant velocity v0 in a tube. According 
to the latter paper, the field quantities propagate 
with a wave number r given by 

I' =�± Wp 

Vo vo[l + (T2/y02) ]Y:i (1) 

where w is the angular frequency, 'Yo = w/v0, the 
plasma frequency 

wp = (epo/meo)Y., 

Po is the direct-current charge density, the direct­
current density Jo = poVo, and T/'Yo is a function 
of R = a/b and 'Yob. T is the radial propagation 
number in the beam, a is the radius of the drift 
tube, and b is the radius of the beam. 

A plot of T /'Yo versus 'Yob for various values of 
R is given in Figure 1 .  For b = oo (infinite elec­
tron beam) , T equals zero, and for R = 1 ,  Tb = 
2 .4. For all other conditions, Tb varies between 
0 and 2 .4. 

* Reprinted from Journal of Applied Physics, v. 23, 
pp. 2 1.5-219 ;  February, , 1952,. This work was sponsored by 
the Signal Corps Engmeenng Laboratories, Fort Mon­
mouth, New Jersey. 

1 W. C. Hahn, "Small Signal Theory of Velocity-Modu­
lated Electron Beams," General Electric Review, v. 42, 
pp. 258-270; June, 1939. 2 S. Ramo, "Electronic-Wave Theory of Velocity-Modu­
lation Tubes," Proceedings of the IRE, v. 27, pp. 757-762 ; 
December, 1939. 

Equation (1) may be interpreted physically as 
follows : The first term denotes the phase shift 
due to the direct-current transit angle. The sec­
ond term denotes the phase shift due to space 
charge and is a function of geometry. The latter 
term is proportional to [Jo/1 + (T2 /'Yo2) JY:i. 
Thus, it appears that the behavior of this phase 
shift is governed by an effective direct-current 
density Joe, which is given by 

Joe = Jo/1 + (T2/yo2) .  (2) 

Thus, one may obtain the nature of the propaga­
tion of space-charge waves in those problems 
where the direct-current parameters and geome­
try may vary along the direction of propagation 
by replacing Jo by J0• in the differential equations 
governing such propagation in an infinite beam. 
A more-rigorous discussion of this replacement 
process is given in the appendix. This method as­
sumes that any lateral variations of direct-current 
parameters are small. The equations for an m­
finite beam will now be given. 

1 .  Space- Charge- Wave Propagation in an 

Infinite Electron Beam 

The Maxwell equation for small-signal theory 
and for a one-dimensional propagating process 
in an electron beam are 

aJ
+ . o 

at jwp = ' 

J+jweoE = O, 

J= pov+pvo. 

(3) 

(4) 

(5) 

(6) 

Here all field quantities vary as exp jwt and the 
alternating-current quantity is assumed small 
with respect to the corresponding direct-current 
quantities. 

E, J, v, p are the alternating-current electric 
field, current density, velocity, and charge dens­
ity, respectively, and Eo, Jo, Vo, p0 are the cor-
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responding direct-current quantities. e is the 

charge of the electron and is negative, and m is 
the mass of the electron. 

After solving for all field quantities in terms of 
J, one obtains the following differential equation 
for J. 

3 a2J+ [3 2 avo+ ·2 2] aJ Vo az2 Vo az J WVo az 

(7) 

previously. Thus, ( 1 1) now bec�mes 

K2 =_!_ [a2vo_ eJo 1 J ( l3) Vo ar2 meo 1 + (T2/yo2) • 

Thus, given K as a function of r, one obtains a 
solution of ( 10) with two arbitrary constants. 
These constants are then determined by the 
initial conditions for J and v. Particular con­
sideration will now be given to the case of the 
complete-space-charge diode. 

=�[J+ Vo aJJ v Jo jw az . (8) 2. Space- Charge Waves in a Complete­

Space- Charge Diode 

Equation (7) can be simplified by replacing Z 
by the transit time r. Thus let 

The case to be considered in Figure 2 is that of 
a cylindrical beam of radius b surrounded by a 

J= ( Y/vo) exp-jwr, 

r =  i
z
(dZ/v0) .  

Then Y satisfies the equations 

and 

(a2Y /ar2) -K2Y = 0, 

K2 = ![a2vo _ eJoJ , Vo c3r2 meo 

(9) 

( 10) 

( 1 1 ) 

(12) 

I 
2 a  

j 
------ d -----+ 

Figure 2-Complete-space-charge diode. 

v = vo [J+-�-- aJJ . Jo }W ar 

To account for a finite geometry, one may now 
apply the replacement of Jo by Joe discussed 

cylinder of radius a in a complete-space-charge 
diode. Denoting conditions at the cathode and 
anode by subscripts 1 and 2 ,  respectively, 

1 2  R= I 

1 0  
R =  3 \ 
' \  \ 
\\ \ 

4 

2 

' \ \" R = oo  

� "-- ,.........._ I'---
-

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 1 .4 1.6 1.8 2.0 2.2 2.4 

� b  
Figure !-Correction to plasma frequency in drift tube for beam and drift­

tube geometry. R is the (radius of the drift tube)/(radius of the beam), 'Yo -
w/Vod = (2,,-j)/ (beam velocity in the drift tube), b is the beam radius, Wd is the 
plasma frequency in the drift tube, Wd' is the plasma frequency corrected for 
beam and drift-tube geometry, and Wd' /wd = 1/[1 + (T ho)2]V.. 
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Vo = Vo2 (Zjd)%, 
r =  (3d%/vo2)Z'A. 

Hence 

Also 

3 _ 9 eJo d2 Vo2 --- · 2meo 

Now let 

,,,Voo T v ¢ = g74d " f  O <¢ <g74 , 

g = 5 . 76/ (ro2b)2, 

G=  (Tb/2.4)2, 

(14) 

(15) 
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Figure 3-Phase shift .\ and space-charge-wave number 
Kq, plotted against cf>. 

Thus ( 10) becomes 

(a2 Y /a¢2) -Kq,2 Y = O, 
Kq,2 = 2Gcf>2/(1 +G<t>4) , 

vo ( gU aJ) v = Jo J + j3'Yo2d aq, . (16) 

Now applying the WKB method,3 an approxi­
mate solution is 

(17)  

Here I u; is  the modified Bessel function of 
order 7,4. C1 and C2 are arbitrary constants to be 
determined from the initial conditions. The case 
of G = 1 for a =  b and G � 1 will now be discussed 
separately. 

3 L. Schiff, Quantum Mechanics, McGraw-Hill Book 
Company, New York, New York; 1949: p. 181 .  

2.1 G= 1 FOR a = b  
A plot of Kq, and S- versus <P is given in Figure 3. 

From (9) and (17)  

J= exp 
(-j 3� !:_ <t>) C1P+ C2Q_ 

gU Vo2 Vo 
For small <P 

Kq, = 1.414<t>( 1 -� <t>4) , 

r = o. 101q,2( 1 -�<1>4) , 

p = 0.60<t>( 1 + 1
2;0 <t>4) ' 

(18) 

(19) 

and Q approaches a value not equal to zero. It  
follows readily from this that C2 = 0. Otherwise, 
v would not be finite at the cathode. Thus 

J= C1(P/vo) exp -jwr (20) 

and 

Ci(-gU Vo2) (a log Vo a log p)p . v = - -- - --- - exp-;wr. Jo jw 3d aq, aq, 
(21) 

Thus from the initial conditon for v and using 
(19) 

1 (j3w d ) C1 = - 0 60 7 - Jov1. . g � Vo2 (22)t 

Now let J2p and V2p be the current and velocity 
modulations, respectively, at the anode that are 
obtained by the method, neglecting geometry.4 
Thus 

Before undertaking any extensive calculations, 
it is useful to obtain values of Gi and G. for small 
and large <f>2. 

t This solution wiJJ satisfy the small-signal conditions 
everywhere except near the cathode. A rigorous solution 
can be obtained only by including the effect of thermal 
velocities. 

4 C. C. Cutler and C. F. Quate, "Experimental Verifica­
tion of Space Charge and Transit Time Reduction of Noise 
in Electron Beams," Physical Review, v. 80, pp. 875-878; 
December, 1950. 
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2 . 1 . 1  Smalt c/>2 
Using (19) , one obtains 

Gj = 1 + (27 /120)¢4, 
Gv/Gj = 1 - (27 /30)q,4. 

(25) 

the diode did not agree with that computed 
from their theory. Using their notation , 

[l  + (I_)2]72 = Wp2 
1'02 w(4QC3)V." 

According to their theory, 

(29) 

2 . 1 . 2  Large c/>2 XmincrJ is proportional to tan-1[01(4QC3)72]. (30) 
For s2 > 0. 75 ,  one may use the asymptotic According to the theory presented here, 

formulas for the Bessel function. Thus 

p _ 1 exp s2 2 - 2.5 K2V. ' 

P2 Gj = 0.60<P2' 
Gv ef>24 
Gj = 2.5 - l +ef>24

- ef>2K2. 

(26) 

(27) 

(28) 

Accurate values may be obtained by using 
(25) for ef>2 <O. 75 and (26)-(28) for ef>2 � 1 .25. A 
curve of Gj and Gv/Gj versus cp2 is plotted in 
Figure 4. It is to be noted that the value of 
Gv/Gj for large ¢2 is independent of s2• 

2.2 G < l  OR a > b  
Figure 4 may also be interpreted as a plot of 

Gi and Gv/G; versus the value of (T /'Yo2)72 at the 
anode. The simplest way to compute these quan­
tities for this case would be to use Figure 4 for 
the corresponding values at the anode. This 
would be rigorously true if G were a constant 
equal to G(¢2) . Physically this is plausible since 
the greatest effect of geomertry would be at the 
anode where T /'Yo attains its greatest value. G 
itself is a decreasing function of ¢, which equals 1 
for small values of ef> and increases monotonically 
from 0 to 1 for large values of cp2 as a/b goes from 
oo to 1 .  Now for large values of s2 , where the 
value of Gv/Gj is independent of S, only G(<P2) 
is important. In this case and for small values of 
¢2, this interpretation of Figure 4 will be approxi­
mately correct. The curve of Gj will be somewhat 
in error for cases other than G = 1 .  By the same 
reasoning, this result will also be approximately 
valid for a conical converging beam. 

An experimental verification of this theory 
may be found in the experiments of Cutler and 
Quate4 wherein the position of the current­
modulation minimum in a drift tube following 

(31) 

The numerical values in their experiment were 
(4QC3)72 = 2.8X l0-2, Wp2/w = 0.052, T2ho2 = 1 .56, 
c/>2 == 1 .25 ,  01 = 32 . From Figure 4, G./G; = 0.55. 

Hence, 

� 1 .0 
C> 
';, 0.9 
C> 

ti 0.8 

ii 
..J 0.7 
::I 0 � 0.6 
>-� 0.5 
0 ..J � 0.4 
er: � 0.3 
er: g 0.2 (.) 
� 
z 0.1 

� 
0 

Xmin(Z) /Xmin(l) = 1.02/0.73 = 1 .40. (32) 

r......._r-.. 
'\ I Gv/Gi \. \ J Gj 

I\ I ' J \ 
\ I 

I/ ' 
/ ..... !'.... 

/ � 

--/" 
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Figure 4-Gain factors for current and velocity modu­
lations Gi and G./G; plotted against </>2 = (T/'lo2)V.. 

By their measured values 

Thus the agreement is seen to be rather good. 
Furthermore, since G./Gj is always less than 1 ,  
the position of the minimum will always be far­
ther from the anode than that from the theory 
neglecting geometry. 

A better agreement in this case can be obtained 
by considering in greater detail the effect of the 
variation of G. 
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Thus in this case, (28) becomes, letting if; =  
Glicf>. 

Thus in the case (¢2/4G) (aG/iJ¢)«1 ,  the previ­
ous discussion of the effect of G is rigorously 
correct. For the case of a/b = oo ,  which is so in 
these experiments, an approximate formula for 
G for large </> is 

G=  0.087 
0.09+log cf> (35) 

In this case, ¢2 = 1 .6 from Figure 1. Taking these 
values, Gv/Gi= 0.45 , which results in a computed 
value of XminC2l/Xmin(I) equal to 1 .52 . 

3 .  Conclusions 

A general method has been given to obtain the 
effect of geometry on the propagation of space­
charge waves in electron beams. The resulting 
differential equations, while complicated, may 
be approximately solved by WKB methods. 
The complete-space-charge diode has been dis­
cussed in detail ,  and the results have been 
checked by the experiments of Cutler and Quate. 
This method can be utilized for any direct-cur­
rent conditions. 

4. Appendix-Field- Theory Analysis of 
Propagation of Space- Charge Waves in 
Finite Beams 

An attempt will now be made to derive the 
method of evaluating the effect of geometry 
from field-theory considerations. In this case, 
the ballistic equation is 

3[)2J+ [3 2 iJV0+2 · 2J i)J Vo iJZ2 Vo iJZ JWVo iJZ 

+ [2 . iJvo 2 ]J eJo . E .;wvoaz-w vo =m.;w . (36) 

Here E is the component of the electric field in 
the direction of propagation. All transverse mo­
tions are neglected. The derivation of this is 
similar to that of (7) .  

The circuit equation, which formerly was 
given by (5) , is now 

V 2E+ a2E 
+k2E = J_(k2J+ a2J) 

1 az2 1k av ' (37) 

where 

k = 27r/"A, the free-space wave number, and r =  
(µo/ to)�. 

This is derived directly from the wave equa­
tion. The case of a =  b will be considered first. 
Here let 

E = Ei exp ( -jwr)Jo(Tr) , 
J = Ji exp ( -jwr)lo(Tr) , 

Ta = 2.4. (38) 

This solution will satisfy the boundary condition 
that E = 0 for r = a. E1 is a function of Z only. 

Equations (36) and (37) now become 

Now it is known from the infinite-beam solution 
that E1 varies as exp±jwpr. Hence if one assumes 
that : 

wp/w«l , 

____!_ avo « 1 , 
WVo dT 

kho«l ,  

(41) 

(42) 

(43) 
then the terms containing the derivatives may be 
neglected in (40) . Equation (40) reduces to 

E .f Ji (44) i = -1k 1 + ( T2 h 02) '  

Substituting this in (40) , one has 

a2J1 avo iJli e Jo v0 iJr2 +2 ar a-;+ mEo l+ (T2ho2/1=0. (45) 

Thus it is seen that J0 is reduced by the factor as 
stated in (2) . This approximation will also be 
valid in the case a > b  provided T is a slowly 
varying function of Z. Conditions for (41) and 
(42) are obviously not satisfied near the cathode 
of a complete-space-charge diode. However, this 
does not matter as the effect of geometry is small 
there. 

242 ELECTRICAL COMMUNICATION • September 1952 

www.americanradiohistory.com

www.americanradiohistory.com


Determination of Electron Density and Collision Frequency 
in a Gaseous Discharge by Microwave Propagation 

Measurements *  

By LADISLAS GOLDSTEIN,t M. A. LAMPERT, and R. H. GEIGER 

Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 

MICROWAVE measurement techniques 
have been adapted in the past few 
years to the determination of funda­

mental quantities in gaseous discharges. Rose 
et al .1 measured electron densities and collision 
frequencies in pulsed radio-frequency discharges 
in a resonant cavity ; Makinson et al.2 measured 
electron densities in a direct-current discharge 
terminating a coaxial line. A different microwave technique permitting 
the determination of electron densities and col­
lision frequencies in gaseous discharges is re­
ported here. This is a transmission method in 
which the gaseous discharge fills a section of 
waveguide several wavelengths long. Measure­
ments are made of the absorption and phase 
shift of a low-power microwave signal passing 
through the discharge. 

The electron gas produced in the discharge 
constitutes an absorbing dielectric medium. The 
resulting propagation constant 'Y for guided 
waves is given by 

2 ( 27T ) 2{ [ ( Auo )2 c ] 
'Y = Ago - l + T l +b2 

·( Ago ) 2 cb } 
+1 T 1 +b2 ' (1) 

* This work was sponsored by the United States Army 
Signal Corps Engineering Laboratories, Fort Monmouth, 
New Jersey. 

t Now with University of Illinois. 
1 D. J. Rose, D. E. Kerr, M. A. Biondi, E. Everhart, and 

S. C. Brown, "Methods of Measuring the Properties of 
Ionized Gases at Microwave Frequencies," Massachusetts 
Institute of Technology, Research Laboratory of Elec­
tronics Technical Report 140 ; October 17, 1949. 

2 R. E. B. Makinson, P. C. Thonemann, R. B. King, and 
].  B.  Ramsay, "Dielectric Con�tant and Elect�on Den?ity 
in a Gas Discharge," Proceeding of the Physical Society, 
Section B, Part 8, v. 64, pp. 665-670 ; August, 1 951.  

where 

A. =  unbounded-space air wavelength, 
Ago = air-filled guide wavelength, 
b = fc/27rj, 

fp2 0 .8X l0-4XNo c =  f2 f2mcps 
f = microwave signal frequency, 

fc = electron collision frequency, 
fp = electron "plasma" frequency, and 

N0 = number of electrons per cubic centimeter. 

Let m be the measured absorption in decibels 
and o the measured phase shift in degrees relative 
to air-filled-guide propagation, both per length 
Ago of discharge. Then, if 

( m )2 1 ( 0 ) 2 o 
54.6 -4 180 «180 

(a condition realized in all but very-high-density 
discharges for microwave studies) , 

and (2) 

Thus, from measurement of absorption m and 
phase shift o in the electron gas, · b and c are 
determined, hence fc and No. If b is small, No is 
determined from phase-shift measurements alone. A basic assumption underlying the above 
formulas is that the electron density be uniform 
over the whole volume of the discharge tube. 
Thus, only average electron density is deter­
mined. Corrections due to nonuniform density 
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distributions have not been studied, and may be 
substantial if the degree of nonuniformity is 
large in the region of large radio-frequency 
electric fields. Also, the effects of electron gas 
and glass boundaries on phase shift and absorp­
tion have been neglected, though this has been 
justified by calculations involving idealized 
boundaries. 

Absorption in the electron gas is determined 
from measurements of total insertion loss and re­
flected power. 

Phase-shift in the electron gas is measured by 
means of the circuit illustrated in Figure 1 .  The 
radio-frequency signal in arm 1 of the magic tee 
splits equally into two signals going down arms 
2 and 3, respectively. The signal in arm 3, after 
being partially absorbed and phase shifted in the 
electron gas, interferes with the signal in arm 2 
to form a standing-wave pattern. A direct meas­
ure of the phase shift is the shift of the position 
of the minimum of this pattern as detected by a 
radio-frequency probe in the slotted line. With 
large absorption in the electron gas, exceeding 
about 10 decibels, this method is limited by the 
difficulty of accurately locating the minimum of 
a shallow standing wave and also, possibly, by 
the presence of an interfering reflection of the 

R A D I O -
FREQUENCY . -

.1 

o as defined above, the following relations, de­
rived from (1) , apply independent of gas and 
pressure. 

f.""-'3.5 X 1011 71. l 
No1 ""'  2.0X 109:1 (1 +b12) ,  
No2 """ 7.0X 10902 (1 +b22) , 

(3) 

with b2 = (fi/h)bi. No1 should equal No2 since 
both are, theoretically, equal to the electron 
density N0• With M and Ll being total absorption 
and phase shift, respectively, mi/01 =Mi/Ll1 , 
oi=Lli/ni with ni the number of  air-filled-guide 
wavelengths along the discharge at frequency 
fi(i= 1 , 2). 

Table 1 gives the results obtained with argon. 
Parameter b1 is reasonably constant with vary­
ing current at each pressure, as would be ex­
pected. Also, the average calculated densities at 
the two frequencies agree to within 20 per cent 
at 0.5 millimeter of mercury and to within 40 
percent at 2 millimeters pressure. However, 
since a nonuniform density distribution may 
conceivably cause the same percentage error at 
the two frequencies, this agreement may not be 
very significant. 

, 

2 " 
4_ 

SLOTTED 
LINE DETECTED 

- -

signal from arm 2 at the gase­
ous discharge tube. This ab­
sorption limit can be extended 
by employing in arm 2 a com­
pensating attenuator that is 
calibrated accurately for phase . 
shift. An ultimate limit is set 
by the microwave noise gener­
ated by the discharge. 

S I G N A L  MAGIC 

MATCHED I LOAD AND S I G N A L 
PROBE OUTPUT 

The experiments were per­
formed with a standard X­
band rectangular waveguide 1-
by !- by 0.050-inch wall (25 by 
13 by 1 .3 millimeters) with a 
gaseous discharge tube approxi-
mately 9 inches (23 centi-

I N P U T  

meters) long. Steady hot-cathode direct-current 
discharges in helium, neon, argon, and xenon 
were studied. Phase shifts were measured at 
signal frequencies of f 1 = 8500 megacycles per 
second and ]2= 12 ,000 megacycles ; absorptions, 
where measurable , only at 8500 megacycles. 
With subscripts 1 and 2 referring to measure­
ments at f1 and ]2, respectively, and with m and 

TEE 
• �3 

GASEOUS 
D I S C H ARGE 

TUBE 

Figure 1-Phase shift in the radio-frequency 
signal is measured by the above apparatus. 

In conclusion, the transmission method ap­
pears to be a convenient one for measuring aver­
age electron densities and collision frequencies in 
gaseous discharges. The accuracy is limited by 
the degree of nonuniformity of the electron 
density distribution. If the relative density dis­
tribution is known from other considerations or 
measurements, then the transmission method can 
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possibly determine the absolute density values. 
This method, is, of course, applicable to the study 
of pulsed as well as steady discharges. By employ­
ing a narrowly defined beam in space, of say, sub-

millimeter waves, and classical optical methods 
for measuring phase shift, the transmission tech­
nique may lend itself to direct exploration of 
electron density distribution in a discharge. 

TABLE 1 
ARGON AT A PRESSURE OF 0.5 MILLIMETER OF MERCURY 

Discharge Discharge I .::l1 in Mi in f, in Cycles N01 .1.2 in ,Vo2 
Current in Power in 

Degrees Decibels bi Per Second Per Cubic 
Degrees Per Cubic 

Milliamperes Watts Centimeter Centimeter 

2 0.43 1.9 - - - l .OX 109 1 ) 1 . 1 x 1Q9 . �  

4 0.82 5.2 - - - 2.6 2.4 2.3 
6 I 1 . 1 6  7.8 - - - 3.9 4.8 4.6 
8 I 1 .49 9.7 - - - 4.9 6.0 5.7 

10 1 .83 14.3 - - - 7.2 8.4 8.0 
12 2.14 1 8.2 - - - 9.1 10.8 I 10.3 
14 2 .44 20.7 0.4 0 .13  6.9 x 10• 10.4 13.2 12.5 
16 I 2.72 26.6 0.5 0. 12 6.4 13.3 1 5.6 14.8 

ARGON AT A PRESSURE OF 2 MILLIMETERS OF MERCURY 

4 1.00 5.8 - - - 3.3 X 109 3.6 3. 7 X 109 
8 1 .76 19.4 1 .0 0.34 1 .8X 1010 1 1 .2 13.2 13 .5 

10 2 . 10 25.2 1 .5 0.39 2 . 1  14.5 19.2 19.7 
12 2.40 33.6 2.0 0.39 2 . 1  19.3 24.0 24.6 
16 2.96 53.7 3.6 0.44 2.3 30.9 36.0 36.9 
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