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THE ARMORIAL BEARINGS OF THE INSTITUTION 

OVER the centuries a badge or symbol has 
been used as a means of identification, and 

there are numerous early examples of what 
has been described as "picture writing" to 
distinguish a man from his fellows. It was not, 
however, until the 12th century that there was 
any systematic treatment of heraldic devices, 
first as a means of identifying families, then of 
ancient guilds and subsequently universities and 
corporate bodies. 

The incorporation of the Institution required 
that it should have a seal, but at that time, 1932, 
the procurement of a coat of arms was hardly 
attainable. The emblem adopted did little 
more than convey the Institution's association 
with radio, or wireless science, and was not in 
any way a proper heraldic device. 

In more recent years the increasing status of 
the Institution has caused successive Councils to 
consider petitioning for a Grant of Arms which 
would indicate the Institution's objects and 
status. On 3rd March, 1955, it was resolved 
that a "Memorial" or formal application for 
a grant of arms be addressed to the Earl 
Marshal of England reciting the incorporation 
of the Institution and that one of its objects is 
the advancement of the science and practice of 
radio and electronic engineering. 

The petition having been approved, the 
Council of the Institution was required to decide 
the form or representation of the armorial 
bearings. As already stated in the 30th Annual 
Report of the Institution, invaluable advice and 

help was given by Mr. Anthony R. Wagner, 
C.V.O., Richmond Herald. To those thanks, 
the Council wishes to add its appreciation of the 
work of Mr. Graham D. Clifford, the General 
Secretary of the Institution, whose original 
suggestions ultimately led to the final design of 
the Armorial Bearings. 

Whilst the activities of the Institution could 
have been represented by some of the conven-
tional devices of heraldry, the Council was 
unanimous in agreeing that the Armorial 
Bearings, so far as the shield was concerned, 
should allude to the pioneers of the science, 
rather than consist of direct allusions to radio 
and electronic engineering. In like manner 
the Supporters pay tribute to the encourage-
ment given to the advancement of radio science 
by the 7th Duke of Devonshire and Admiral of 
the Fleet the Earl Mountbatten of Burma. 

By Letters Patent under the hands and seals 
of Garter, Clarenceux, and Norroy and Ulster 
Kings of Arms dated 10th February, 1956, the 
Institution was granted the Armorial Bearings 
and Supporters which are illustrated on the 
opposite page. The blazon, or official 
description of the arms, crest and supporters, 
which together form what is known as an 
"achievement," is as follows:— 

Azure on a Pile Or a Fess Chequy of the first 
and Argent between in chief a Heart between 
two Crescents Gules and in base a Boar's head 
erased Sable; and for the Crest, on a wreath 
of the Colours, A representation of the head 
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and shoulders of Mercury proper the Hair Or 
wearing a Petasus also proper Winged Gold; 
the Supporters being On the dexter side a Buck 
proper and on the sinister side a Lion queue 
fourchee Barry of ten Argent and Gules. 

Thus the great contribution of Clerk Maxwell 
to radio and electronic science made it 
appropriate to base the shield design on an 
allusion to his family Arms, these being Or a 
Fess Chequy Azure and Argent between two 
Crescents in chief Gules and a Boar's head 
couped in base Sable. From these the fess, 
crescents and boar's head have been abstracted 
and appear on the gold wedge shape (pile) on 
the shield together with a heart. The latter is a 
canting allusion to the name of Heinrich Hertz, 
whose work in the field of radio propagation 
was based on the scientific discoveries of 
Clerk Maxwell. 

The shield itself has a background of blue to 
represent the sky and the atmosphere through 
which radio waves are transmitted. 

The head of Mercury, the messenger of the 
Gods, is introduced as the crest in allusion to 
the concern of the Institution with the promo-
tion of the science of radio communication. 

By permission of His Grace the Duke of 
Devonshire, the dexter supporter, a Buck 
proper, is directly derived from the Arms of 
the Devonshire family. In those, the supporters 
are A Buck proper wreathed about the neck 
with a chaplet of roses alternately argent and 
azure. In the Institution's Arms, the dexter 
supporter has been modified by the omission 
of the chaplet. 

In this way the Institution's Arms com-
memorate the work of William Cavendish, 
K.G., F.R.S., the 7th Duke of Devonshire. He 
was Chancellor of the University of Cambridge 
and provided the endówments which led to the 
establishment of the Cavendish Laboratory 
and the Chair of Experimental Physics to which 
Clerk Maxwell was appointed in 1871. 

These notes are based on various reports given 
to the Council by the General Secretary of the 
Institution. 
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In the inaugural Clerk Maxwell Memorial 
Lecture to the Institution,* Professor G. W. O. 
Howe referred to the fact that the 7th Duke of 
Devonshire had been a member of the Royal 
Commission on scientific education, and that 
towards the end of his life Maxwell's chief 
literary work was the editing of the electrical 
researches of the Hon. Henry Cavendish, F.R.S., 
a great-uncle of the 7th Duke. 

Admiral of the Fleet the Earl Mountbatten 
of Burma, K.G., also consented to some portion 
of his own Arms being incorporated in the 
Institution's Armorial Bearings. This has been 
expressed in the sinister supporter which is 
based on the lion, fork-tailed and crowned, 
which appear in the first quarter of the Arms 
of the Institution's Vice-Patron. 

Thus, there is heraldic record of Admiral 
Mountbatten's interest and assistance in the 
Institution's work from the early days of its 
foundation by his membership, his election as 
a Vice-President, and ultimately his Office 
as ninth President. Subsequently, Lord 
Mountbatten was appointed Vice-Patron of the 
Institution in 1950. 

The space or mound beneath the shield— 
termed "the compartment"—is composed of 
mountain peaks surrounded by clouds in 
development of the atmosphere theme and the 
reflection of radio waves therefrom. 

When the Institution first adopted a seal 
which emblematically conveyed the Institution's 
association with radio science, the motto used 
was "Pace omnes terras tegemus." As shown 
in the Armorial Bearings, opportunity has now 
been taken to adopt the motto Scientia pro 
homini bus which may be interpreted as "Science 
for the benefit of Mankind." This is the 
principal aim of all learned societies and the 
foundation upon which the Institution will base 
its petition for a Royal Charter. 

G. A. TAYLOR. 

* .1.13111.1.R.E., 11, p. 545, December 1951. 
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rriHE STATUS which the Institution now 
enjoys enhances the honour of being 

-elected its President. Whilst expressing my 
thanks for the honour extended to me, I wish 
also to pay tribute to my predecessors in 
this office who have done so much for the 
Institution. In particular, I must express my 
appreciation of the encouragement and example 
which Admiral Sir Philip Clarke has given to us 
all during his Presidency. 

When Sir Philip referred to me as the 14th 
President of the Institution, my first thought 
was that whilst there is still much for us to do, 
we can no longer be considered a junior 
amongst Institutions. Indeed, the Brit.I.R.E. is 
now approaching its thirty-second year and has 
existed almost since the inception of the British 
Radio Industry. So, within this comparatively 
young Industry, we are an old established body. 

During that time we have witnessed the 
evolution of an important industry, stretching 
far beyond the field of communication with 
which it was at first concerned. 

My own professional life started shortly 
before the Institution was founded and has 
almost wholly been spent in the Radio Industry. 
I was fortunate because at the beginning of my 
career considerable attention was being given 
to the comparatively new developments then 
taking place in vacuum physics technique and 
my company was a pioneer in that field. 

Attention was then largely centred on the 
possibilities of a public broadcasting service. 
Interest in this possibility had been stimulated 
by the developments during the 1914-18 war 
when, as in the second world war, a very 
intensive research programme hastened the 
evolution of new scientific and engineering 
techniques, especially in "wire-less" reception. 
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I do not intend to review the history of 
electronic development; that has been done in 
a number of forms by people much better 
qualified than me—but I do propose to illustrate 
my remarks by reference to valve development, 
which is the section of the industry with which 
I am best acquainted. 

It is significant that 40 years ago the main 
application of radio was to the needs of the 
military services; today, in addition to radio 
and electronic equipment being an indispens-
able item of defence expenditure, the annual 
turnover of the British Radio Industry is in the. 
neighbourhood of three hundred million pounds 
—its export figure alone being in excess of forty 
million pounds. 

This latter figure is twenty times greater than 
that for the immediate. pre-war years, and is but 
one example of the contribution of the radio 
engineer to the economic life of the country. 

It will be obvious, therefore, that the science 
of radio and electronics and its engineering 
applications has, in the lifetime of the 
Institution, opened up new careers for young 
men, and presents them with a future which 
offers unlimited possibilities. I felt, therefore, 
that I could not do better than devote most of 
my Address to the future of the young engineer. 

For this reason I should like to refer to the 
circumstances in which original research 
workers in our field undertook their labours, 
and to the economic and industrial con-
siderations which make possible the further 
application and use. of radio and electronic 
engineering. 

Much of the development in radio engineering 
has been due to the invention of the valve and 
subsequent improvements in valve technology 
and manufacture. We should remember that 
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the invention of Ambrose Fleming finally arose 
out of his association with Guglielmo Marconi 
at the time of the original wireless or radio 
transmission across the Atlantic. 

Marconi had, of course, been using the 
coherer as a detector of electromagnetic waves, 
and Fleming realized that something else was 
needed. It is of importance to note that 
Fleming had studied at Cambridge under James 
Clerk Maxwell and that his early life was 
influenced by a number of inventions in the 
communication field, including that of Graham 
Bell, the inventor of the telephone. 

Because of that background, Fleming was 
especially able to appreciate the significance of 
the experiments conducted by Heinrich Hertz, 
which showed the existence of electric waves. 
In addition, Fleming had spent some time with 
the Edison Electric Light Company, and this 
experience, coupled with his knowledge and 
zest for experimenting, led to the making of the 
first wireless or radio valve. 

In his "Memoirs," Fleming describes in these 
words how he made use of the special lamps 
he ordered from the Edison Electric Light 
Company: 

"When I received these bulbs, I made the 
filament incandescent by the current from six 
cells of a storage battery or accumulator. I 
then found that the space between the filament 
and the cylinder would only allow negative 
electricity to pass from the filament to the 
cylinder, but not the other way. Hence the bulb 
acted like a valve in a pipe, which lets water 
or air only move in it one way. 

"Accordingly, I called this instrument a 
'valve'. At first I named it an oscillation valve, 
but before long it was usual to speak of the 
small particles of electricity sent out from the 
hot surface as 'thermions' and accordingly I 
called it a `thermionic valve'. This name has 
been very widely adopted. 

"My valve had the great advantage that it 
could not be injured or set out of action by 
'atmospherics', as is the case with the coherer." 

Fleming's invention was the subject of British 
Patent No. 27850 in November, 1904, and the 

6 

stages by which Fleming developed what he 
called the "thermionic detector" was admirably 
set out in the book he wrote in 1919.* 

Fig. 1. An early experimental valve 

In his Presidential Address to the Institution 
in 1944, Mr. Leslie McMichael t suggested that 
interest in the radio valve languished for some 
ten years owing to the discovery and use of 
various kinds of crystals as detectors of wireless 
signals. Perhaps in the development of the 
transistor history may be repeated! 

The work of Fleming and Lee de Forest was 
supplemented by the French engineers—Paul 
Langevin, Peri, and Ferrie. Their combined 
efforts did much to bring about the first 
extensive production of radio valves during the 
first world war, which subsequently enabled 
radio engineers to solve the problem of using 
more and more frequencies. 

The young engineer might well note that so 
far improvement in radio technology was 
largely due to a form of combined operations; 
from the original theories of Clerk Maxwell 
and Heinrich Hertz, physicists and engineers 
developed new techniques principally as a result 
of studying new ideas, sharing experiences, and 

"The Thermionic Valve" (The Wireless Press, 
Ltd., London). 

t LBrit.I.R.E., 5, p. 2, January 1945. 
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not being afraid to experiment. Those qualities 
are needed just as much today as they were then 
or at the beginning of the Industrial Revolution. 

It seems to have been always fashionable to 
criticize succeeding generations, but for my part 
I feel sure that the modern professional engineer 
is not unaware of his responsibilities in the 
economic life of the nation. In our own field 
we know that in the years of growing up our 
main production centred round a domestic 
consumer market, and this inevitably led to 
some instability from one year to the other and 
from season to season. 
New ideas were developed, however, and in 

less than 20 years the industry ceased to depend 
entirely on the consumer needs of what was 
virtually an entertainment product. Instead, 
the efforts of radio engineers were required to 
provide electronic equipment for a very wide 
range of industrial purposes, including atomic 
energy, radar, and communication at home and 
with overseas countries. 

Valve Production 
A significant indication of the growth of the 

industry is shown by the fact that in 1924 Great 
Britain produced 2-¡ million valves. Just prior 
to the last war this figure had increased to 
12-1 million. Last year, total production 
exceeded 64 million valves. 

Equally significant is the fact that while 
valves produced for the broadcast entertain-
ment field in 1955 were approximately five 
times the 1938 figure, mainly due to television, 
those produced for the Services were seven 
times and those produced for industrial 
purposes thirty times the 1938 figure. 

In order to achieve such production in about 
30 years, a very considerable capital investment 
has been required. To set up a modern valve 
factory would cost in the region of three million 
pounds—a considerable investment even for a 
large company. For an outlay of this size to 
be economic requires that the factory should 
operate at full capacity and be managed and 
staffed with the engineers capable of keeping 
abreast of new ideas and of introducing new 
manufacturing processes such as are essential 
to meet competition. 
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The products of a modern valve factory are 
highly complex and have used, and continue to 
require, automation to an extent that is 
unrivalled by any other industry. Indeed, I 
might say that automation in the valve industry 
had to be practised a long time before the word 
entered our modern language. It is, however, 
one of the perversities of modern production 
that the more automatic the process, the greater 
the need for an expanding market. This is in 
addition to the constant changes required in 
production technique because of improved 
design. Long term foresight and engineering 
planning are essential because the ultimate cost 
of valves is largely governed by providing a 
steady production run which will permit of 
concentration on mechanization. 

I think it is acknowledged that increased 
production has enabled considerable benefits to 
be passed on to the consumer, both in terms of 
price and quality of product. 

All these points need study and understand-
ing by the engineer, for however altruistic is 
our purpose in life, the fact remains that the 
benefits of science cannot be passed on to the 
common man unless those products are brought 
within his financial reach. 

The Engineering of New Ideas 
I have stressed the need for keeping abreast 

of new ideas. The first world war proved the 
possibilities of broadcasting; the second world 
war hastened the development of radio-location 
or radar, and affords an outstanding example 
of the advantages of co-operation between 
Universities, Government establishments, and 
Industry. 
Here again, experimental work was studied 

by engineers in order to assess the possibilities 
of practical use. First of all, we had the 
fundamental work of Appleton in 1924 on the 
use of reflected waves in order to calculate the 
height of the ionosphere; this led to the intro-
duction of pulse modulation, and finally to the 
Air Ministry's appointment in 1933 of a group 
of engineers, working under Watson Watt, to 
examine the technical possibilities of locating 
aircraft. 
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The success of that enterprise resulted in the 
establishment of the first network of radar 
stations, and at the end of 1935 the first 
production contracts were placed with the 
British Radio Industry. 

Again we should note that original work led 
to studying new ideas, sharing experiences, and 
not being afraid to experiment. 

The engineer has to realize that there is 
always scope for improvement. Directly radar 
had reached the production stage it was realized 
that a new form of valve was required capable 
of transmitting very strong pulses at what were 
then regarded as high frequencies. Necessity 
was truly the mother of invention, for by then 
the war was close upon us and there was a 
great strengthening of the ties between the 
Universities, Government departments and 
Industry. 

It was important that the valves used for 
radar transmission should be convection cooled 
and it was originally thought that valves in a 
silica envelope, such as used by the Admiralty, 
would suit the purpose. Soon it was realized 
that the quantities required would exceed the 
country's capacity to produce silica envelopes 
and a new product of the M.O. Valve Company, 
the C.A.T.15, developed for B.B.C. mobile 
equipment, was taken as a prototype, redesigned 
with a heavy filament for pulse working and 
engineered for air cooling and large scale 
production. 

At the same time the work of Boot, Randall 
and Sayers at the University of Birmingham, 
evolved a further new type of valve, the cavity 
magnetron, for use at much higher frequencies. 
The ideas of these scientists were put into 
practical design by the late Dr. E. C. S. Megaw, 
at that time a member of the same company 
as myself. 

It is not perhaps sufficiently widely known 
that when America entered the war, samples of 
these first radar valves, together with a colour 
film of the production processes, were sent from 
this country to the U.S.A. to enable America to 
provide radar for her own uses. 
There is no time to show this film this 

evening, nor would it be appropriate to do so, 
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but I have made it available to the Institution 
and think it worth showing at some time; apart 
from its historical interest, it is an example of 
production engineering which might be of 
interest to anyone not well acquainted with 
valve manufacture. 

Research is an ever growing tree. New 
branches are constantly sprouting and due to 
radar itself the valve industry has added to the 
number of special valves it has to produce, 
many of them small in number but substantial 
in importance. An example is the disc-seal 
triode shown in Fig. 3. 

Fig. 2. An early production magnetron 

Concurrently with the magnetron we have 
seen the development of the klystron, visualized 
in 1941 as an r.f. amplifier, and now exten-
sively used as a local oscillator for radar 
receivers. In the Institution, we particularly 
remember the work of R. Kompfner, both on 
the klystron and on the travelling wave tube.* 
The latter is now a substantial factor in 
microwave relay links without which it would 
not be possible to enjoy the standard of 
Eurovision as we know it today. 

Television has, of course, played an enormous 
part in literally focusing attention upon our 
profession and the industry we serve. I often 
conjecture as to what fraction of the millions 
who watch television are in any way aware 

* 10, pp. 283-9, August, 1950. 
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of its scientific development and of the 
production technique required. 

Fig. 3. A u.h.f. disc-seal triode (ACT 25) 

To us it is commonplace that a television 
receiver comprises 400 separate parts, 
assembled by means of no less than 500 
soldered joints, but few of the public realize 
the production effort required to ensure the 
satisfactory working of the complete set. On 
the other hand, of course; we engineers often 
cannot understand the antics we see performed 
on the cathode-ray tube! 
I have only so far included the cathode-ray 

tube as one of the parts of a television receiver, 
• but in fact it is itself an excellent example of 
production technique. The possibilities of the 
cathode-ray tube were discovered over 70 years 
ago. The work of Roentgen, Thompson and 
Braun tells the same story of enthusiastic work 
in studying new ideas, sharing experiences and 
not being afraid to experiment. 

Figure 4 gives some indication of the early 
development of the cathode-ray tube before 
television was ever realized as a commercial 
possibility. It is interesting to note the 
similarity in shape of these tubes to present-day 
devices. 

Even before Fleming invented his valve, he 
originated in 1887 what we now call the 
"focusing coil," the principles of which con-
tinue to be used in the magnetic focusing of 
cathode rays in television, cathode-ray 
oscillographs, and electron microscopes. 
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It was another Professor of London 
University—Campbell-Swinton— who suggested 
that the future of television woulçl lie in the 
development of electronic means for the 
transmission and reception of the picture. 
Unfortunately, Campbell-Swinton did not go 
very far beyond the theoretical stage, and John 
Logie Baird followed a very different line of 
thought on the lines pioneered by Paul Nipkow. 
The very first detailed moving picture was, in 
fact, transmitted by the Baird system in 1926. 

Thus we had a new idea—broadcasting vision 
as well as sound, and it is to the everlasting 
credit of Great Britain that our own British 
Broadcasting Corporation was prepared to be 
the medium for sharing experiences and not 
being afraid to experiment. In 1929 the world's 
first experimental television service was started, 
and television receivers became available to 
the public. A great deal of development work 
was still needed, however, in order to establish 
a really satisfactory service. 

Braun 1897 

Wehnelt nos 

Fig. 4. Early cathode-ray tubes 

The Baird system, with its slow mechanical 
scanning of only 30 lines, was not satisfactory. 
It soon became obvious that fully electronic 
television depended upon the further develop-
ment of the photo-electric cell, and the cathode-
ray tube. The photo-electric cell was already 
well known as a laboratory instrument and used 
as a controlling device in the transmission of 
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still pictures by radio before the advent of 
television. 

Concurrently there was a need for much 
improvement in circuitry. Work in that 
direction was largely assisted by improvements 
in valve and tube technique. Overall, the 
industry was once more in the position of 
having to encourage the studying of new ideas, 
sharing experiences and, with the aid of the 
B.B.C., not being afraid to experiment. 

Time does not permit of the tribute that we 
should all pay to the many engineers and 
research workers who brought the camera and 
the television tube to their present stage of 
development. A great deal of advance has taken 
place in circuit technique, but we must never 
forget that coupled with what was largely 
experimental work, the B.B.C. provided the 
first public service of its kind in starting 
high definition television transmission from 
Alexandra Palace in November 1936. 

This new service quickly put a demand on 
the valve industry, and although it could not 
be regarded as a very economical run by 
present day standards, the British valve industry 
was producing by 1938 ten thousand cathode-
ray tubes per annum. 

Within two years the industry had to put 
aside its interest in television as an entertain-
ment factor, but the same equipment, the same 
tubes and the same valves were playing a vital 
part in the defence of Great Britain. 

I have already shown that improving 
technique in valve production enabled the 
products of the radio and electronics engineer 
to be available to the many instead of to the 
few. In much the same way, the cathode-ray 
tube required further engineering development. 
For example, in the first place the evacuation 
and sealing of cathode-ray tubes was done on 
a small scale with rotary pumps, but large scale 
production evolved the tunnel pump. 

The production of cathode-ray tubes has 
steadily increased, and the factories of this 
country are now producing well over 21 million 
tubes a year. The emphasis must now be on 
further improved methods of production. 
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Indeed, the prospects for engineers able to 
improve production methods, coupled with 
reliability, are probably as great as, if not 
greater than, the prospects open to the research 
or development engineer. 

Improved production technique is of para-
mount importance to industry as a whole, and 
in our own particular field the increasing use 
and application of electronics will largely 
govern our ability to create and meet demands 
on an economic basis. 

For example, cathode-ray tubes are being 
increasingly required for purposes other than 
television. In 1947 over 25,000 tubes were 
bought for industrial and research uses—double 
the total production of 1938. In 1955, the 
production, other than for television, had risen 
to well over 110,000. Obviously the demand 
will increase with the development of industrial 
electronics—especially in the field of atomic 
energy. 

These achievements do not, however, warrant 
complacency in this as in any other industry. 
History shows that in invention the race 
between countries is almost always won by a 
short head only. Great Britain can rightly 
claim to have been "there or thereabouts" in 
every race in radio development, and often first 
in some of the more important races. But the 
going is getting more difficult and the pace does 
not slacken. It is vital to this country that we 
keep our position in the forefront. 

Whilst I have, in the main, considered the 
valve as the essential element in receiving, 
rectifying, and amplifying the radio signal, the 
story of the valve as a transmitter is almost 
equal to the story of the original idea, that is 
team work in development and production 
efficiency. 

This is, I think, the lesson which should be 
impressed on every young engineer that, above 
all, he should take every advantage of learning 
new ideas and of exchanging opinions with his 
fellow workers, and that he must understand 
at least some of the economic implications of 
bringing those new ideas to practical realization. 

It is one of the prime functions of such 
Institutions as our own to provide the necessary 
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facilities for the dissemination of post-graduate 
knowledge. It can only so function if there are 
members prepared to pool their knowledge, as 
well as being able and qualified to make use of 
new information. 

In recent years, we have found an increasing 
number of applications of our art which 
might generally be referred to as Industrial 
Electronics. The electronic television camera 
was one of the most outstanding contributions 
to an effective television service; it is now being 
used increasingly in inspection and detection 
techniques. There is great opportunity for an 
expansion of such equipment in order to 
eliminate dangerous work or indeed, to do tasks 
incapable of human inspection. 
The Institution's 1957 Convention will be 

wholly devoted to the many applications of 
electronics to various industries and the 
essential part which electronics does, and will 
increasingly play, in developing automation. 
In all those applications the valve is an integral 
component and the cathode-ray tube will also 
play a complementary role, not only in 
industrial processes, but in commercial life. 

In the rapid sequence of development, 
however, we are still far from making the 
maximum. use of what has already been done 
or instructing others in its usage. 

Television on a closed circuit has many 
applications, but I think that one of the more 
important in the life of any nation may be the 
use of the closed circuit for instruction. We 
know that there is a great shortage of teachers 
and lecturers, and in addition we have not the 
accommodation for all our pupils and students. 

Some education authorities have experi-
mented with the use of television technique in 
improving and extending teaching facilities. It 
took very many years before education 
authorities took full advantage of the possi-
bilities opened by sound radio in teaching. I 
think that more could be done in using the 
application of television for such purposes— 
in other words, bringing automation into 
instruction! 

I now turn to semiconductors, with specific 
reference to crystal diodes and transistors. 
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Reference has been made to the rapidly 
expanding production of valves, but it should 
not be forgotten that fully or partially 
transistorized equipment became available 
during 1954 and 1955 and this obviously 
caused a small displacement of valve require-
ment. I consider, however, that the increasing 
application and use of the transistor will not 
materially affect the requirement for valves for 
many years. 

There are many outstanding problems in 
material construction which affect the economic 
cost of production of semiconductors; the basic 
materials of these would seem on first con-
sideration to cost less than the basic materials 
of a valve. Much work must be done, 
however, on material production methods to 
cut costs and eliminate wastage. 

Semiconductors also require less fabricating 
once we are assured of a consistent quality of 
material. For the present, a high frequency 
transistor costs more than a valve, but quantity 
production will reduce this cost when we are 
assured of a higher yield in mass production. 

The immediate demand for semiconductors 
is to replace. valves which at present work 
under a considerable handicap, such as space 
limitations, vibratory movement, or difficulty in 
power supplies. An excellent example, of 
course, was in the development of centimetric 
radar or (as I prefer to call it) radiolocation, 
where thermionic valves were not wholly 
suitable; this stimulated development of co-axial 
diode crystals. 

Radio engineers are well aware of some of 
the possibilities of using transistors and crystal 
diodes. We have, however, to overcome the 
present temperature and frequency limitations 
of semi-conductor devices. Improvement of 
these factors will enable transistors to be more 
extensively used in all forms of printed and 
potted circuitry, such as needs to be incorporated 
in guided missiles. The great problem will then 
be production, which lends support to the view 
I have already expressed, that the further 
development of our art calls for increasing 
attention, by the engineer, to the problems of 
large scale quality production. 
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It seems to me that in current discussion on 
the work of our universities and other educa-
tional institutions, and indeed, in the work of 
our professional bodies, we tend to become too 
pre-occupied with the glamour of the words 
"Research and Development." 

Research requires not only a heavy capital 
outlay, but also men of specialized outlook and 
inventive minds whose bent for research is 
usually conditioned by an ability to benefit from 
experience and what they see. I do not believe 
that the young graduate is necessarily equipped 
with the knowledge or outlook to justify him 
concentrating entirely on research projects. 

I also strongly stress the desirability of our 
examining the whole of our apprenticeship and 
trainee schemes. Most large companies sub-
scribe to the view that the graduate benefits 
from works experience, even if his ultimate aim 
is employment in development and research 
projects. 

I hope that during my Presidency I shall have 
an opportunity of discussing with our Education 
Committee the desirability of including in our 
examination syllabus a paper covering the 
essential principles of industrial management 
and production. It is the task of the industrial 
engineer to turn proved theories into practical 
products and I visualize that such a paper 
would require the young engineer to study and 
understand some of the problems attendant 
upon converting a research or development 
project into a marketable commodity. 

Such knowledge would also, I think, be 
invaluable in enabling the engineer to under-
stand management problems and bring closer 
the understanding between management and 
labour—a relationship which so often revolves 
around the engineer who may sometimes have 
the worst of both worlds! 

It would seem that not all people have been 
convinced either of the importance of electronics 
engineers, or of the necessity for the Institution 
itself. I can only comment that the patron of 
all engineers, Archimedes, claimed that he could 
move the earth if he had a long enough lever 
and something to rest it on! Whilst the 
principles laid down by Archimedes have served 
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engineers throughout the centuries, there is, 
unfortunately, no sure mathematical formula 
for shifting the minds of men! 

Though engineers have contributed greatly 
towards man's comfort in life, there is a danger 
that they become complacent and lag behind 
in turning to practical advantage the full 
benefits of scientific discovery. 

There are other considerations which compel 
us to devote more thought and energy toward 
improving our production methods. For 
example, here in Great Britain our population 
has increased by over 20 million since the 
beginning of this century and the needs of the 
population could not possibly have been met by 
the conditions which prevailed 50 years ago. 
The deficit has only partly been avoided by the 
work of the engineer. 

I think therefore it is proper that the coming 
generation, of whom so many will be required 
in the various branches of engineering, should 
be reminded of the economic importance, as 
well as of the dignity of the engineering 
profession. 

It is common knowledge that our profession 
finds it difficult to recruit enough younger 
engineers. It is vitally necessary to increase 
the number of entrants to the profession and in 
particular young men who can turn to 
professional advantage the opportunities which 
exist in our expanding industry. 

On the whole I do not think that our industry 
has been lacking in providing facilities for 
"sandwich" schemes of training, graduate 
vacation courses and post-graduate training 
schemes. It is a matter of conjecture as to 
whether these schemes are utilized as well as 
they might be. Indeed, it might be argued as 
to whether the present conditions of full 
employment act with as much advantage to the 
individual as the schemes of apprenticeship 
which served the engineer so well in the early 
part of the century. 

Whilst the present scheme of introducing 
technological courses of instruction has much 
to commend it, it will be very many years before 
industry feels the full benefit. I suggest, 
therefore, that young men might reconsider the 
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advantages of an apprenticeship course. 

Notwithstanding our own shortages at the 
present time, we in Great Britain are very 
conscious of the compliment paid by the rest 
of the world to our system of training by the 
inducements offered to encourage British 
engineers to emigrate. However nice that 
compliment, the fact remains that we cannot at 
present spare engineers for export if we are 
to have the people at home capable of following 
up new ideas and developing new techniques. 

I should make it clear that we must 
encourage the interchange of ideas. It is indeed 
wise to send engineers to other countries to 
study their methods from which we can learn 
much, particularly in the engineering of goods 
for mass production. We reciprocate by the 
facilities we provide in this country for training 
and other exchange of information. The fact 
remains, however, that we must obtain more 
recruits to our industry before we can afford 
to send our engineers to permanent jobs 
overseas. 

I think that by focusing attention, as it does, 
on the need for training young people up to 
reasonable standards in physics and the various 
branches of radio and electronic science, this 
Institution performs a valuable and essential 
service to the community. 

An engineer has been defined as "a man who 
uses the forces of nature for the welfare of 
mankind." It is a very simple definition, but 
it has always been the principal object of all 
professional engineering bodies and should 
remain the precept of the individual engineer. 

There is, perhaps, a modern tendency to 
confuse our individual responsibilities. The 
true engineer is not primarily concerned with 
economics or politics, though that is not to say 
that he willingly accepts present conditions as 
being final. To the contrary, he creates new 
conditions by providing tunnels, bridges, 
aeroplanes and atomic energy, all of which 
bring to the community at large many blessings. 
To do these things is the engineer's main 
function, and it is only as a secondary interest 
that he becomes concerned with the ways in 
which economics or politics handle his inven-
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tions. Certainly history has shown that, as in 
the Industrial Revolution, economic considera-
tions cannot, and must not, restrict the activities 
of the engineer. 
We should not, therefore, be easily deflected 

from our main task as engineers—to utilize the 
gifts of nature for the benefit of man. To do 
so has been the prime purpose of the engineer 
ever since man inherited the earth, and we must 
constantly seek new ways of improving the 
standards of life and the ways of living. Only 
in that way can engineers lighten man's labours 
—a process which has been given many names, 
the modern version being automation. No one 
possessed of a logical mind, least of all 
engineers, can possibly see any logical reason 
for stopping such evolution. In my opinion, 
to stop progress would be to invite starvation. 

The last 50 years provides countless examples 
of the benefits of engineering development and 
production. At the beginning of this century 
expenditure on motoring was small, and com-
munication in the radio sense was confined to 
experiment mainly for defence purposes. The 
radio valve is surely a supreme example of the 
translation of scientific knowledge and experi-
ment into a commonplace article as a result 
of the engineer applying his ingenuity to 
production technique. 

It may be doubted whether even Clerk 
Maxwell could have fully appreciated the 
ultimate end of the path which was opened up 
by his enquiring mind, but we have good reason 
to be proud of such as him. With such example 
we have even more reason to play our part in 
fulfilling the declared object of the Institution— 
"To advance science, especially in the field of 
radio and electronics, for the benefit of man." 

I deeply appreciate the honour of becoming 
the 14th President of the Institution, more 
especially because our Institution exists to carry 
on the tradition of advancing science. 

As members of a great engineering profession 
we should be very proud of the part which we 
have played in increasing the general standard 
of living and in providing more opportunities 
for man to embrace cultural pursuits and 
broaden his vision. 
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INSTITUTION NOTICES 
Obituary 

The Council has learned with regret of the death 
of the following member and has expressed 
sympathy with his relatives. 
Squadron Leader William Alfred Spacey 

(Associate) died suddenly from heart failure on 
October 7th last at the age of 47. Squadron Leader 
Spacey entered the Royal Air Force in 1928 and 
was commissioned in 1943. He was a Squadron 
Commander responsible for instruction in tele-
communications equipment maintenance at No. 3 
Radio School. He was elected an Associate of 
the Institution in May 1956. 

Students' Essay Competition 
The General Council has recently announced 

the subjects for the Institution's Essay Competition 
for 1957. The first of these competitions was held 
in 1956. 

Entries are now invited from registered 
Students of the Institution as well as Graduates 
under the age of 23 and essays must be submitted 
by the 30th June. There is a choice of subject 
which may be: 

"The Evolution of Radio Communications." 
or 

(2) "The Role of Electronics in Industrial 
Development." 

A prize of £10 10s. Od. will be awarded for the 
best essay and £5 5s. Od. for the second best. At 
Council's discretion, additional prizes may be 
awarded to essays which are highly commended. 

Last year it is possible that the style of many 
authors was cramped by the limit in length. The 
Council now asks that essays should be between 
3,000 and 5,000 words and should be submitted 
typed on one side of the paper only. 

Visit to Harwell 

The Technical Committee is to arrange visits 
during the Spring and Summer of 1957 to 
industrial and research establishments in London 
and the Home Counties. The first visit will be 
to the Atomic Energy Research Establishment, 
Harwell, on Wednesday, April 24th; the visit will 
occupy a full day. 
As only a small party can be conducted round 

Harwell, only Members, Associate Members, 
Associates and Graduates of the Institution can 
be included and it is probable that a ballot will 
have to be held. Members interested should apply 
immediately to the General Secretary for further 
details regarding the arrangements. 
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New Year Honours List 
The Council of the Institution has congratulated 

Wing Commander Albert James Mott on his 
appointment as an Officer of the Military Division 
of the Most Excellent Order of the British Empire. 
Wing Commander Mott is at present Command 
Radio Officer at Coastal Command Headquarters. 
He was elected an Associate Member of the 
Institution in 1949. 

Subscriptions from Members Overseas 
Members abroad should note that Annual 

Subscriptions for the year 1957-58 should be 
received by the Institution on April 1st. The rates 
of subscription were given on page 477 of the 
September issue of the Journal. 
Members resident in India, South Africa or 

New Zealand may remit either direct to London, 
or to the Institution's local bankers, specifying 
that the amount is for the credit of "The British 
Institution of Radio Engineers," as follows: 

New Zealand: 

South Africa: 

India: 

Bank of New South Wales, 
Auckland. 
National Bank of South Africa, 
40 Simmonds St., Johannesburg. 
State Bank of India, St. Mark's 
Road, Bangalore. 

Separate advice should be sent to the London 
Office of the Institution immediately payment is 
made to the local bank. 

Graduateship Examination 
In 1956, a total of 1,596 candidates entered for 

the Graduateship Examination. The results of 
the November 1956 examination, the first to be 
held under the new regulations, will be published 
in the February issue of the Journal. 

Entries from home candidates for the May 1957 
examination must be received by 1st April. 
Overseas candidates should ensure that their 
entries for the November 1957 examination reach 
the Institution by 1st May. 

Journal 
This issue of the Brit.I.R.E. Journal is notable 

in several respects. Firstly, it is the largest single 
issue since the Institution first published its 
proceedings thirty-one years ago. The Journal 
comprises 116 pages, including plates, text and 
advertising announcements. Secondly, 10,000 
copies have been printed for distribution to 
members and subscribers. 
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THE CIRCUIT DEVELOPMENT OF A HEAVY-DUTY 
DYNAMIC BALANCING MACHINE* 

by 

L. H. Vale (Associate Member)t 

SUMMARY 

The process of dynamic balancing is described in general terms to establish the require-
ments of the electronic circuitry. The method employed enables direct indication to be given of 
both the amount and position of existing unbalance. A description is given of a tunable amplifier 
and its limitations discussed. The operation of the equipment depends, to a large extent, on 
the performance of a pulse forming circuit. This circuit is required to function at very low 
frequencies, and a novel method of developing a pulse at the crest of the input cycle, without 
involving long-time constants, is described. 

1. Introduction 
Dynamic balancing of rotatable bodies has 

been standard practice for many years. The 
increasing use of gas turbines and similar 
machines has more recently considerably 
increased the need for equipment capable of 
dynamically balancing large rotors to very fine 
limits. 

It is not intended in this paper to discuss the 
mechanical aspects of the subject except insofar 
as it is necessary to the sense of the text. For 
more general information on dynamic balancing 
and its application, papers by Eggleston, Child 
and Binns' ,2,3 should be consulted. 

2. Types of Balancing 
The fundamental difference between static 

balancing and dynamic balancing may be 
described in the following manner: 

If a rotor, which has a certain radius but a 
negligible thickness, fixed on a true and 
balanced shaft, is placed so that the shaft lies 
across a pair of horizontal knife edges, and is 
allowed to turn freely, the heavier side of the 
rotor will assume a vertically downwards 
position. Addition of the correct amount of 
mass to the rotor vertically above the shaft (or 

* Manuscript received 18th September, 1956. Based 
on a thesis accepted for exemption from the 
Institution's Graduateship Examination. (Paper No. 
380.) 
t E.M.I. Electronics, Ltd., Engineering Develop-

ment Division, Wells, Somerset. 
U.D.C. No. 621.37/8:621-755. 
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subtraction vertically below) will cancel out this 
unbalance, and the centre of gravity of the rotor 
will coincide with the centre of the shaft. This 
is the process of static balancing. Rotating the 
shaft will not cause a displacement of the centre 
of gravity and no forces will be generated. 

Consider two such disks, fixed some distance 
apart on the shaft, one of which is balanced 
and the other unbalanced. Should the com-
bined rotor now be statically balanced by 
adding or subtracting mass to the previously 
balanced disk, the centre of gravity of neither 
disk will coincide with the centre of the shaft. 
If the shaft is rotated, the rotation will tend to 
be about the centres of gravity of the individual 
disks and, if the shaft is constrained by 
bearings, forces will result from the unbalance, 
even though the combined rotor is statically 
balanced. Unbalance in any rigid rotor that 
has axial length can be resolved into moments 
in two planes normal to the axis, one on each 
side of the centre of gravity, and must be 
suitably corrected in these two planes, 
individually, in order that the rotor be 
dynamically balanced. 

3. Function of Machine 

The function of a dynamic balancing 
machine is to indicate the angular position and 
amount of mass required to be added or sub-
tracted in given planes to the body under test 
in order to correct existing unbalance. Generally 
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TRANSDUCERS 

\.....„ NODAL BAR 
(MECHANICAL MIXING) .4:.« 

SYNC ARO 
(TRANSMITTER) 

INTEGRATION 

PLUGGING 
SWITCH 

PHASE- REVERSING 
AMPLIFIER 

270° 

TUNABLE VARIABLE 
AMPLIFIER ALL- PASS 

FILTER 

RUNNING/STATIONARY 
RELAY 

A 

AMPLIFIER 
MIXER 

FPOURLSMEER GATE 

400 c/s 
OSC LLATOR 

400 c/s 
POWER 

AMPLIFIER 

Fig. 1. Block diagram of the electronic circuit of the Balancing Machine. 

the correction planes are situated in mechani-
cally convenient positions towards the axial 
extremities of the rotor. In the simple case of 
a cylinder rotating on its axis, the correcting 
planes would normally be the circular end faces. 

The rotor to be balanced is placed in 
bearings—preferably those in which it will 
finally run—which are fixed to the cradles of 
the machine. The cradles are suspended in 
the machine so that they are able to move only 
in a horizontal direction, normal to the axis of 
the rotor. If the rotor is perfectly balanced, 
the cradles will remain stationary when the 
rotor is turning on its axis. Any unbalance in 
the rotor, however, will cause the cradles to 
vibrate sinusoidally. The amplitude of the 
vibration and its phase angle with respect to 
the angular position of the unbalance are 
functions of the unbalance moment, the stiffness 
of the cradle suspension, the mass of the rotor, 
the losses in the mechanical system, and 
the speed of rotation; these are analogous, 
respectively, to output voltage and phase angle, 
input voltage, elastance, inductance, resistance, 
and frequency in an electrical series LCR 
circuit. The matter is generally more com-
plicated because, while unbalance can be 
considered to be resolvable into moments in 
each correction plane, these two moments will 
not necessarily be equal to each other in either 
amount or angular position, and yet will be, 
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to use an electrical term, tightly coupled to each 
other by the rigidity of the rotor. 

It will be seen to be necessary for amplitude 
of vibration caused by the unbalance forces in 
each plane to be isolated from the effect of 
unbalance in the other plane; and that the 
amount of each unbalance moment and its 
angular position on the rotor must be accurately 
indicated. 

If we mechanicaly couple a transducer to 
each cradle of the machine, movement of a 
cradle will cause the respective transducer to 
generate a voltage which can be proportional to 
either the velocity of movement or displacement 
of the cradle. In the system to be described, 
moving coil transducers are used, and the 
voltage generated is proportional to velocity. 
The transducers are seismically mounted to 
reduce the effects of floor vibration. 

If the rotational speed is above the natural 
resonant frequency of the rotor in its cradle 
assembly, the system behaves analogously to a 
series LCR circuit operated at a frequency 
above its resonant frequency. If the speed is 
sufficiently higher, the stiffness of the suspension 
(1/C), the losses of the system (R), and the 
small variations in frequency (AF) tend to have 
smaller effect, and the amplitude of vibrations 
can be considered to be a function of out of 
balance moment and mass of rotor only. The 
rotor tends to turn on a new axis through its 
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centre of gravity and the movement of the 
cradles is almost 180 deg. out of phase with 
that of the unbalance. In this machine the 
period of natural mechanical resonance of the 
rotor in its cradles is determined by inspection, 
and the rotational speed is set to above a 
specified proportion higher. The electronic 
equipment is required to be capable of handling 
frequencies corresponding to the specified range 
of speeds, in this case 4.5 c/s to 25 c/s, 
corresponding to a speed range of 270 rev/min 
to 1,500 rev/min. 

4. Requirements of Circuitry. 
The three general requirements of the 

electronic circuitry, then, are as follows: 

(1) It must be possible to isolate the effects 
of unbalance in each plane from the 
effects of unbalance in the other plane. 

(2) The amount of unbalance in each plane 
must be measurable. 

(3) It must be possible to indicate on the 
rotor itself the angular position of the 
unbalance. 

4.1. General Description of Circuit 
The block diagram of the electronic circuitry 

is shown in Fig. I. 

The transducers are connected individually 
to the input circuit, which provides controls for 
isolation of the signals from individual planes, 
separate amplitude controls for each plane, a 
switch to reverse the polarity of input signals, 
and an attenuator which allows the overall gain 
from transducer to amplifier to be adjusted in 
20 db steps. 

From the input circuit the signals are fed 
through a pre-amplifier into a tunable amplifier, 
both of which operate at transducer frequency. 
It will be appreciated that the limit of sensitivity 
of the system is the ratio of response to signals 
at rotational frequency to that at other 
frequencies. These latter signals, as presented 
to the measuring portion of the circuit, consist 
of (a) slow drifting of voltages in the input 
stages, (b) low frequency signals developed by 
the transducers due to the rotor swinging at its 
resonant frequency (this is sometimes greatly 
amplified by an unfortunate choice of driving 

January 1937 

D 

belt length), or (c) higher frequency signals 
developed by the transducers in responses to 
noises in bearings, gear box, etc. While every 
precaution is taken in the mechanical design to 
limit the last two, it is found impracticable to 
dispense with some sort of selective circuit and 
still reach the desired sensitivity. 

After the pre-amplifier there is an integration 
circuit. The purpose of this circuit is to make 
the velocity proportional signals amplitude 
proportional, i.e. the response of the system 
from transducer displacement to the measuring 
system is independent of frequency over the 
chosen range, provided that the selective circuit 
is adjusted to the frequency in use. 

From the tunable amplifier the signals are 
fed through an "Amplifier-Mixer" stage to an 
a.c. voltmeter, which indicates AMOUNT OF 

UNBALANCE, and into the pulse. forming circuit, 
which develops a pulse of given angular 
duration at the peak of each input cycle; these 
pulses open a gate which allows the output from 
a 400 c/s oscillator to be fed into a power 
amplifier and applied to a pair of synchros. 
The shaft of the transmitter is mechanically 
connected to the shaft of the rotor under test, 
the shaft of the receiver actuates the pointer 
showing POSITION OF UNBALANCE, and the 
windings are connected stator to stator, rotor 
to rotor, in the normal synchro link connection. 

The general requirement ( 1) is satisfied in the 
input circuit, requirement (2) is accomplished 
by measuring the amplitude of the amplified 
and integrated transducer signals; (3) is 
accomplished as follows. 

Referring again to the block diagram, Fig. 1, 
if 400 c/s power is supplied to the rotors of a 
pair of synchros and their stators are connected 
in parallel, the shaft of whichever one is not 
restricted will tend to rotate until it adopts a 
certain position. If the shaft of the first 
(transmitter) synchro is turned to a new 
position, the second (receiver) synchro will tend 
to turn through a similar angle. If the receiver 
synchro is one specially designed to have low 
friction bearings and brushes, and is used, as in 
this case, to activate only a counterbalanced 
pointer, it will adopt its correct shaft position 
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relative to the transmitter synchro shaft to 
within a degree or better. Therefore, if the 
transmitter synchro shaft is mechanically 
coupled to the rotor under test and rotates in 
fixed angular positions relative to the rotor, then 
when the rotor is turned the receiver synchro 
will also turn, with a constant angular relation 
to the rotor. 

Should the power supply to the synchros be 
applied only when the rotor (and therefore the 
transmitter synchro shaft) is at a certain angular 
position, any torque developed in the receiver 
synchro will tend to return the receiver pointer 
to a corresponding position and maintain it 
there. The application of power will occupy 
some time, however, and during this time the 
receiver will tend to follow the transmitter, and 
the receiver pointer will flicker to a degree 
which is a function of the time that the power 
is applied during each pulse. 

Under the conditions of operation of this 
machine, mentioned earlier, the movement of 
the transducers is almost 180 deg. out of phase 
with the unbalance, i.e. when the angular 
direction of unbalance in one plane of the rotor 
is horizontally towards the front of the machine, 
the corresponding transducer will be at the 
extremity of its travel towards the rear of the 
machine (neglecting forces reflected from 
unbalance in the other plane). Because of the 
lag in voltage introduced by the integration 
circuit, this will correspond to the time of peak 
instantaneous value of the signal applied to the 
pulse forming circuit is reached. 

A pulse is formed symmetrically in time 
about this peak and power is supplied to the 
synchros during the pulse period. When the 
rotor is being driven, therefore, the indicator 
adopts a position corresponding to the rotor 
position when the direction of unbalance is 
horizontally forward in the machine. 

It is of interest to observe that, should the 
pulse formed as above be used to illuminate 
the rotor by energising a suitable light source 
in the right position, the direction of the 
unbalance will be directly illuminated strobo-
scopically. This method is in general use. 

In this machine, a plugging switch on the 
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drive motor shaft drops out when the drive 
power is removed and the rotor comes to rest. 
This disables the pulse forming circuit, and, 
with 400 c/s power applied continuously to the 
synchros, the rotor is pulled around slowly 
until the indicator is again at its previously 
adopted position. The point from which 
material must be removed to correct the 
unbalance is then horizontally forward. 

Should it be more convenient to add material 
to the rotor to attain balance, it is necessary 
only to reverse the polarity of the voltage 
from the transducers; the direction of unbalance 
will then be horizontally towards the rear of 
the machine. 

It was decided, after conducting tests using 
a rotary switch as a substitute for the transducer 
and electronic circuitry, that a suitable com-
promise pulse width (between indicator torque 
on one hand, and needle flicker on the other) 
was 30 deg. of transducer frequency, but that 
pulse width + 33 per cent. of this were tolerable. 
In order to smooth out the oscillations of 
indicator shaft caused by the finite duration of 
pulse, the indicator synchro is damped with an 
eddy current disk and permanent magnet. 

4.2. Accuracy Requirements 
The accuracy of measurement of AMOUNT OF 

UNBALANCE is +5 per cent. Because of the 
integration the readings are proportional to 
transducer displacement and so are a function 
of rotor mass. The normal setting up procedure 
is to attach a known amount of unbalance at 
the desired radius on a correction plane on a 
balanced rotor of the type to be tested (if a 
balanced rotor. is not available sufficient 
unbalance must be added to render negligible 
any existing unbalance). With the correspond-
ing variable control in that section of the input 
circuit, the gain of the system is set so that the 
AMOUNT OF UNBALANCE meter reads a con-
venient figure. The steps on the input 
attenuator are 10: 1 and the meter scale is 
engraved in corresponding colours, so that it 
will now indicate amount of mass to be added 
or taken off the rotor at the given radius. 

The effects of inaccuracy in indication of 
angular position of correction point are 
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illustrated in Fig. 2, which is a vector diagram 
of forces acting in one correction plane. 

The symbols used in Fig. 2 are: — 
F„ = Unbalance force existing on rotor. 
y =Angle of error in application of correction 

force. 
FRI = Minimum resultant force when correction 

forceF, is applied at an error angle of w. 
FR2 =Resultant force when magnitude of 

correction force Fc2=F., at an error 
angle of (P. 

FR3 =Resultant force when correction force 
Fc2>F« at an error angle of y. 

Ec3 

Fig. 2. Vector diagram showing the forces 
acting in one correction plane. 

If a correction force F c is applied with an 
error angle y, by the cosine law, 

Resultant Force, 
FR= k,/ { F2 + Pc' - 2 F« F c Cos (p}  (1) 

Having determined the magnitude of FR, the 
angle -r between FR and F. can be determined 
by the sine law: 

T = . sin w)  (2) 
FR 

is acute if Fc>F. cos w 

and obtuse if Fc<F« cos y. 

From Fig. 2 it will be seen that the magnitude 
of the resultant reaches a minimum when its 
direction is normal to the correction force, as 
illustrated by FR1. 

Therefore the condition of minimum 
resultant is reached when 

Fci= F. cos cp  (3) 

and under this condition, 

FRi= F. sin q)  (4) 

and -ri= 90°  (5) 
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If F c= F.= Fc2 

From eq. ( 1), 

FR2=2 F. sin IT 

and T =90° - 

It can be determined from eq. (6) that if the 
exact amount of correction is made but with 
angular error of 2.8 deg. the resultant out-of-
balance force will be 5 per cent, of the original 
out-of-balance force; however, if we allow the 
amount of unbalance remaining after correction 
to be as large as 10 per cent. of the original 
amount of unbalance, and, owing to tolerances 
in measurement, the amount of correction made 
is 5 per cent, greater than the correct amount, 
from eq. ( 1) it can be determined that the 
permissible angular error is 4.8 deg. If the 
correction is 5 per cent, less than the correct 
value, the permissible angular error is 5.1 deg. 

The effect of this total tolerance of 10 per 
cent. is that, under the extremes of inaccuracy, 
the amount of unbalance can be reduced by a 
factor of 10 after each measurement, which is 
in accord with normal practice. 

The sensitivity of the circuitry is to be such 
that accurate indication of amount and angular 
position of unbalance can be obtained when the 
amplitude of vibration of the rotor due to 
unbalance is 0.00002 in. 

•To summarize the requirements of the 
circuitry, these are : — 

(a) To indicate amount of unbalance, +5 per 
cent., and 

(b) Angular position_of unbalance, ±4'8 °. 

(c) These indications are to be obtained with 
inputs as low as those corresponding to 
transducer movements of 20 x 10' in. 
amplitude. 

(d) The frequency range of the equipment is 
4.5 c/s to 25 c/s. 

In addition to these requirements, it was 
considered necessary to keep the circuitry 
simple, to use standard components as far as 
possible, and to reduce the number of valves, 
i.e. glass envelopes, to a minimum. 

(6) 

(7) 

19 



;
M
g
 
I
V
I
L
I
I
I
0
f
 

SA LEFT/RIGHT SWITCH HT+ 
SB METER SCALE SWITCH 

SC LIGHT/HEAVY SWITCH 

cc p, -4   ...4  

= 
0 
If/ 
Z 4-• 
< 
CC I- 1K , RV I 1 
± , 2K , r_. SA 1 
j   1 

at J r ,, /-1:, --=1-? 
tt., ri- ...:,..fr_. 1 , . 

, i 

I 
., 6___; , ± IK I' I 1 
0 ' I I ' IFNI 

KliK 

V15 
A2I 34 

LI 
3.3 M 

BALANCE 2p 

STABILIZER 

250 47K 

0.1e 
VI6 
1729 

400c/s OSCILLATOR 

1500p 1500p 1500p 

-IHH 
2 p 

00 =  

o  

RVI LEFT PLANE BALANCE 
RV2 RIGHT PLANE BALANCE 
RV3 RIGHT PLANE AMOUNT 

RV4 LEFT PLANE AMOUNT 

RVS RV6 FILTER 

RV7 ADJ FEEDBACK 
RVB METER CALIBRATOR 

RV9 METER ZERO 

RVIO PULSE DURATION 
RVII OUTPUT VOLTS RUNNING 

RV12 OUTPUT vous srArICNAeY 

RV12 

100K 

4 RV4 2.2 
10 K 

le 
8-2K 100K 

1M IMIM 

V 7A 
8309 

E 

127K 

I8K 82K 

RV9 15 
10K K 33M 

7K 0.5p x 10M 

0.5o I_.MP2I MR3 

V5A V5B 

__ 8309 _ _ 

390K 
RV6 

400 c/s AMPLIFIER 

PRE-AMPLIFIER TUNED AMPLIFIER 

___O__ AMOUNT OF UNBALANCE 
0-1mA 

470K 470 K 100 K 82K 12 K 1_4 22K 
RV7 
25K 

0.5 p 15000p 
V3A 
8309 

5.6 K 

2.2K I2Kl0K 

390K 

RV5 
2 M 

TO PLUGGING 
SWITCH 47K 

IDOK RL 

2 
.005p 

391</470K 

100K 

Fig. 3. Circuit diagram of the Balancing Machine. 

47 

270K 
270 

22 2.2 

2p 

V6A V6 8 

2e 

POSITION OF 
UNBALANCE 



CIRCUIT DEVELOPMENT OF HEAVY-DUTY BALANCING MACHINE 

5. Detailed Description of the Circuit. 
The development of the individual sections 

of the circuit will now be described in more 
detail. Fig. 3 shows the full circuit. 

5.1. The Input Circuit 
The requirements of this section have been 

mentioned in the discussion of the block 
diagram, and these are met with the circuit 
shown in Fig. 4. In this circuit, the heavy lined 
portion of the diagram contains that portion in 
use when the PLANE switch, SA, is turned to 
RIGHT-HAND PLANE. 

It will be seen that the signal appearing 
between the arms SA! and SA2 is the sum of 
the voltage across R4 and the voltage existing 
between the RI, R2 junction and the arm of 
RV1. R1, R2, and the two sections of RV1 
form a resistive bridge across the terminals of 
the 1.h. transducer, so that any voltage 
generated by the 1.h. transducer which is in 
phase with that generated by the r.h. transducer, 
whether positively or negatively, can, by 
adjusting RV1 to a suitable value, be subtracted 
from the voltage across R4, which is half the 
output from the r.h. transducer. 
The voltage generated by the r.h. transducer 

can be the result of, firstly, the vibration caused 
by unbalance in the r.h. plane itself, and 
secondly, the vibration caused by the unbalance 
in the 1.h. plane, which is coupled mechanically, 
through the rotor swinging about a node, to the 
r.h. plane. This latter vibration is essentially 
of the same phase angle at the two correction 
planes, but, depending on the configuration of 
the rotor, may be of the same or of opposite 
polarity. Therefore a sufficient portion of the 
1.h. transducer voltage may be added or sub-
tracted to the r.h. transducer voltage to balance 
out the mechanical coupling. 
The BALANCE controls RV1 and RV2 are set 

up by adding artificial unbalance to one plane 
only of a rotor. By suitably adjusting the 
opposite BALANCE control it is possible to read 
the same amount and position of unbalance in 
that plane whether the artificial unbalance is 
present or not. 

With some configurations of rotor it is not 
possible, with the limited amount of bucking 

January 1957 

voltage obtainable with this circuitry, to obtain 
complete isolation between the planes. There 
is, however, a mechanical method of coupling 
between the cradles and transducers which 
allows a much wider range of adjustment. The 
BALANCE controls are, however, always used as 
a final means of accurate adjustment. 

The LIGHT/HEAVY switch, SC, enables the 
voltage between the arm of SA3 and earth 
to be reversed in polarity, according to the 
need to add or subtract mass from the rotor in 
the correction process. 

The AMOUNT controls, RV3 and RV4, afford 
separate, continuously variable, adjustment 
of system gain in each setting of the PLANE 
switch. With SA in the r.h. position as 
shown in Fig. 3, RV3 is in circuit. These 
controls are used, as described earlier, to 
calibrate the AMOUNT meter in terms of actual 
mass to be applied to the particular rotor being 
balanced. 

'BALANCE CONTROLS' 

L.H. 
TRANS-
DUCER 

R2 

R3 
R H 
TRANS-
DUCER R4 

Fig. 4. The input circuit. 

RV2 

'AMOUNT'CONTROLS 

RV3 

SA4 
SB AMP-

LIFIER 

'ATTEN-
RV4 UMW 

R6 

'PLANE' I 
SELECTORJ R7 

SB is a simple voltage divider attenuator. 
The resistors are such that each step is in 
decimal relation to the adjacent ones. The 
scale of SB is labelled COARSE, MEDIUM, and 
FINE and the colouring of each word corre-
sponds to the colour of the appropriate scale on 
the AMOUNT OF UNBALANCE meter. Attenuation 
of the signals before amplification restricts the 
range of signal amplitudes passed through the 
amplifier during operation to 10: 1 and so tends 
to facilitate the attainment of constant gain. 
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The BALANCE and AMOUNT controls, the 
LIGHT / IlEAVY switch, and the FILTER tuning 
control are intended to be set up by a suitably 
competent person prior to the balancing 
operation, and are situated under a cover plate. 
The machine operator need use only the PLANE 
selector switch and attenuator switch while 
rotors of any one type are being balanced. 

5.1.1. Gain requirements 
The signals from the attenuator are fed to 

the amplifier sections. The signal appearing 
at the input of the pulse forming valve V6A 
(refer to the main circuit diagram, Fig. 3) is 
required to be at least 2.5 volts peak value in 
order to form a well defined pulse. It will be 
shown later that this corresponds to an output 
from the mixer amplifier of 7 volts r.m.s. The 
output of the transducers when measured at 
4-5 c/s is 4.4 microvolts r.m.s. per microinch 
of armature travel. So that the output with 
20 microinches of travel at this, the lowest 
frequency to be used, is 88 microvolts. Because 
of the resistive bridge arrangement in the input 
section, the transducer signal is halved, so that 
the smallest signal into the amplifier is 
44 microvolts. The integration circuit introduces 
a loss of 9-7 times at 4,5 c/s so that the total 
gain between the input of the pre-amplifier and 
the output of the mixer amplifier is required 
to be at least 

7 x 10G x 9-7  
— 1-54 x 10. 

44 
The resistance-capacitance couplings between 

stages, being proportioned to introduce a very 
small amount of phase shift, will have a 
negligible effect on gain, so that the figure for 
the total gain can be considered as equal to 
actual valve gain. 

The gain of the mixer amplifier and tunable 
amplifier sections is limited by other considera-
tions. It is necessary, therefore, to design the 
pre-amplifier so as to furnish the additional gain 
required. 
The gains of these sections are as follows :— 

Mixer amplifier 11.5, 
Tunable amplifier (including phase 

splitters) 180, 
therefore the required gain in the pre-amplifier 
section is 785. 
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5.2. Pre-amplifier 
In addition to obtaining the required gain 

it was decided that the pre-amplifier circuit 
should (a) use some negative feedback to 
stabilize the gain, and that (b) only one glass 
envelope should be used if possible. 

The gain is somewhat higher than can be 
obtained in a single stage, except perhaps a 
pentode operating under "starvation" condi-
tions.4 It has been reported that the gain of 
a pentode under such conditions is not 
particularly stable', and, in any case, the 
amount of gain available, even in the most 
favourable circumstances, would not be 
sufficient to allow the application of negative 
feedback. 

The cascode circuit with additional anode 
resistor for the first triode' appeared to be 
worth investigating. This was found, however, 
due to the direct coupling between stages, to 
be rather critical of d.c. values. A re-adjustment 
of bias on the second triode was required each 
time the valve was changed. 

The circuit finally adopted has two conven-
tional resistance capacitance coupled stages. 
The cathode resistors are not bypassed and 
provide 10 db negative feedback in each. stage. 

The gain of each stage can be found from the 
formula 

itRL  
Ai= 

(it+1)RK+ra+ 

With the components values used, and using 
information supplied by the valve manu-
facturers, the gain of each stage is slightly 
over 30. 

The total gain of the pre-amplifier is 
is therefore ample, and stability is good. The 
effective input capacitance of the high mu 
triodes will have a negligible effect over the 
range of signal frequencies handled. 

5.3. The Integration Network 
The integration network, R and C, will 

introduce a voltage loss of sec 0, where 
0, = tan 'CR, the phase angle (lagging) of the 
circuit. With the values used, 3.3 M12 and 
0.1 ELF, and allowing for an additional 0l4 Mû 
source impedance from V1B and the anode load 
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resistor, the voltage loss is 9-7 times, and the 
phase angle 84-1°, lagging, at 4-5 c/s. Con-
sidering the phase angle as compared to an 
ideal integrator phase angle of 90° lagging, it 
is 5-9° leading. The difference reduces as the 
frequency increases, and so is cumulative with 
the phase errors due to the intervalve coupling 
circuits. The voltage across the capacitor 
decreases proportionally with increasing fre-
quency, and so the circuit compensates for the 
increasing output with frequency characteristics 
of the velocity proportional transducers. 

Any 50 c/s interference from the grid of VIA 
and the transducer wiring will be attenuated 
20-9 db more than a 4-5 c/s signal, and as the 
transducer voltages are proportionally greater 
at higher frequencies, the effect of this 
interference can be neglected in practice. 

5.4. The Tunable Amplifier 
The tunable amplifier is of the type using an 

all-pass filter and positive feedback. It uses no 
specially manufactured components, and if the 
required selectivity is not great, is sufficiently 
stable in gain. It has been in use for some years 
and has more recently been described in the 
literature.6 

A block diagram is shown in Fig. 5 and a 
circuit diagram in Fig. 6. 

It will be seen in Fig. 5 that input voltage is 
fed through an input amplifier, an all-pass filter, 
and a phase-reversing amplifier. The output of 
the phase-reversing amplifier is fed back to the 
input of the all-pass filter. 

The characteristic of a perfect all-pass filter 
is that it does not vary attenuation with varying 
frequency but only affects phase. In this circuit 
the former quality is very closely approached, 
and the variation of phase angle, or rather the 
frequency at which a given phase rotation is 
accomplished, is variable. 

The phase angle through the phase-reversing 
amplifier is 180 deg., so therefore if the input 
is of a frequency so as to be also reversed in 
phase by the all-pass filter, the feedback will be 
most positive at this frequency. The signal is 
reversed in phase at only one frequency in the 
low-frequency range with the components used, 
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and therefore the positive feedback and gain 
are greater at that frequency. The circuit then 
allows adjustment of the component values in 
the all-pass filter so that the frequency at which 
phase reversal occurs is variable between the 
required limits, thus making possible a greater 
gain at any chosen frequency within the range. 

It was felt that a positive feedback circuit 
might not be desirable in equipment required 
to have stable gain characteristics. However the 
effect of the circuit is to present an anode load 
to the input amplifier that is greatest at the 
desired frequency; also the input amplifier itself 
is stabilized by cathode feedback, so that the 
gain tends to become closely proportional to 
anode loading; further the gain of the other 
valves in the circuit is highly stabilized. Finally 
a stabilized h.t. supply is used. The objections 
to a positive feedback circuit are therefore 
minimized, and in addition it was found that 
other requirements, notably ease of adjustment, 
limited the selectivity obtainable, rather than 
gain stability. This subject is examined more 
fully later. 

Fig. 5. Block diagram of the tunable amplifier. 

Considering the circuit as above, the logical 
place from which to take the output voltage 
would seem to be the output of the input 
amplifier. However, it is possible to take a 
low impedance output from the first cathode in 
the all-pass filter. Later, when it was found 
necessary to obtain output voltages in quadra-
ture for the operation of a pulse forming circuit, 
these were also available from the all-pass filter 
circuit. 

Referring to Fig. 6, the operation of the 
circuit is as follows: 

V1 is the input amplifier. A pentode is used 
under semi "starvation" conditions with an 
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unbypassed cathode resistor. V2 and V3 are two 
halves of a high mutual-conductance double-
triode, and V4 is half of another similar valve. 

eq 

Fig. 6. Circuit of the tunable amplifier. 

The output was originally taken from the 
cathode of V2, but when three voltages in 
quadrature were later required, the output from 
V2 (eq), was tapped down the cathode resistor 
to furnish a voltage in a definite amplitude ratio 
to ek3 and ea,, the outputs from V3. This 
relationship is discussed in Section 5.5. 

V2 and V3 operate in an identical manner 
as phase splitters. 

RI = R2 + R3 + R4, and R6 = R7; 
thus ea= - ek,, and ea3=ek,. 

The two resistance capacitance networks are 
identical in so far as: Cl = C2, R5 = R8, and 
RV1=RV2, as they are ganged. 

Figure 7 shows the vector relations in the V2 
circuit. ea,, being the grid voltage of V2, is in 
phase with ek,, but ek, is reduced in amplitude. 
The gain from grid to anode 

¡tR, 
A' -+-

(R+2)R,+ra 

With the valve and components used 
(Ri= 8.2 k SI, r,„= 10 k t= 65) this is 0.945. 
It will be seen that the angle by which 
eR leads ek,, y= tan -1(11oCR) and that the 
angle by which eg3 leads ek, is 2y, so that the 
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angle of lead of the V2 circuit is 2 tan -- '(l10.)CR) 
and that when 0)CR =1, 2y = 90°. 

V3, being a similar circuit, will have also a 
leading phase angle of 90°, when (»CR = 1, 
and a similar gain, so that the total gain of two 
stages is approximately 0.9, and phase angle 
180°. 

At other frequencies, when 0)CR1, the gain 
is still about 0.9, but the phase angle will be 
4 tan -' (1 RoCR). 

The output from the C2, R8, RV2 network 
is reversed in phase by V4. The anode load 
of V4 is variable, to provide a convenient means 
of varying the loop gain, AB, of the three stages. 

It will be appreciated that at the frequency 
when 0)CR =1, which we shall call fo, that ea, 
will be in phase with ea,, and of amplitude 
AB.ea, so that the effective impedance across 
ea, will be 1/(1 - AB)times its initial value, and 
resistive. 

At infinitely low or high frequencies the 
effective impedance will be 1/(1 +AB) times 
the initial value and also resistive. 

ea, 

Fig. 7. Vector relationships for the circuit of V2. 

At other frequencies the effective impedance 
across ea, and the phase angle can be shown 
best by a vector diagram of the voltages ea,, 
eat and eRL which is shown as Fig. 8. The 
angle = l80° + 4 tan - '(1 RoCR). 

By definition, the effective impedance across 
ea, 

ea, 
Zeff= RI • 

eRL 

The operating conditions of the pentode VI 
are such that the anode impedance is much 
higher than RI,. The grid resistor of V2 is 
returned to a tap on the cathode load and 
so its effective resistance is increased in the 
ratio: 
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Fig. 8. Vector diagram for V2 circuit of general 
application. 

1 

1 - A'(R3 + R4) (R2 + R3 + R4) 

It is a reasonable approximation for 
simplicity's sake to assume that both VI anode 
impedance and V2 input resistance can be 
considered infinite. Then the gain of V1 will 
be proportional to its anode load, i.e. Zef t. 

ea, 
Thus Ai oc RL • 

If we reduce AB to zero, by turning RV3 to 
zero resistance, then 

ea,= 0 and 
eRL=ecii, 

Hence Zeff =RL at all frequencies. 

The component values are such that under 
these conditions the gain of VI, which we shall 
term AN, is 20. 

The gain of V1, when RV3 is adjusted to give 
a loop gain of AB (which must be always less 
than unity, otherwise Zerf becomes a negative 
resistance at to and the circuit oscillates) can be 
found by applying the cosine formula to the 
triangle in Fig. 8. 

eRL= {ea,' + ea,' - 2ea, . ea, . cos il 

which, since ea.= AB.ea,, 

=- + (A B.eal)2 — 2A B.ea,2 . cos 
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09 

A, ea,  1  
but —  — j 

AN eRL 
11+ A B2 - 2AB . cos } 

In Figure 8 the vector of p.egvi is drawn from 
the apex of the angle ii. If ravi and re, are 
infinite this vector will be parallel to the vector 
of eRL; and phase angle between pee, and 
ea, will be equal to the angle %. 

Using the sine formula on the triangle of 
Fig. 8, 

but 

A B.ea,  
sin % sin ¡I 

A, 
eIZL=- ea, .  

A, 
Hence x=sin -'(AB. —A sin TO 

"IN 
Figures 9 (a) and (b) are graphs of these two 

functions against frequency relative to to for 
AB= 0.8. 

It will be noticed in Fig. 9 (b) that the phase 
angle % varies greatly for a comparatively slight 
change in gain near the fo point. This allows 
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the phase angle to be adjusted by the tuning 
potentiometers without greatly decreasing the 
filtering ability of the circuit. It also indicates 
that, with A B= 0.8, a 1 per cent. change in 
frequency, i.e. in rotational speed, will cause a 
phase error of approximately 5 deg. 

The method of adjusting the amplifier is to 
add unbalance to a rotor sufficient to override 
any unbalance that may be existing. The 
FILTER control is then adjusted so that the 
POSITION OF UNBALANCE indicator is free from 
error. Under these conditions the whole 
system has no error in angular indication, 
provided that the rotational speed remains 
unchanged. 

Figure 8 indicates that maximum value of z 
the phase angle, occurs when eR,, vector is 
tangential to the locus of A B.ea, with varying 
values of o. With these values of oi and AB, 
eRI, vector is perpendicular to AB.ea, and 
n=cos' AB. 

Therefore z = sin' AB 
d (AB) 

and dy.— 
Ni { 1 -(AB)2} 

Graphically it may be shown that, as AB 
increases in value, the knee of the Y. curve (Fig. 
9 (a)) approaches the fo ordinate and increases 
in value. Therefore, the change in phase angle 
with variations of frequency around the fo value 
increases sharply when AB increases. While 
some phase change with frequency is useful for 
compensation, as mentioned earlier, an over-
steep slope makes tuning of the filter very 
difficult and the error due to frequency changes, 
i.e. rotational speed, can become too large to 
be tolerated. 

This being a 
variations in AB 
greater variation 
proportion 

d(A 1) 
d(A B) 

It will be seen, therefore, that the factor AB 
should not be too close to unity, if the gain is 
to be stable, and therefore the filtering effect of 
the circuit is limited by such stability con-
siderations. 

positive feedback circuit, 
will cause correspondingly 
in overall gain in the 

A, 
(1- AB), at fo 

26 

Variations in AB will be caused by variations 
in supply voltages, valve constants, or resistor 
values. The supply voltage is from a 250V 
regulated line, and in any case variation in 
voltage has a very small effect on gain. 
The valve constant that will most probably 

change is the anode impedance. Referring to 
the formula for phase splitter gain given above, 
it will be seen that for high mutual conductance 
values, variations in anode impedance will have 
only second order effects. 

Variations in resistor values can be quite 
serious. If both cathode and anode resistor 
of one stage change together the effect can be 
neglected, but if one changes with respect to 
the other a change of gain occurs equal to half 
the change in relative resistance. Given a 
change of 1 per cent. in one resistor only when 
A B=0.8, the resultant change in A1 could be 
—2.5 per cent. With similar change but with 
A B=0.9, the change in A, would be 5 per cent. 
It is indicated, therefore, that the anode and 
cathode resistors should be high stability types 
and also, again, that AB should not be too high. 
A figure of AB of 0.8 was chosen as being a 
suitable compromise between filtering and these 
two factors. 
The method of adjustment is to turn RV3 to 

zero ohms and check the gain; turn RV3 to 
some other value and adjust the filter control 
(RV1, RV2), to give maximum gain; then 
adjust RV3 so that the circuit gain is 1/(1 - AB) 
times the gain when RV3 is zero. 

The total phase angle of the circuit is slightly 
greater than z, the phase angle due to the load 
on VI. It will be noticed that, for reasons 
given later, three output voltages are taken from 
the circuit. This is necessary with the final 
pulse forming circuit used. Two of the voltages, 
ea, and ez, are of opposite phase and constitute 
the main input to the pulse circuit. eg is 
approximately a quarter of ez, and is in 
quadrature with ea, and ek,. As these voltages 
are taken from the circuit after the first RC 
filter section, an additional phase rotation is 
added to z, equal to 2y, namely 2 tan /0)CR). 
This is quite small around fo=f but is added 
to z in Fig. 9 (b) to show the complete phase 
angle i.. 
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5.5. Pulse Forming Circuits 
Three pulse forming circuits (shown in Figs. 

10, 12, and the left-hand portion of Fig. 16) 
were investigated. 

As stated in Section 4.2, it is required to form 
a pulse symetrically, in time, about the peak 
of the signal voltage. The first circuit (Fig. 10), 
as is usually the case, was simplest, but was not 
practicable because of the long time-constants 
necessarily employed in an attempt to obtain 
accuracy in phase. It is possible to obtain 
greater accuracy with the second circuit, which 
is only a little more complicated, but the 
time-constant, although much reduced, remains 
a problem. 

The third circuit performs very satisfactorily 
in practice. It does not generate a d.c. voltage 
from the signal, and so the question of time-
constants is not introduced. Both the second 
and third circuits are considered to be novel. 

The first two circuits did not require the use 
of a mixer-amplifier as does the third, and as the 
pulse is formed on the crest of the input cycle, 
the input signals to the first two could be in 
phase with transducer displacement and taken 
from the outputs of V2 (Fig. 6) through a 
suitable amplifier. The additional phase angle 
mentioned above-2y—was not introduced and 

was the total phase shift of the tunable. 
amplifier. 

5.5.1. Circuit of Figure 10 
In the circuit shown in Fig. 10 the input is 

applied to the grid of VI. 

If there is no a.c. input applied to the grid 
of VI, the cathode voltage rises to a value 
sufficiently high to almost cut off the anode 
current of VI through RI. If a.c. is applied 
to the grid, the cathode voltage will rise until 
the grid only becomes sufficiently less negative 
with regard to the cathode to allow the valve 
to pass anode current on positive peaks of the 
input cycle for a certain time—during which the 
pulse is formed across R 1. With a constant 
value of a.c. input, the voltage across Cl 
maintains a certain dc. level; if the time 
constants of charging and discharging circuits 
are sufficiently long (as they must be in practice) 
to enable us to consider that the charge and 
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discharge currents are constant while flowing, 
the proportion of the time of anode conduction 
to the time of the remainder of one input cycle 
is equal to the ratio of the average charging 
current to Cl (during the conduction period) to 
the average discharge current, through R2. 

s?' 
Fig. 10. 

The first pulse 
forming circuit. 

Referring to Fig. 11, as the charging current 
will cause the cathode voltage to rise during 
the pulse period, it follows that the time elapsing 
between the peak of the a.c. cycle and the 
cessation of charging current will be smaller 
than half the total duration of the pulse period. 
Therefore the pulse will not be symmetrically 
disposed about the peak of the a.c. cycle. 

CHARGE 
TIME 

DISCHARGE 
TIME 

y, x, y, 

Fig. 11. Charge and discharge characteristics 
of the circuit of Fig. 10. 

If the desired pulse width is 2u radians, and 
the tolerable error is /3 radians, then, because 
of the comparatively long time-constants 
involved, we can simplify calculations by 
making the approximations that the charging 
and discharging rates are linear, and, in this 
case, if u. 
then cathode voltage at time x=k cos (a - 13) 
and cathode voltage at times yi, y2-- k cos (a + a) 

Therefore the rate of discharge is 

cos (a 0){  1 -  ,cos (a - /3) of original charge in 

(2er - 2(00) sec, if the angular velocity of the 
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signal is 0) rad/sec. Hence the time-constant, 
Ti, of the discharge circuit can be derived from 
the expression 

T, -=""   
(1) 

27c - 

1 
COS (ct — /3) 

-  cos (« + /3) 

and the time-constant for the charge circuit 
2 p  

7Z 

For a 30 deg. wide pulse, an input frequency 
of 4.5 c/s, and an allowable error of 0.25 deg., 
the necessary time-constant of R2,C1 would be 
92-5 seconds. 

This would mean that the equipment would 
not generate pulses for about five minutes after 
the attenuator switch had reduced the input by 
a 20 db step, and also, that the cathode 
capacitor, Cl, would be impractically large. 

5.5.2. Circuit of Figure 12 
This circuit employs both sections of a 

double triode—one to charge the cathode 
capacitor to a suitable value, and the other to 
develop the pulse in its anode circuit. 

+300V 

Fig. 12. The second pulse forming circuit. 

One advantage of this circuit over that of 
Fig. 10 is that, by separating the functions of 
charging the cathode capacitor and developing 
the pulse, the time constant of the components 
in the cathode circuit can be reduced to a more 
practical value. 

The major advantage is one of accuracy. 
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Should the amount of charge to Cl, during the 
V2 conduction period, equal the amount of 
discharge through R2 during the same period, 
the cathode voltage will be the same at the end 
of the pulse period as at the commencement, 
and the pulse will be symmetrically disposed in 
time on the crest of the input sinusoid. 

There is a practical advantage also; RV1 now 
offers a convenient method of adjusting pulse 
duration. 
The limiting factor on the reduction of the 

Cl, R2 time constant is the allowable variation 
of pulse duration. 

VI CHARGE 
TIME ) 

E k 

Y 

00 ---9-

Fig. 13. Charge and discharge characteristics 
of the circuit of Fig. 12. 

DISCHARGE TIME 

V2 CONDUCTION 
PERIODor— 

e92/ 

Ek2 

E2 \ 
Ek3 

It will be seen in Fig. 13 that the rate of 
decay of cathode voltage Ek, from its maximum 
value E,,1 at the end of the charge time, to its 
value E,,.2 midway through the pulse period, is 
a function of the time constant of Cl,R2, 
whereas the actual time between the positions 
of these two values is a function of input 
frequency. El:, will be greater for higher input 
frequencies. It is necessary, therefore, to make 
the time constant of Cl,R2 large enough to 
permit this variation to be tolerable. 

Because of the smallness of the charging 
time constant through V1, Ek, can be assumed 
to occur very closely to t = 0, and the approxi-
mations may be made that the time between Ekl 
and E,,2 values will equal half the time of one 
input cycle less half a pulse width, and 
that the value of E,,1 is independent of input 
frequency. 

For a pulse of angular duration 2 a and 
considering that E,,2 maintains a constant value 

Journal Bril.I.R.E. 



CIRCUIT DEVELOPMENT OF HEAVY-DUTY BALANCING MACHINE 

during the pulse period, 

Ek2= E, . cos a 
where E2 is the peak value of the alternating 
voltage on V2 grid. 

If we permit an increase of 2 in the pulse 
width, when the input frequency is reduced over 
the entire range, then 

E„= E, . cos (ct + ) 
at the low-frequency end of the range. 

If fi= highest input frequency, 
and 1 = lowest input frequency, 

then the discharge rate of Cl, R2 should be 
less than 

cos (a +) I of original 1/12 - 1 di ! 
1 - cos a charge in 12(1 _ apt) sec. 

Therefore the minimum allowable time constant 
of Cl,R2 is 

1/12- 1/f1 

2 (1 -- (1 — 
COS (CI + 1;) 

cos a 

For a pulse width of 30 deg. (2a) at 25 c/s 
(f1), and permitting an increase of 6 deg. (2t) 
at 4-5 c/s (f2), we can determine from the 
above formula that the minimum time constant 
is 6-7 seconds. 

The formula for determining the value of 
the V2 anode resistor (RLV2), so that amounts 
of charge and discharge from C2 are equal 
during the pulse period, is developed as 
follows :— 

The amount of discharge of Cl through R2 
during the pulse period, under the same condi-
tions as above, and considering that Ek remains 
constant throughout the pulse period, is 

2 sin a . cos a 
E K. _ .   R, coulombs, 

and the amount of charge to Cl through V2 
during the same period 

f  K.E2.4/2 sin cp.dcp - 2 sin u 
la - a 

cos a 3 

RIY2 

coulombs. 

Therefore, to make these amounts of charge 
and discharge equal, 
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14112.R2 [- cosw - 2 sin a . cos a 

R LV2 =  
2 sin a - cos a 

The actual time constant of R2, Cl, in Fig. 13 
is approximately 8 seconds, 

R2=--0-47 M 

0/2=60 and 

a=026 radians 

applying these values to the above formula, 
R3 1-7 Mf2. 

An anode load of 2 Mf1 and succeeding grid 
resistor of 10 Mf2 were used. 

Although the time constant of the cathode 
circuit components was much smaller than that 
of the corresponding components in the circuit 
of Fig. 9 (b), it was still long enough to disable 
the equipment for a considerable period when 
the input was reduced by the attenuator in a 
20 db step. 

Fig. 14. 

Special switching 
circuit for attenuator 
used with circuit of 

Fig. 12. 

GANGED TO'  i 
ATTENUATORM 

SWITCH 

In order to obviate this effect, a switch was 
mechanically ganged to the attenuator switch 
and alternate cathode capacitors are provided 
(see Fig. 14). The switch was so connected that 
when one capacitor is connected across the 
cathode resistor, the other capacitor is dis-
charged through a low value resistor, so that, 
whenever the attenuator switch is moved to a 
new position, a discharged capacitor is 
connected across the cathode resistor. 
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The pulse forming circuit of Fig. 12 was used 
in the machine in practical tests. It was found 
to suffer from the following practical faults:— 

(1) Higher than signal frequency interference 
present in the input signal caused severe 
interference on the pulse. 

(2) Addition to the input signal of other 
signals of much lower frequency, such as may 
result from unevenness in the belt drive or by 
the test rotor swinging at its natural resonant 
frequency, causes the pulses to be intermittently 
formed and to vary in phase. 

(3) Any maladjustment of pulse duration 
caused angular errors. 

(4) The time constant of the cathode com-
ponents still presents a major problem. The 
decrement time of the tuned amplifier is 
sufficiently large to make the circuit of Fig. 14 
ineffective. Input signals due to large 
mechanical displacement or to electrical 
transients on starting also disable the circuit 
for quite long periods. 

5.5.3. The Mixer Amplifier 

These faults indicated that it would be 
advisable to develop a pulse forming circuit 
that : — 

(a) Did not require a d.c. reference voltage 
to be developed from the input a.c. voltage. 

(b) Formed the pulse symmetrically about 
the point where the instantaneous value of the 
a.c. input voltage was zero rather than at 
maximum value, and therefore when the rate 
of change of voltage was greatest. This should 
give a greater signal-to-noise discrimination, a 
pulse of greater amplitude, and allow greater 
tolerance in the factors affecting pulse width. 

If two sinusoidal voltages of amplitudes 

Li and Êa3, 90 deg. out of phase, are added, 
the resultant will be a voltage displaced in phase 
by an angle from the larger voltage towards 
the smaller, where 

Eq 
tan e•-= 

Ea3 

so that if we add eq, to both ea3 and ek3 (see 
Fig. 6), the resultant voltages eg, and eg, will be 
(180° + out of phase, as shown in Fig. 15. 
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o 

Fig. 15. Resultant voltages obtained in the 
mixer amplifier. 

Should the more negative of the instantaneous 
values of these two voltages be chosen by a 
suitable rectifier circuit, the resultant will be 
a voltage of the form shown by the solid line 
in Fig. 15. It will be seen that this voltage is 
more negative than the value of the d.c. com-
ponent of the a.c. voltages at all times except 
for a period 2, symmetrically positioned about 
the point where the original voltages ea3 and 
ek3 were zero. If we connect this resultant 
voltage to the grid of a valve whose grid cut-off 
point is at the same d.c. voltage as the mean 
value of the a.c. voltages, a negative pulse will 
be developed in the anode circuit during the 
period required. 

For a pulse width of 30°, 
E=15°, 

tan •27, 

Therefore É'q= 0.27 "Ék3 

Referring to Fig. 16, it will be seen that ea3 
and ek3 are fed to each grid of V5, and eq to 
the common cathode connexion. Between the 
grid and cathode of the one triode unit, the 
input voltage is the vector sum of ea3 and eq; 
and to the other triode, the vector sum of ek3 
and eq. The anode output signals are ea, and 
ea; as shown in Fig. 15. 

The amplifiers are used with unbypassed 
cathode resistors and the stage gain is 11-5. 
Advantage is taken of the comparatively large 
output signals in the anode circuit of the mixer 
amplifier to measure the amount of unbalance. 
The AMOUNT OF UNBALANCE meter is connected 
across portion of the anode loads. 
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Fig. 16. Circuit diagram of the mixer-amplifier. 

5.5.4. The Final Pulse Forming Circuit 

The anodes of the mixer amplifier are 
capacitance-coupled to a rectifier bridge. The 
negative arm of this bridge, i.e. the junction 
of MR2 and MR3, is connected through a high 
resistance to the grid of V6A. The voltage 
waveform at the MR2 and MR3 junction is of 
the form shown by the solid line in Fig. 15. 
The function of MR4 and MRS is to equalize 
the d.c. current passed by MR2 and MR3, so 
that a charge does not begin to accumulate on 
the coupling capacitors. 

AMOUNT OF 
UNBALANCE 

• 

The voltage at the MR2, and MR3, junction 
adopts the value of whichever has the more 
negative instantaneous value, ea, or ea,. It 
will, however, become more positive than the 
average value of the input voltages during the 
pulse period, because of the small amount of 
positive bias on the bridge. The cathode of 
V6A is set by a preset potentiometer to a value 
such that V6A is cut off at all times of the 
input cycle, except the pulse period. During 
this period V6A will pass anode current and a 
negative pulse will be formed across its anode 
resistor. 

The pulse is then amplified and squared by 
V6B and a long tailed pair, V7, gives two 
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outputs to the gate circuit, which are of opposite 
polarity. The conditions of operation of V7 
are such that either one triode or the other is 
cut off, i.e. one anode only is at 250V positive, 
at any given time. During the pulse period 
V7B anode is at 250V positive, and for the 
remainder of the cycle V7A is 250V positive. 

The AMOUNT OF UNBALANCE meter is an a.c. 
rectifier type volt-meter connected across a 
portion of the V5 anode loads. The large 
capacitor connected across the meter terminals 
is to reduce the needle flicker on low signal 

frequencies. 

5.6. The Gate Circuir 
The gate circuit ori-

+250 v ginally used is shown in 
Fig. 17. In the absence 
of a pulse the diodes 
conduct and effectively 
short-circuit the 400 c/s 
input. - The diodes stop 

400 
conducting when a nega-

c/s0UT , tive pulse is applied to 
the anodes and the 
400 c/s input is then 
applied to the amplifier. 
In addition to the 400 c/s 
input to the amplifier, 
the pulse is also applied. 
This was considered as 
a possible advantage 
insofar as the output 
stage could be negatively 
biased during the period 

400 c/s 
/ IN 

PULSE 
INPUT 

400 c/s 

+100V 

Fig. 17. The original gate circuit. 

400c/s 
AMP 
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between pulses, and the average power 
dissipation of the final valves and power supply 
would be reduced. However, in practice the 
anode current variations in the final stage 
caused large variations in high tension voltage. 
It was very difficult to prevent inter-action with 
the input circuits. In order to remove this d.c. 
component from the gated input to the amplifier 
the final circuit shown in Fig. 3 was adopted. 
As either diode will be conducting, the cathodes 
will remain at a d.c. voltage approximately 
200 V positive but only when the left-hand 
section of the double diode is conducting, i.e. 
during the pulse period, will the 400 c/s signal 
be passed to the amplifier. 

5.7. The 400 c/s Oscillator 
In order to use standard components, a 

phase-shift type of oscillator is used. The 
frequency stability is not required to be high 
and the frequency can be adjusted during the 
test period by varying the centre resistor in the 
RC network. 
The anode load of the oscillator is composed 

of two potentiometers fed in parallel; the 
voltage at the arm of one is fed via the gating 
circuit to the power amplifier. The other 
potentiometer arm by-passes the gating circuit 
and feeds directly into the amplifier. The 
RUNNING/STATIONARY relay selects the potentio-
meter used; the gating circuit is used during 
RUNNING conditions only. The potentiometers 
allow the 400 c/s input to the synchros to be 
individually set for each condition. Because of 
the low mark—space ratio of the pulses it is 
possible to increase the power to, and hence the 
torque from, the synchros during the RUNNING 
period. 

5.8. The 400 c/s Power Amplifier 
This amplifier follows normal practice. The 

output stage is capable of 60 VA output, and 
the 30 db feedback gives a low output 
impedance. This is necessary because the 
power requirements of the synchros increase 
sharply when they are not in corresponding 
positions relative to each other. They will 
be so until the POSITION meter assumes correct 
indication. 
The loading on the power amplifier is the 

impedance of two synchro rotors in parallel. 
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When the two synchros are in corresponding 
angular positions there will be no stator current, 
so that we can consider the amplifier as feeding 
into the parallel rotors of two synchros that 
have open circuit stators. 
From manufacturer's date: 
Rotor impedance of 11" synchro (indicator), 

81 + j560 ohms. 
Rotor impedance of 2" synchro (driven), 

28 + j166 ohms. 
Hence impedance of the rotors in parallel is 

21 + j127 ohms. 
In order to make the loading more resistive, 

a 2FLF capacitor is connected in parallel with 
the rotors. With this capacitor the load 
impedance is 149 + j300 ohms. 
A more resistive load would be desirable but 

the angular error in indication increases with 
capacitance, because the circuit becomes less 
able to handle transients. The value of 2 tiF 
was selected as a compromise between angular 
error and load power factor. The angular error 
at 20 c/s pulse repetition frequency is 4 deg, 
using the 2 11.F capacitor. 
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THE 1957 CONVENTION 

"Electronics in Automation" 

June 26—July 1 

-VOR this year's Convention the Institution 
-I- will be returning to Cambridge. The 
accommodation and lecture theatre arrange-
ments are similar to those enjoyed at the 1951 
Television Engineering Convention. 

Following the usual pattern of Brit.I.R.E. 
Conventions, the programme has been divided 
into six sessions in order to provide reasonable 
coverage of the theme of the Convention. Some 
thirty main papers will be read in the Clerk 
Maxwell and Green Lecture Theatres in the 
Cavendish Laboratory; discussion groups will 
also be organized in the Reading Room and 
elsewhere in King's College itself. 

The Third Clerk Maxwell Memorial Lecture 
will be delivered on Thursday evening, June 
27th, by Professor Sir Lawrence Bragg, F.R.S. 
The Convention Banquet will take place in 
King's Hall on Friday evening, June 28th. 

The majority of Institution members and 
other delegates who are attending the whole of 
the Convention will be accommodated in King's 
College. Allocation of available rooms will be 
made through the Institution; members and 
others who will not be staying in College, or 
who are only attending for part of the 
Convention, will be required to make their own accommodation 

It is hoped that members will arrive by 7 p.m. on Wednesday, June 26th. To ensure 
accommodation in King's College completed registration forms must be lodged with the 
Institution by April 12th next. Early application is advised. 

The inclusive charge for members only, for the entire Convention, is £. 12 10s. This includes 
accommodation charges, meals, Convention Banquet and preprints. Delegates wishing to stay 
in King's College over Sunday night may do so at a small extra charge. 

King's College Chapel from the "Backs" 

arrangements. 

PROGRAMME 

Session 1: Office Machinery and Information Session 4: Simulators. 

Processing. Session 5: Automation in the Electronics 

Session 2: Machine Tool Control. Industry. 
Session 6: Automatic Measurement and 

Session 3: Chemical and Other Processes. Inspection. 
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PROFESSOR JAMES CLERK MAXWELL 

THE role of James Clerk Maxwell as the 
"father" of radio science is well known. His 

work is honoured by the Institution in the 
establishment of the Clerk Maxwell Memorial 
Lectures—first suggested by Leslie H. Bedford,* 
the tenth President of the Institution. Since 1945 
the senior premium awarded by the Institution has 
also borne the name of Clerk Maxwell. 

A detailed account of Clerk Maxwell's life was 
given in the inaugural Memorial Lecture by 
Professor G. W. O. Howe, which contains a 
reference to the memorial tablet set up in West-
minster Abbey in 1931 on the centenary of 
of Maxwell's birth. 
Another memorial to 
Maxwell was unveiled 
on October 15th, 
1956, by Sir George 
Thomson, Master of 
Corpus Christi College, 
University of Cam-
bridge, in the Mitchell 
Hall, Marischal 
College, Aberdeen, on 
the occasion of the 
centenary of Clerk 
Maxwell's appoint-
ment as Professor of 
Natural Philosophy at 
the College. 

The memorial panel 
is shown here and its 
central feature is the 
bronze portrait bust 
by C. d'O. Pilkington 
Jackson showing Clerk 
Maxwell as a young 
man under thirty 
during his tenure of 
the Chair from 1856 
to 1860. The two 
devices flanking the 
inscription are the sign 
of Saturn, a reference 
to his paper on the 
"Stability of Saturn's 

Presidential Address. 
J.Brit.I.R.E., 9, p. 2. January 
1949. 
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PROFESSOR OF NATURAL PHILOSOPHY 

18 56-1860 

Rings," for which he received the Adams Prize 
at Cambridge in 1857, and the thermodynamics 
formula, dpIdt=JCA4, which he used as a pun 
on his name. 

Nearly 10 years earlier, Maxwell had worked 
on the theory of colour, and speaking of this era 
in Clerk Maxwell's life, Sir John Cockcroft has 
said ". . . the theory of colour is still a live 
subject and one of great importance in the future 
of television."t 

When the fusion of Marischal College and 
King's College, Aberdeen, took place, the two 
Chairs of Natural Philosophy were combined and, 

as the junior pro-
fessor, Clerk Maxwell 
was retired on a 
pension for life. He 
was later appointed 
Professor of Natural 
Philosophy at King's 
College, London, 
where he remained 
until 1865. He then 
retired to an estate 
at Glenlair, in Gallo-
way, which he had 
inherited from his 
father, to prepare his 
"Treatise on Heat" 
and "Electricity and 
Magnetism." 

In 1871 he was 
appointed to the new 
Chair of Experimental 
Physics at Cambridge, 
where he designed 
and superintended 
the erection of the 
Cavendish Laboratory 
on which some 
information is given 
on pages 3 and 4 of 
this Journal. 
James Clerk Maxwell 

died in Cambridge on 
November 5th, 1879, 
aged 48. 
t The Second Clerk Maxwell 

Memorial Lecture, by Sir John 
Cockcroft, K.C.B., C.B.E.. 
FRS.. J.Brit.l.R.E., 14, p. 
389. September 1954. 
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MATERIALS USED IN RADIO AND ELECTRONIC 
ENGINEERING 

A Survey by the Technical Committee of the Institution 

5. THE ELECTRODEPOSITION OF METALS * 

1. Introduction 
The study of electrochemistry originated in 

the latter part of the eighteenth century when 
Volta developed the electrochemical pile which 
bears his name; this discovery was followed by 
many others, the most outstanding contribution 
being that of Michael Faraday in 1833. By that 
time many investigators were interested in the 
practical aspects of electrodeposition, and the 
first patent dealing with this process was that 
granted in England to Elkington and Barratt in 
1838. This patent dealt with the use of electro-
plated coatings for decorative purposes, and 
two years later Elkington was granted a patent 
covering electrodeposition of silver; it is 
interesting to note that the process described 
therein is very similar to that in commercial use 
at the present time. Almost one hundred and 
twenty years have elapsed since the granting of 
Elkington and Barratt's patent, and during this 
period the electroplating industry has grown 
continuously and is now extremely large; its 
importance is best judged by the fact that 
electroplated coatings are an essential feature of 
either the products or the productive machinery 
of practically every branch of industry. 

Electrodeposition is defined as the production 
of a layer of one metal on another, by making 
them the anode and cathode in an electrolytic 
cell containing a solution of a salt of the metal 
to be deposited. The two common methods in 
practical use are termed vat plating and barrel 
plating. In both cases the parts to be plated 
are immersed in a vat containing the electrolyte 
but whereas in the first main method the parts 
are individually suspended or held on wires or 

* Report approved by the General Council for 
publication on 1 1th December, 1956. (Report No. 12.) 

Based on a report prepared by E. E. Webster 
(Member) and R. W. Stobbs, F.I.M., F.R.I.C. 

U.D.C. No. 621.357.7. 
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racks, in the second method they are collectively 
tumbled in a rotating barrel. The parts to be 
plated function as the cathode in both methods. 
In barrel plating a special contact which forms 
part of the barrel structure completes the 
circuit. 

The growth of the electroplating industry has 
been accompanied by a continuous increase in 
the number of metals and alloys which are 
commercially available as electroplated coatings 
and by substantial developments in electro-
plating technique. As an example of the 
former trend, the electrodeposition of indium, 
rhodium and copper-tin alloys may be cited, 
while the latter trend can best be illustrated by 
a brief description of the modern practice for 
bright nickel plating. 

Electrodeposited nickel is chiefly used as an 
undercoating for decorative chromium plating, 
and in view of the wide popularity of this finish, 
large scale automatic or semi-automatic plants 
are frequently employed. The electrolyte— 
more popularly known as the solution—is 
continuously agitated and is heated to increase 
the rate of electrodeposition; heaters and 
thermostatic controls are therefore required. 
The solution is continuously circulated through 
an electrolytic purification tank and then 
through filters; the electrolytic purification 
tank is an auxiliary bath where the principal 
metallic impurities, iron, copper, lead, and 
zinc, are electrodeposited at suitable current 
densities. The nickel anodes in the main vat 
are surrounded by calico bags to prevent 
insoluble matter from contaminating the 
solution, and, in addition to the main 
constituents in the electrolyte, organic addition 
agents are employed which may be classified 
as follows : — 

(a) Brighteners, for the production of a bright 
deposit. 
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(b) Wetting agents, added to minimize pitting. 

(c) Levelling agents, which result in a deposit 
with improved ability to fill up small 
scratches or other damage marks. 

(d) Anti-stress agents, the object being to 
reduce the internal stress which is an 
undesirable feature of bright deposits. 

From this brief description it will be obvious 
that it is impossible to describe adequately the 
principles and practice of electroplating in the 
present report, but full details are available in 
the books and other publications cited in the 
Bibliography. 

2. The Uses of Electroplated Coatings 
Electroplated coatings are utilized for several 

purposes, and it is convenient to classify these 
in the following way, although it must be 
remembered that most types of electrodeposited 
finish will fulfil several of these purposes:— 

Decoration. 
Oxidation and corrosion resistance. 
The reduction of potential differences at 

bimetallic joints. 
Electrical and magnetic properties. 
Solderability. 
Wear resistance. 
Bearing properties. 
Electroforming. 
The rectification of components. 

2.1. Decoration 
The production of a decorative finish was 

the primary object of electroplating when the 
industry began over one hundred years ago; for 
example, silver plating resulted in a bright 
attractive finish similar to that obtained with 
solid silver, and yet very much cheaper. The 
amount of decorative electroplating undertaken 
to-day is very large and probably exceeds half 
the total value of the work handled by the 
industry, but it is obvious that a decorative 
finish must also possess some resistance to 
oxidation and corrosion, for were this not the 
case the coating would fail to fulfil its purpose. 
The decorative aspect will not receive further 
consideration in the present report, but it should 
be remembered that in many engineering 
applications a pleasing appearance provides a 
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useful adjunct to the main function of the 
coating. 

2.2. Oxidation and Corrosion Resistance 
Both ferrous and non-ferrous metals are 

electroplated in order to improve their resist-
ance to the particular environment which they 
are likely to encounter in service, and the 
atmospheric conditions to which electronic 
equipment may be exposed are by no means 
constant. On the one hand the environment 
may only comprise the interior of private 
dwellings in temperate climates, conditions 
which may be classified as mild; conversely, 
however, the equipment may be exposed to 
tropical conditions where high temperatures 
and high humidities, combined with periodic 
cycling through the dew point, can result in 
rapid corrosion if the components are 
inadequately protected. Such conditions are 
classified as severe, a term which also applies 
to marine atmospheres where the air is con-
taminated by salt, and industrial atmospheres. 

The protection of iron and steel by electro-
plating is achieved in one of two ways : — 

(a) By electrodeposition of a coating which 
possesses an intrinsic resistance to 
corrosion superior to that of iron, and 
which, in addition, is anodic to the iron 
in the presence of an electrolyte. 
Cadmium and zinc are typical examples 
of this type of coating which confers a 
definite protective value at small exposed 
areas of the basis metal by electrolytic 
action, i.e., the coating is attacked in 
preference to the base metal. 

(b) By electrodeposition of a coating which 
possesses an intrinsic resistance to 
corrosion superior to that of iron, but 
which is more noble than (i.e., cathodic 
to) the iron in the presence of an 
electrolyte. This is the case with electro-
deposits of copper, nickel, chromium, tin, 
lead, silver, and gold. With this type of 
electroplating the coating must be free 
from porosity if complete protection is to 
be achieved. If any pores are present the 
attack on the basis metal in the presence 
of an electrolyte is usually accelerated, 
i.e. the basis metal is anodic to the coating. 
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In both the above cases the most satisfactory 
way of increasing the protective value of the 
coating is to increase its thickness. With zinc 
and aluminium, however, electrodeposited 
metals are more noble than (i.e., cathodic to) 
the basis metal, and hence the coating must be 
thick enough to be practically free from porosity 
if adequate protection is to be achieved. 

2.3. The Reduction of Potential Differences at 
Bimetallic Joints 

The corrosion of metals at bimetallic joints 
is dependent upon the presence of an electrolyte 
and is accelerated by the inherent potential 
difference between the two metals in that 
electrolyte, i.e., a galvanic couple is established. 
Due to condensation and the presence of traces 
of impurities in the air such as carbon dioxide, 
sulphur compounds, and especially salt in 
marine atmospheres, the presence of an 
electrolyte is by no means infrequent and hence 
the potential difference between metals in 
contact should be as small as possible if 
corrosion is to be avoided. (See Section 6 and 
Tables.) 

2.4. Electrical and Magnetic Properties 
It is invariably necessary to obtain good 

electrical conductivity at the mating faces of 
switches, plugs, sockets, and other connectors. 
The use of silver plating for this purpose is 
well known and is very useful, especially where 
maximum high frequency conductance is 
required. In cases where wear resistance is 
also required, the electrodeposition of rhodium 
applied over the silver results in a very 
satisfactory contact. 

An interesting example of the use of coatings 
for their magnetic properties is the employ-
ment of electrodeposited cobalt-nickel alloys 
in magnetic storage devices for electronic 
computers. 

2.5. Solderability 
In the electronics industry it is frequently 

necessary to provide a surface coating to which 
soldered connections can readily be made using 
non-corrosive fluxes, and, in the case of steel, 
cadmium plating provides an excellent coating 
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for this purpose, as well as providing adequate 
protection against corrosion. Tin-zinc and 
silver may be easily soldered using non-
corrosive fluxes provided that the surface of 
the coating is not tarnished, and, in the case of 
tin, the migration of alloys from certain basis 
metals is prevented by the prior deposition of 
a thin coating of nickel. 

2.6. Wear Resistance 
It is sometimes necessary to provide a wear 

resisting surface on cams, rollers, levers, and 
similar mechanisms where loss of dimensional 
accuracy may lead to faulty performance in 
service. Both heavy nickel and hard chromium 
electroplating are suitable for providing a wear 
resistant surface on components, but in cases 
where severe wear is likely to be encountered, 
chromium is undoubtedly superior as, in 
addition to a high hardness value, it also 
possesses a low coefficient of friction. The use 
of rhodium on electrical contacts was briefly 
referred to in 2.4 above. 

2.7. Bearing Properties 
The properties required in bearings used 

on engineering equipment are subject to 
wide variation, depending upon the applica-
tion involved. In the case of shafts, hard 
chromium plating often provides an excellent 
bearing surface on mild steel components, but 
if heavy loads are involved a stronger basis 
metal is essential. 

Electrodeposited coatings are also used for 
the production of bearings in highly stressed 
applications, a very interesting example being 
the use of silver followed by lead and indium 
in the production of aero engine bearings. 
Electrodeposited silver posseses high bearing-
fatigue resistance and non-welding properties 
under conditions of marginal lubrication, and 
a typical bearing consists of a steel shell which 
is first given a very thin coating of nickel 
followed by about 0.030 in. of silver; the silver 
is then electroplated with lead which facilitates 
"running-in," and finally with indium, the 
function of this last coating being to improve 
the corrosion resistance of the bearing to 
modern engine lubricants. 
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2.8. Electroforming 
Electroforming may be defined as a process 

for producing components by the electro-
deposition of metal on to a base which is an 
exact but negative replica of the article 
required. The process is employed for making 
components which must possess the following 
features : — 

(a) A high degree of dimensional accuracy. 
(b) Intricate detail. 
(c) A high standard of surface texture. 

Important uses of electroforming include the 
production of metal master patterns for 
gramophone records, and in recent years the 
manufacture of fittings for radar, waveguides, 
and computing cams. 

2.9. The Rectification of Components 
Components which have worn in service to 

such a degree that they are below the per-
missible dimensional limits can be frequently 
reclaimed by electroplating. The two methods 
in common use in this country are nickel plating 
and hard chromium plating. Nickel provides 
good corrosion resistance together with 
moderate wear resistance, while chromium 
confers an excellent degree of wear resistance 
combined with good corrosion resistance. The 
two coatings are not interchangeable as each 
possesses certain advantages for specific 
applications. 

3. Preparation of the Basis Metal 
The pre-treatment of the basis metal prior 

to electroplating is extremely important, as 
unless satisfactory adhesion is obtained this 
coating cannot fulfil its proper function. The 
objects involved in the pre-treatment of the 
base metal are clearly stated in the Ministry 
of Supply Process Specification DTD.901C as 
follows : — 

(a) They shall be free from all grease, rust, 
scale, and residue from heat treatment, 
welding, and allied processes. 

(b) They shall be in a suitable condition for 
the application of adherent coatings. 

(c) Their mechanical properties shall be 
substantially unimpaired. 

(d) Their dimensions shall be substantially 
unaltered. 
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(e) Their surfaces shall not have been 
roughened unduly. 

(f) Their protective coatings shall be applied 
without delay. 

The DTD specification referred to above 
only deals with the pre-treatment of steel and 
copper alloys. In recent years, however, the 
electroplating of zinc and aluminium base 
alloys and stainless steel has become of 
considerable importance, and the preparation 
of the basis material prior to electroplating is 
clearly outlined in the specifications of the 
American Society for Testing Materials. 

4. Electrodeposited Finishes 

In this section the principal features of those 
electrodeposited finishes which are of interest 
to the electronics industry are listed in 
alphabetical order. In addition, the British 
specifications and related data are summarized 
in the Appendix for easy reference. 

4.1. Brass 

Brass is a generic title given to alloys of 
copper and zinc, and can be readily electro-
deposited as such. It is occasionally employed 
for decorative purposes, but its principal 
engineering use is to provide adhesion in the 
bonding of rubber to metals, and it is widely 
utilized for this purpose. The copper content 
of the electrodeposited metal should be between 
72 and 78 per cent, in order to produce the 
best adhesion. 

4.2. Cadmium, 

The primary function of cadmium plating is 
to provide a corrosion resistant coating, 
although its good solderability and appearance 
are also of importance. It is readily soldered 
with the aid of non-corrosive fluxes, and is the 
normal protective process used in this country 
for electronic equipment. The electrodeposition 
of this metal is covered by specification 
DTD.904, which stipulates that the minimum 
local thickness of cadmium shall be 0.0003 in. 
or alternatively the average thickness shall be 
0.0004 in. The minimum of 0.0003 in. of 
electrodeposited cadmium confers a substantial 
degree of protection against corrosion, but it 
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is extremely difficult to obtain this thickness 
on mating parts, and in consequence the 
DTD.904 specification permits an average 
thickness of 0-0002 in. in certain cases. It must 
be noted, however, that in the latter instance 
the degree of protection is definitely reduced. 

The corrosion resistance of cadmium is 
improved by a treatment known as chromate 
passivation, and this treatment is dealt with 
in Section 5. Steel which has been electroplated 
with cadmium and then given the chromate 
passivation treatment is capable of withstanding 
prolonged exposure in marine and tropical 
conditions, although in the latter case it should 
also be sprayed with a fungistatic varnish. It 
is definitely superior to zinc in such environ-
ments. In industrial areas, however, where 
sulphur compounds are likely to be present in 
the atmosphere neither cadmium nor zinc are 
satisfactory, although zinc is sometimes used. 

An important use of electrodeposited 
cadmium consists of the electroplating of 
springs for marine or tropical service. In such 
cases the treatment prior to plating should 
preferably consist of light shotpeening* instead 
of acid pickling unless the working stress is 
very low, and a stress relieving heat treatment 
after plating in order to remove hydrogen 
embrittlement is essential. Springs treated in 
this fashion have given excellent performance 
in a wide variety of applications, but when 
rapidly fluctuating stresses are involved, a 
typical example being valve springs in internal 
combustion engines, superior results to electro-
deposition are obtained by shotpeening and 
applying a zinc coating with a metal spray. 

4.3. Chromium 
Electrodeposited coatings of chromium may 

be divided into two distinct types known in 
general engineering practice as decorative 
chromium and hard chromium plating respec-
tively. In the case of decorative chromium the 
deposit is extremely thin, B.S.1224: 1953 
stipulating at minimum of 0.00001 in., and 
when applied to steel should always be 

* Shotpeening is a surface treatment employing 
bombardment under carefully controlled air pressure. 
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preceded by electrodeposited nickel or nickel 
and copper. The steel is first electroplated with 
copper which possesses the advantage that it is 
cheap and can be readily polished, thus 
permitting the use of steel with a relatively 
inferior surface finish. The electrodeposited 
nickel is then applied, the aim being to 
provide a coating which is substantially free 
from porosity. Finally, a coating of chromium 
results in a surface which is highly resistant to 
tarnish and which retains its bright appearance 
over long periods. The British Standard specifi-
cation referred to above permits the use of four 
different thicknesses of metal as an undercoat 
for decorative chromium plating, and is 
intended to allow for service conditions which 
vary from very mild to relatively severe 
applications such as outdoor use in coastal 
areas. 

When a chromium-plated article shows 
premature deterioration in the form of 
numerous spots of rust, this is probably due 
to an inadequate thickness of nickel which 
facilitates the corrosion of the basis metal by 
electrolytic action of the type referred to in 
Section 2.2 of this report. 

In addition to the use of chromium plating 
for decorative purposes, chromium is now 
widely employed in engineering on account of 
its excellent wear resistance. Its high hardness, 
low coefficient friction, non-galling and non-
wetting properties, have proved of benefit in 
a wide variety of applications. The life of 
many tools such as drills, reamers, gauges, and 
cold forming dies of all types is greatly increased 
by the judicious application of electrodeposited 
chromium of 0.0005 in. in thickness. The 
rectification of worn parts was referred to in 
Section 2, and a further use of chromium 
consists of the electrodeposition of "porous" 
deposits which retain lubricants and thus reduce 
the wear of cylinder liners and similar 
components. 

4.4. Copper 
Electrodeposited copper is principally 

employed as an initial coating for decorative 
chromium as mentioned above. It is also used 
for the electroforming of components, as an 
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undercoating on zinc base alloys, and for the 
prevention of carburizing in the selective case-
hardening of steel components. 

4.5. Gold 
Gold is employed as an electrodeposited 

coating for purposes where its excellent 
resistance to tarnish over a wide range of 
temperatures and service conditions counter-
balances its high cost. It is employed on 
electrical contacts, and has recently been used 
on reflectors for industrial infra-red radiation 
heating. 

4.6. Nickel 
The use of nickel as an undercoating for 

decorative chromium plating has already been 
referred to in the section dealing with the latter 
metal. Nickel plating is also employed because 
it possesses good corrosion resistance in a wide 
variety of service conditions. It also confers 
satisfactory oxidation resistance for mild steel 
components which are required to function for 
relatively short periods at temperatures up to 
650° C. Electrodeposited nickel has proved 
extremely useful in the building up of worn 
components, and in cases where both a heavy 
deposit and a high degree of wear resistance is 
involved the nickel coating can be followed by 
electrodeposited chromium. 

4.7. Rhodium 
Electrodeposited rhodium possesses several 

admirable characteristics from a radio and 
electronics engineer's point of view. Its initial 
hardness as deposited is of the order of 
800 V.P.N. (Vickers pyramid hardness test 
number), and it has a high degree of resistance 
to both wear and tarnish. It has been found 
to give excellent service when directly electro-
plated on to beryllium, copper, or brass; a 
deposit of 0-0002 in. is adequate, and lubricants 
can be applied in some cases without detriment 
to the conductivity of contacts. It may also be 
employed over electrodeposited silver for 
similar reasons. In passing, it may be 
mentioned that while both platinum and 
palladium can be successfully electroplated, 
rhodium possesses superior properties in most 
cases. 
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4.8. Silver 
This metal is widely used in the electronics 

industry for providing surface conductivity on 
chassis, contacts, and similar components, 
especially when high frequency currents are 
involved or low contact resistance required. 
Although the deposited metal exhibits a rela-
tively low hardness it work-hardens with use 
and has been found to remain on the surfaces 
of pins and sockets even after extended periods 
of use. The deposit only confers a limited 
degree of corrosion resistance to the base metal 
and readily tarnishes, particularly in the 
presence of sulphur compounds. It is interesting 
to note, however, that practical experiments 
have shown that the tarnish has no adverse 
effect on the electrical conductivity. A further 
advantage of silver plating is its excellent 
solderability, provided that it has not been 
stored for long periods. 

As was mentioned earlier, electrodeposited 
silver has been found to possess an extremely 
high resistance to bearing fatigue and is widely 
used for heavily loaded bearings. In such cases 
the silver is subsequently coated with electro-
deposited lead and indium, or a lead-tin alloy. 

4.9. Tin 
Electrodeposited tin is normally used as a 

coating for brass terminals which are subse-
quently soldered, but cannot be recommended 
for tags which are stored prior to soldering. 
Once the surface becomes tarnished the 
solderability is greatly impaired. Due to this 
undesirable feature, a superior method of 
achieving solderability is the use of hot tinning 
applied by dipping the components in molten 
tin or tin-lead alloy. In all cases, however, an 
initial electrodeposit of 0-0001 in. of nickel is 
recommended as it facilitates solderability. 
When electro-tinned brass is stored, the 
migration or tin into the basis metal impairs 
solderability, while in the case of hot tinning 
the nickel prevents contamination of the molten 
tin with zinc. 

4.10. Zinc 
Zinc occupies an important place among 

electrodeposited finishes as its corrosion 
resistance, especially after passivation (Section 
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5), is only slightly inferior to that exhibited by 
cadmium, except in marine and tropical 
environments where cadmium is to be preferred. 
An important point in connection with the 

use of zinc plating is that its electrode potential 
(Section 6 and Table 1) is appreciably higher 
than that of cadmium, and very much greater 
than that of silver, and zinc must therefore be 
used with caution. A further drawback is that 
when non-corrosive fluxes are employed the 
solderability of zinc is low. As a result, 
although many attempts have been made to 
replace cadmium by zinc due to the lower cost 
of the latter metal, serious limitations are 
involved. A more satisfactory alternative is 
the tin-zinc alloy plating referred to in the 
following section. 

4.11. Alloy Deposizion 
Several alloys may be electrodeposited from 

solution in a similar manner to the substantially 
pure metals dealt with above, but it should be 
mentioned that a closer control of the electro-
plating process is essential in such cases. In 
addition to the electrodeposition of brass, the 
alloys of interest to the electronics industry 

are: 
alloys. 

Copper-tin alloys. 
Tin-nickel alloys. 
Tin-zinc alloys. 

4.11.1. Cobalt-nickel alloys 
In recent years the electrodeposition of 

cobalt-nickel alloys has proved of importance 
in the manufacture of magnetic storage devices 
where the high coercivity and substantial 
remanence have facilitated high computation 
speeds. 
4.11.2. Copper-tin alloys 
Two basic compositions in this alloy system 

have been found to possess a useful combina-
tion of properties. An electrodeposit of tin-
bronze containing 10-12 per cent. of tin 
provides a reasonable substitute for nickel as 
an undercoating for decorative chromium, 
except where a high degree of corrosion 
resistance is required. 
A second copper-tin alloy which has proved 

of interest is speculum metal, an alloy con-

January 1957 

taming 42 per cent. of tin, 'remainder copper. 
This electrodeposit will take an extremely high • 
polish and is suitable for indoor use, although 
its corrosion resistance is inadequate for outdoor 
applications. 

4.11.3. Tin-nickel alloys 
The electrodeposition of tin-nickel alloys has 

been the subject of considerable investigation, 
the object being to minimize the quantity of 
nickel used in the production of decorative 
chromium plating, but at the present time it has 
not been adopted to any appreciable extent. 

4.11.4. Tin-zinc alloys 
This type of alloy plating is growing in 

importance and provides a satisfactory substi-
tute for cadmium in many cases, although 
cadmium is superior when severe conditions of 
exposure are involved. The alloy possesses 
good solderability and is now being used for 
the electroplating of radio chassis, loudspeaker 
frames, and similar components. 

5. Treatment after Electroplating 
Two production processes are widely 

employed for the treatment of electrodeposited 
metals. The first of these is a heat treatment 
designed to minimize the deleterious effects 
due to absorption of hydrogen during the 
electroplating process. All ferrous springs, 
components made from steels of over 45 tons 
ultimate tensile strength, and all case-hardened 
steels, must be given a heat treatment after 
plating in order to remove hydrogen embrittle-
ment. A suitable treatment consists of heating 
the components for one hour at 150° C. While 
this is effective in the majority of cases, it does 
not completely nullify the harmful effects of 
hydrogen absorbed as the result of excessive 

acid-pickling. 
The second process which is in general use 

is the chromate passivation of electrodeposited 
cadmium and zinc. By immersing the 
electroplated components in an aqueous 
solution of sodium dichromate and sulphuric 
acid, a thin film of basic chromium chromate 
is formed which, although being only of the 
order of 0.00002 in. in thickness, greatly retards 
the formation of corrosion products on 
cadmium and zinc. The film produced by this 
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method should b ; a light iridescent gold or 
green in colour. Heavy khaki shades indicate 
over-treatment which is undesirable and does 
not help corrosion resistance. The process is 
covered by Specification DTD.923A, and while 
this refers specifically to zinc, it is equally 
applicable to electrodeposited cadmium. 

6. The Selection of Electrodeposited Finishes 
From a study of Section 2 of this report, it 

is obvious that many factors govern the 

selection of electrodeposited metal finishes, and 
cases where only one requirement must be 
satisfied are extremely rare; in most cases a 
combination of properties is required. 

The selection of suitable finishes for electronic 
equipment is clearly dealt with in a specification 
issued by the Radio Industry Council, 
R.I.C./ 1000/B, and definite recommendations 
are made for specific applications. In using the 
data provided by that specification, the question 
of potential differences at bimetallic joints must 

Table 1 

The Electrode Potentials of Metals against a Saturated Calomel Electrode in Sea Water at 25° C. 

Material 

Magnesium and its Alloys 
Zinc and its Alloys : - 

Zinc die-casting alloy, B.S.1004 
Zinc plating on steel to D.T.D.903 
Zinc plating as above, chromate 

passivated to D.T.D.923 
Galvanized Iron B.S.729 
Tin-Zinc Alloy Plating on Steel ... 

Cadmium Plating on Steel to D.T.D.904 
Aluminium and its Alloys : - 

Alloy sheet clad with 1% Tin Alloy 
D.T.D.687 

Casting Alloys LM4, LM6, LM9 
Wrought Aluminium B.S.1470-1477, 

IC, 3L.16 . 
Alum.-Manganese Alloy B.S.1470-

1477, N4 
Alum.-Manganese Alloy B.S.1470-

19477, N4 
Aluminium coated Alloys 
Duralumin type Alloys B.S.1470-

1477, H.14 and H.15, B.S.L.64 
Irons and Steels: - 
Not corrosion resisting-mild steel, 

low alloy steel, Gleyr Cast Iron 
Corrosion resisting-12% Chromium, 

B.S.S61, En.56, B.S.1630 
18% Chromium, B.S.S80, En.57 
Austenitic 18/8, B.S.1631, 1632, 
En.58, B.S.980--CDS.20 

Lead and its Alloys:-
Lead, B.S.602, 1178 
Lead-Silver Solder (2.5% silver) ... 

Volts Material Volts 

- 1.60 Terne Plate ... - 0.50 
Tin and its Alloys (see also Tin-Zinc 

- 1.10 above): - 
- 1.10 Tin-Lead Solders, B.S.219A and B - 0.50 

Tinned Steel to B.S.S.20 - 0.50 
- 1.05 Tin Plating on Steel to D.T.D.924... - 0.45 
- 1.05 Chromium :-
- 0.05 Chromium Plating, 0-0005" on steel - 0.50 
- 0.80 Chromium Plating, 0.00003" on 

nickel plated steel - 0-45 
Chromium Metal (99%) ... - 0.45 

- 0•90 Copper and its Alloys: - 
- 0.75 Copper, Brasses, Bronzes, Beryllium-

Copper, Cupro-Nickel (70/30) ... - 0.25 
- 0.75 Nickel and its Alloys:-

Nickel-Copper Alloys B.S.1526, 
- 0.75 1529, 1532, 1535 

Nickel Plating on Steel, B.S.1224, 
- 0.75 Ni8S • 
- 0.75 Titanium 

Silver and its Alloys : 
- 0.60 Silver Solder, B.S.1845, Type. 3 

Silver • • .• • •  
Silver Plating on Copper ... 

- 0.70 Silver-Gold Alloy (not less than 10% 
gold) • • •• • •• . •• • •    

- 0.45 Electrical Contact Metals :-
- 0.35 Rhodium Plating on Silver Plated 

Copper 
- 0.20 Gold ... 

Platinum ... 

- 0.25 

- 0.15 
- 0.15 

- 0.20 
O 
O 

+ 0.05 

+ 0.05 
+015 

... + 015 
- 0.55 Carbon (colloidal graphite in acetone, 
- 0-50 evaporated to dryness) +0.10 
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be borne in mind, and a table of the electrode 
potentials of metals against a saturated calomel 
electrode in sea water is provided therein; this 
is reproduced as Table 1 of the present report. 
The Radio Industry Council recommends that 
the maximum potential difference at bimetallic 
joints be restricted to the values given in 
Table 2. Further data on this problem is 
provided in item 6 in the Bibliography. 

7. Methods of Testing 
It is necessary to establish the thickness of 

the deposit on an average basis or of a local 
area to establish minimum thickness. In 
addition to assessing thickness, it is often 
necessary to establish freedom from porosity as 
discussed in section 2.2, and the adhesion of 
electroplated coating to the basis metal also 
requires measurement. 

Of the above assessments, the most important 
one is the determination of thickness, and this 
is normally carried out in one of the following 
ways, these being listed in order of their 
reliability : — 

(1) Strip and weigh 
This determines the average thickness of 
the coating. 

(2) Microscopic examination on a 
cross-section 
This determines the local thickness at 
any point across the section. 

(3) B.N.F. jet test 
This determines the local thickness at 
coating on a particular spot which is 
chosen for the purpose. 

(4) Gassing test 
This gives a quick assessment of the 
minimum and maximum amount of 
coating. 

(5) Magnetic and thermo-electric methods 
These tests give information relative to 
the maximum and minimum thickness of 
the coating. 

The above methods exclude a simple 
fundamental method of determining thickness 
of coatings, this being the mechanical measure-
ment of parts before and after plating; 
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Table 2 

Maximum Potential 
Difference 

(in sea water) 

0-3 volt 

0-5 volt 

No restriction 

Condition of Service 

Liable to wetting with salt 
water or normally exposed 
to the weather. 

Interior parts which may 
be exposed to condensation 
but not to contamination 
with salt. 

Interior parts of hermeti-
cally sealed components 
and equipment. 

providing the parts selected for measurement 
can be accurately assessed by comparative 
means, the method has many advantages over 
and above those stated above. 

Porosity checks are simple in nature and 
normally consist of immersing the plated part 
in a solution which will demonstrate porosity 
by the evolution of gas through pin holes, 
although this is only applicable to coatings 
which are anodic to the basis metal. 

Adhesion is determined by flexing or bending 
the plated part, or rubbing it heavily with a 
suitably smooth metal tool to see whether the 
coating will be detached by this treatment. 

All the tests described, with the exception of 
(5), are of course destructive by nature and the 
parts submitted are therefore scrap. It is 
important, therefore, to remember when 
carrying out any of the tests specified, that the 
sample tested should be representative of the 
bulk which is going to be used, as otherwise 
the tests are invalid and give no information 
whatever as to the quality of work under 
consideration. 
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9. Specifications 
B.S.1224 : 1953 Electroplated coatings of nickel 

and chromium. 16 pp. 3s. 
Covers coatings of nickel and chromium on steel, 
copper alloy, zinc alloy. It gives limits of finish, 
thickness and adhesion and specifies a salt spray test. 
Appendices give methods of carrying out the tests. 

B.S.1706: 1951 Electroplated coatings of cad-
mium and zinc on iron and 
steel. 18 pp. 2s. 6d. Amend-
ment PD 1383. 

Provides for essential qualities of electroplated 
coatings of cadmium and zinc on iron and steel 
articles. It covers three classes of coating according 
to the conditions to which the article may be 
subjected. It also covers details of the requirements 
for passivated zinc coatings. The specification deals 
with the purity of the materials used for coating and 
with the finish and appearance of the plated surface, 
thickness of coating and adhesion. It includes 
appendices giving methods of test. 

B.S.1872: 1952 Electroplated coatings of tin. 
12 pp. 2s. 6d. 

Provides for the essential qualities of electroplated 
coatings of tin on fabricated articles of iron, steel, 
copper and copper alloys. It specifies requirements 

11 Appendix: 

for five classes of coatings according to the use to 
which the coating is to be put. It provides details of 
sampling, finish, solderability, thickness, adhesion and 
heat treatment, together with the necessary methods 
of test. 

B.S.--: 1957 Electroplated coatings of silver 
for engineering purposes. 
(In preparation) 

(British Standards are obtainable from the 
British Standards Institution, Park Street, 
London, W.1.) 

DTD.903C Zinc Plating. 
DTD.904 Cadmium Plating. 
DTD.923A Chromate Passivation of Zinc 

Surfaces. 
DTD.919A Electroplating of Aluminium, Steel 

and Copper with Silver and Nickel. 
DTD.924 Electrodeposited Tin Coatings. 

Interservices Specification RCS/1000 (Now 
DEF.5000) "General Requirements for Service 
Telecommunication Equipment." (Radio Com-
ponents Standardization Committee.) 

(D.T.D. and Interservice Specifications are 
obtainable through H.M. Stationery Office.) 

R.I.C.1000B. "Choice of Finishes for Radio 
and other Electronic Equipment and for 
Components therein." (Radio Industry Council, 
London, 1950.) 

(R.I.C. Specifications are obtainable from the 
Radio Industry Council, 59 Russell Square, 
London, W.C.1.) 
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Summary of British Standard and Ministry of Supply Specifications 

Finish British Standard Specifications 

Number and Local Thickness 
Description (minimum) 

Ministry of Supply 
Process Specifications Characteristics 

Number and Local Thickness 
Description (minimum) 

CADMIUM B.S.I706 
(On iron & steel) 

Class A—Cd 4 0.0004" 
(for exposure to 
marine or 
tropical 
conditions) 
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Excellent 
corrosion 
resistance. 
Good 
solderability 
(impaired by 
passivation 
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ELECTRODEPOSITION OF METALS 

Finish British Standard Specifications 

Number and Local Thickness 
Description (minimum) 

Ministry of Supply 
Process Specifications 

Number and Local Thickness 
Description (minimum) 

Characteristics 

CADMIUM 
(contd.) 

Class B—Cd 3 0.0003" 
Class C—Cd 2 0.0002" 
(For use in dry 
interiors) 

For barrel plated work an average 
thickness equal to the local mini-
mum thickness is acceptable. 
The coatings may be passivated if 
required. 

DTD.904. 0.0003" 
0.0002" minimum average thickness 
is acceptable for barrel plated work. 

Coating may be passivated if re-
quired according to DTD.923. 

CHROMIUM 
(Protective and 
decorative) 

B.S.1224 
0.00001" minimum chromium 
plated over nickel as quoted below. 

No DTD Specification. A lustrous finish 
highly resistant 
to tarnish. 

HARD 
CHROMIUM 

No B.S. Specification. DTD.916A. A.R.D. Electrodeposi-
tion memoranda Nos. 4 and 6. 

Thickness according to 
requirements. 

(No. 4 on steel; No. 6 special steels, 
cast iron and non-ferrous metals). 

Excellent wear 
resistance; low 
coefficient of 
friction. 

COPPER 

(1) Protection 
for Heat 
Treatment 

(2) Oxidised 
finishes 

(3) Heavy 
deposits for 
Electro-
forming 

No B.S. Specification. 

0.0005" min (Steel) 

0.0003" min (Steel, Copper, 
Aluminium, Zinc). 

Thickness to be specified 

No DTD Specification. 

Good initial 
coating under 
nickel for 
decorative 
chromium. 
Seldom used as 
a finish. 

GOLD No. B.S. or other specifications High resistance 
to tarnish. 
Used in very 
thin films for 
decoration and 
contact 
purposes. 

NICKEL 
(including 
Nickel prior to 
Chromium 
plating) 

On Steel 

January 1937 

B.S.1224 

Ni 12 S 
for outdoor 
applications 

0.0012" Nickel 
(or 0.0003" Cu 
and 0.0010" Ni) 

DTD.919 

(Nickel finish 
for Telecom-
munications 
Equipment) 

Total thickness 
0.0008" (of 
which not less 
than 0.0004" 
shall be nickel) 
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Finish 

British Standard Specifications 

Number and Local Thickness 
Description minimum 

Ministry of Supply • 
Process Specifications 

Number and Local Thickness 
Description (minimum) 

Characteristics 

NICKEL 
(contd). 

On copper or 
alloys 
containing over 
50% copper 

Ni 3 C 
Indoor 
applications 
Ni 1 C 
Mild indoor 

On zinc alloy Ni 6 Z 
containing over Outdoor 
50% zinc applications 

Ni 3 Z 
Indoor 
applications 

On Aluminium Ni-A 
and aluminium 
alloys 

Ni 8 S 
Indoor and 
mild outdoor 
Ni 4 S 
Mild indoor 

Ni 2 S 
Very mild 
indoor 
Ni 5 C 
Outdoor 
applications 

HEAVY 
NICKEL 
(Coatings on 
ferrous, copper 
rich and 
aluminium rich 
materials) 

No B.S. 
Specification 

RHODIUM No B.S. 
Specification 

SILVER 

-46 

0.0008" Nickel 
(or 0.0003" Cu 
and 0.0006" Ni) 
0-0004" Nickel 

0.0002" Nickel 

0.0005" Ni 

0.0003" Ni 

0.0001" Ni 

0.0003" Copper 
plus 0.0006" Ni 

0.0003" Copper 
plus 0.0003" Ni 

Insufficient data 
to specify a 
figure 

Not covered by 
DTD.919 

or 0-0004" total 
average with 
0.0002" min. 
Nickel in the 
case of barrel 
plating 

0.0003" (or 
0.0003" average 
in the case of 
barrel plating) 

Total thickness 
0.0015" of 
which .0004" 
shall be nickel 

B.S.S. Electroplated Coatings of 
Silver for Engineering Purposes 
(in preparation) 

DTD.905 
(See also A.R.D. 
Electro-
deposition 
Memorandum 
No. 2) 

DTD.919 
On Copper and 
Copper alloys 

On Steel 

Thickness 
according to 
requirements 

0.0003" average 
min. in case of 
barrel plating 
0.0008" total 
coating of 
which 0.0003" 
shall be silver 
(or 0.0004" 
total with 
0.0003" silver 
average in case 
of barrel plating 

Undercoating 
for decorative 
Chromium. 
Used as a finish 
for decorative 
purposes and 
for the 
rectification of 
components. 

Hard non-
tarnishable 
deposit. 
Excellent for 
achieving low 
contact 
resistance. 

High 
conductivity 
excellent 
solderability 
when not 
tarnished. 
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Finish British Standard Specifications 

Number and Local Thickness 
Description (minimum) 

Ministry of Supply 
Process Specifications 

Number and Local Thickness 
Description (minimum) 

SILVER 
(contd). 

TIN 

On Ferrous 
Metals 

B.S.1872 

Class A. Sn I2S 
Particularly for 
contact with 
foodstuffs 

Class B. Sn8S 
Protection 
against 
atmospheric 
corrosion 

Class C. Sn2S 
To facilitate 
soldering 

Class D. Sn5S 
Stop-off for 
nitriding 
Class E. Sn2AS 
for screws etc. 

0.0012" 

0.0008" 

0.0002" 

0.0005"-0.0001" 
(average 
thickness) 
0.0002" 
(average 
thickness min.) 

On Aluminium 
and Aluminium 
rich alloys 

DTD.924 

Characteristics 

0.0015" total 
coating of 
which 0.0003" 
shall be silver 

For protection 0-0008" 
of Steel 

To facilitate 0.0003" 
soldering 

Masking before 0.0005" 
nitriding 

For bolts and 0.0002" 
threaded parts 
less than r dia. 

Good 
solderability 
when not 
tarnished. Only 
suitable for 
mild conditions 
of exposure. 

TIN 

On Non-
Ferrous Metals 

ZINC 

On Iron and 
Steel 

B.S. 1872 

Class A. Sn12S 
Particularly 
with foodstuffs 
Class B. Sn3C 
Protection 
against 
atmospheric 
corrosion 
Class C. Sn3C 
To facilitate 
soldering 
Class E. Sn2AC 
For screws, etc. 

0.0012" 

0.0003" 

0.0003" 
(or 0-0002" for 
copper) 
0.0002" 
(ay. thickness 
min.) 

Protection of 
Copper and its 
alloys 

To facilitate 
soldering 

For bolts and 
threaded parts 
less than r dia. 

0.0003" 

0.0003" 

0.0002" 
(ay. thickness 
min.) 

B.S. 1706 

Class A. For 0-0010" 
marine and 
tropical 
atmospheres 
Class B. 0.0003" 
Class C. 
For dry interiors 0.0002" 
Coatings may be passivated. 
For barrel plating an average 
thickness equal to the appropriate 
local thickness is acceptable. 

DTD.903 
Good corrosion 
resistance. 
Poor 
solderability 

0-0003" 

Coatings should be passivated 
according to DTD.923 if required. 

A special meeting will be held in London on 10th April next when Mr.R. W.Stobbs, who was jointly 
concerned in the preparation of this report, will present a paper on the electrodeposition of metals. 
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APPLICANTS FOR ELECTION AND TRANSFER 

As a result of its January meeting the Membership Committee recommended the following 
elections and transfers to the Council. This list also includes elections and transfers to Graduateship 
which were considered at the meeting held in November, 1956. 

In accordance with a resolution of Council and in the absence of any objections, the election 
or transfer of the candidates to the class indicated will be confirmed fourteen days after the date 
of circulation of this list. Any objections or communications concerning these elections should be 
addressed to the General Secretary for submission to the Council. 

Direct Election to Member 
CLEMENT. Lewis Mason. B.S.(E.E.). Washington. U.S.A. 

Direct Election to Associate Member 
BALDWIN. William Edwin Bernard. Burgess Hill. 
BATES, Samuel, B.Sc.(Eng.) Stoke-on-Trent. 
BUTTINGER, Philip, B.Sc.(Eng.). London, S.W.12. 
CAREY, Peter Herbison. London. S.W.2. 
HEYES. William, B.Sc.(Eng.). Skelmersdale. 

JOHNSTON. Capt. Walter. B.Sc.. Canadian Army. Minnedosa. 
Nanitoba. 

PITMAN. Corn. Stanley Robert James, R.N. Lee on Solent. 
WEAVER, Albert Dudley. Jersey. 

Transfer from Associate to Associate Member 
VALE, Lindsay Harold. Wells, Somerset. 

Transfer from Graduate to Associate Member 
FLANNERY. Flt. Lt. Thomas James. R.A.F. Penrith. 
JARVIS. Cyril Vernon. B.Sc. Southend-on-Sea. 
TUDDENHAM, Thomas Douglas. Longtown, Cumberland. 

Transfer from Student to Associate Member 
HEMERY. Norman Valentine. London, S.E.6. 

Direct Election to Associate 
BASTIN. Andre Marie Jacqucs. Harrow. 
JAMIESON, Lieut. COM. Alexand2r Hugh. R.N. Singapore. 
WELLER. William Frank Edward. Kenton. 

Transfer front Student to Associate 
DAVIES, Brian Talbott. London. N.8. 
FORD, David. Faversham. 

Direct Election to Graduate 
(Elected 10th January) 

AUERBACH, Michael. Nuneaton. 
GORE. William Edward Charles. B.Sc. London, N.8. 
HEARN. Peter John. Stevenage. 
MESSENGER, Michael Charles. B.Sc.(Hons.). Accra. 
RABE. Arthur Guenter. Welwyn Garden City. 
RICHARDSON, Colin Charles. St. Albans. 
ROUGHTON, Derek John. D.L.C. Richmond. Yorks. 
RUTHERFORD, Norman Sydney. Nottingham. 
SHARMA. Flt. Lt. Dharm Shed, B.Sc.. I.A.F. Secunderabad.. 
SINHA, Jayanti Kumar, B.Sc.. M.Sc. London. W.II. 
SUCKSMITH, Alan Vaughan. Newton-Le- Willows. 
TRAWINSKI, Bohdan Stanislow. London. N.W.3. 

VENKATESWARAN, Flt. Lt. Gopalakrishnayyar, M.A., BE.. 
I.A.F. Cranfield.• 

YATES. John. Manchester. 

(Elected 15th November) 
BAKER. Ernest Norman. B.Sc.(Hons.). Basing, Hants. 
BARNES. Derek Albert. Mitcham, Surrey. 
BAUCH, Horace Douglas. Plymouth. 

CAREY, Peter Majendie. Englefield Green. 
CHAPMAN, Norman John. London, S.W.I6. 
CREESEY, Derek Robert. Ashford, Middlesex. 

FOWLER, Clement William. London. N.20. 

GRAY, Norman Frank. London. S.E.14. 

HAZELL, Grahame Frederick, B.Sc.(Hons.). Richmond, Surrey. 
HORAN, Ean Michael. Brentwood. 

INGLETON. John. Sanderstead. 

JAGER. William Frederick. Kingston-on-Thames. 
JENNINGS, David Michael, B.Sc.(Eng.). Cardiff. 
JOHNSON, Dalma Joseph Harvey. Bletchley. 
JONES, David Lloyd. Newark. 

KIRKHOPE. James. Glasgow. 

LEVY, Allan. Sutton. Surrey. 
LINGLEY, Peter lames. Morden. 

MACKENZIE, George White. Ei esham. 

NG EK POH. Brighton. 

PASMORE, Tom. Southall. 
PUTTICK, Arthur David John. Godaiming. 

SLACK. James Austin. D.L.C. Brentwood. 

VENEIK, Amar Nath, B.Sc.(Eng.). London, N.20. 

Transfer from Student to Graduate 
(Transferred 10th January) 

ALLEN, George. Ibninster. 

GILL, Ujagar Sing. Singapore. 

PRAHARAJ, Arakhita. Bombay. 

RANGARAJAN, K. S.. B.Sc. Salem, Madras State. 

SUBRAMONYAN, S. Harihari, B.Sc. Khargpur. 

WALKER. James Martin. Northwich. 

(Transferred 15th November) 
BEBBINGTON, Roy Edward. Yeovil, 

CERESA, Anthony. Haye. Middlesex. 
COLLINS, Vernon John William. Richmond. Surrey. 

ELLERINGTON, William. London. S.W.4. 

KANWAR. Randhir Singh. Jodhpur. 
KOUREAS. Varnavas Demetri. London. N.W .5. 

LAWSON. Bernard John, Beckenham. 
LYSONS, John Michael Charles, Chelmsford. 

MAHAJAN, Raj Kumar. Bangalore. 

SHARMA, Kailash Prasad, M.Sc. London. W.11. 

YOUNG, William Thomas. Whitehouse, Co. Antrim. 

• Reinstatement. 

Studentship Registrations 

In addition to the above elections to Graduateship and higher grades of membership, the Council 

approved the registration of a further twenty-eight students. 
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THE DESIGN AND APPLICATIONS OF A 
GENERAL-PURPOSE ANALOGUE COMPUTER* 

by 

R. J. A. Paul, B.Sc.I and E. Lloyd Thomas, B.Sc. 

SUMMARY 

The various factors influencing the design and construction of a general purpose analogue 
computer are considered in detail, with particular attention to the effects of finite amplifier 
gain, bandwidth and phase shift. It is shown that one of the most important design criteria 
is the gain-bandwidth product, and that the bandwidth must be much greater than is generally 
supposed if the computer is required to deal with lightly damped systems. A description is 
given of a computer designed for industrial and research applications, based on this analysis 
and embodying various novel features. The instrument is capable of both repetitive and 
"single-shot" operation, and can also deal with non-linear problems. A selection of problems 
chosen to illustrate the wide range of a computer of this kind is then presented. A number 
of little-known applications, such as the analysis of mathematical series and the construction 
of economic "models," are included as well as examples of more familiar uses for aircraft 
simulation and servomechanism design. An indication is given of the lines along which 
analogue computers may develop in the future, and of other possible applications. 
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LIST OF SYMBOLS 

VI. V2 ete• 

Vo 

Z2 

V„ 

Input voltage to a feedback 
stage, relative to a common line. 
Output voltage to a feedback 
stage, relative to a common line. 
Amplifier input voltage of a 
feedback stage, relative to a 
common line. 
Note.—The addition of a dash, y' 
denotes the operational form of v. 
Laplace operational form of 
generalized impedance Z. 
Generalized input impedance. 
Generalized feedback impedance. 
Equivalent input drift voltage of 
amplifier. 

1. Introduction 
During the last decade the volume and 

complexity of the calculations involved in the 
solution of many research and engineering 
problems have increased to the point where 
manual computation becomes impossible or 
impracticable Thus, unless the problem can be 
treated empirically, or by approximation, 
recourse must be had to more elaborate 
computing equipment than the slide-rule and 
the desk calculating machine. 

In the aircraft industry, for example, manual 
computation of various conditions governing 
stability, in particular the phenomenon known 
as "flutter," may be so protracted that the 
prototype may be "grounded" until the 
necessary calculations have been carried out. 
In this field the problems are usually formulated 
as sets of simultaneous differential equations, 
and the demand is therefore for a computer 
which will solve such equations quickly and 
present the results in a form convenient for 
observing the effects of changing the parameters 
of the system. 

In other fields, particularly servo-mechanisms, 
a similar need exists, but it is not always 
possible to write down exact equations repre-
senting the behaviour of the system. The result 
is that equipment is often designed by trial 
and error methods; sometimes, as in the case 
of automatic pilots, under costly operating 
conditions. With this kind of problem the 
requirement is for a computer which will 
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ill 

L- { 
- in 

— Grid current of amplifier input 
valve. 

— Laplace operator. 

— Inverse operational form of { } 
— Open loop gain of computing 

amplifier. 
Phase error introduced by com-
puting unit. 
Phase shift round computing 
loop. 

— Angular frequency. 
Computing period. 
Periodic time of waveform. 
Time lag in computing unit. 

simulate the transfer functions of the various 
parts of the equipment to enable the 
performance of the whole system to be studied. 
In addition, it is an advantage if actual physical 
components can be coupled up to the computer 
for simulation purposes. 

Another important reason for the increasing 
use of computers is their ability to deal with 
problems involving non-linearities. Such 
problems are seldom amenable to calculation 
by straightforward methods and, in the past, 
have often been avoided or simplified unjusti-
fiably by assuming linearity over a small range 
of conditions. 

1.1. Choice of Computing Method 

Computers capable of dealing with problems 
of the kinds mentioned fall mainly into one of 
two classes, according to whether they operate 
on an analogue or a digital basis. 
The digital computer is particularly suitable 

for the solution of large-scale problems to a 
high degree of accuracy. The scope and 
accuracy of this kind of computer have been 
described in numerous reports during the last 
few years, and will not be discussed further in 
this paper. 
The analogue computer, on the other hand, 

has a wide field of application, both to the 
solution of differential equations and for the 
investigation of dynamic system response, but 
with an accuracy usually of a few per cent. 
This limitation is not as serious as might be 
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GENERAL-PURPOSE ANALOGUE COMPUTER 

supposed, since in many problems the input 
information is not known to any higher degree 
of accuracy. The analogue computer has, 
moreover, the ability to give a very good 
insight into the physical behaviour of the 
system. It can generally be constructed at a 
relatively low cost for the solution of every-day 

CLOSES A, 

I • 0 

0 se 

c. vc 

 J 

ADDER 

(a) 

d‘ 1. R.I. • r, dt - o 

4rt c7I 

INIT tAL L.‘ Vc V.  A • 0 

INTEGRATOR INIEGR Aio R 

SIGN CHANGER 

(h) 

(c) 

Fig. I. Principle of operation of differential analyser 
type of computer. 

ea) Simple electrical circuit and corresponding 
equation. 

(b) Computing set-up for circuit with linear 
components. 

(c) Computing set-up for circuit in which the 
resistance varies according to some function of 
current i.e. R,=(Ro+Mik). 

January 1957 

problems. However some large installations 
have been constructed, of which TRIDAC'3 is 
a typical example. 

Another advantage of the analogue computer 
is the facility with which the time scale of 
events in a system may be altered, so that a 
time cycle may be speeded up or slowed down 
for more convenient observation. In a 
computer designed for repetitive operation this 
facility enables the effects of variations of the 
parameters of the system to be observed 
immediately. 

Yet another feature of the analogue computer 
is that when operating on a "true" time scale 
it can be linked up with actual physical com-
ponents of the system being investigated. This 
facility eases the task of the equipment designer 
in that the design can proceed in stages. 

Although many forms of analogue computer 
have been constructed, based on mechanical 
and other techniques, attention in this paper 
will be confined to electronic instruments of the 
differential analyser type. 

1.2. Principle of Operation of the Differential 
Analyser 

The principle of the differential analyser type 
of computer may be understood by considering 
its application to a simple equation such as that 
which determines the current in the series 
resonant circuit of Fig. 1(a) when the initially 
charged capacitor is discharged by the closing 
of a switch: 

L3- + R + —1 ji dt=0 
C, 

If all the terms of this equation are represented 
by time-variable voltages, then it can be 
satisfied by a feedback system arranged as in 
Fig. 1(b). 

This network is derived by assuming that 
di/de' exists at the point "b", producing i and 
fi dt by successive integration, and then adding 
these terms in the proportions indicated by the 
appropriate coefficients and with the correct 
signs. The various adding, integrating and 
sign reversing stages are based on high-gain 
negative-feedback amplifiers, coefficient values 
being controlled by the resistive scaling 
elements. (It is the conductance of the scaling 

51 



R. J. A. PAUL & E. LLOYD- THOMAS 

resistor which must be made proportional to the 
appropriate coefficient.) 

That this network does, in fact, represent the 
equation may be demonstrated by assuming the 
adding amplifier to have infinite gain. Then for 
any finite value of the output of this amplifier 
the signal at its input (point "a") will always 
be zero. Since this input signal is proportional 
to the sum of the currents in the various scaling 
resistors, the required condition is satisfied. 

The desired solution will be the variation 
with time of the dependent variable i, or one 
of its derivatives, subsequent to the closing of 
the switch. This is obtained by injecting a 
suitable voltage transient into the adder and 
observing the response at the appropriate point. 
In this case the "forcing function" is a voltage 
step which changes from a value representing 
the initial potential difference across the 
capacitor (va) to zero at the start of the solution. 

In the example given, both the integrator 
coefficients (11 RC) are assumed to be unity, 
but in practice it is often convenient to choose 
other values to suit the problem. 

This technique may readily be extended to 
cover non-linear systems. For example, if the 
circuit illustrated represented a surge sup-
pressor, the resistor might be a device whose 
resistance varied according to some function 
of the current passing through it, such as 
R,---(Ro+ltlik). This condition could be 
satisfied by providing a function generator to 
supply the additional non-linear term to the 
adder, as shown in Fig. 1(c). 

When solving simultaneous differential 
equations a computing channel is required for 
each variable in the set of equations. Feed-
back connections are then necessary, not only 
between the stages of each channel, but also 
between the different channels. 

2. General Design Considerations 
The approach to the design of an electronic 

computer depends very much on whether it is 
intended as a special-purpose instrument or for 
general application. 

Although a general-purpose computer may 
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sometimes be less convenient than one designed 
for a specific problem, nevertheless its much 
wider scope makes it a far more useful tool. 
This versatility should also, with intelligent 
design, enable the cost of the non-specialized 
instrument to be kept below that of an 
equivalent special-purpose computer. The 
reason for this is that, in a limited market, only 
a general-purpose computer can hope to sell in 
the quantity necessary to enable the design costs 
to be spread over a sufficient number of units 
to make the price attractive. 
The question of cost is, of course, one of 

the main considerations in the design of a 
commercial computer, and usually involves a 
compromise between performance and com-
plexity. On this point it is considered that 
complication in mechanical or electrical design 
is justified only if it leads to easier handling, 
particularly by non-technical operators, a 
worth-while increase in accuracy, or greater 
reliability. Otherwise every effort should be 
made to keep the design and construction as 
simple as possible. 

2.1. Size and Scope of Computer 
Assuming that the computer is intended for 

general application, the first stage of develop-
ment is obviously to decide on its size and 
capacity. A survey of the large number of 
problems which have been considered by the 
authors for treatment by analogue computation 
indicates that a computing installation may be 
called on to deal with anything from a single 
linear second-order equation to systems 
involving fifteen simultaneous non-linear 
equations of up to third order. Since the 
simpler problems are, naturally, more common, 
there is a strong case for making the basic 
equipment of comparatively limited capacity, 
say three second-order equations. Then, if the 
equipment is suitably designed, the more 
elaborate problems can be dealt with by linking 
a number of computers together. 
The advantage of this arrangement is that, 

for a given outlay on computing equipment, a 
considerably greater volume of ordinary day-to-
day work can be handled, while still providing 
for the occasional more complicated problem. 
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2.2. Computing Elements 
For work on linear systems only a small 

number of different types of computing element 
is needed. The essential elements are those 
which perform the operations of integration, 
addition, and adjustment of scale. Diagramati-
cally an integrator may be represented as in 
Fig. 1 by a feedback system comprising a 
resistance, a capacitance and a high-gain 
amplifier. Similarly, addition is usually per-
formed with a number of "summing" resistors 
in conjunction with an amplifier. Scale, or 
"coefficient," adjustment, involving either 
amplification or attenuation of a single quantity, 
can also be effected by an amplifier with 
resistive feedback, but it is usually more con-
venient to set the coefficients of an equation by 
adjusting the relative values of the summing 
resistors in the adder. 

In designing a practical computer these 
facilities may either be provided as a number 
of single-purpose integrators, adders and scaling 
units, or as an equivalent number of general-
purpose amplifiers which may be associated 
with various passive networks to perform the 
same operations. 

Although, at first sight, the former arrange-
ment may seem more convenient, it can easily 
lead to an uneconomic design where so many 
different kinds of computing unit have to be 
provided with each installation that on most 
problems there will always be a considerable 
number of idle units. 

In addition to these basic elements certain 
other types are needed to deal with non-linear 
problems. It appears that these fall into three 
categories: 

(i) Multipliers, giving the instantaneous 
product of two time-variable inputs; 

(ii) Function Generators, capable of giving 
an output that is any arbitrary single-
valued function of the input: 

and 
(iii) Delay Elements, capable of shifting a 

time variable input along the time axis, 
without changing its waveform. This 
category also includes devices capable of 
altering the parameters of a problem at 
a pre-determined instant. 
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2.3. Ancillary Equipment 
In addition to the computing units, various 

other facilities must be provided before a 
problem can be solved. Apart from power 
supplies, the most important of these are: 

(i) Means for interconnecting the computing 
units. In a general purpose computer it 
should be possible to make these con-
nections easily and neatly to simplify 
the setting-up and checking procedures. 

(ii) Provision for starting and stopping the 
computation, and for introducing the 
appropriate initial conditions. 

iii) Means for monitoring the performance of 
the computing units. 

(iv) Arrangements for displaying or recording 
the solution for comparison or measure-
ment, including timing. 

Although the provision of most of these 
facilities is usually a straightforward matter, the 
accurate recording of solutions often presents 
considerable difficulty. For most problems a 
well-designed computer may be expected to 
generate solutions which are accurate to within 
two or three per cent., but measurements on a 
wide variety of pen recorders show that it is 
not possible to transfer these solutions to paper 
without introducing further errors of from two 
to ten per cent., unless the frequencies con-
cerned are less than one or two cycles per 
second. This limits the use of such recorders 
to solutions lasting several seconds. 
Of the alternative methods that have been 

employed for high-speed solutions the "strobo-
scopic" or sampling method is only suitable for 
repetitive operation, and involves a large 
number of valves, while recording on magnetic 
tape is far from straightforward when dealing 
with this degree of accuracy. 
For repetitive solutions, where the duration 

of each solution is less than, say, one second, 
photographic recording from a cathode-ray 
tube is probably the most convenient, since, 
with care, the errors introduced can be held 
within 1 per cent. The authors have found that 
a camera employing so-called "dry-working" 
material is a great convenience for this purpose, 
as positive prints are available within a minute 
of making the exposure. 
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3. Detailed Design Considerations 
3.1. Amplifier Characteristics 

If the computer is intended to deal with 
solutions lasting for several minutes in real 
time then the amplifiers must be capable of 
transmitting frequencies down to zero at the 
lower end of the spectrum. Although there are 
various carrier systems which will do this, a 
properly designed d.c. amplifier still has con-
siderable advantages, and will be the only type 
considered in the following analysis. 

Besides bandwidth there are a number of 
other important factors which influence the 
behaviour of a computing amplifier and, 
therefore, the performance of the computer as 
a whole. These will now be considered, both 
individually and in combination. 

3.1.1. Gain 
Ideally a computing amplifier should have 

infinite gain. In order to assess the effects of 
finite gain it is interesting to consider two basic 
computing networks: the adder and the 
integrator. 

If the adding unit consists of an amplifier of 
open loop gain - in with voltages v1, v2, • . • 
applied to input resistors RI, R2 • • • R„ with a 
feedback resistor Rh then it is shown in Section 
9.1.1. (Fig. 17(a)) that the percentage error due 
to finite gain is: 

100 R R 
--- ( 1 + —f+ • • ) 

R, 

As an example, the error in a unity-gain adder 
(R,=R2=R, . . . = Ric—RI) with nine input 
resistors will not exceed 0.1 per cent. if in is 
greater than 10'. 

In the case of multiplication by a constant 
the percentage error becomes 

100 
in Ri 

where R, is the input resistor. 

If the amplifier is connected as an integrator, 
Section 9.1.2 (Fig. 17(6)), then the percentage 
error due to finite gain is given by the expression 

[ 1  1-1 1 v 
100. L-' tV 0 

Lm pmRCji I ° 

The exact nature of the errors due to 
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inadequate gain will, therefore, depend on the 
waveform applied to the integrator. Two 
particular inputs are considered in Section 
9.1.2: the step function and the sine wave. 

Figure 18 shows the relationship between 
percentage error and gain for various ratios of 
tIRC, i.e. the ratio of computing period to the 
physical time constant, for a step input. From 
these curves it can be seen, for example, that 
the error is 0.5 per cent, for a gain of 10' and 
a computing period of 100 seconds if the time 
constant is 1 second. 

In the case of a sinusoidal input, lack of gain 
introduces three forms of error: 

(i) Reduction of amplitude by a constant 
factor 

(oink 
where k = (1+ m) 

(1 + in)%/ (1 + 0)20 

(ii) A further exponential change in ampli-
tude by the time-dependent factor 

e- " 
(1 +0)2k2) 

and 

(iii) A (leading) phase shift of tan -11/04. 

If in is again taken as 10' and the time 
constant as one second, then if error (i) is not 
to exceed 0.5 per cent. the periodic time of the 
signal must be less than 6.6 x 10 seconds. For 
the same conditions however, error (ii) limits 
the duration of the computing period to less 
than 50 seconds. Similarly, if the phase error 
is not to exceed 0.01 deg., then the periodic 
time, T, of the signal must not be greater than 
about 10 seconds (Fig. 19). 
From these considerations it will be apparent 

that quite a moderate amplifier gain will enable 
a computer to deal with problems lasting up to 
about a minute in real time. 

3.1.2. Bandwidth 
The open-loop bandwidth of a computing 

amplifier is of significance because it affects the 
stability and phase shift under feedback 
conditions.' 

Provided there are not too many inherent 
phase shifts in the amplifier it is comparatively 
easy to introduce phase correcting networks 
which will ensure stability with any particular 
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feedback network, e.g. as an integrator or as an 
adder, and with any values of feedback com-
ponents. It becomes more difficult, though, if 
the amplifier must remain stable in any kind of 
feedback circuit with all possible component 
values. 

It is not generally appreciated, however, just 
how high the cut-off frequency must be for 
accurate computation, particularly with lightly 
damped oscillatory solutions such as occur in 
aircraft flutter problems. In Section 9.2 it is 
shown that the set-up for a single second-order 
equation (Fig. 20) will introduce a spurious 
logarithmic increment of (0)„2/20),)t, where 
0),, is the solution pulsatance and 0), is the 
cut-off pulsatance of the adder; assuming the 
integrating amplifiers to be perfect and that, 
over the computing periods considered, inac-
curacies due to finite open-loop amplifier gain 
are negligible, the error being due solely to the 
time constant of the adder. This means, for 
example, that a computer generating a sinu-
soidal oscillation with a real frequency of only 
1 c/s would need to have amplifiers with a cut-
off frequency above 15 kc/s under operating 
feedback conditions if the solution had to be 
within 1 per cent, of correct amplitude after 
50 seconds. Alternatively, only 7 cycles of an 
oscillation could be displayed to this accuracy 
with repetitive operation and a sweep duration 
of I second. It will be appreciated that errors 
due to finite amplifier gain, discussed in the 
previous sub-section, may, in fact, be significant 
and should be taken into account when 
assessing the overall error. 

3.1.3. Drift 
Drift in a d.c. amplifier may be defined as 

a spurious signal causing an output to appear 
when no intentional signal is applied to the 
input terminals. It is therefore convenient to 
regard the drift as arising from a fictitious 
generator in series with the input of the 
amplifier. Drift arises from a variety of 
sources, and can be reduced both by careful 
design and by various drift-correcting systems. 
As an example of the relative importance of 

this effect it may easily be shown that, if the 
error superimposed on a 20-volt signal at the 
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output of an integrator is to be less than 0.5 per 
cent., then for t I RC=100, the input drift must 
not be greater than 1 mV. 

3.1.4. Grid current 
Although the effect of the residual drift in an 

amplifier may be reduced considerably by the 
use of a suitable drift correction system, a 
satisfactory method has not yet been devised 
for the reduction of drift due to the grid current 
flowing in the amplifier input circuit. 
A detailed analysis of the combined effects 

of grid current and drift in an integrator is 
given in Section 9.4. This shows that at the 
beginning of the computing period a grid 
current i„ produces a spurious output which 
increases at a rate given by i„/C. In order to 
satisfy the same conditions as in 3.1.3, i„ must 
be less than 10-' amperes if R is 1 megohm. 

3.1.5. General comments on amplifiers 
It is difficult to assess the relative importance 

of the various errors introduced by the 
amplifiers when these occur in combination. If 
computation must be done on a real time scale, 
then solutions occupying anything from a few 
seconds to several minutes, or even hours, may 
be involved. Emphasis will then be on 
amplifier gain, at the expense of bandwidth, 
and on reducing drift and grid current to a 
minimum. Alternatively, if there is no restric-
tion on the time scale, then it is often an 
advantage to work repetitively with solution 
times between 10 and 1,000 milliseconds. In 
this case the limit will probably be set by 
amplifier bandwidth. 
The real criterion of amplifier performance 

appears therefore to be the gain-bandwidth 
product. 

3.2. Network Characteristics 

3.2.1. Resistors 
The choice of type of resistor for use in 

adding and feedback networks depends partly 
on whether the computer is to be used for 
"single-shot" or repetitive solutions. If the 
former, then the computing period is unlikely to 
be less than one second, and the significant 
frequencies in the solution will be comparatively 
low. For this kind of operation the helical, 
wire-wound, type of potentiometer is very 
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convenient. But it must be remembered that, 
although a potentiometer of this sort may be 
set to give ratios correct to one part in several 
hundred, the absolute value of resistance may 
vary by several per cent. between one unit and 
another for the same dial setting. 
Other disadvantages of potentiometer scaling 

are the loading imposed on the computing 
amplifiers and the variations of impedance 
introduced into the scaling circuits. Also, for 
repetitive solutions the stray reactance of helical 
potentiometers is likely to cause too much phase 
shift to be acceptable, and the only practical 
alternative seems to be the use of high-stability 
fixed-value resistors in switched decades. 

3.2.2. Capacitors 
For satisfactory operation the capacitors in 

the computing networks must be both stable 
and low-loss. Of the various alternative types, 
paper capacitors suffer from excessive dielectric 
absorption, while mica capacitors are expensive 
and bulky. The most suitable type of com-
ponent is probably the polystyrene capacitor, 
which combines adequate accuracy and stability 
with low losses. 

Unfortunately, it is not possible to obtain 
polystyrene capacitors commercially to a closer 
tolerance than + 1 per cent. However, if 
economic considerations may be ignored then 
closer values of capacitance may be achieved 
by selection or "padding." 

3.2.3. Phase shift 

Apart from the characteristics of the com-
ponents themselves, their actual disposition in 
the computing networks requires very careful 
consideration if the stray reactances are not to 
introduce phase shifts into the feedback loops. 

In Section 9.3 it is shown that the number 
of cycles, N, of an oscillatory solution that may 
be observed before the amplitude error exceeds 
1 per cent. is given by 

N=---0-181/t 
for a simple second-order system where `; is the 
phase shift in. degrees round the loop. As an 
indication of the severity of this requirement, 
if is only one minute of arc then no more than 
11 cycles of the solution may be displayed for 
this accuracy. 
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3.2.4. General comments on networks 
From Section 3.2.2 it follows that the limit 

to computing accuracy with most problems is 
set by the network capacitors, particularly in 
the integrators. Unless tolerances of better 
than + 1 per cent. can be achieved with these 
components there is little point in trying to 
improve resistor accuracy and stability. 
However, if it were practicable to achieve, say, 
+ 0.2 per cent. for the capacitors, then it would 
appear to be possible with correspondingly 
accurate resistors, such as metallic film types, 
and good amplifiers, to obtain accuracies for 
individual computing stages considerably better 
than the nominal 1 per cent. which is often 
specified for commercial instruments. 

Alternatively, and at the expense of versa-
tility, it is possible to accept capacitors of 
nominal value and "pad" the associated 
resistors in order to obtain specified time 
constants. 

4. Description of Computer 
The design considerations outlined in the 

preceding Sections were investigated during the 
development of a commercial general-purpose 
analogue computer, and before giving some 
examples of the applications of such an 
instrument a brief description of the equipment 
may be helpful. 

4.1. General 
The appearance of the computer is shown in 

Fig. 2. It is built in the form of a double-
pedestal desk surmounted by a rack into which 
various computing units may be inserted and 
secured by quick-release fasteners. Electrical 
connections are made automatically, and all 
units of the same type are interchangeable. 
For linear problems only two kinds of 

computing unit are required—described as 
Linear Function Units and Scaling Units—and 
space is available for 18 of each of these. For 
non-linear problems several additional kinds of 
computing unit are also available, the most 
important being the Multiplier, the Continuous 
Function Unit and the Discontinuous Function 
Unit. Thus a console can be filled with 
whatever combination of computing units may 
be needed for a particular problem, and if one 
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Fig. 2. General-purpose Computer. 

console will not carry enough units then two or 
more consoles may be coupled together without 
any loss of performance. 
The inclined panel at the base of the rack 

carries a double-beam cathode-ray tube, 
together with its associated deflection amplifiers 
and timing unit, various calibrating and 
metering devices, and the main power controls. 
The pedestals of the console contain the 

stabilized h.t. and 1.t. power units, a pen 
recorder and racks for spare computing units. 
Computing units are interconnected for each 

problem by inserting small bridging plugs into 
a Set-up Panel which is recessed into the top 
of the desk and covered by hinged flaps when 
access is not required. This device avoids the 
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use of plugs and cords, 
and makes the process of 
checking connections a very 
simple matter. It also 
enables a card to be 
punched with holes corre-
sponding to the plugs 
needed for any particular 
problem. This card may 
then be filed for use when-
ever the same kind of 
problem has to be set up 
again. 

4.2. Presentation 
The computer may be 

used either repetitively or 
for single-shot solutions. In 
the former case the com-
puting period may be set to 
one of a number of values 
between 1/ 30th second and 
1 second, and the solution 
displayed on the screen of 
the cathode-ray tube. In 
the latter case computation 
is generally started and 
stopped manually, and the 
solution obtained on the 
pen recorder. 
The normal forcing func-

tion is a voltage step whose 
amplitude may be adjusted 
on the control panel. 

Alternatively, other functions may be generated 
internally or fed in from an external source. 
For repetitive solutions the lower spot on the 

screen is usually arranged to display self-
generated timing marks. However, it may also 
be used to display any other quantity occurring 
in the system under investigation, or two 
different quantities may be applied to the x and 
y axes of the cathode-ray tube for phase 
measurement. 
At the end of each computing cycle the 

system is restored to the quiescent condition 
by means of relays. 
4.3. Computing Units 
4.3.1. Linear Function Unit 

This is the basic computing element. It 
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consists of a drift-corrected d.c. amplifier 
associated with a resistance-capacitance net-
work which can be set to perform a variety of 
operations, including addition and integration, 
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Fig. 3. Alternative arrangements of Linear Function 

Unit. 

as shown in Fig. 3. It also provides facilities 
for introducing "initial conditions" into a 
problem. 
The amplifier has an open-loop voltage gain 

of about 12 x 10' and is phase corrected to give 
a cut-off frequency higher than 15 kc/s under 
all normal conditions of resistive feedback. The 
effective input grid current is less than 5 x 10_11 
amperes, while the residual input drift voltage 
is of the order of 1 mV without drift correction. 

4.3.2. Scaling Unit 
This unit is employed to effect scale changing 

and summation in the interconnections between 
the other units. It consists of two identical 
sections assembled on one panel for con-
venience and standardization, each section 
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consisting of a 3-decade switched resistance 
combined with a decade attenuator. The 
switches of each section may be set to any 
number between 1-00 and 10-99, and the figure 
obtained may then be multiplied by a factor of 
0-1, 1.0, 10 or 100 with the attenuator. 

4.3.3. Multiplier 
The Multiplier operates on the principle of 

"quarter squares," and if signals of magnitudes 
x and y are applied respectively to the two 
input terminals, then the output will be pro-
portional to the instantaneous product xy. 
Each unit consists of a number of drift-

corrected d.c. amplifiers associated with 
"squaring" circuits of selenium diodes and 
precision resistors, and the overall accuracy at 
maximum signal level is within ± 1 per cent. A 
block diagram of the Multiplier is given in 
Fig. 4. 

4.3.4. Continuous Function Unit 
This unit, sometimes referred to as a Function 

Generator,2.3.4 is a device which enables any 
smooth single-valued function, whether ex-
pressed mathematically or as a graph, to be 
approximated by a series of 21 straight lines. 
The slopes and intersections of these lines are 
adjusted manually by a series of potentiometers 
when the function is set up, the operation being 
simplified by the provision of an accurate 
calibrating circuit. The accuracy obtained 
depends on the shape of the curve to be 
generated. As an example, a parabola or one 
cycle of a sine wave can be reproduced to 
within 1 per cent. It is not necessary for the 
curve to pass through the origin, but the 
accuracy of reproduction is likely to fall off if 
the slope of the curve exceeds about 85 deg. 
The principle of operation of this unit may be 
followed from the block diagram of Fig. 5. 
Each section of the curve is produced by an 
element consisting of a pair of selenium diodes 
associated with a biasing potentiometer and an 
attenuator, and the whole group of elements is 
isolated from the input and output terminals by 
buffer amplifiers. 
Both the Continuous Function Unit and the 

Multiplier have cut-off frequencies comparable 
with that of the Linear Function Unit, and may 
therefore be used for repetitive operation. 
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4.3.5. Discontinuous Function Unit 
The purpose of this unit is to supplement the 

Continuous Function Unit in cases involving 
abrupt discontinuities. Its transfer charac-
teristic can be switched to represent either 
"limiting" or "dead zone" conditions, the 
positions of the discontinuities and the slope 
being independently adjustable (Fig. 6). In 
conjunction with other computing units the 
Discontinuous Function Unit can also be used 
to represent hysteresis or backlash (Fig. 16). 
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R 

Fig. 4. Block diagram of Multiplier. 
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Fig. 6. Transfer characteristic of Discontinuous 
Function Unit set for: 

(a) Limiting; (b) "Dead Zone." 
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4.3.6. Other units 
The computing units described above are 

those in common use. In addition, a number of 
other units have been developed for certain 
special types of problem. These include pro-
gramme units, capable of altering the constants 
of the system at either a pre-determined instant 
of time or when one of the variables reaches a 
certain value, and time delay devices. 

5. Applications 
An analogue computer of the type described 

in the previous Section has a very wide range 
of application, as may be appreciated by 
reference to the extensive literature on the 
subject.' In this paper, however, it is not 
intended to present an exhaustive catalogue of 
problems and their solutions, but simply to 
discuss some of the more interesting applica-
tions encountered by the authors during the last 
few years. 

In presenting these examples it is convenient 
to group them according to the way the com-
puter is used. Early instruments of this kind 
were usually described as differential analysers 
and, as the description implies, were intended 
primarily for the solution of differential 
equations. Many of the problems presented 
to a general-purpose computer still originate in 
the form of equations, particularly in the field 
of aircraft design. 

However, many others concern dynamic 
systems whose behaviour and constants may be 
known but are not expressed in equation form. 
These may be classed generally as simulation, 
a term usually understood to imply the direct 
representation of the transfer functions of the 
elements of a system. Such simulation is often 
carried out in association with some of the 
actual physical components of the system, and 
usually in real time. In some cases of 
simulation a great saving in effort, and often 
computing facilities, may be achieved by what 
has been called the "Direct Analogue" 
approach, in which the equivalent network is 
established by a logical analysis of the com-
ponents of the system without writing down 
any equations. This approach is particularly 
valuable in bi-directional systems such as 
coupled electric circuits. 
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5.2. Solution of Differential Equations 
5.2.1. Mathematical analysis 

In the realm of pure mathematical analysis 
an analogue computer can often save consider-
able time by indicating the general nature of 
the solutions to non-linear equations. Since a 
computer is most useful for problems which 
cannot be solved easily or accurately on paper, 
it is difficult to find a suitable example for 
which both computed and calculated results are 
available for comparison. However, as a 
simple example the equation: 

dy/dt= K (y — 3,2) sin Kt 
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Fig. 7. Solution of equation 
dy / dt= — K(y--372) sin Kt 

Showing computer arrangements and recordings 
of y and dy/dt. 
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can be shown by analysis to have the solution: 
y=1 [e_co. xt + 1] 

This equation was solved with a computer 
arranged as in Fig. 7 which also shows 
recordings of the variations of y and dy/dt 
with time. The calculated response for y, 
shown for comparison, agrees with the 
computed solution to within a few per cent. 

Another, little known, application is to 
harmonic analysis. Since the Fourier expansion 
of a periodic function of time cr (t) is the series: 

an +al sin œt + a2 sin 204 + . . . + an sin nwt 

+ b1 cos cot + b cos lot+ . . . + b. cos mot 
where 

ci =  2--f -n q, (t) . C101t 
L77, o 

I 271 

a„= — f (f) (t) sin mot . doit 
7C o 

and 
f 7T2 

b.= — (t) cos mot . doit 
o 

the amplitudes of the various harmonics may 
be obtained by evaluating the corresponding 
integrals. 
To enable the integration to be carried out 

with respect to t instead of wt, a„ and b,, may 
be re-written: 

t 

a„= — f (t) sin nwt dt 
7: ° 

t) 7' 

b,,= f 7' (1) COS Mat dt 
o 

where T is the repetition period of (I, (t). If T 
is made equal to the period of computation, 
then the required coefficient is the integral of 
the product of IT (t) and either sin nwt or cos 
mot over one cycle. 

Since w (t) is often available in electrical 
form, it is usually only necessary to set up a 
second-order computing network to generate 
sin mot and cos mot and then arrange the 
computer to form the product and integral. 

Figure 8 shows the computer set-up used, 
together with photographs of two waveforms, 
for a saw-tooth wave. The following table 
compares the measured values of the coefficients 
with the calculated ones. 
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Table 1 

Comparison between Calculated Coefficients of 
Fourier Expansion and Values obtained from 

Computer, for a Saw-tooth Waveform 

Order of 
Harmonic From Computer By Calculation 

a,, a. b. 

1 2.57 <0.001 2.54 0 
2 1.28 1.27 0 
3 0.875 0.846 0 
4 0.665 0-635 0 
5 0.535 >, 0.508 0 

Although the accuracy of this method tends 
to diminish as the order of the harmonic 
increases, it is quite satisfactory up to n=5, at 
least. 

5.2.2. Aircraft dynamic response 
During the design of an aircraft it is necessary 

to estimate its dynamic stability under various 
conditions of flight. A typical example of this 

dx 

dy E dz / 
X + Y— 

E dy dz 

70- Y±  z=13 

cicp 
— y+ 

dt 

where x !,1,2v/ V and v = sideslip velocity. 

y--pel)12V cp=angle of bank. 

zEihrbl2V p=rate of roll. 

r = rate of yaw. 

Fig. 9. Aircraft lateral stability problem, showing 
variation of bank angle after sudden (step) disturbance. 
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(a) System neutrally stable. 

(b) System stable. 

(c) System unstable. 

Fig. 10. Appearance of trace on computer screen for 
aircraft ternary flutter problem. 

type of problem is illustrated in Fig. 9 and 
concerns the response of the aircraft to a dis-
turbance about the roll (bank) axis. From the 
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equations it will be seen that three independent 
variables are involved, and it is assumed in this 
case that the coefficients are linear. 
The solution of this problem is of interest in 

that it contains a rapid, fairly heavily damped, 
oscillation superimposed on a more slowly 
changing component which is divergent. This, 
incidentally, makes it of particular use as a test 
problem, as the low-frequency component is 
very sensitive to the effects of drift and grid 
current in the computer. 
As an indication of accuracy, the frequency 

of the damped oscillation was calculated for 
one set of parameters to be 0.62 c/s with a 
damping factor of 0.36, while figures of 0.61 c/s 
and 0.33 were measured from the recording. 

5.2.3. Aircraft flutter.6 
"Flutter" is the term used to describe an 

unstable oscillation induced by the interaction 
between inertia and aerodynamic forces in an 
aircraft—the aim of the designer is to ensure 
that this dangerous condition cannot occur over 
the normal range of conditions. Usually the 
problem is to determine the position of the 
boundary between the regions of stability and 
instability in terms of the critical air speeds 

corresponding to given values of mass balance 
of a control surface. The solution is therefore 
a curve plotted from the dial settings of the 
computer instead of a response on the screen 

or pen recorder. 

Fig. 11. Equations for aircraft ternary flutter, 
with typical solution. 

d2x, 
ail • de 

d2x, 
an • dt2 

d2x, 
a„. de + b. — + cu x, a„ . — 

dt dI2 

b11. 
dx, d2x2 
dt + c„ + a, . +b10. 
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dx, d2x2 
kri C 21X 1 a22 • dt dt2 

dx, d2x2 

A flutter problem consists essentially of 
several simultaneous second-order differential 
equations, according to the number of degrees 
of freedom involved, and the computing set-up 
therefore contains a similar number of cross-
coupled channels. A ternary (three degrees of 
freedom) problem is quite common, while the 
most elaborate investigated so far has been 
a senary system involving three computer 
consoles linked together. 
A typical ternary problem is illustrated in 

Figs. 10 and 11 and it will be seen that in this 
particular example the largest discrepancies 
between calculated and measured figures 
occurred in the region of the "nose" of the 
curve, and amounted to some 3 per cent. of 
the corresponding value of mass balance. As 
a matter of interest, the frequency of oscillation 
of the system for 20 per cent. mass balance was 
measured as 9.6 c/s, and subsequently 
calculated to be 9.8 c/s. 
Many of the terms in these equations 

contain powers of the forward velocity, and it 

CURVE DUNNED FRONI COMPuTER 

CALCULATED CU RVE 

% MASS BALANCE 

dx2 d2x, 
—dt + C 12X 2 + an • — 

dx. ex, 
+ 6,2. --- + c22x2 + a„.  

dt 

dx., d2x, 
+ b„ . e_ +c,2x2±%. —dt2 

dx, 

+ 1'13 • dt • ± cnx3 =° 

dx, 
+ 1'23 • di. C23X 3 = ° 

dx, 
+h,. +c,x3=0 
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is thus rather laborious to make the necessary 
manual adjustments to the computer dials when 
exploring a range of velocities on a big problem. 
In order to reduce the computing time still 
further on this kind of problem an alternative 
version of the Linear Function Unit has been 
designed, with the switches driven by rotary 
solenoids. This enables all the velocity 
controls to follow automatically the setting of 
whichever unit is chosen as the master. 

5.2.4. Non-linear circuits 
The circuit chosen in Section 1.3 to illustrate 

the application of an analogue computer to 
non-linear electrical networks was actually 
encountered as a surge suppressor. In this 
circuit, Fig. 1(c), the total resistance was made 
up partly by a fixed resistor and partly by a 
component having a voltage-current relationship 
v,„= 430 e" where i is the instantaneous value 
of current in the circuit and v„, the voltage 
across the component. 

Fig. 12. Variation of current with time for circuit 
shown in Fig. 1, showing reduction of peak value by 

addition of non-linear resistance. 

The information required in this case was the 
variation in current after the switch was closed, 
both with and without the non-linear element 
in circuit, and both curves are shown in Fig. 12. 

5.3. Simulation 
5.3.1. Auto-pilot response 
One of the biggest applications of the 

analogue computer is in the field of servo-
mechanisms.7.8 Aircraft automatic pilots, in 
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particular, are a good example of equipment on 
which a great deal of risk and development time 
can be avoided by simulation instead of trial 
and error under actual operating conditions. 

k,s .. ktiots slt 

MA 
GY 
PR 

(c) 

ke 

Magnetic Amplifier 
Gyroscope 
Polarized Relay 

I.,, COseteoL sueFece 

M Motor 
C Clutch 
G Tacho-generator 

(a) Block diagram, 

O os 10 Is 20 2SSEC 

I • al lb -ft 

2ereAtrad / sec 

I .162 le-ft' 

14.37mA/tad / sec 

(I)) Response with load inertia of 81 lb/ft.2 

(c) Response with load inertia of 162 lb/ft.2 

Fig. 13. Simulation of aircraft autopilot. 

The example illustrated concerns the applica-
tion of an existing electric automatic pilot to a 
different type of aircraft. In this case two 
points were in doubt: (i) whether the system 
would be stable with the reversing clutch used 
to couple the servo-motor to the output gearbox, 
and (ii) whether its response, if stable, would 
be satisfactory under the various inertia loads 
due to the aircraft control surfaces. 

Figure 13(a) shows a block diagram of the 
auto-pilot. It consists essentially of an 
integrating rate gyroscope feeding a position-
control servo. The servo amplifier operates a 
relay which, according to the polarity of the 
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output, energizes electromagnetic clutches 
controlling the sense of the torque transmitted 
from a continuously running motor to the 
output gearbox. The positional feedback is 
provided by a potentiometer on the output shaft 
of the gearbox, while velocity feedback is also 
supplied by a tacho-generator on its input 
shaft. In addition an arrangement is provided 
for feeding an opposing signal into the amplifier 
when a relay closes, so producing a continuous 
slight hunting of the system. 

In the simulation the actual relays of the 
system were used to ensure correctness of 
representation, but the remainder of the auto-
pilot was set up in analogue form. 

When the original values of the constants 
ki, k2, k3 and lc, were set in, the response to a 
step voltage applied at the output of the gyro 
was very sluggish, with a rise time of nearly 
2 seconds. In order to achieve a sufficiently 
fast response with adequate damping it was 
found necessary to reduce the velocity feedback 
by a factor of about 5. Figs. 13(b) and (c) show 
the final responses with load inertias of 81 and 
162 lb/ft2 respectively. There was no tendency 
to instability, apart from the intentional 
"dither" which was too small to show on the 
recordings. 

5.3.2. Coupled mechanical systems 
Problems involving discontinuities in 

mechanical systems are encountered in fields 
as varied as those of marine power transmis-
sion, valve design for internal combustion 
engines and machine tools. Fig. 14(a) shows the 
basic system involved in a typical problem of 
this kind. The machine part of mass m, is 
subjected to a reciprocating force Fi=a sin wt 
and is initially just in contact with another 
block of mass m2 which is restrained by a spring 
of stiffness s. Information is required on the 
motion of the two parts, for a given set of 
constants, when the mass m1 is suddenly 
separated from m2. The motion is assumed to 
take place in the horizontal plane, in order to 
neglect the effect of gravity. 

Let V1 and V2 be the velocities of the two 
parts; and F2 and F3 the forces, respectively, 
between them and on the spring. Then while 
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they are in contact with one another V1 must 
equal V2, or 

1 ft 1 f t 
— (Fi- F2) dt = — (F2- F3)dt 
mi M2 0 

which leads to the condition 

F3= m2 F1+ M1  F3 

M I + M2 n11 1n2 

before separation. After separation, of course, 
F2=0. 

Having established these initial conditions it 
is unnecessary to write down the equations of 
motion, since the computer arrangement may 
be arrived at by the direct analogue approach 
mentioned in Section 5.1. 

INPUT STEP 
'UNCTION 

•  

F, = Q$ IVt n MOSS 

(a) Basic system. 

111.1 SWITCH UNII, 

; 

I  " rCOEGF C o€ N T 

L 

CbUFFIC7EZT-.-97,,, 

- - MJLTO-R. 

éPRING SIKIUL ATORj 

5.11 • llStn 
dt 

(b) Computer set-up. 

Fig. 14. Coupled mechanical system. 

The actual set-up is shown in Fig. 14(b) and 
is almost self-explanatory. It is only necessary 
to mention that the separation of the two 
masses is simulated by a programme unit which 
reduces F2 to zero at some instant during the 
display period, while the applied force a sin wt 
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is obtained by applying a step of magnitude a 
to a separate chain arranged to solve the 
equation 

from which 

d'y 
c-ff + 6) Y= w2a 

y= a (cos wt - 1) 

or - dy/dt= a sin wt 

The results of this simulation for m1= 3m2 
and m = 10 rad/sec are shown in Fig. 14(c). 

Fig. 14. (c) Recordings of displacements of m, 
upper trace) and m, showing instant of separation 

(arrowed). 

5.3.3. Economic models 
A comparatively new application of the 

analogue computer is its use as a "model" for 
the investigation of economic problems. Such 
a model, consisting of various combinations of 
standard computing elements, can be con-
structed to represent the hypothetical structure 
of an actual economic system.9, i° The 
response of the model to certain disturbances 
can then be compared with that of the real 
system, both to check the validity of the 
analogue and to predict the future behaviour of 
the system. The model can then be used to 
investigate the effects of various stabilization 
policies on such factors as production or prices. 

Figure 15(a) shows a model which indicates in 
simplified form the interaction between pro-
duction and demand for various stabilization 
policies. In this diagram production P is 
supposed to follow demand U, after a pro-
duction time lag L„, and in turn to influence 

ALTERNATIVE STABILIZATION 

POLICIES 

demand through the "marginal propensity to 
spend" (1 - L), where L is the "marginal 
leakage." This main loop is supplemented by 
one representing stabilization policy, which 
attempts to maintain a constant level of 
production by taking appropriate correcting 
action, such as altering taxation or credit. 
According to the policy adopted, this correction 
may be proportional alternatively to production, 
its rate of change, its integral or some com-
bination of these factors, and is applied through 
a lag Lc to modify the total demand for 
production. 

The proportionality coefficients are denoted 
by f„, fd and f, respectively. 

For this problem the computer was set up as 
in Fig. 15(b) to display a period of 10 years on a 
time scale of 1 second = 1 year, and the response 
of the system recorded for a step function 
change in demand for production of magnitude 

CORRECTION TIME LAG • Lc 

L • MARGINAL LEAKAGE CHANGE IN 
DEM.AND 

PRODUCT ON TIME LAG • L p 

It IT, 

Desired production 
Actual production 
Error in production 
Integration with respect to time 
Differentiation with respect to time 
Integral correction factor 
Proportional correction factor 
Derivative correction factor 
Change in demand 
Demanded production 

Fig. 15. Economic system basic "model." 
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TrPAE LAG Tr .0 ,5 SEC 

Fig. 15. (b) (above) Computer set-up. 

(e)-(f) (right) Fluctuation in production for various 
stabilization policies. Computing time scale: 
1 second=1 year. 

(e) No stabilizing policy. 
(d) Mixed proportional and integral correction. 
(e) As (d), but stronger policy. 
(f) As (e), but with addition of derivative correction. 

u units. In all cases the production time lag 
was taken as three months, and the correction 
lag as six months, with a marginal leakage 
of 0.25. 

Figure 15(c) shows the production response 
in the absence of a stabilizing policy 
(f„=f,=fd=0), production reaching a new 
steady value in about four years. 

Figure 15(d) shows how this response is 
modified by a policy having a proportional 
correction factor, f„ of 0-5 plus an integral 
correction factor, f„ of the same value. The 
peak change in production has been reduced 
from 4u to 1.5u and production level is back 
to normal after two years. The proportional 
element in the policy helps to speed up the 
stabilization and reduce the fluctuation, while 
the integral term ensures complete long-term 
correction. 

If a stronger policy is adopted, by increasing 
both f„ and fi, the maximum variation of 
production is reduced to 0.5u but the system 

(d) 

(e) 

(f) 
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becomes less stable, with a marked tendency 
to go into oscillation, Fig. 15(e). However, by 
introducing a derivative correction factor fd of 
value 1.0, the oscillation is eliminated while the 
residual variation in production is reduced to a 
disturbance of no more than 0.25 u peak value 
lasting only 6 months (Fig. 15(f)). 
The striking similarity of behaviour between 

this economic analogue and the feedback 
systems of communications and servo engineers 
suggests that it may be possible in the future 
to control national or industrial economies on 
scientific principles to avoid the traditional 
alternation between boom and slump. Un-
fortunately, it appears at present to be difficult 
both to arrive at sufficiently simplified models 
and also to obtain precise information on the 
system constants. 

5.3.4. Flight simulation 
Most aircraft flight simulators are large 

installations intended for crew familiarization 
and provided with specially designed computing 
equipment.'5 However, an interest has recently 
developed in the use of relatively simple 
"handling simulators" to enable the combina-
tion of pilot and machine to be studied as a 
closed-loop system before the prototype aircraft 
is built. 

In a typical installation the simulator consists 
of a dummy cockpit coupled to one or more 
computers which are set up to represent the 
aerodynamic behaviour of the aircraft under 
investigation. The cockpit is equipped with 
the normal pilot's controls and flight instru-
ments, such as compass, artificial horizon, etc. 
Although these instruments have standard 
appearance and presentation, they are actually 
fitted with electrical movements operated by 
the appropriate signals generated in the 
computer. Similarly the control column and 
rudder bar are provided with potentiometers 
which feed voltages into the computer propor-
tional to the elevator, aileron and rudder 
movements of the aircraft being simulated. 
Synthetic reaction forces are also applied to 
these controls to give correct "feel." 
With this equipment an experienced pilot 

can "fly" a projected design of aircraft "on 
instruments" and judge whether it will handle 
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satisfactorily. If it does not, then the 
characteristics can be modified by adjusting the 
settings of the computer until the desired 
behaviour is obtained. 

5.3.5. Hysteresis loop 
In order to carry out a realistic simulation of 

certain systems it is necessary to represent true 
backlash or hysteresis. A device is then 
needed which will generate a two-valued 
function of a signal, as distinct from the single-
valued output provided by a simple "dead-
zone," or limiting, circuit. 

Figure 16 shows how a true hysteresis loop 
may be simulated by the combination of a 
dead-zone device with a function generator 
and an integrator. The procedure adopted in 
adjusting this set-up is as follows: 
(i) The discontinuous function unit is set to 

give a symmetrical characteristic which 
determines the width of the loop. 

(ii) The continuous function unit is adjusted to 
represent a curve which has the shape of 
the sides of the hysteresis loop. 

(iii) The time constant (RC) of the integrator 
is made low enough for the unit to act as 
a high-gain amplifier with negligible 
integration during the time that the output 
is rising or falling rapidly (i.e. on the sides 
of the loop), but high enough to hold the 
output over the flat portions at the top 
and bottom of the curve. 

Final adjustments to the shape of the loop 
may be made by displaying it repetitively on 
the screen of the cathode-ray tube. 

6. Conclusions 
It has been shown that a general-purpose 

analogue computer forms an extremely useful 
tool in almost every sphere of engineering and 
scientific endeavour. Although it is not 
generally realized, many instruments now in 
service have phase or frequency responses that 
make them incapable of giving even moderately 
accurate solutions on certain types of problem. 
However by attention to these, and other. 
design aspects an overall accuracy of the order 
of a few per cent. is usually obtainable, and the 
analogue computer may therefore be regarded 
as the modern technician's slide-rule. 
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«eVe 

- --

Fig. 16. Generation of hysteresis loop. 
(above) Arrangement of computing units. 
(right) Photograph of loop displayed on 

computer screen. 

Despite its limitations in accuracy the 
analogue computer has a definite field of 
application alongside the digital computer. 
One of its main advantages is its ability to 
perform computation in real time, so that 
actual components of a system can be included 
in a simulation. Another important advantage 
is the physical insight or "feel" that is obtained 
for the problem. 

In the future much wider use will probably 
be made of the analogue computer for the 
solution of non-linear problems, particularly as 
the advantages of this method of treatment 
become more generally appreciated. 
On the future of computer design, apart from 

improved components, there is a possibility 
that the use of digital techniques for individual 
computing units within a continuous overall 
analogue system may have advantages from the 
point of view of function generation and 
integration with respect to variables other than 
time. Another development may be the use of 
multi-dimensional displays for high speed 
computers, where rapid presentation of 
information is of importance.'1'12 
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Fig. 17 Basic computing circuits for— 

(a) Addition. 

(b) Integration. 

9. Appendices 

9.1. Effects of Finite Amplifier Gain 
9.1.1. Adder 

Consider the adding unit shown in Fig. 17(a), 
in which R1, R2, . . . RN are the input resistors, 
with corresponding input voltages V1, V2,.. • V N 
relative to earth, and RI is the feedback resistor. 

Then, assuming zero input current to the 
amplifier 

V,- y V,- y V,- y  
+' R, + R2 RN 

v - V o 
...(1) 

also Vo= - my  (2) 

Substituting (2) in (1) and re-arranging 
terms: 

, , , RI 
V 1 —n V 2 —n + • . . V0 ,  

n2 R, 

= — vo — vo ir 1+ + + • . + 
R, 
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(3) 

(5) 

and  (6) 

V° [ 1 + 1 / m.+ 1 1 pmCR]= - V',1pCR  (7) 

The required solution is V'o = - V'llpCR  (8) 
so that the percentage error due to the finite 
gain is 

100/Vo L-1{Vo [ Um + lIpmCR]  (9) 

Consider two typical inputs: 

(i) A step function of value V, i.e. V1= VIP. 

The required solution is 

Vo= - L1V1p(pCR)}= - VtICR (10) 

where t is the time of computation in seconds. 

From (9) the percentage error is therefore 

100 L-1{ V'o [ 1/m + 11 pmCR]} 

VtlCR 

i.e. the percentage error is 

100{1 - (mCR It) [ 1 - exp (t ICR(1 + m))]) (11) 

or, approximately, 

1 tICR1) 

I  1001— m+ 1 1— [ 2 ( 1 + m)_I 
- 

The relationship between percentage error 
and finite gain is shown in Fig. 18 for various 
values of t/CR. 

(ii) A sine wave given by 1/1= V sin (0t, 

i.e. V', = V .   P2+0,2 

Eliminating y 

Thus the percentage error due to the finite gain, 
- m, is: 

100[ Rf RI R11 

m R, R2 R, 

9.1.2. Integrator 
Consider the integrator shown in Fig. 17(b) in 

which R is the input resistor and C is the 
feedback capacitor. 

Then, assuming zero input current to the 
amplifier: 

V'o=-- - my' 

V', - y' - V'o 

11pC 

From equation (7) 

V'o [ 1 + 1/m + 1 1 pmCR]= - V',1pCR 

(4) 
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Fig. 18. Relationship between percentage error and 
open loop gain for integrator with step input function. 

Substituting (13) in this equation 

V'o - Vcom   1 
[pCR (11 + m)+1 1)2+0)2 J 

The solution to this equation is given by: 

vu 

1 + co2k2 
 (14) 

Vwm  [ 
k e- ' 1k - (k2 + 1 1(02)1 cos wt + q) 

V wmk  1 + m  
or Vo- (1 + 111).,v (1 +.2k2) wk X 

(1 + co2k2) . e—tile] x [cos (wt+cp)  wk 
N/  

 (15) 

where k=CR (1 + m) and w = tan -1 ( 1 / cok). 

The desired solution is Vo- V (cos cot - 1) 
coCR 

V (1 + m) (cos cot - 1)  
or Vo-  (16) 

wk 

It will thus be noted that the solution given 
by the integrator differs from the desired 
solution in three respects: — 

(a) The overall amplitude is reduced by a factor 

comk 
(1 + m)(1 + (17) 

(h) An exponential error term exists having a 
value 

wk  
1 . e-t11"  (18) 

N/(1 + co2k2) 
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Fig. 19. Phase angle error due to finite open loop 
gain in integrator with sinusoidal input. 

(c) There is a leading phase angle error 

cp=tan-' (l/cok)  (19) 

The relationship between phase angle error 
and open loop voltage gain, for various values 
of T/CR (i.e. ratio of periodic time of input 
signal to integrator time constant CR), is shown 
in Fig. 19. 

9.2. Influence of Finite Bandwidth 
Consider an equation of the form 

d2y/ dt2 + o4,2y = F(t)  (20) 

A computing arrangement for solving this 
problem is shown in Fig. 20. When the 

Fig. 20. Set-up for second-order equation. 

integrator coefficients 1 Re, = I R2C2=wn, the 
response of the system to a step function input 
of value V is given by 

1 1 R3 r. + 1;r F,(i)] 
1-p7. I R, R, L  (21) 

if the adding amplifier has a simple time 
constant T. 
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If, also, 123=R4=Rs and the integrators are 
assumed to be perfect, then 

ir V 
IP1= - —1 

1 + 

TP, — V'l 

V'3= - V'2 
2 

P2 1 

i.e. ri=p2V'310)2. 

Substituting this value of V'1 in equation (21) 

Vi p21P2 
(02 „ 1 [ 

1 + p-. 

i.e. V's= 
0,2nV 1 

P[P4P2/T+ 0)2./T] 

The solution of this equation is given by 

4a2 
Vs= V 11 — + 4a2 e-r'--   eat cos kit - 

„ 
2 8,2 5 

co 2 

a w2r,, +e:ain 01 }....(22) 

+4.] [1_ 1.7e2,1 s 

where 
.2. 12c\2 

y= Toe — con 

13=wn — c21 
1 2„ 
— = — 
T 

An alternative form of the solution is 

V3 --= 
4a2  v[1 (02n+ 4ce e-vt - (A2 + B2)1 eat cos (Or - w)] 

where  (23) 

and 
(p=tan -1 (BI A) 

The solution which would be obtained from an 
adder with infinite bandwidth (i.e. T=0) is 
given by 

Vs= V (1 - cos (NO  (24) 

A— 
en+ 4412 

en - 843.2 

„en 

2 
B C.)„[C ' [ 1 — 5e2 

2CO2„ 
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The actual solution is therefore in error in five 
respects: — 

(i) There is a d.c. shift of the solution given by 

4a2  
e-vg 

(ii) The frequency ofthe solution should be 
(0„/2a, but is in fact 13/2a 

where a=.„ [ 1 — —5'x2] 
1.02„ 

(iii) There is a lagging phase angle error cp, 
where cp=tan -'(B/A)  (27) 

(iv) An amplitude error of ,V(A2+ B2) exists in 
the cosine term.  (28) 

(v) The solution is divergent, as shown by the 
term ea'  (29) 

Of the various errors present, the most 
significant is the last. 

If u is small, then 1/t (02./2« and if the 
cut-off frequency of the adding amplifier is 

f1 002a, then (0,= 1 / T W,,2/ 2U 

i.e. 

As an example of the order of this effect, 
consider the case where the amplitude must not 
change by more than 1 per cent. during a 
computation time t seconds. 

Then 0-01 = at= (a)„2/ 2a),) t 

i.e. w,/con= 100w.t/2 

or fclf„=100n fnt  (30) 

(25) 

(26) 

Alternatively the number of cycles which can 
be displayed during a time t is given by 

N=fnt 

If fe=15 kc/s, then f,, =692/ ee/t 

or N=6-92 %/t  (31) 

9.3. Effects of Phase Shift 
It can be shown that the phase shift round 

any particular computing loop due to the finite 
bandwidth of the amplifier, stray capacitance 
or inductance associated with the feedback 
components or leakage paths, will result in 
errors in the solution. If the computing loop 
shown in Fig. 20 is again considered and the 
phase shift error round the loop is t radians, it 
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can be shown to a first approximation that 

= (odt/2  (32) 

The logarithmic decrement is therefore 

u. 2etio)„=e,' 

i.e. a x (total phase shift round the loop). 

Alternatively, if the amplitude of the solution 
must not change by more than 1 per cent. 
during a computing time of t seconds, then 

a t<0.01 

i.e. œdt//2.<0.01 

Therefore t<002/0t radians 
1.8 0.181  

degrees 
aint ft 

or N=Int=0.181P; 

 (33) 
Fig. 21. Circuit for investigation of drift and 

grid current. 

By elimination 
V'or 1 ± 1 1_ V", = rg+ Vz":_ 

m Z 2 

— V ,d[ + 
Z Z 2 

or - 'Pen +m)+Z'a 
(34) = - . Z'2- +r2) 

(35) 

where. N is the number of cycles displayed in 
the time t. 

It may be noted that a negative phase angle 
error round the loop results in a divergent error 
term in the solution while a positive phase angle 
error results in a convergent error term. 
The sign convention taken here is that a 

leading phase change is regarded as positive for 
a system where the forward direction round the 
loop gives integration. 

9.4. Effects of Drift (Offset) Voltage and Input 
Grid Current 

Consider the circuit shown in Fig. 21 where 
ii is the input current and i2 the current flowing 
through Z2. 

Then ri= r2 + r„. 

Therefore (Ir1- v')/ri= (y' - Iro)/Z'2+ro 

1 [ 1 V', V'1 
or l?' — + — = — rg + -,,, ± ----,7  

Z 'l Z '2 e-'2 e-"1 

But, since V'o= - m (y' - Ird) 
v'.= V'o/ m + V'd 
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H 

V'imr2  i'amriZ2  
i.e. V'o - 

r1(1+m)+Z'2 + Z'1(1 +m)+r2 

rdM(Z1±r2)  (36) 
+ ri(l+m)+Z'2 

In the case of an integrator 
Z'I=R and r2= 11 pC 

If id and Vd are both constant 

i'g=i0/P 

Ira= Va/P and 
Therefore V'o= 

idmR  
1+ pCR (1+ m) ± p[l + pCR (1+ m)) + 

mV d ( 1 + pCR)  
+ p[l + pCR (1+m)] 

lf represents the error due to grid current 
and drift voltage combined 

(idniR + mV d) + mpCRVd  
Then c'— 

p[l + pCR (1 +m)] 

The solution of this equation is given 
approximately by 

c=m (idR + V)[1 - exp{t CR (1+m)}] 

 (37) 

73 



AUTOMATION, EDUCATION AND TRAINING 

THE above title was the theme of a Conference 
held in London recently by the British Associa-

tion for Commercial and Industrial Research. The 
Association was founded in 1919 to promote and 
advance schemes of education and training in 
industry and commerce, and to encourage 
co-operation between industry and education 
authorities, colleges and teachers. The Associa-
tion's latest Conference was based on three papers 
dealing with the engineering, educational and 
economic aspects of automation. 

Mr. Frank Woollard, who was for many years 
a Director of Morris Motors and General 
Manager of the Engines Division, defined auto-
mation as "the system and method of making 
processes automatic by the employment of self-
acting, self-controlling means for performing 
necessary operations." He pointed out that 
automatic machinery has existed for almost 200 
years, and that automation was merely an 
evolution of this process, accelerated by the 
intensive wartime study of automatic control. 

Mr. Woollard stressed the fact that the 
introduction of automation in the manufacturing 
industry saves labour, floor area, spoilage; gives 
greater control of processing, better control of 
stock, and fuller utilization of plant. However, it 
also brings its problems, mainly in management. 
He stressed, too, /he need for longer-term 
planning, with a more co-operative and communi-
cative management, and for much closer team 
work between all departments. It is also important 
that all levels of management, all engineers and 
technicians, should have an appreciation of the 
principles of flow production and industrial 
administration. 

At one time Under-Secretary and Head of the 
Further Education Department at the Ministry of 
Education, Mr. Frederick Bray, C.B., dealt with 
the education required in an age of automation. 

The main problem was a shortage of students 
of the right calibre, and Mr. Bray suggested that 
what was needed was a greater investment in 
schools and education. This could be done by 
carrying out the recommendation of the 1944 
Education Act, for an ultimate school-leaving age 
of 16 years, which would result in a raising of the 
level of education. It was also important that 
industry should look very closely at its apprentice-
ship schemes: many of them based on craft 
training schemes adopted years ago were still 
being used for student apprentices who were 
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reaching professional status in their academic 
studies. An efficient system of apprenticeship was 
absolutely essential if industry was to provide the 
personnel able to develop, build, install and 
maintain automation equipment. It was not 
enough to have an apprenticeship scheme—there 
must be several schemes for the various grades of 
personnel being trained. 

In ten years' time the school-leaving population 
will temporarily increase by one-third, compared 
with today's figure of 640,000. The present 
training facilities, which are inadequate, will be 
quite incapable of dealing with this "bulge." 
Industry must now try to increase its training 
facilities, so that engineering and technology could 
maintain the percentage of recruits from the 
school-leaving population. 

There was a possible wastage of intellect in 
female population. Many of them were quite up 
to the standard required, and capable of benefiting 
from scientific and technological training. 

Mr. E. Shenfield, Economic Adviser to the 
Federation of British Industries, dealt with the 
impact of automation on industrial development. 
He expressed the opinion that the introduction of 
automation would be limited by a number of 
factors—the cost of capital outlay, the shortage of 
technologists and technicians, and the cost of 
production. To be successful, automation must 
lead to an increasing production at a lower price, 
thus reaching a wider market. In the question of 
markets, tariff policies, and external trade were 
bound to have a very considerable effect. 

There was a discussion concerning the need 
for re-training of mature and middle-aged 
operatives and semi-skilled personnel. They 
undoubtedly experienced embarrassment by 
attending technical colleges. This was obviously 
a case for training-within-industry courses. 

The Conference was summed up by Mr. 
Geoffrey Mills, Deputy Comptroller to J. Lyons 
and Co., who had wide experience on the computer 
operations of office work. He referred to the 
conflicting views on the speed of introduction of 
automation equipment. In his view, its intro-
duction would be not fast enough for the 
management, too fast for the workers, and much 
too fast for the educational system. It was 
therefore essential that industry and the technical 
colleges should immediately make preparations for 
the proper training of the necessary personnel. 
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A LOW-NOISE TRAVELLING-WAVE TUBE AMPLIFIER 
FOR THE 4000-Mc is COMMUNICATIONS BAND* 

by 

D. H. O. Allen, B.A.,1- and J. M. Winwood, 

A paper read before the Scottish Section of the Institution on 24th March, 1956. 
In the Chair: Mr. R. H. Garner, B.Sc.(Eng.) 

SUMMARY 

The factors which influence the performance of a low-noise travelling-wave tube are 
discussed and design data are developed for a particular tube. The mechanical design is con-
sidered and some performance curves presented. 

1. Introduction 
In a travelling-wave tube an electron beam 

is allowed to interáct with an electromagnetic 
wave travelling in the same direction and at 
nearly the same velocity as the beam. To slow 
the wave down it is made to travel round the 
turns of a helix while the beam takes the 
shorter path along the axis. Since at high 
frequencies we may think of the wave travelling 
along the wire with the velocity of light (c) it 
follows that the resolved velocity along the axis 
is c sin w where 11, is the pitch angle of the 
helix. Divergence of the beam due to space-
charge forces is prevented by using an axial 
magnetic field. The helix is not the only slow 
wave structure but it has the advantage that it 
is electrically smooth and its bandwidth can be 
made very great. The enormous potential 
bandwidth of the travelling-wave tube is its 
principal virtue. 

2. Gain of Travelling-wave Tube 
The axial field due to the signal on the helix 

has a longitudinal component so that electrons 
in the beam may be either in an accelerating 
region or a retarding region. The mean 
acceleration of an electron as it travels through 
the wave will depend on the relative velocity 
of electron and wave. If the electrons are 
injected with a velocity exceeding that of the 

* Manuscript received on 15th August 1956. (Paper 
No. 382.) 
t Mullard Research Laboratories, Salfords, nr. 

Redhill, Surrey. 
U.D.C. No. 621.385.1.029.64. 
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wave they are, on the average, slowed down 
and the kinetic energy which they lose is 
converted into field power in the wave. 
The accelerating and retarding forces acting 

on the beam produce bunching effects which 
in turn give rise to additional longitudinal fields. 
To simplify the picture we may ignore the 
magnetic field if we replace it by a positive ion 
distribution having a density equal to the steady 
value of the space-charge density in the beam. 
The positive ions, because of their greater mass, 
will be hardly affected by the high-frequency 
fields, but since the total charge is zero the 
steady space-charge fields will be zero and we 
can thus neglect the radial forces tending to 
make the beam diverge. Now we can see that 
the bunching forces will produce alternate 
regions in the beam in which there is an excess 
of positive or negative charges. This separation 
of charge produces restoring forces with the 
result that superimposed on the steady drift of 
the electrons down the tube is a small oscillatory 
motion. 

It may be shown that the electron beam can 
support two longitudinal waves; one travels 
slightly faster than the beam and the other 
slower. The helix, like any other transmission 
line, can also support two waves travelling in 
opposite directions so that we have in the 
travelling-wave tube a system of four waves. 
These are coupled together (Appendix 1). The 
effect of the coupling is to allow power to flow 
from the beam into the circuit waves with the 
result that one forward wave on the helix 
becomes a growing wave. 
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With the assumptions, appropriate to a low-
noise tube, of small signal level, small beam 
diameter, small coupling and negligible losses, 
the gain in decibels is given by the expression 

G = A + B CN 
Here A and B are constants and CN is a 
function of the current and voltage of the beam 
and the helix form and length. Usually we 
know the gain and the voltage required and can 
choose helix dimensions so that the electron 
velocity is similar to the wave velocity. It is 
apparent that the initial electron velocity must 
be greater than the wave velocity of the 
increasing wave for the tube to give gain; in 
practice the tube voltage is adjusted when 
operating to give maximum gain. 

3. Noise 
3.1. Sources of Noise 

In a properly designed microwave amplifier 
the cathode is the most serious source of noise. 
However, there are other possible sources which 
can become important if adequate precautions 
are not taken. We will consider them briefly: 

(a) Partition noise due to the random 
collection of electrons by the gun electrodes or 
the first few centimetres of the helix can be 
serious since less than 1 per cent. of the total 
current intercepted will give a minimum noise 
factor of more than 10 db. This effect can be 
reduced to negligible proportions by good 
mechanical alignment of the gun with respect 
to the helix and by allowing adequate apertures 
in the gun anodes. 

(b) A form of partition noise can arise due 
to electron collisions with gas molecules but it 
has been found that this effect is negligible if 
the pressure of gas in the tube is less than 
10 mm of mercury. 

(c) A further source of noise is "induced" 
partition noise due to random transverse 
excursions of electrons in the beam between 
regions of large and small axial r.f. fields. 
Complete freedom from radial movement of 
electrons in a magnetically constrained beam 
is virtually impossible, but the effect may be 
kept small if the diameter of . the beam is 
small compared with that of the helix and the 
beam is in the centre of the helix. Again, 
accurate mechanical alignment ensures this. 
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3.2. Noise Reduction 
We have already suggested that -a magneti-

cally constrained beam of electrons is a medium 
which will support two longitudinal waves. 
These waves can be excited similarly by a noise. 
source in the gun, and will interfere to give 
periodic maxima and minima of a.c. velocity, 
alternating current, a.c. charge density or 
longitudinal field. These maxima and minima 
correspond to the normal kinematic bunching 
of klystron theory. 

If the potential of the beam is changed 
suddenly we find that the amplitude of the 
interference pattern may change. In Appendix 2 
we obtain the following expression for this 
change at such a jump: 

Ê22/ ft12 = (r111-2)2 ( V11 V2)312sid (0)0z1 um) + 
+ cos2 (woz I uoi) 

where V is the voltage, uo the beam velocity, r 
the plasma-frequency reduction factor, z the 
distance along axis, and subscript 1 applies to 
the region before the change and subscript 2 to 
the region after. 

If V2>Vi and we choose a value of z such 
that cos (0),1 - z/uoi)= 0 then there will be a 
reduction in noise. It is interesting to note that 
at z such that sin (0.),1- z/ u,1)=0 we may reduce 
the potential without increasing the value of E 
and in practice this method may be useful. 
This method of reducing noise by means of 
potential jumps was suggested by Watkins.' 

It might appear that E could be reduced 
indefinitely by cascading jumps and drift tubes, 
but this is true only for a single source of noise: 
there may be others which are independent. 

For a cathode operated under space charge 
limited conditions there are two sources of 
noise. These give rise to velocity and current 
variations in the electron beam at the potential 
minimum in front of the cathode.2 The more 
important of these has maximum mean square 
velocity fluctuations at this plane given by 

= (4 - n)1(KTcfloW 
The other source has maximum mean square 
current fluctuatio72 giv2enbly 

= R2eet 

where e is an effective "space charge 
smoothing" factor defined by Watkins. 
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Both sources excite plasma waves on the 
beam, the envelope of one being out of phase 
by a/2 with the other. The gun is designed to 
reduce the major source (that due to velocity 
fluctuations), but the presence of the other 
uncorrelated source provides a finite minimum 
limit for the noise factor. 

4. Design 
The complete design for a low-noise 

travelling-wave amplifier for communication 
purposes falls naturally into five distinct 
sections. 

(a) The slow-wave structure, 

(b) The electron gun, 

(c) Focusing methods, 
(d) Coupling to external transmission lines 

and matching, 
(e) The attenuating section. 

It is proposed to deal with each of these in turn. 

4.1. The slow-wave structure 
The tube under consideration is for com-

munication purposes and may be incorporated 
in links carrying 600-channel telephony. It is 
therefore important that phase distortion and 
group delay variations over a frequency band 
of up to perhaps 40 Mc/s are very small. A 
dispersionless structure is thus required for the 
tube and of the many known types of structure 
the helix and the interdigital line alone fulfil 
this requirement. The effective coupling 
impedance between beam and circuit wave for 
the latter type is low since it has to rely on the 
first forward harmonic for broadband amplifier 
application. The simple helix thus becomes the 
natural choice of structure. The dimensions of 
the helix are set mainly by the frequency band 
over which the tube is required to operate and 
also by the required synchronous velocity. For 
lowest noise-factor the gain per unit length of 
the helix should be high and this can be 

Fig. I. 
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achieved by making the helix diameter small. 
An important parameter is wa/u0 where a is the 
mean helix radius and uo is the mean electron 
velocity; w is the radian signal frequency. We 
find that if wa/uo<0.8 the structure becomes 
dispersive leading to possible group delay 
distortions. Pierce and others have shown that 
for optimum operation of a helix, for constancy 
of gain over a bandwidth, with a small beam 
diameter, awl uo should be about 1.5. With 
this value and a predetermined synchronous 
velocity the radial dimensions of the helix are 
uniquely determined. It then remains to 
calculate the other relevant parameters of the 
tube and the helix length in order to achieve 
the required gain. The wire gauge is chosen 
to give a spacing between turns of slightly more 
than the thickness. 
The expression for the gain G=-- A + BCN 

assumes a structure free from both distributed 
and lumped attenuation. Pierce' has shown 
that losses may be allowed for approximately 
by introducing two further terms. The gain 
relation now becomes 

G=A+BCN+aL+Z decibels 

in which aL and describe the losses introduced 
by the finite resistance of the helix wire and 
the attenuating section respectively. In this tube 
A + aL — 17 db. An estimate of the gain 
to be obtained under certain conditions then 
depends on the ability to calculate the "gain 
parameter," C, which involves a knowledge of 
the effective "coupling impedance" from beam 
to wave. Pierce has considered this for a 
lossless sheath helix in free space but his results 
must be greatly modified to account for the 
effect of space harmonics (present when a wire 
or tape helix is used), the effect of the dielectric 
supports, etc. Tien4 has considered this in 
some detail and using his results a more 
accurate estimate can be made. In practice, 
dividing Pierce's value by 2 gives a very good 
estimate. 

Low noise travelling-wave tube amplifier for 4.000 Mc/s communication Kind. (Type VX 8168.) 
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4.2. The electron gun 
In a tube of this type the electron gun has 

to fulfil two functions. It must first produce 
an electron beam with parallel flow and fairly 
clearly defined boundaries and in addition it 
must be a compromise between the points out-
lined in Section 3 to ensure that its noise 
modulation is minimized before it reaches the 
helix. 

In the gun designed for the present tube 
(Fig. 1) the position and shape of the cathode 
electrode and accelerator are designed to 
produce a parallel beam. The anode, operating 
at a potential of 120 volts, is followed by a 
drift space at the same potential, which is made 
nearly a quarter plasma wavelength long in 
order that an a.c. field maximum appears at the 
end furthest from the cathode. This drift tube 
is terminated in an apertured disk one milli-
metre from which is situated a further aperture 
at approximately half the potential. This gap, 
occurring at an a.c. field maximum, enables a 
downward jump in potential to be made, so that 
the following upward jump can be more 
effective. The fact that this jump occurs at the 
field maximum implies that the noisiness of the 
beam will be unaffected (see Section 3.2). 

The second anode, operating at approxi-
mately 60 volts, is followed by a further drift 
space at the same potential which is again made 
a quarter plasma wavelength long. Another 
apertured disk terminates this space and an 
upwards voltage jump takes place between this 
and the end of the drift tube which is connected 
to the helix. This upward jump from 
approximately 60 to 600 volts gives an effective 
noise reduction of (60/600)312 1/31 (see 
Appendix 2). 

After leaving this second velocity jump the 
electron beam travels down the drift tube at 
the same potential as the helix and then enters 
the helix itself. The approximate length of this 
drift tube is found by calculation and it is finally 
adjusted empirically for lowest noise output. 

The calculation of the plasma wavelength at 
the various potentials has been made from 
curves published in Watkins' paper.' Where 
possible the drift tubes surrounding the beam 
have been made large in diameter compared 
with the beam in order that the plasma 
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frequency is almost independent of the operat-
ing signal frequency of the tube. The gun can 
thus be "broadbanded" to a certain extent. 

4.3. The focusing system 
An important requirement is that the 

electrons in the beam do not make large 
transverse excursions during their path through 
the gun anodes and the initial few centimetres 
of the helix. This can best be arranged 
(although at the expense of using a high 
magnetic field) by immersing the gun and helix 
regions in a uniform magnetic field of magni-
tude several times that required for Brillouin 
flow, which in this case is about 80 oersteds. 
An arrangement of three coils is used to 
produce a suitable uniform field of about 
320 oersteds. 

A photograph of the coils with the waveguide 
circuit attached is shown in Fig. 2. 

Fig. 2. The coils for the travelling-wave tube and the 
associated waveguide circuits. 

Undoubtedly the best method of focusing for 
practical application is the spatially-periodic 
system using permanent magnets. This wastes 
no power and has the added advantage that the 
external stray field is small. With this method, 
however, some scalloping of the beam is 
inevitable and this can materially increase the 
noise factor. Recent work by Changs suggests 
that low-noise operation for this type of tube 
is possible with only a small degradation of 
performance, so long as there is a solenoid 
providing a uniform field in the gun region. 
Experiments are in progress in these labora-
tories with the object of designing low-noise 
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tubes focused solely by a periodic permanent 
magnet system. 

4.4. Coupling to the helix 
Since this tube was intended primarily for 

communication purposes it was considered that 
a direct transition from helix to waveguide at 
input and output was essential as the feeder 
from the receiving aerial in a link repeater 
would certainly be waveguide. 
The system used for the helix-to-waveguide 

transition is a scaled-up version of one 
originally used in these laboratories at X-band. 
The requirement in this tube is for a match of 
better than 0.9 input v.s.w.r. over any 40 Mc/ s 
within the band 3.6-4.2 kMc/ s. The system 
actually provides a v.s.w.r. of better than 0.6 
over the whole band and with a single tuning 
screw in the waveguide this is improved to the 
required match of better than 0-9. A sketch of 
the matching system is shown in Fig. 3. The 
narrow dimension of No. 12A waveguide is 
reduced to give an effective impedance of 
about 50 ohms to match that of the coaxial line 
formed by the drift tube and the outer brass tube 
of the circuit, into which the travelling-wave 
tube fits. This junction is broadbanded by the 
addition of a "doorknob," the rear section of 
which performs the function of a choke and 
provides an effective contact at the waveguide 
plane. The inner conductor of this coaxial line 
is coupled by means of a one step binomial 
coupler (or k/4 transformer) to the helix. This 
transformer takes the form of a section of helix, 
a quarter wavelength long at mid-band, wound 
at a pitch to give the correct impedance inter-
mediate between that of the coaxial line and the 
interacting helix. A multi-step binomial coupler 
could be used for broader band operation. 

Typical plots of the broad-band and narrow-
band matches with and without the external 
tuning screw are shown in Figs. 4 and 5. An 
identical coupling system is used at the output 
end of the tube. The curves shown are for the 
tube under normal working conditions. 

4.5. Attenuating section 
Attenuation is necessary in the helix so that 

power reflected at the output and input does 
not give sufficient feedback for oscillation. The 
helix has a loss of about 8 db and additional 
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attenuation is provided in an intermediate 
attenuating section. The modulation is carried 
past the attenuation in the forward direction by 
the beam. The attenuating section must not 
only provide sufficient loss to prevent instability 
in operation but must be well matched to the 
active sections of the helix at either end. Any 
severe reflections cannot be compensated by 
matching components in the external waveguide 
as the active sections of helix are necessarily 
several wavelengths long. 

CO-AXIAL LINE HELIX 
SO OHMS es, SOO OHMS 

ELECTRON = _ _ 
BEAM '77/  

GL SS 
ENVELOPE 

WAVEGUIDE 
•-•.• SO OHMS 

WAVEGU IDE 

•••• 350 OHMS 

Fig. 3. Matching system for the tube. 

The helix in this tube is wound from Kanthal 
wire, copper plated over its interaction sections 
with the attenuating section left unplated. 
Theoretical considerations would suggest that 
there is a small change in impedance between 
the conducting and resistive regions. There is 
also a change in thickness of the wire. In 
practice, there is enough reflection to make the 
matching difficult. The junctions between the 
active sections of the helix and the attenuator 
in this tube are arranged to be reflectionless by 
tapering the thickness of the copper plating. 
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5. Mechanical Design 
We have stated that interception of beam 

current at the input of the helix will lead to 
high noise factors because noise generated here 
will receive full amplification. 

The fact that the helix must 
intercept no beam current over at 
least the first part of its length 
makes considerable demands 
upon the accuracy of construction 
of the tube. There are three 
main conditions to fulfil: ( 1) the 
helix must be supported to be as 
straight as possible over its whole 
length: the supports should 
introduce as little dielectric loss 
or disturbance of the helix fields 
as possible; (2) the gun assembly 
must be rigidly constructed and 
arranged so that its axis is 
accurately determined; (3) the 
axis of the gun and helix must be 
coincident. 

Figure 1, which shows a 
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sectioned drawing of the complete tube, 
indicates how these are achieved. A photograph 
of a typical tube is shown in Fig. 6. 

The helix is held within a low-loss glass spiral 
whose inner and outer diameters are accurately 
maintained throughout its length. This glass 
spiral is fixed inside a length of precision-bore 
glass tubing which also forms the vacuum 
envelope. The interaction helix is thus held 
concentric with the inside bore of the envelope. 
The electrodes of the gun, which are provided 

with accurately punched holes for the beam 
aperture and fixing rods, are assembled on 
precision ceramic tubes and jigged by means of 
the cathode electrode assembly. The cathode is 
held within this by quartz spacers. At each end 
the gun is provided with mica discs which are 
made a push-fit into precision-bore glass tubing 
of larger diameter. By arranging that the two 
sections of the envelope are sealed together on 
a precision carbon mandrel concentricity 
between the gun and helix axis is assured. 

The assembly is completed by sealing in the 
Kovar collector which also serves to locate the 
end of the tube in its circuit. 

6. Life 

For a tube to be useful for continuous service 

Fig. 6. General view of a typcal tube. 
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in a communication link it must have a life of 
not less than 5,000 hours and preferably should 
be usable for as long as 10,000 hours. 

The life of a low-noise travelling-wave tube 
amplifier can be considered terminated when 
the tube becomes too noisy for its application. 
Assuming that at this point the gas pressure 
has not risen to greater than 10 mm Hg, the 
increase in noise factor will almost certainly be 
due to deterioration in the emission properties 
of all or part of the cathode surface. This 
emission failure can be caused both by the 
steady evolution of gas from the cathode and 
other parts of the tube during life, and also by 
the build-up of an interface layer between the 
active surface and core metal of the cathode. 
Emission can also be impaired by mechanical 
disruption of the cathode surface due to ion 
bombardment. This effect is probably more 
serious in travelling-wave tubes than in other 
microwave devices due to the greater chance of 
gas ionization within the long beam lengths 
employed. 
Gas evolution can be minimized by very 

careful outgassing of all parts of the tube on 
the pump and by operating at low potentials 
and low currents. Operation at low voltages 
and currents will also assist in reducing the 
effects of ion bombardment. 

The results from life tests have been 
encouraging and in fact tubes operating under 
normal conditions have completed 5,000 hours 
without significant change of noise factor. 

7. Further Aspects 
A number of tubes have been made in an 

endeavour to establish whether tubes of this 
type show consistency from sample to sample. 
Tests of about twenty tubes have shown noise 
factors ranging from 8.5 to 16 db though each 
tube was of identical geometry. Investigations 
have shown that this scatter is due to non-
uniformity of emission density over the surface 
of the cathode. It has, in fact, been possible 
to correlate high noise factors with only very 
slight departures from the ideal current ¡ voltage 
characteristics for a space charge limited diode. 
Where complete activation of the cathode has 
been obtained at a higher temperature the 
noise factor has been high due to the increased 
temperature which gives rise to an increased 
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noise velocity component at the cathode. 

Experimental evidence shows that for con-
sistent low-noise performance great care must 
be taken over the processing and cathode 
activation. Practical results have also shown 
the importance of having means of controlling 
the heater voltage applied to the tube. The 
noise factor is a function of the cathode 
temperature; if the cathode is cooled the noise 
factor rises very sharply as the temperature 
limited region is reached whereas at high tem-
peratures the velocity distribution of emission 
is increased which again raises the noise factor, 
though less rapidly. It may therefore be 
necessary for equipments using such a tube to 
incorporate a variable heater voltage control on 
which a few small changes may have to be made 
during life. At the present time conventional 
oxide-coated cathodes are used as these allow 
operation at the lowest temperatures. Experi-
ments are in hand to investigate different 
cathodes which, although requiring higher 
temperature operation, may give greater 
uniformity. 

8. Design Details 
Helix 

Outer diameter 
Inner diameter 
Wire 
Wire thickness 
Pitch 
Length 

Beam 
Diameter 
Current 
Synchronous potential 
Cathode 
Cathode current 

density 

Focusing 
Uniform field 

of 

9. Performance 
Operating frequency 

range 
Gain 

Power out (saturated) 
Noise factor 
Iron 

Tube 

1.84 mm 
1.64 mm 
Kanthal 
0.1 mm 
92 t.p.i. 
18.3 cm (including 

attenuator) 

0.5 mm 
120 µA 
600 volts 
0.5 mm oxide-coated 

60 mA/cm2 

320 oersteds 

3.6-4.2 kMc/ s 

15-18 db 
(at /coil = 120 µA) 

2 mW 
8.6 db 
120 µA 
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I Al + IA2 
Input match 

Output match 

<litA 
<11IA 

v.s.w.r.> 0.92 over 
any 40 Mc/s in 
the band 

v.s.w.r.> 0.88 over 
any 40 Mc/s in 
the band 

Some performance curves are shown in Figs. 
7, 8 and 9. 
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Fig. 7. Gain of tube against beam current. 
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Fig. 8. Variation of noise factor with life. 

20 

4 6 a 10 12 14 

HEATER VOLTAGE 

Fig. 9. Variation of noise factor with heater voltage. 
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12. Appendix 1: Space Charge Waves on a 

Beam 
A beam of electrons will diverge, because of 

space charge forces, unless constrained in some 
way. In a travelling-wave tube the beam is 
usually constrained by a longitudinal magnetic 
field. Although the following analysis assumes 
complete space charge neutralization, a similar 
result is obtained for the magnetically focused 
case if the cyclotron frequency is very different 
from the plasma frequency. 

We think of a beam with a charge density 
of positive charge and - e of negative charge. 

We assume a neutral plasma in which the 
positive ions are heavy and do not move 
appreciably in the time of an oscillation. If 
the beam extends in the z direction, we also 
assume that all vector quantities have only z 
components. This assumption of zero radial 
field means, in effect, that all conductors are far 
removed from the beam because, if electron 
displacement occurs in the beam, image charges 
will appear on the conductors, and together 
with the charges in the beam, will produce 
radial fields. 

In the unperturbed case the electric field E 
is zero. If a perturbation occurs along the z 
axis, E will have a component in that direction 
given in Rationalized M.K.S. units by 

a2E 2 a2E a2E eon 
 (1) 

az2 uoazat u02 at- cue2 

Here u0 is the average velocity of the electrons, 
oo the charge density, i the magnitude of the 
charge-to-mass ratio of an electron and s the 
dielectric constant. 

This has solutions of the form 

E=Êexpj(wt- f3z)  (2) 

where 13 = (0) ± (05) uo and (0; = eal e 

Equation (2) indicates that a disturbance, of 
angular velocity co, will propagate in both 
directions with velocity relative to the stream 

of approximately (0),/w)uo. For a full discus-
sion of space charge waves reference is made 
to work by Ramo.6 
We have assumed that vector quantities only 

have z components. If the diameter is finite 
and there are transverse fields, analysis shows 
that the value of (op is reduced. It is usual to 
define an effective radian plasma frequency, wo, 
which will depend on the beam and shield 
diameters.7 
The waves on the circuit (in this case a helix) 

will satisfy the equation 

a2E 
az2 

with solutions 

a2E 
= (3) 

E=Ê exp j(o)t ± (0z/ vo)  (4) 

where yo is the velocity of the wave in the axial 
direction. Here we have again neglected losses. 

We rewrite equation (1) as 
a2E 2 a2E 1 a2E m 2 - E 
az2 uoazat u02 t2 uo 

for the waves on the beam. 

Now, coupling will exist between the beam 
and the circuit, and if we introduce a coupling 
constant K, we obtain two simultaneous 
equations, 
a2E, 2 a2E, 1 a2E, (.: 

— =— —2) ,+ 2 (EKE) 
az2 + uoazat + uè at2 uo 

 (6) 

and 
a2E, 1 a2E2 

v—e)KEi 
az2 vè at2 

If we try a solution E=Ê exp (Pt - rz), we 

have. 

(5) 

- 2j a)--r  — +Kft,/É".,) 
uo u02 u02 
.2 

and — (9di/Ê2 
vo 

Eliminating ..E2/E1 we. obtain 

(1.1 4-uowa) (1" 

cog 

-U0 w) ) (11 :1') .) (11 - j v°: ( (02 ve ue) K2 
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(7) 

83 



D. H. O. ALLEN & J. M. WINWOOD 

This is a quartic in r and the four values of 11 
correspond to four possible waves. We see that 
if the coupling is zero the four waves obtained 
are the two for the beam as solutions of 
equation (5) together with two for the circuit as 
solutions of equation (3). We are interested in 
a solution of equation (7) which has a positive 
real part to account for the gain. 

For a discussion of the solution of equation 
(7) with small but finite coupling leading 
to an expression for the gain in the form 
G = A + BCN, the reader is referred to Pierce's 
solution of his equation (2.23).3 

We arrived at equation (7) by a plausible 
argument. For a full treatment of mode 
coupling, where the electron stream and circuit 
are treated as coupled transmission lines, 
reference should be made to Pierce8 and 
Heffner.9 

13. Appendix 2: Boundary Conditions at a 
Potential Jump 

The charge approaching a boundary is equal 
to the charge leaving it provided that there is 
no current drain at the boundary. Hence Ji= 
where subscript 1 refers to before the jump and 
subscript 2 to after the jump. In addition we 
have, for longitudinal fields and an infinite 
beam, V x H=0. 

Therefore V x — aDlat=J 
becomes ¿D/ t= — J 
Therefore caEdat= EaE, 1 t 

From this it follows that El= E,  (8) 
which is the first boundary condition. 

A second condition may be deduced from 
kinematic considerations. We shall use 
subscript 0 for average d.c. quantities, with a 
further subscript to distinguish values before 
and after the potential jump. 
Conservation of energy gives 

+ û1 sin 04 
=irn(uo2+ û2 sin 0)2 — e(V,— V2) 

if the gap is short. Here the 140 and the u are 
d.c. and a.c. velocities, in the mass of an 
electron and the symbol " is used for the 
moduli of the a.c. quantities. V, and V2 are the 
d.c. voltages on each side of the jump. 
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and 

Expanding and neglecting terms in u2sid wt 
we have 

Im(doi+ 2u01û1 sin wt)= 
=itn(u202+2u02û, sin (00— e (V1-1/2) 

Equating coefficients of sin (ot 

U02122 

If the fields are wholly longitudinal as before 
e aElat= 

=-- — eou— uoe 
also E uoaE/az= uoe 

Therefore e dEldt=c(aElati-uoaElaz)=- — Qou 

Therefore uokiEldt= — uokiou= — uouJo 

We have already stated that the current is 
continuous, and shown that uou is continuous. 
Hence uoklEldt is continuous or, considering 
the potential, V, 

ViclEildt=V2dE,Idt  (9) 
which is the second boundary condition. 

13.1. Interference standing waves 
The two waves obtained as possible solutions 

of the differential equation for the beam in 
Appendix 1 were 

El= ÊlexP [i(œf — (0)+ w q)Z 

E2 =E, exP [i(0)t — (co — 0)0)z/u0)] 

When these waves are equally excited so that 

then 

E= E1+ E2 = 2É cos (wgz/u0)exp [jw(t — zluai 

E will be zero at (0‹,z/u0=n/2, 331/2 etc., and 
E will be a maximum at woz/u0=0, , 2.7 r etc. 
It will be noticed that the group velocity of the 
resulting wave is equal to that of the beam 
velocity uo. 

13.2. Effect of potential jump on plasma waves 
Let the incident wave at the jump be 

El= Ê, cos (0),Iztuoi) exp 00(t — z/u01)1 
If the transmitted wave is 

E,= Ê2 cos(0)00z/ u[t+ (ID) exP [i(0)(t — z/u02)+ 0)1 
then, from the boundary conditions (8) and (9), 

E1=- E2 

and VidEjdt= VodEo/dt 
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Thus 

Êl cos (W21Z/140/) exp [joo(t — z/uoi)] 

= Ê, cos 0)„,z/uo, + cp) exp [joi (t — z1u02)+ 0)] 

and (00 ViÉ'l sin woz/uoi) exp [jvi(t — z/uoi)] 

oioV2ft2 sin (0)02z/u02 + cp) exp [i(v)(r — z/u02)+ 0)] 
or, considering the envelope. of the standing 
plasma-wave, 

coe (wo2z/ uoi) = Ê22 cos' ((»o2z/ Uty2 + cP) 

and (02V:É 2 sid(wez/ u01) 

= (0,2 V22É22 sin' (woz / + (p) 

Therefore 

coe (00.1z / u01)+ 

• + (œ012/œ222)(V12/ V22)sid (wolz/uoi) 
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However 

wpi2/ wp22 /102 / uoi = (V2/ VI)" 
Therefore 

(e) 2 = cos,. () E1 (wqi,o)„, vi)312sin2 , 
0)22/ œP2/2 V , 2 U01 

Hence if r = I (op 

(E21Ê1)2=coe(c)oz1 u01)+ 
+(rilr2)2 (Vil V2)3 12 sin2 (6),iz/u6i) 

Here z is measured from a field maximum or a 

velocity minimum. Values of z and of 111/ 

can be chosen so that Ê2 is reduced compared 

with 

This paper was one of a number presented at the Scottish 
Section's Symposium on "Industrial and Other Applications 
of Electronics," which was held in Glasgow and Edinburgh 
during March, 1956. 

The Papers Committee invites the submission, for posqible 
publication, of written contributions discussing papers 
published in the Journal, whether or not they have been read 
before meetings. 
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of current interest . 

V.H.F. Broadcasting in the Midlands 
The B.B.C.'s v.h.f. sound broadcasting station 

at Sutton Coldfield, near Birmingham, started 
test transmissions on 20th December. The station 
uses the same mast and adjoining buildings at 
the Midlands television station and it will transmit 
the Midland Home Service on 92.7 Me/ s. the 
Light Programme on 88.3 Mc/s and the Third 
Programme on 90.5 Mc/s. As at other B.B.C. 
v.h.f. sound broadcasting stations, the trans-
missions will be horizontally polarized. 
The area in which satisfactory reception is 

expected under normal service conditions has a 
population of almost 7+ million people. It 
includes the whole of the counties of Warwick, 
Worcester, Leicester and Staffordshire; most of 
Derbyshire, Nottinghamshire and Shropshire, 
and parts of adjoining counties in Wales and the 
East and South Midlands. 

Plans for the Expansion of Reed's School 
Plans for enlarging Reed's School, Cobham, 

were announced by the Chairman of the 
Governors, Mr. D. S. Stacey, at the 143rd annual 
festival dinner held in London recently. A new 
block of classrooms and dormitories for another 
100 boys is to be built, bringing the total number 
of boarders up to 250. 

Mr. Stacey said that a new Science block had 
already been built which would enable the School 
to take all boys up to University entrance level 
in Science. The Trustees of the Institution's 
Benevolent Fund have provided the Physics 
Laboratory with equipment for conducting 
experiments in vacuum work. 

Courses on Noise at Southampton University 
The Aeronautical Engineering Department of 

the University of Southampton plans to hold a 
course from April lst-6th, 1957, on Acoustics. 
The course is intended chiefly for the aeronautical 
industry, but there is adequate material to assist 
all those who have to deal with the increasingly 
important problems of noise. 
Emphasis is laid on the mechanism of noise 

generation, in order to give a thorough under-
standing of the problem. Together with a general 
background on the subject, there will be a series 
of lectures on advanced measurement technique, 
and industrial noise control methods will receive 
special attention. Further details may be 
obtained from Mr. D. M. A. Mercer, Physics 
Department, The University, Southampton. 
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I.E.S. Trotter-Paterson Lecture 
The Fourth Trotter-Paterson Memorial Lecture 

of the Illuminating Engineering Society will be 
given on Monday, February 1 1 th, next, at the 
Royal Institution, Albemarle Street, London, W.1, 
at 6 p.m. 
The lecture will be given by Sir Lawrence 

Bragg, F.R.S., Director of the Davy-Faraday 
Laboratory at the Royal Institution, and will be 
entitled, "Some Experiments on the Interference 
of Waves." Members of the Brit.I.R.E. are invited 
by the Council of the Society to be present and 
those wishing to attend should apply to 9, Bedford 
Square, London, W.C.1. 

Courses for Industry in Nuclear Engineering 
New opportunities for industry to acquire basic 

knowledge of nuclear energy are offered by a 
special course which has been arranged at the 
Harwell Reactor School. From 3rd June to 12th 
July, 1957, a six weeks' course is to be run 
entirely separately from the present standard 
course on reactor physics and engineering, and 
some sixty places will be available. Besides 
covering the basic principles of the physics and 
engineering of reactors, lectures will be given on 
such subjects as reactor metallurgy, shielding and 
health physics. In addition, emphasis will be 
placed on special topics such as the instrumenta-
tion of reactors and the use of radio-isotopes in 
industry. The latter topic is not included in the 
standard Reactor School course. 

This special course is designed primarily for 
people of degree standard who are not directly 
concerned with overall reactor design. It should 
appeal especially to members of firms whose 
interest lies in the making of ancillary equipment 
for reactors. Application forms for places may 
be had on request from the Reactor School, 
A.E.R.E., Harwell, Berkshire. The students who 
are to participate will be selected at the 
beginning of March, 1957. 

Films on Automation 
The December issue of Scientific Film Review, 

the bi-monthly journal of the Scientific Film 
Association, contains details of 80 films on various 
aspects of Automation. This is the first list of 
its kind and should prove a useful work of 
reference for managements concerned with either 
the technical or human aspects of the subject. 
Copies, price 3s. 9d. each, are obtainable from the 
Association, 164 Shaftesbury Ave., London, W.C.2. 
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. . . Radio Engineering Overseas 
621.314.63.012.8 

Theoretical consideration on the experimental data 
of equivalent circuits of semi-conductor diodes at 
high current densities. W. GUGGENBUHL. Archiv 
der Elektrischen Uberiragung, 10, pp. 483-485, 
November 1956. 
The a.c. characteristic of a p-n junction diode has 

an inductive part when the diode is operated at 
high current densities. This effect cannot be ex-
plained by Shockley's theory of junction diodes. 
Starting from a recent theory of the d.c. performance 
of a junction diode at high injection levels by Herlet, 
the transient response of a diode in the high-current 
region is discussed. Some theoretical results are 
compared with previous experimental data and satis-
factory agreement is found. 

621.317.789.029.64:621.372.832.43 
A microwave power monitor. J. Swœr. Proc. Instn 
Radio Engrs Aust., 17, pp. 424-428, December 1956. 
The coaxial power monitor described in this paper 

consists basically of a directional coupler and a 
detector. The instrument operates from about 300 
to 4,000 Mc/s and in addition to facilitating the 
adjustment of microwave power sources, provides 
a rapid and simple means of measuring wide ranges 
of r.f. power. An r.f. load may be rapidly matched 
to a transmission line if the power monitor is used 
in reverse and with minor alterations the device 
can also be used as a wideband attenuator. 

621.319.4 

Metallized paper capacitors. A. KOHLER. Onde 
Electriqtte, 36, pp. 842-851, October, 1956. 
The conducting surfaces of metallized paper 

capacitors comprise a fine metallic film formed by 
vaporizing the metal in vacuo. The layer makes 
possible self-sealing in the case of breakdown, thus 
permitting a considerable reduction in specific volume 
compared with normal paper capacitors. The advan-
tages of this capacitor are of special note when 
dealing with low voltages, when it is possible to 
use a single layer on the paper dielectric. The 
method of manufacture is described and the elec-
trical characteristics discussed. The energy losses 
in the metallic layer are calculated and compared 
with those of ordinary paper capacitors. 

621.319.43 
Problems met in the manufacturing of variable 
capacitors. J. JOFFRE. Onde Electrique, 36, p.p. 
852-859, October 1956. 
The author reviews the successive stages of variable 

capacitor development, with particular reference to 
commercial radio applications. He then proceeds 
to show how industrial-grade models were evolved 
from the commercial ones. Beginning with a defi-
nition of variable capacitor characteristics—law of 
variation, variable capacitance, residual capacitance 
—the author examines how the different construction 
factors effect their electromechanical characteristics 
and in particular, their microphonic susceptibility, 
temperature coefficient and resistance to corrosion. 
The paper includes a description of manufacturing 
control methods and, in particular, of the measure-
ment of very slight capacitance drift. 
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A selection of abstracts from European and 
Commonwealth journals received in the Library 
of the institution. All papers are in the 
language of the country of origin of the journal 
unless otherwise stated. The Institution regrets 

that translations cannot be supplied. 

621.37/8:789.9 

Some prospects in the field of music. L. BERIO. 
Elettronica, 5, pp. 108-115, August/October, 1956. 
The author distinguishes besides traditional vocal 

and instrumental music another kind: that of music 
electronically produced directly on magnetic tape 
without an interpreter. Several methods of doing 
this, and their effects, are illustrated in an 1.p. record 
which accompanies this issue. 

621.372.2 
Measurement of the coupling impedances of delay 
lines. R. MULLER. Archiv der Elektrischen über-
caving, 10, pp. 424-428, October 1956. 
Two methods of measuring the coupling impedance 

of delay lines are known. A dielectric rod is put into 
the electric field of the line and (a) the variation of 
the resonance frequency or (b) the variation of the 
propagation velocity, are determined. It is shown that 
the application of the known formulae is not justified 
under all circumstances. The correct relations and the 
limit of their application are presented. The 
theoretical and experimental results are compared 
and discussed. 

621.373.5:537.228.1 

On the concepts of resonance in piezo-electric crystal 
oscillators. G. BECKER. Archiv der Elektrischen 
übertragung, 10, pp. 467-477, November 1956. 
The paper discusses the relationship of series reson-

ance and anti-resonance on piezoelectric crystal 
resonators with the physical resonances and shows 
that at these frequencies no physical quantity is at 
a maximum. The concepts of series resonance and 
anti-resonance are subsequently extended, the charac-
teristic properties of series resonance and anti-
resonance are outlined, and criteria are given which 
allow a clear discrimination to be made between 
series-resonance and anti-resonance oscillators. 

621.385.16 

Conditions for minimum noise figure in travelling-
wave tubes. J. LABUS, R. LIEBSCHER and K. POSCHL. 
Archiv der Elektrischen übertragung, 10, pp i 486-
490. November 1956. 
The theory of the travelling-wave tube forecasts 

a minimum for the noise figure; for its realization 
not all design parameters are fixed. This leaves 
a possibility for saving tube length by making the 
drift space before the interaction space as short as 
possible. The calculation is carried out for the 
practical case that two anodes with adjustable direct 
potentials are located between cathode and drift 
space. 
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621.385.16: 621.317.74 
A method of measuring reflections and stability in 
high-gain travelling-wave tubes. W. KLEIN. Archiv 
der Elektrischen Ubertragung, 10, pp. 477-484, 
November 1956. 
A report is given on a method of determining 

inner reflections on high-gain travelling-wave tubes 
in a manner deviating from the customary methods. 
This measuring method allows a separation of inner 
and outer reflections and a determination of the 
place of these irregularities. With this method the 
stability of a tube can also be checked in a very 
simple manner. The method is useful not only in 
developing the tubes, but might also be employed 
to advantage for checking the quality of the tubes 
or the entire travelling-wave tube amplifier. 

621.373.444:621.387 
Cold-cathode trigger tubes. C. H. TosswILL. Philips' 
Technical Review, 18, pp. 128-141, October 1956. 

After a brief introduction dealing with the operation 
and properties of cold-cathode trigger tubes, work is 
described on the development of two special trigger 
tubes for use in a radiation monitor. Two of the 
measures taken to improve reliability and performance 
are dealt with: the use of molybdenum sputtering to 
achieve better stability and the provision of a priming 
current to eliminate the statistical lag. Both tubes are 
designed to work in self-quenching circuits. The 
stabilizer tube, a tetrode with an auxiliary cathode, is 
designed for providing a stabilizing supply for Geiger 
tubes. The circuit conditions for satisfactory opera-
tion are described. The advantages of this stabilizer 
are its voltage range (200-300 volts), its current range 
(5-150 microamps), and the fact that the stabilized 
output voltage can readily be adjusted by changing 
the values of two resistors. The rate meter tube is 
designed to handle Geiger tube pulses. It is also a 
tetrode but differs from the stabilizer tube in that its 
priming electrode, again an auxiliary cathode, lies in 
the path of the main discharge and provides a 
"direct" priming discharge. The special characteristic 
of this tube is its extremely high sensitivity; in the 
negative pulse circuit, the input charge sensitivity is 
3 x 10 -11 coulomb. This tube can also be used for 
voltage stabilization. 

621.395.623:681.84.081.48 
A magneto-dynamic gramophone pick-up. I. Con-
struction. N. WITTENBURG. Philips' Technical Review, 
18, pp. 101-109, October 1956. 
The new magneto-dynamic pick-up has a small 

rod-shaped magnet as its moving system; the rod is 
magnetized perpendicularly to its axis, about which 
it can turn, and is mounted between the ends of a 
yoke of magnetically soft material. A needle arm is 
fixed to the rod magnet whereby the lateral move-
ment of the needle as it follows the groove in the 
record is converted into an angular movement of the 
magnet. An alternating flux is thus produced in the 
yoke, giving rise to a signal voltage in the coils wound 
on it. The angular movement of the magnet is pro-
vided for by an upper flexible bush of rubber and a 
bearing at the lower end of polyvinyl chloride. The 
rubber bush gives the magnet a restoring couple and 
the p.v.c. bearing provides the necessary damping 
against undesired resonances. The departure from 
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linearity between the angular movement of the mag-
net and the induced signal voltage is extremely slight. 
The sensitivity of the pick-up (ratio of r.m.s. voltage 
to peak needle velocity) is about 4 mV per cm/sec. 
A study of F, the force with which the needle presses 
on the disc, yields an optimum value for F,, of 
approximately 10 grammes weight in gramophones 
for domestic use, this value being sufficient to prevent 
de-tracking and giving minimum wear. 

621.395.623.73 
New investigation of "son rauque" in loudspeakers. 
J. B. FISCHER. Archiv der Elektrischen Obertragung, 
10, pp. 441-454, October 1956. 
The paper shows that the subharmoPic excitation 

occurring with single-tone testing of dynamic loud-
speakers with cone diaphragms can be tolerated to a 
certain extent without degrading the quality of 
reproduction. A new interpretation of subharmonic 
excitation is subsequently given by measuring the 
oscillating mode of the loudspeaker diaphragm and a 
method is proposed which suppresses "son rauque" 
(or "hoarse sound") on loudspeakers with cone dia. 
phragms. 

621.395.625.3 
The development of a miniature battery-operated 
tape recorder. W. R. NICHOLAS AND A. D. HILDYAltD. 
Proc. Instn Radio Engrs Aust., 17, pp. 367-372, 
November 1956. 
The widespread use of magnetic recording in the 

production of broadcast programmes has produced 
a demand for a small self-contained battery-operated 
tape recorder. The general requirements for such 
a recorder are discussed, followed by an outline of 
the development of both the mechanical and elec-
trical design of a suitable machine which employs 
a spring driven motor. 

621.396.677.6 
The total error of Adcock direction-finding systems. 
K. BAUR. Archiv der Elektrischen Ubertragung, 10, 
pp. 491-493, November 1956. 

It is shown why the bearing error of an Adcock 
direction-finding system in the upper part of the 
frequency range must be many times above the value 
of the natural antenna system error expected from 
theory. The result of the calculation further pro-
vides compensating means for reducing the error 
below the present theoretical limiting value. 

621.397.8:621.372.553 
The black-white edge in single-sideband television 
transmission. D. BUNEMANN and W. HANDLER. 
Archiv der Elektrischen Ubertragung, 10, pp. 457-
466, November 1956. 
The paper covers analytical and experimental 

investigations into single-sideband transmission of 
television signals. The quality of the picture can be 
checked by the reproduction of a step, e.g. a black-
white edge. The three quantities: build-up time, 
overshoot, and streaking, characterize the build-up 
transient of the step signal and accordingly the 
quality of the picture. In the proposal concerning 
the European Gerber standard, the tolerances and 
their apportioning to the individual elements of the 
television system had been left open. The tolerances 
are established for drawing up a specification for 
television transmitters. 
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