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TECHNICAL INNOVATION AND GOVERNMENT 

INDUSTRIAL development and international commercial competitiveness have now reached the 
stage at which there must be concerted and co-ordinated efforts by governments to encourage the 

rapid exploitation of new technological developments by private firms. Economic growth can only 
come from technical innovation which is essentially the introduction of new or improved products 
or processes through the exploitation of scientific and technical knowledge. 

The preparatory work by the Interim Committee for the recent Ministerial Meeting on Science 
held by the 0.E.C.D. countries put forward some very cogent thinking on the ways in which govern-
ments can stimulate and encourage technical innovation. Co-operative research institutes and technical 
information and advisory services already have an important function in certain—and especially 
old-established—industries. Again, some European Governments are taking measures to strengthen 
technical information and advisory services for small firms in industry. 

In the view of the Committee, however, positive government support for civil technological innovation 
in specific industrial sectors will become increasingly important where the required scale of R & D effort 
is large. Civil development contracts, deliberate policies for government procurement of technologically 
advanced products, and measures to promote industrial concentration and the transfer of scientific and 
technical 'know-how' from the defence/space sector to the civil sectors, are suggested as being ways 
whereby governments can foster innovations. 

All these courses of action imply a greater awareness and competence in government concerning 
the problems of technological innovation. National bodies responsible for science policy have a vital 
rôle to play, and in some countries governments are discussing whether to create agencies specifically 
responsible for stimulating innovation in industry. In the United Kingdom the Ministry of Technology 
was established for this purpose in 1964. 

The feasibility of such measures will vary considerably amongst different countries, depending on 
their level of technological development and on the size of their population and their stock of qualified 
scientists and engineers. Thus, in developing countries, particular—but not exclusive—emphasis may 
need to be put on R & D undertaken in order to be able to identify the foreign technology which it 
would be advantageous to import and adapt to local conditions. Even the industrially advanced 
European countries import a considerable amount of foreign technology, notably from the United States, 
with which they have a growing deficit in payments for patents and manufacturing licences. 

A first major step in solving these problems, according to the Interim Committee, would be to 
recognize that the problem is essentially one of the size of the R & D effort, and of the market, required 
for the development of certain advanced technologies. Most European countries are not big enough to 
make important technological contributions in all these sectors and many of them have therefore 
recognized the importance of arriving at some degree of concentration of national R & D effort in 
these sectors, and of exploring possibilities for international co-operation in technological development 
at both the firm and the governmental level. 

An important stage in this co-operation would be to exchange experience on the use of specific 
measures for stimulating technical innovation, particularly civil development contracts, government 
procurement, and on technical information and advisory services for industry. Great Britain will 
certainly welcome this co-operation with Europe and elsewhere, and for its part can speak of 
extensive experience in many ways of encouraging innovation. 
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INSTITUTION NOTICES 

Payment of Subscriptions in Local Currencies 

Overseas members and subscribers are reminded 
that they may make subscription and other payments 
in local currency to the account of the Institution at 
the following Banks: 
AUSTRALIA: Bank of New South Wales, Head 

Office, Sydney. 

CANADA & U.S.A.: Canadian Imperial Bank of Com-
merce, 119 Sparks Street, Ottawa, 
or King and Victoria Branch, 
Toronto, 1. 

FRANCE: Barclays Bank Ltd., 33 Rue du 
Quatre Septembre, Paris 2. 

INDIA: State Bank of India, P.O. Box 10, 
Bangalore 1. 

ISRAEL: Barclays Bank D.C.O., 103 Allenby 
Road, Tel-Aviv. 

NEW ZEALAND: Bank of New South Wales, Auck-
land. 

PAKISTAN: National Bank of Pakistan, P.M.A. 
Building, Nicol Road, Karachi 2. 

SOUTH AFRICA: Barclays Bank D.C.O., 40 Sim-
monds Street, Johannesburg. 

Advice of such remittances should be sent at the 
same time to the Institution's head office in London 
or to the Divisional Offices in Canada or India. 

Conference on Steerable Aerials 

The Conference on 'The Design and Construction 
of Large Steerable Aerials for Satellite Communica-
tion, Radio Astronomy and Radar' which is being 
sponsored by the Electronics Division of the Institu-
tion of Electrical Engineers, the Institution of Elec-
tronic and Radio Engineers, the Institution of Mech-
anical Engineers, the Institution of Structural Engineers 
and the Institute of Electrical and Electronics 
Engineers, will be held at the Institution of Electrical 
Engineers, Savoy Place, London, W.C.2, from 6th to 
8th June 1966. 

Six main sessions will cover electrical design (in-
cluding profile errors, feeds, performance measure-
ments and radomes) and mechanical design (including 
mounts and drives, structure and measurements). 
The final session will deal with control and tracking 
techniques. 

A programme of technical visits to Goonhilly, 
Jodrell Bank and R.R.E. Malvern is being arranged, 
and there will be a cocktail party and dinner. 

The fees for the Conference are £7 for members of 
the sponsoring societies and £9 for non-members. 
Registration forms and further information may be 
obtained from I.E.R.E., 8-9 Bedford Square, London, 
W.C.1. 
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I.R.E.E. Australia Convention 

The Institution of Radio and Electronics Engineers 
Australia has announced that its next Radio and 
Electronics Engineering Convention is to be held in 
Sydney from 22nd to 26th May, 1967. 

Original papers within the following broad subject 
areas are invited for the Convention: 

Basic sciences and techniques; industry and 
industrial electronics; communications; electronic 
systems; computers and data processing; instru-
mentation; materials, components and production 
processes; bio-medical electronics; and professional 
activities (including educational aspects). 

The deadline date for submission of manuscripts of 
completed papers is 1st December 1966. Offers of 
papers should be sent to the General Secretary, The 
Institution of Radio and Electronics Engineers 
Australia, Box 3120 G.P.O., Sydney, New South 
Wales, from whom further information may be 
obtained. 

Commonwealth Telecommunications Conference 

A Commonwealth Conference was held during 
March in London at which representatives met to 
discuss the setting-up of a new organization to 
strengthen Commonwealth co-operation throughout 
the whole field of external telecommunications. The 
Conference, which met at Marlborough House, was 
opened by the Postmaster-General, The Right 
Honourable Anthony Wedgwood Benn, and was 
closed on 22nd March by the Director-General of 
the Post Office, Sir Ronald German, K.C.B., C.M.G. 

It is understood that the Conference has also made 
recommendations to Commonwealth countries for 
modifications to the existing arrangements between 
the countries for sharing the costs of their external 
telecommunications. 

On 17th March many of the delegates attended a 
reception at 9 Bedford Square, where they were able 
to meet senior members of the Institution. The recep-
tion thus provided a valuable opportunity for ex-
change of views on engineering matters. The guests 
and members were received by the President, Colonel 
G. W. Raby, C.B.E. 

Proceedings of Symposium on Microwave 
Applications of Semiconductors 

The final Proceedings of the above Symposium, 
which was held at University College, London, in 
July 1965, has now been published. It comprises the 
full text of all 40 papers as well as reports of dis-
cussions, and may be obtained from the Institution 
at £6 per copy. 
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Controlling the Information Explosion 
By 

ADMIRAL OF THE FLEET THE 

EARL MOUNTBATTEN OF BURMA, 

K.G., P.C., 0.M., D.Sc., C.Eng. 

(Honorary Member)t 

A Friday Evening Discourse given at the Royal Institution of Great 
Britain, Albemarle Street, London, on 28th January 1966. 

Summary: The Selective Dissemination of Information or S.D.I. system 
is aimed at bringing to the individual scientist's attention only those new 
items of information that are of interest to him. This is done by comparing 
his subject interests in an electronic digital computer with the subjects 
covered by each document entering the information system, and printing 
out from the computer only those items which sufficiently match his 
interests. In this way a personal service can be provided to a large number 
of scientists, with feedback allowing progressive tailoring of the service to 
the needs of each individual. 

The National Electronics Research Council is at present engaged in the 
first stage of a three-year investigation of the value, economics and 
acceptability of the S.D.I. system for electronics research workers. 
Although the investigation will initially be confined to the subject of 
electronics research, the system developed will be immediately applicable 
to any other branch of science and technology. 

1. The Information Explosion 

The 'Information Explosion' is a much-quoted 
phrase whose currency may have been depreciated 
with over-use; but it does highlight a very real 
problem. Of course the information problem has 
existed for a very long time. The Preacher's complaint 
in Ecclesiastes, 'Of making many books there is no 
end . . .' shows that we do not face a new problem. 
But the problem we face, although similar in kind, is 
quite different in degree. It is the increasingly rapid 
growth in numbers of documents particularly articles 
in periodicals and research reports, that give us good 
reason to refer to it as an explosion. 

At the beginning of the nineteenth century the 
number of scientific journals and periodicals was about 
100; in 1850 it was 1000; and by 1900 it had reached 
10 000. Some estimates of the number at the present 
time go as high as 100 0004 If this rate of growth 
remains constant it would give a figure in the neigh-
bourhood of one million at the end of this century. 

Of course, extrapolations such as these are of little 
value. They rest on doubtful foundations and do not 
take into account other factors which could be 
expected to reduce the rate of growth. But I hope 
what I have said has convinced you that there is a real 
problem in dealing with the growing mass of informa-
tion, which is growing at an ever-increasing rate. 

2. The Current-Awareness Problem 

The information problem is divided into two parts: 
Information Retrieval and Current Awareness. The 

t Chairman, National Electronics Research Council, 50 
Bloomsbury Street, London, W.C.1. 

Pierre Auger, ECOSOC E/3362 (13th May 1960). 
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part that is most often discussed is Information 
Retrieval. In this, one is seeking to find what has 
already been written on a subject or to find an answer 
to a specific question—what is commonly called 
'retrospective searching'. 

I do not for one moment wish to suggest that this is 
not a difficult problem. One has only to think of the 
number of books and periodicals in the British 
Museum, or in the National Lending Library of 
Science and Technology at Boston Spa to realize that 
it is not going to be easy to lay one's hand quickly on 
the book or article that will provide the answer 
required. However, the problem has been with us for a 
very long time—in fact since the first library or collec-
tion of information was set up—and at least a partial 
solution has been found. There is a large apparatus of 
reference works, bibliographies, abstract journals and 
classifications which allow any inquirer to find almost 
any information he requires—although one must 
admit it may take him a very long time to complete 
his search. 

But the point is that there is nothing in the nature of 
retrospective searching, or Information Retrieval, 
which prevents the inquirer spending as long as 
required on the search. He himself may not have the 
time to spare but that is a different matter. 

With the other type of information problem, keeping 
abreast of the literature, or 'Current Awareness', the 
situation is very different. Here the individual wishes 
to ensure he misses nothing of interest to him that is 
published in any of the enormous number of books, 
periodicals and reports which issue regularly from the 
printing presses or duplicating machines of the world. 

I think it would help to visualize the problem by 
picturing a conveyor belt, to represent all the 
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organizations publishing information. The belt is a 
very wide one and on it are books, periodicals and 
reports; as they come out and in any position. The 
searcher is on a platform just above the belt and as the 
information material passes underneath he can pick 
up and read anything that he thinks might be of 
interest to him. You can imagine his frustration as he 
realizes that for every item he takes time to examine, 
hundreds of others of possible interest to him have 
passed by. 
This may seem an overdrawn picture but so far 

from being that, it is inadequate in two important 
particulars. Our friend on the platform has two 
advantages that no-one in real life has: he has 
immediate access to all the information and, of more 
importance, he can at least know of the existence of all 
the information that might be of interest, if he does 
not stop to read any publication. 

In practice, in spite of the proliferation of different 
aids to current awareness (many of which I admit are 
extremely useful) it is virtually impossible for any 
individual, let alone someone as busy as a research 
worker, to read all the actual books, periodicals and 
reports, or even the current awareness publications 
listing them, in order to discover information of 
interest to him. 

It certainly seems that it is in current awareness that 
the information explosion has got completely out of 
hand. It would be no solution to publish another 
announcement bulletin, since this would merely add 
to the material to be searched regularly by each 
individual. 
A theoretical solution would be for each person to 

have his own agent permanently stationed in a large 
library, such as the British Museum. The agent 
would have to scan each piece of information as it 
arrived in the library and inform his client of anything 
of interest to him. This, of course, is the sort of 
personal service that many active information officers 
and librarians have been providing for many years for 
a small number of selected people in their organiza-
tions. Unfortunately, a personal service such as this 
can only be done for comparatively few people, and 
what is required is something on a much larger scale, 
for tens of thousands of persons instead of tens. 
Further, unless a great number of information officers 
were available to work on an organized basis, they 
could not hope to cover the vast flow of information. 

3. Selective Dissemination of Information 
A solution to the problem of providing a personal 

current awareness service to a large number of 
individuals was first suggested in 1959 by the late 
H. P. Luhn of I.B.M. in the United States. He called 
it the 'Selective Dissemination of Information', or 

S.D.I. for short.t 
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My subject interests are: 

I. Mathematical theory of computers and automata 

2. Pattern recognition and perception 

Pattern matching 

Human visual perception 

Speech recognition 

Cell recognition 

Character recognition, etc. 

3. Learning systems 

Statistical learning theories 

Association 

Adaptation (adjustment of internal parameters) 

Human and animal learning behaviour 

4. Problem solving 

5. Memory and information retrieval 

6. Cybernetics 

7. System reliability through redundancy 

8. Systems using artificial neurons. Perceptrons 

Fig. 1. User's statement of interests. 

User's own words 

Learning systems 

Problem solving 

Cybernetics 

Words used in the S.D.I. system 

Learning 

Adaptive systems 

Self-organizing systems 

Heuristics 

Cybernetics 

Bionics 

Man- machine systems 

Fig. 2. Translation of user's words. 

Luhn realized that one needed some means of 
comparing the subject contents of documents with the 
subject interests of the individuals. One could then 
send them details of the documents which matched 
their interests, that is those documents which seemed 
likely to be of interest to them. As this required an 
extremely large number of matching operations to be 
carried out very quickly, he developed a system for 
matching by computer. 

t H. P. Luhn, IBM Advanced Systems Development Division 
Yorktown Heights, N.Y., 1959 (19 pp.). 
Also in American Documentation, 12, No. 2, pp. 131-8, 1961. 

The Radio and Electronic Engineer 



CONTROLLING THE INFORMATION EXPLOSION 

In the S.D.I. system each user supplies details of his 
subject interest in his own words. One such statement 
of subject interests we have received is shown in 
Fig. 1. The words used are then translated into the 
standard words used in the S.D.I. system. As an 
example of this, three of the user's words in Fig. 1 are 
translated in Fig. 2. Another example of subject-
interest requirements and the standard words is 
shown in Figs. 3 and 4. 

I am interested in: 

I. All the literature on ZnS, ZnSe, CdS and CdSe 

2. Growth of crystal from the vapour phase 

3. Optical and electrical properties which give information on 
the defect levels in other semi-insulators (i.e. those com-
pounds which have band gaps between about 1.5 eV and 
3-0 eV): typical examples are absorption and emission spectra, 
thermoluminescence, photoconductivity, electrical conduc-
tivity as a function of temperature, space-charge-limited 
currents, measurement of drift mobility as a function of 
temperature, Hall effect, e.s.r. 

4. Theoretical work on photoconductivity, double-injection 
electroluminescence, acousto-electric interactions 

5. Solid-state photoconductive radiation detectors, image 
Intensifiers, thin film triodes 

Fig. 3. User's statement of interests. 

User's own words Words used in the S.D.I. system 

Growth of crystal from Crystal growth 

the vapour phase Vapour deposition 

Epitaxy 

Crystals 

Defect levels Crystal defects 

Vacancies 

Dislocations 

Interstitial atoms 

Frankel defects 

Traps 

Carrier-recombination centres 

Fig. 4. Translation of user's words. 

The standard words used in the S.D.I. system are 
incorporated in a controlled list of terms (or 
`Thesaurus') in which synonyms have been removed, 
each word has a specific meaning, and the relationship 
between the words is clearly defined. An excerpt from 
the Thesaurus is shown in Fig. 5. Under 'Crystal 
defects' there is the instruction, conveyed by the 
abbreviation UF, that this is to be Used For ' Lattice 

April 1966 

Crystal defects 

UF 

BT 

NT 

NT 

RT 

Lattice defects 

Defects 

Dislocations 

Vacancies 

Crystal lattices 

Lattice defects use Crystal defects 

Fig. 5. Thesaurus. 

defects'. The information that 'Defects' is a term of 
broader meaning is conveyed by BT (Broader Term), 
whereas 'Dislocations' and 'Vacancies' are shown to 
have narrower meanings, indicated by NT (Narrower 
Term). 'Crystal lattices' is shown to be a related con-
cept by the letters RT (Related Term). Similarly under 
'Lattice defects' there is an instruction to use 'Crystal 
defects' in its place. 

The words defining a user's subject interests, 
together with his name and address, form his user-
profile. Figure 6 gives the user-profile of a mythical 
Dr. Martin of R.A.E. who has interests ranging from 

Dr. J. D. Martin 

Radio Section, Royal Aircraft Establishment, Farnborough, Hants. 

I Digital circuits. 2 Electric circuits. 3 Time measurement. 

4 Process control. 5 Synchronism. 6 Multivibrators. 

7 Flip-flops. 8 Trigger circuits. 9 Logic circuits. 10 Counters. 

11 Sequential circuits. 12 Remote control. 13. Radio 

telemetry. 14 Telemetry. 15 Thyristors. 16 Silicon 

controlled-rectifiers. 17 Electric switches. 18 Switching 

circuits. 19 Gate turn-off. 20 Diode switches. 

21 Semiconductor devices. 22 Ultrasonic frequency. 

23 Transducers. 24 Vibration. 25 Mechanical shock. 

26 Sensors. 27 Magneto-striction. 28 Piezo-electricity. 

29 Ferroelectricity. 30 Piezo-electric crystals. 31 Data 

storage. 32 Computer storage. 33 Electro-mechanical filters. 

34 Acoustic amplifiers. 35 Pulse-code modulation. 36 Voice 

communication. 37 Audio-frequency. 38 Telephone systems. 

39 Telephone transmitters. 40 Telephone receivers. 

41 Coding. 42 Coders. 43 Decoding. 44 Decoders. 

45 Compandors. 46 Analogue to digital convertors. 47 Digital 

to analogue converters. 48 Comparators. 49 Field effect 

transistors. 50 Transistor amplifiers. 51 Broad-band. 

52 Measurement. 53 Distortion. 54 Inter-modulation. 

55 Cross-modulation. 56 High frequency. 57 Microwaves. 

58 Amplifiers. 59 Parametric amplifiers. 60 Masers. 

Fig. 6. User-profile. 
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digital circuits to masers. The complete set of user-
profiles are stored in a machine file, let us say on a reel 
of magnetic tape. . 

As the documents (which may be periodical articles, 
reports, conference papers or any other information 
material) are received by the information service they 
are indexed by subject. That is, one of the information 
workers examines the document, decides what subjects 
it is dealing with and adds the system-language words 
to the details of the document. In Fig. 7 the details 
given of the document are the title of the article, the 
names of the two authors, and an abbreviated form of 
the name of the periodical. Ten words or phrases have 
been added by the information workers to define the 
subject-matter of the document. These document 
details and the list of words defining its subject are then 
stored on a second reel of magnetic tape. 

At suitable intervals the two tapes are compared in 
the computer and where sufficient of the words of a 
user-profile agree with the subject words associated 
with a document, the details of the document are 
printed out and sent to the user. 

The system, however, does not stop there, since 
there is a feedback loop which allows the system to be 
continually adjusted to meet the users' requirements 
more accurately. Whenever the user receives a noti-
fication that a document is likely to be of interest to 
him, he is asked to say whether it is, in fact, relevant 
to his interests. The information he provides, his 
`Relevance Assessment' as it is called, is used to 
modify his user-profile so that the system continually 
improves the service it provides to him. Similarly, if 
he requires a new category of information this can be 
added, or an unwanted category deleted. 

DOCUMENTS 

RECEIVED 
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HDOCUMENTS H, 
INDEXED 

DOCUMENTS 
PHOTOCOPIED 

MAIN 
DOCUMENT 

FILE HSECONDARY 
DOCUMENT 
FILE 

(Title) Investigation of some properties of a tunnel-diode 
amplifier. 

(Authors) V. P. Voronenko and A. N. Kovalev. 

(Citation) Radio Engng. Electronic Phys. (U.S.A.), Vol. 10, No. 3, 
385-391, March 1965. 

(Subject words) Tunnel diodes 

Amplifiers 

Saturation 

Polynomials 

Higher-order 

Fifth-order 

Mathematical analysis 

Current-voltage 

characteristics 

Frequencies 

Load impedance 

Fig. 7. Document details with subject words. 

An outline of the S.D.I. system is shown in the 
Flow Diagram in Fig. 8. The documents enter on the 
left, are indexed and incidentally photo-copied. The 
details of the document and the associated subject 
words form the Main Document File in the computer. 
Since all of the document details are not required for 
matching, the document numbers and subject words 
can be extracted from the Main Document File to form 
the Secondary Document File in the computer. 

The subject interests of the Users, shown on the 
bottom right of the diagram, are translated into User-
Profiles to form the User-Profile File which is then 
compared with the Secondary Document File. Where 
there is a satisfactory degree of matching between the 
items in the two files, the document number in the 
secondary document file is used to call up the com-
plete details of the document from the Main Document 

USER 

PROFILE 
FILE 

COMPUTER 

USER 
PRO ILES 
MODIFIED 

HANALYSIS 

S. D. I. 

USER 
PROFILES 
COMPILED 

USERS' 
ASSESS-

MENT 

WEEKLY 
BULLETIN 

Fig. 8. Flow diagram for S.D.I. system. 

RETROSPECTIVE 

I: R. 

USERS 
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CONTROLLING THE INFORMATION EXPLOSION 

File. Thus the S.D.I. service can provide full details 
of the documents as output. The other outputs 
provided are a weekly bulletin and retrospective 
searching, i.e. information retrieval. 

The feedback loop is that linking the following 
boxes: Users, Users' Assessment, Analysis (that is, 
deciding what modification is required), User Profiles 
Modified, User Profile File, Computer and S.D.I. 

4. The National Electronics Research Council 

Before I discuss the National Electronics Research 
Council's S.D.I. Project, I might perhaps say a little 
about N.E.R.C. itself. 

I have been very interested in electronics since I 
qualified as a naval signal and wireless specialist in 
1924, and have been for many years a member of both 
the Institution of Electronic and Radio Engineers and 
the Institution of Electrical Engineers. In my Presiden-
tial Address to the I.E.R.E. in 1946 I indicated the 
value of research into computer techniques for 
information storage.f In another speech 15 years 
later I sowed the seed from which N.E.R.C. has grown, 
and it is interesting that N.E.R.C.'s first research 
project should be concerned with the use of com-
puters for information work. 

The speech in 1961 at which I put forward the idea 
of a national research organization in the field of 
electronics was made at a dinner given by the British 
radio industry.$ I suggested to the industry that there 
was a need for co-operative research in the radio and 
electronics industry and subsequently asked the 
Institution of Electronic and Radio Engineers to 
conduct for me a survey on radio and electronics 
research in Great Britain. 

I discussed the facts and figures shown in that survey 
with members of the Government of the day, the Vice-
Chancellors' Committee of the British Universities, 
and the Chairmen of a number of British radio and 
electronic manufacturing organizations. We all 
agreed on the urgent need for establishing a central 
co-ordinating body which would concern itself with 
indicating to government and industry gaps in the 
British research effort in electronics, show where 
additional effort was required, recommend priorities, 
and suggest how to prevent unnecessary duplication 
of research. 

Now it is not easy to bring together all the organiza-
tions which are concerned with electronics research in 
this country, and it is indicative of the importance of 
the National Electronics Research Council that it does, 
in fact, as shown in the Appendix, comprise repre-
sentatives of all the government departments concerned 

t J. Brit. LR.E„ 6, No. 6, pp. 221-25, December 1946. 

J. Brit. LR.E., 23, No. 1, pp. 3-6, January 1962. 
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with electronics research, including the government 
research stations, of the universities in Great Britain 
which are in any way concerned with electronics 
research, and also the Royal Society, and the other 
learned Institutions in this field, together with, at 
Chairman level, representatives of the British elec-
tronics manufacturing and aircraft industries. I make 
particular mention of the aircraft industry because 
without electronics we would not be able to utilize 
modern aircraft to full effect—in fact I doubt whether 
they could carry out a worthwhile flight. 

N.E.R.C. has therefore succeeded in bringing 
together, for the first time in our history, all the leading 
figures who are able to determine the future course of 
electronics research in Great Britain. 

From the first discussions on the possibility of 
forming N.E.R.C. we were convinced that one of the 
ways in which we could make a decisive contribution 
to the advancement of electronics research and per-
haps also in other fields was by tackling the informa-
tion problem. In fact, the Council established, as its 
first Working Party, the Working Party on Scientific 
Information, some four months before N.E.R.C. 
itself came into existence officially. 

The Working Party lived up to its name. It imme-
diately went to work to produce a survey of the state 
of the provision of information for electronic research 
workers during 1963. It estimated that some 25 000 
documents of interest to electronics research workers 
were produced in that year throughout the world. Of 
these some 15 000 were either originally written in 
English or translated into English. 

Its investigations showed that the facilities available 
for retrospective searching were very good for some 
types of material and, in general, were at least 
adequate. In particular the Working Party considered 
that the I.E.E. publications, Physics Abstracts and 
Electrical Engineering Abstracts, were excellent abstract 
journals and searching tools. 

For current awareness on the other hand, the 
position was found to be thoroughly unsatisfactory. 
If a research worker wished to ensure that he was 
aware of the existence of all the periodical articles and 
reports of interest to him he might have to scan more 
than 10 abstract journals and title lists each month 
which might contain up to 3000 items in one issue. 
(The figure of 3000 has actually been taken from a 
recent issue of Physics Abstracts which includes a 
wider field than electronics.) Of course, in practice, no 
research worker would have time to do this even if he 
so wished. 

The Working Party therefore considered that 
N.E.R.C. should concentrate initially on this current 
awareness problem and recommended an investigation 
of S.D.I. to deal with this problem. 
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5. S.D.I. Investigation 

Although a small number of S.D.I. systems have 
been established, most of them in the U.S.A. within 
the last year or so, all of them have been limited either 
to the documents issued by the organizations which 
established them or to members of these organizations. 
It is our intention to include in the N.E.R.C. investiga-
tion all information material of interest from whatever 
source it may come, and to provide the service free 
during the investigation to research workers in govern-
ment research laboratories, industrial firms, and 
universities and colleges of technology. 

However, the main difference between the N.E.R.C. 
Project and the systems in the United States is that 
ours is specifically designed as an investigation. In 
other words, whereas the other systems were set up 
from the very beginning as operational systems, we 
shall be setting up an S.D.I. system for a select number 
of users only, to investigate the system with a view to 
improving and perfecting it. 

The main purpose of the Project is to investigate 
the value, economics and acceptability to users of an 
S.D.I. system. All our reasoning leads us to believe 
that S.D.I. should be an extremely valuable technique 
for ensuring that each research worker in electronics 
is regularly informed of those items in the literature 
and only those items which are of interest to him. But 
no-one can tell how valuable the users will find such a 
service or whether it can be provided at an economic 
cost. The latter can only be judged in the final analysis 
on whether the cost of providing the service is less than 
the maximum amount the users are willing to pay. 

Finally there is the question of acceptability to the 
user. This is extremely important as the S.D.I. service 
information is in a different form from the usual 
media. Information is normally issued in printed 
pages, in newspapers, periodicals, reports or books. 
Even if there are no advertisements or illustrations to 
brighten up the pages, many of the words in these 
publications are highly redundant and carry very little 
information content for any single individual. This is 
why one enjoys reading newspapers and why abstract 
journals, with the information boiled down to a few 
words, are so hard to read. 

Similarly, we have to investigate what happens when 
a user is provided with a note saying, for example, that 
a paper entitled, 'Tunnel diodes integrated with micro-
wave antenna systems', by H. H. Meinke has appeared 
in the February 1966 issue of The Radio and Electronic 
Engineer. If our system were working perfectly, each 
such notification would be of high interest to him, and 
there would be few unnecessary words: so it would 
require real concentration to read it. There would be 
no relaxation in looking at the pictures or reading 
through entertaining or superfluous words to find 
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something useful. We don't know yet—and no-one 
else does either—whether this absence of redundancy 
will be acceptable or prove too great a discourage-
ment. But we shall know at the end of the Project. 

6. Details of the S.D.I. Project 

(The next sentence is an example of one with low 
redundancy but even then it contains only 10 facts in 
45 words.) The project is planned to take three years 
during which we shall set up an S.D.I. system to 
serve some 800 to 1000 research workers in electronics 
by providing them weekly with notifications of 
English-language periodical articles, conference papers 
and reports of interest to them. 

6.1. Users 

These research workers will be selected volunteers 
from industrial, governmental and academic research 
laboratories. We intend to make this group as repre-
sentative as possible in the type of research they are 
engaged on and as varied as possible in their status, 
ranging from junior engineer to chief engineer and 
from research student to professor. 

6.2. Information Material 

Our reason for limiting the material used in the 
present Project to the English language was simply to 
avoid the extra effort and staff required to cover and 
translate foreign-language material. Apart from the 
straightforward translation difficulty, foreign-language 
material creates no special problem. Incidentally, our 
English-language material will include a large quantity 
of foreign material which is published in cover-to-
cover translations under British or American govern-
ment grants. 

As I have said, the survey carried out by the 
N.E.R.C. Working Party showed that the total 
number of English-language items of interest to 
research workers in electronics is of the order of 
15 000 a year at present. We intend to be as com-
prehensive as possible and to include all items of 
significance, but where possible to ignore popular or 
general technical articles which do not add to scientific 
and technical knowledge. 

In referring to 'adding to scientific and technical 
knowledge', I should like to emphasize how important 
I consider it that the results of research work should 
be made freely available. Many British organizations 
engaged in electronics research are extremely liberal 
in their attitude to the publication of research results, 
mainly in the journals of the learned societies. British 
learned societies and similar bodies make no charge 
for the publication of papers giving the results of 
research work. In the United States, on the other 
hand, similar societies make 'page charges' for the 
inclusion of such material in their publications. 
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Organizations conducting research have an obliga-
tion, as members of that élite body, the scientific 
community, to play their part in disseminating informa-
tion within the community. Only if the results of 
research work are freely published will the health and 
advancement of science and technology be assured and 
the standards of basic science maintained by critical 
review in the literature. 

But self-interest should also play an important and 
natural part. It is widely recognized that it is in the 
organizations' own interests as well as in the national 
interest to publish their research results. Firms and 
other organizations with a reputation for encouraging 
the publication of results acquire a prestige which 
greatly increases their prospects of attracting the best 
type of research worker. 

On the other hand, it is both unnecessary and 
impossible to keep research results secret. It is unneces-
sary because most of the important pieces of research 
are done elsewhere or superseded within a very short 
time. It is impossible since any research worker, in 
moving to a new organization, must inevitably take 
with him the knowledge of the work he has already 
done. 

There are thus good reasons why organizations 
should make the results of their research freely avail-
able, but I believe more should be done by the 
government departments to provide incentives for this. 
In particular they should encourage the production 
and dissemination of scientific and technical reports 
on work done under contract. Government agencies 

in the United States insist on the production of such 
reports. For example the U.S. Department of Defense 
are stated to withhold 10 % of the contractor's fee 
until the reporting requirements of the contract are 
fulfilled. 

The U.S. government agencies are also extremely 
active in the dissemination of scientific and technical 
reports. Only last year they very substantially increased 
their already massive effort in this direction. They 
issue a number of abstract journals which list both the 
agencies' and their contractors' reports, and have 
established centres from which they can be obtained 
quickly and easily. A similar system for the announce-
ment and distribution of scientific and technical 
reports in this country would be of great value and, 
I hope, will be developed. I suggest that it is essential 
to develop it as soon as possible and on an adequate 
scale. 

In our own field of electronics research, we in 
N.E.R.C. are at present doing what we can to 
improve the exchange of information on research 
work. We have invited organizations concerned with 
electronics research to send us copies or details of 
their reports and publications for announcement in 
N.E.R.C. Review, our quarterly review of progress in 
electronics research. It is not our intention to set 
ourselves up as a lending library or distribution centre. 
Normally we merely list the reports and give the 
address of the organizations from which they may be 
obtained. Thus we do not wish N.E.R.C. Review to 
compete with the professional and other scientific 
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Fig. 9. Programme for the S.D.I. project. 
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journals which give detailed reports of new research 
work. What we seek is early advice of research achieve-
ment so that we can distribute such information 
quickly; the more detailed reports can appear later in 
the scientific and technical journals. We shall, of 
course, include all of these reports in our S.D.I. 
Project. 

6.3. Computer Aspects 

We shall put out a contract to a computer bureau 
who will design programs to meet our specification, 
do the programming, and carry out the weekly runs. 

At this stage it might be interesting to have a look 
at our programme of work (Fig. 9). This was drawn 
up almost 18 months ago and I am glad to say is still 
sound enough for us to work to. 

The first row of boxes under the heading 'Quarters' 
show that we have six months to complete Phases 1 
and 2 and get to the stage where the computer bureau 
can start the detailed programming and system test 
of Phase 3 which takes another six months. That 
completed, we start the system and run it for six 
months on an experimental basis as Phase 4. Of 
course, we are ready to meet a lot of trouble and to 
make extensive changes to the user-profiles during 
this period. 

Then when, as we hope, the system has settled down, 
there will be a year of proper operational working 
during Phase 5. It is during this time that we shall 
carry out most of the tests on user reaction to find out 
how well we are doing the job. Finally we have 
allowed ourselves six months in Phase 6 for the 
analysis, and to compile the final report. 

6.4. S.D.!. Notifications 

Each week, the users will receive notifications of 
items of interest to them, but not the original items 
or photocopies. The notifications will contain 
information on the lines shown in Fig. 10. This 
contains details of the same document as in Fig. 7, but 
in the form in which it would be sent out. It gives our 

003019 

Investigation of some properties of a tunnel-diode amplifier. 

V. P. Voronenko and A. N. Kovalev. 

Radio Engng. Electronic Phys. (U.S.A.), Vol. 10, No. 3, 385-391 

March 1965. 

Tunnel diodes. Amplifiers. Saturation. Polynomials. Higher-

order. Fifth-order. Mathematical analysis. Current-voltage 

characteristics. Frequencies. Load impedance. 

Fig. 10. Notification of document. 
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74325 

Mr. J. D. Carlsfield. 

Central Research Laboratory, Wilson Electronics Co. Ltd., 

Causeway Avenue, Harpenden, Herts. 

Via: Mr. R. C. Robertson. Librarian. 

003019 003065 003187 003279 

Fig. 11. S.D.I. output (1). 

74325 

Mr. J. D. Carlsfield. 

Central Research Laboratory, Wilson Electronics Co. Ltd., 

Causeway Avenue, Harpenden, Herts. 

Via: Mr. R. C. Robertson, Librarian. 

003019 

Investigation of some properties of a tunnel-diode amplifier. 

V. P. Voronenko and A. N. Kovalev. 

Radio Engng. Electronic Phys. (U.S.A.), Vol. 10, No. 3, 385-391, 

March 1965. 

Tunnel diodes. Amplifiers, Saturation. Polynomials. Higher-

order. Fifth-order. Mathematical analysis. Current-voltage 

characteristics. Frequencies. Load impedance. 

003065 

Thin-film preparation. 

D. Dobischek and S. CabeII. 

Army Electronics Lab. Report AD-6I4779. 

Thin films. Vacuum deposition. Tunnel diodes. Aluminium. 

Magnesium oxide. Tunnelling (semiconductors). Emitters 

(electron). 

003187 

Development of experimental electronically-tuned, decade-

bandwidth receiver. 

B. Barber and others. 

Melabs, Palo Alto, Calif. Report AD-614971. 

I.F. amplifiers. Radio receivers. Radar receivers. Electronically 

tuned. Tunnel diodes. Solid-state devices. Broadband. Ultra-

high frequency. 

003279 

An improved construction for tunnel diodes. 

M. J. Coupland and others. 

S.E.R.L. Technical Journal, Vol. 12, No. 2. 98-104, June 1962. 

Tunnel diodes. Fabrication. Gallium arsenide. Diode switches. 

Fig. 12. S.D.I. output (2). 
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code number for the document, the title and authors, 
the citation (i.e. in which journal it appeared or in 
which report series), and a list of the terms we used to 
define the subject of the document, instead of an 
abstract. 

At present we do not know whether we shall send 
each user a printed-out list of document numbers only 
(Fig. 11). With the list we would send him a bundle of 
cards, one for each document. The alternative is to 
send him a print-out of the full details of his week's 
notifications on a sheet or sheets as shown in Fig. 12. 
There are good reasons for both types of notification; 
we shall not decide which to use until we know exactly 
the relative costs and value of each method. 

Whichever method we use, we shall also send for 
each item notified a pre-scored card (Fig. 13). The 
user can punch holes at the pre-scored positions with 
his pencil. He will be asked to return it as soon as 
possible to tell us whether the item is relevant to his 
interests or not. This relevance assessment is the 
feedback which is used to improve and finally perfect 
the information received by each user. In our Project 
it also plays an important part in carrying out our 
investigation. 

Either 

Or 

Or 

I HAD ALREADY SEEN THE DOCUMENT 0 

It Is relevant to my interests D 

It is not relevant to my interests 0 

MY ASSESSMENT IS BASED ON THE DETAILS 
PROVIDED D 

The item is relevant to my interests D 

and I intend to examine the document D 

The Item is not relevant to my interests D 

MY ASSESSMENT IS BASED ON EXAMINATION OF 

THE DOCUMENT D 

The document is relevant to my Interests D 

and is useful to me D 

but it is not useful to me for the following reason 0 

The document is not relevant to my interests D 

Fig. 13. Relevance assessment. 
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NOT  e 
SENT 

OF INTEREST 
(RELEVANT) 

A 

HITS 

MISSES 

s SENT 

NOISE 

OF NO INTEREST: 

NOT SENT 
HITS : RELEVANT INFORMATION 

SENT TO USER 

MISSES: RELEVANT INFORMATION 
NOT SENT 

NOISE: NON- RELEVANT 
INFORMATION SENT 

.., 
NOT OF INTEREST 
(NON- RELEVANT) 

Fig. 14. Test for faults arising in S.D.I. system. 

6.5. Analyses and Tests 

The analyses and tests are, of course, the essence of 
our Project. The first we shall measure is the general 
performance of the system. We want each user to 
receive all the information of interest to him but no 
other material. So from his relevance-assessment 
cards we can find what percentage of the notifications 
we sent him were not relevant to his interests. 

But, of course, this is only half the problem and the 
easier half for which to obtain an answer. We also 
want to know what we should have sent him but for 
some reason failed to do so. We shall obtain this 
answer by asking each user to scan, say every month, 
a copy of our weekly bulletin and let us know what he 
feels he has missed. The weekly bulletin will be a 
complete listing, in a broad subject order, of all the 
information material that was received by the system 
during the week. 

From these two returns we shall be able to work out 
the relative areas of the boxes in Fig. 14. The diagram 
has no pretensions to scientific merit, and there is no 
scale. It is simply an attempt to show the two types 
of fault that arise in the system. The area above the 
horizontal axis contains information which is of 
interest to the users, that is, relevant information: the 
area below it contains information which is not of 
interest, or non-relevant. On the right of the vertical 
axis is the information that has been sent: all that has 
not been sent is on the left. 

In the top right we have the HITS, the information 
which the users wanted to see and which was sent to 
them. In the bottom left is all the very large mass of 
information that was of no interest and was not sent. 
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The other two squares represent the errors. At the 
top left, MISSES, information which the users would 
have liked to see but did not receive, and lastly, 
NOISE, the information they did not want to see but 
were sent. It is these MISSES and NOISE squares that we 
must make as small as possible. 

The diagram is somewhat misleading, however, in 
that the horizontal axis is represented as a line. In 
practice this would be a band, of somewhat uncertain 
width, since the change from relevant to non-relevant is 
usually gradual and uncertain. This, of course, adds 
to the difficulties in assessing the performance of the 
system. 

The machine file of information which is processed 
each week for the S.D.I. service will be stored and can 
be searched at any time by the computer: that is, a 
retrospective search can be made. Towards the end of 
the Project we shall be testing the efficiency of the 
system for such retrospective searching—there is little 
point in doing this until a reasonable quantity of 
information has been stored. 

There is a large number of other analyses and tests 
we intend to carry out but I want to mention just one 
more, because of its general importance. 

One of the serious problems in dealing with scientific 
and technical information is the apparent reluctance 
of scientists and engineers to make use of information 
services. I am told that in general they will ask anyone, 
telephone to the other side of the country, in fact do 
anything rather than use the library or information 
service provided by their organization or community. 

We hope and believe that S.D.I., since it is a new and 
different technique, will alter their approach to infor-
mation. To test this we shall carry out a survey of 
our S.D.I. users before we 'expose' them to S.D.I. and 
repeat it when they have been receiving the service for 
a year. To make sure that any difference is not due to 
a general change, unrelated to S.D.I., we shall similarly 
survey, on both occasions, a matched control group 
who will not receive the S.D.I. service. 

7. S.D.I. in Other Countries 

We have naturally been interested in finding out if 
any organization in this or any other country is 
conducting or planning an investigation of S.D.I. on 
similar lines to our own. So far as we know we have 
no competitors, and we have confirmed this with the 
government organizations in this country and in the 
United States which keep in touch with information 
research throughout the world. Of course, we shall 
continue to ensure that our current awareness of this 
is as complete and up-to-date as possible. 

We are keeping in close touch with what the 
Americans are doing in S.D.I. They are well ahead 
of us in practical work but we believe that from our 
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investigation we shall discover the design of system 
which best meets the users' requirements. 

The Japanese are also interested in S.D.I. The 
President of the Japan Information Centre for Science 
and Technology, Mr. S. Hamada, is to come to London 
in February, and will spend a day discussing the 
whole question with us at the N.E.R.C. Headquarters. 

Then there is the Russian work, about which we 
have so far failed to obtain any information. On the 
13th January I had the chance of talking to Mr. A. N. 
Kosygin, the Russian Prime Minister, as we were both 
in New Delhi to attend the funeral of Lai Bahadur 
Shastri. When I told him about this lecture he expressed 
great interest and mentioned that the Russians had 
made great advances in dealing with scientific and 
technical information. I offered to send him a copy of 
my lecture and said that I hoped he would send me, in 
return, full particulars of the progress his people had 
made in this field. He promised that, if I wrote to him, 
he would give the matter his personal attention. 

8. The Pilot Phase of the S.D.I. Project 

A year ago last October, we submitted a proposal 
for the three-year project to the then Department for 
Scientific and Industrial Research. D.S.I.R.'s role in 
the support of research in information was taken over 
by the Office for Scientific and Technical Information 
of the Department of Science and Education (0.S.T.I.) 
and in May 1965 we received a letter of grant from 
them awarding us up to £6000 for support of the first 
five months of the Project. If we look back at the pro-
gramme of work (Fig. 9) this five-month period is 
abproximately Phases 1 and 2 of our Project. 

We started work on the five-month pilot phase 
project on 1st October 1965. The aim of this phase is 
to complete the detailed specification of the S.D.I. 
system and to obtain tenders from computer bureaux 
for the design, programming and weekly operation of 
the system. We need this information to enable us 
to obtain definitive figures for computer costs for 
incorporation in our proposal for the remainder of 
the Project. We issued the specification to computer 
bureaux on 31st December and asked for tenders to 
be submitted by 1 lth February 1966. 

This, however is only one aspect—the computer 
aspect. The S.D.I. Project will not stand or fall by the 
computer operation: essentially all the problems are 
the human, intellectual ones that are inherent in any 
information system however highly mechanized it may 
be. 

We have therefore been investigating manually the 
system language, the compilation of user-profiles and 
the matching of these with the documents. For this 
investigation we have indexed by subject over 800 
documents, consisting of both periodical articles and 
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research reports, covering the broad spectrum of 
electronics research. 

8.1. Subject-profiles 

For subject-profiles we invited the co-operation of a 
number of librarians and information officers. We 
asked them if they would obtain details for us of the 
subject interests of a number of users of their informa-
tion services and act as our agents, discussing their 
problems and answering their queries where they 
could. 

We had hoped to obtain perhaps 40 specimen 
subject-profiles in this way. In fact, we have had very 
full co-operation from the librarians and information 
officers we approached. Similarly, their users have 
shown great interest in the Project so that we obtained 
details of the subject interests of more than 120 users 
in government research laboratories, research associa-
tions, universities, colleges of technology, and industry. 

As shown in Fig. 15, we translated their subject 
interests, given in Column 1, into our system-language 

Column I 

Terms of description 
of interests supplied 

by user 

Column 2 Column 3 

Translated into 
indexing language 

Suggested additional 
terms (delete those 

not applicable) 

I. Radar systems Radar 

Radar equipment 

2. Systems employing Lasers 

radio, optical or Sound waves 

sonic propagation Sound ranging 

Sounding 

3. Systems designed 

for land, sea or 

airborne use 

4. Systems designed 

to detect, locate, 

track or measure 

the velocity of 

moving or fixed 

targets 

Pulse doppler radar 

Doppler radar 

Monopulse radar 

Pulse radar 

Radar transmitters 

Radar receivers 

Radar antennae 

Sonar 

Ultrasonic 

frequency 

Echo sounding 

Ground controlled 

approach 

Radar navigation 

Air navigation 

Doppler navigation 

Marine navigation 

Detection 

Radar scanning 

Radar tracking 

Velocity measurement 

Range finders 

Distance measurement 

Fig. IS. Compilation of user-profile. 
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(Column 2), and returned the details to the users with 
suggestions of associated terms and possible additional 
concepts (Column 3). When the user-profile had been 
agreed by each user, it was compared manually with 
the 800 indexed documents. Then copies of these 
documents which gave a simple match were sent to the 
user. From his assessment of the relevance of the 
documents we were able to analyse the efficiency of 
different methods of matching. 

8.2. Matching 

This question of matching is naturally extremely 
important, since it is the basis of S.D.I. There are a 
number of different ways in which matching can be 
carried out, but I think I can most easily show the 
wide variation by describing the simplest and the most 
sophisticated. 

DOCUMENT USER- PROFILE  

AMPLIFIERS 

NETWORK SYNTHESI 
RC NETWORKS 
LOW-PASS FILTERS 
ACTIVE FILTERS 
ELECTRIC FILTERS 

LOW- FREQUENCY OSCILLATORS 
FUNCTION GENERATORS 
ELECTROMETERS 
AMPLIFIERS 
ANALOGUE COMPUTERS 
R C NETWORKS 
ACTIVE FILTERS 
TRANSFER FUNCTION 

Fig. 16. Matching on three terms. 

The simplest method is where one, two or more of 
the words must be identical for the match to be success-
ful. In Fig. 16 you will see that three words are identi-
cal. If that were the condition of match specified, this 
would be a successful match. 

The more sophisticated method used Boolean logic 
in the manner illustrated in Fig. 17. A simple example 

I }- 2.(3+4+5.6).f 

That is, an acceptable match will result if either: 

Term I appears, even on its own, or 

Term 2 appears with either Term 3 or Term 4 or with Terms 5 

and 6 together, so long as Term 7 is not included in any of these 

combinations. 

Note: In Boolean logic the following signs are used: 

represents 'or' 

represents ' and' 

(a bar above a figure) represents ' not' that figure 

( ) have the normal algebraic use 

Fig. 17. Logical statement. 
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of such a Boolean logical statement is shown in 
Fig. 18. 

From this it will be appreciated that the operation 
of an efficient S.D.I. system is more involved and beset 
with more difficulties than would appear from the 
simple principle on which it is based. On the other 
hand, as we proceed we continue to find it an even 
more fascinating problem than we ever imagined. 

I. Distortion 

2. Microwaves 

3. Amplifiers 

4. Masers 

I .(2.3+4) 

i.e. distortion and ((microwaves and amplifiers) or masers) or, as 
normally expressed, 'distortion in microwave amplifiers or 
masers.' 

Fig. 18. Use of logical statement. 

At the end of February, therefore, we hope to have 
an interesting and encouraging report to make to 
N.E.R.C. and to 0.S.T.I. on the results of our five 
months' work. What is more important to us is that 
we hope to be in a position to submit a proposal, in 
considerable detail, of the programme of work we wish 
to do next. So at the beginning of March we hope to 
have the go-ahead to embark on the main part of 
the Project. 

9. Wider Implications of S.D.I. 

So far I have been discussing S.D.I. in the context 
of what we are doing on our present pilot-phase 
project and what we intend to do in the main part of 
the Project in the following two to three years. 

But although we must devote all our efforts to these 
immediate goals we have continually in mind the 
great potentialities of the S.D.I. system and its use on 
a much larger scale in a wider context. It is with these 
possible developments of the system, some of them 
still years away, others almost complete, that I should 
like to deal in the final part of my discourse. 

Our present project, since it was initiated by 
N.E.R.C., is tackling the information problem in the 
field of electronics research. Electronics research is a 
very suitable field in which to conduct the investiga-
tion as we have close relations with all the organiza-
tions concerned with electronics research and know 
that we can obtain the co-operation of their research 
workers. But there is nothing in the S.D.I. system that 
requires it to be confined to information on electronics. 
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Similarly, there is no reason why the system should 
not spread far beyond the confines of this country, in 
particular throughout the Commonwealth. 

9.1. Commonwealth Participation 

The whole concept of the National Electronics 
Research Council has aroused interest in the more 
advanced Commonwealth countries and a number of 
them are investigating the setting up of a similar body 
in their own countries. The S.D.I. Project has a 
particular appeal to these countries since they realize 
that the information problem cannot be tackled 
satisfactorily or easily by any one of them on its own. 

Last year, while still serving as Chief of the Defence 
Staff, I had occasion to visit Canada, Australia, New 
Zealand and India. Our literature and all recent 
numbers of N.E.R.C. Review had already been sent to 
the appropriate people but I was agreeably surprised 
to find the intensity of interest shown during my visit. 

I welcomed the inquiries made by government 
departments, universities and industrial organizations. 
My discussions with them have led us to examine how 
N.E.R.C. can bring in Commonwealth participation 
in the S.D.I. Project. 

Some months ago, the Weapons Research Establish-
ment in South Australia offered to nominate several 
of its research workers to take part in our investiga-
tion. Then, as recently as last November, the Secretary 
of the Institution of Electronic and Radio Engineers, 
Mr. Graham Clifford, who was one of the founder 
members of N.E.R.C., visited Canada and had 
valuable discussions on behalf of N.E.R.C. As a 
result he has been able to arrange for some 70 to 80 
Canadian research workers in electronics to take part 
in the later phases of the S.D.I. Investigation. 

Mr. Clifford is shortly visiting India, Australia and 
New Zealand and will discuss on our behalf how 
research workers in those countries can take part in 
the later phases of the Project. 

Thus we hope to have the help of up to 200 research 
workers in other Commonwealth countries. These will 
be additional to the 800 United Kingdom participants 
in the main Project, bringing the total to 1000. We 
hope that their participation will allow us and them 
to assess the importance of their special problems of 
distance and time, and perhaps availability of the 
actual information material. It will certainly give us a 
wonderful opportunity to forge close links in co-
operative activities in information work. 

This could be particularly useful since we see a two-
way flow of information. From the United Kingdom 
there would be the flow of S.D.I. notifications to the 
research workers in the different countries. From these 
countries we hope to be supplied, for inclusion in the 
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S.D.I. system, with unpublished or semi-published 
material issued by their various government establish-
ments, universities and industrial organizations. These 
will mainly be research and technical reports, 
university theses, and conference papers. Few of 
these are made generally known or available in this 
country, or indeed other countries. We hope that each 
country will nominate a liaison officer who will 
acquire the documents on our behalf. 

We feel strongly in N.E.R.C. that this bonding 
together of Commonwealth research interests will not 
merely be valuable: it is really essential if we are to 
compete with the vast resources of the U.S.A. and 
U.S.S.R. 

9.2. Application to other Subjects 

As mentioned earlier, there is no reason why the 
S.D.I. system should be confined to the subject area of 
our investigation, electronics. In fact, our investiga-
tion is designed with the express intention that, if it is 
successful, the system developed for the Project (that 
is, the concepts, methods and computer programs) and 
the results of the investigation, will be immediately 
applicable to any other branch of science or technology 

In the field of medical information, computers are 
in regular use in the United States for the production. 
of the abstract journal, Index Medicus, and for infor-
mation retrieval. A British system is being established 
at present to use the computer tapes generated by the 
U.S. system. These tapes contain both the details of 
documents and the words defining the subject matter 
of the documents. Thus one half of the input required 
for an S.D.I. system is already available. Only a file 
of user-profiles would have to be added to the system 
to establish an S.D.I. service. 

In electrical engineering and physics, the fields 
covered by the Institution of Electrical Engineers' 
publications Electrical Engineering Abstracts and 
Physics Abstracts, an S.D.I. system could usefully 
supplement the computer system which is projected 
for producing their abstract journals and providing 
ancillary information services. 

In chemistry and chemical engineering, with their 
especially large and growing literature, S.D.I. would be 
particularly useful. There is the problem of codifica-
tion of chemical structures but much work has been 
done on this and a number of solutions are available. 

There is similarly scope for S.D.I. in other sciences 
such as biology, oceanography, mathematics and 
statistics, but it is in the technologies that S.D.I. 
might provide a real breakthrough in information 
work. 

Mechanical engineering and structures, aircraft 
engineering, civil engineering, metallurgy, transport 
engineering, production engineering and similar 
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engineering subjects or technologies are extremely 
difficult subjects in their information requirements. 
There are few abstract journals covering each of these 
fields entirely and in general it is difficult to define the 
fields accurately and to ensure that all the information 
is covered. An S.D.I. system which covered the whole 
field of technology and engineering would overcome 
many of the present difficulties and be of very great 
help to engineers and technologists who at present are 
less well catered for and have much more of an infor-
mation problem than scientists and research workers. 

9.3. Possible Later Developments 

The two developments I have mentioned—the 
participation of research workers in Commonwealth 
countries in our Project, and the application of S.D.I. 
to other disciplines—may occur within the next few 
years. But it is when one thinks of the possible 
development of S.D.I. further in the future, say 10 to 
15 years ahead, that one can see most clearly its great 
possibilities. 

Let us' take the Commonwealth interests first. 
Rather than send copies of the notifications from this 
country to the research workers in the various coun-
tries, the system would be decentralized for speed and 
efficiency. Each country would have its own list of 
user-profiles on a computer file but all the subject-
indexing of documents and computer programming 
would be done in the United Kingdom. Each week a 
copy of the tape containing details of the new docu-
ments would be transmitted to each country which 
would then provide an S.D.I. service to its research 
workers using its own computer. 

In Britain, as data transmission techniques develop 
and research establishments acquire their own 
computers, one can visualize a more advanced but 
already feasible scheme of S.D.I. All scientific and 
technical information, whether in periodical reports, 
conference papers or any other form, would be subject-
indexed at a large information centre. Each evening 
this subject-indexed material would be matched with 
the broad subject requirements of each organization 
taking part in the scheme. 

Details of the documents which matched each 
organization's requirements would be transmitted 
direct from the centre's computer over a data trans-
mission link to the organization's computer. In the 
latter a further matching would be made automatically 
with the profiles of individual scientists and engineers 
and the S.D.I. output distributed. Thus, every morn-
ing, each scientist or engineer would have waiting for 
him on his desk details of all the information of 
interest to him which had been received by the informa-
tion centre in the previous day. 
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10. Conclusion 

This lecture has not only been a wonderful experience 
for me but it has been of the greatest value to N.E.R.C. 
to have this opportunity of making known the details 
of the S.D.I. Project before the conclusion of the pilot 
phase. I believe that the fullest benefit cannot be 
obtained from our Project without an adequate 
knowledge of what we are trying to do, so that all who 
have the interests at heart of the future development 
of research in electronics and other sciences and 
technologies throughout the Commonwealth can give 
us at least their moral support. I propose to give a talk 
on S.D.I. in Canada in April and in India in a year's 
time to further this end. 
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Chairman, Ferranti Limited. 

Vice-Chairman, The General Electric Company 
Limited. 
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Director of Electronics Group, Associated Electrical 
Industries Limited. 

Chairman, The English Electric Company Limited. 

Chairman, English Electric-Leo-Marconi Limited. 
Chairman, Thorn Electrical Industries Limited. 
Director, Standard Telephones and Cables Limited. 
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11:1) The Royal Institution of Great Britain, 1966. 

Meeting of the Institution's Canadian Division 

On 14th April Lord Mountbatten addressed a meeting of the Institution's 
Canadian Division in Ottawa on 'The Selective Dissemination of Information 
Project of the British National Electronics Research Council'. His paper was 
based on the foregoing address, and the meeting was held in co-operation with 
the Canadian National Research Council and the Defence Research Board. The 
chair was taken by Professor A. D. Booth, Chairman of the Canadian Division. 
The Division gave a dinner in honour of Lord Mountbatten at the Chateau 
Laurier Hotel, the same evening. 
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Design of Low-noise Solid-state Microwave Sources 

By 
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G. GRANDCHAMP t 

Reprinted from the Proceedings of the Joint LE.R.E.-LE.E. Sym-
posium on 'Microwave Applications of Semiconductors' held in 
London from 30th June to 2nd July, 1965. 

Summary: In applications such as communication and Doppler 
systems, the f.m. noise performance of microwave sources is quite critical. 
The noise performance of X-band microwave sources using transistorized 
crystal oscillators and amplifiers and varactor frequency multipliers has 
been studied. The paper discusses the limitations due to the crystal, the 
associated oscillator, the amplifier and the multiplier and also the methods 
used to measure their contribution. Theoretical and experimental results 
are compared. 

1. Introduction 

The subject of this paper is the analysis of the noise 
characteristics of typical solid-state microwave sources 
using a transistor v.h.f. oscillator and amplifier 
followed by a varactor multiplier. 

The driver and local oscillators of high capacity 
communication systems have to meet very tight 
specifications regarding the f.m. noise accompanying 
the carrier. For Doppler radars, system engineers are 
usually interested in short term frequency stability or 
in short term overall phase jitter which can be calcu-
lated as soon as the f.m. noise spectrum and the 
demodulation transfer function of the equipment are 
known. 

The contribution of each part of the chain to 
the overall parasitic angular modulation will be 
studied theoretically and experimentally in this paper. 
The theoretical limitations due to the crystal, the 
associated oscillator, the amplifier, the harmonic 
generator will be described as well as the experimental 
methods used to measure their contribution. 

2. Definitions relative to F.M. Noise 

The authors use for noise quantities the definitions 
most commonly employed by tube manufacturers. 
F.m. noise power is measured in a 1 kc/s band at a 
certain distance from carrier frequency. Then f.m. 
noise is expressed in terms of carrier frequency 
deviation in cycles/second (root mean square value). 

The following example will clarify this definition: 

Assuming that a power source has, with this 
definition, an f.m. noise of 10 c/s r.m.s. referred to a 
1-kc/s bandwidth 100 kc/s away from the carrier 
frequency, then, in the reference bandwidth, the 
noise power is the same as the power which would 
be measured in one sideband if a noise-free source of 
the same carrier level was frequency modulated at 
100 kc/s with a carrier frequency deviation of 10 c/s 
r.m.s. 

t Thomson-Varian, 6 rue Mario Nilds, Paris, 15e. 
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Noise power is actually measured at video fre-
quencies and noise figures are then referred to one 
sideband at radio frequency. 

Then, with this definition, the quantity actually 
measured is the carrier/noise-power ratio which can 
be written to a first approximation as 

2—F,„ 
() = 20 log .‘/ Af 
" dB 

Af being the r.m.s. carrier frequency deviation, 
F. = f1 —f0 with fo = carrier frequency, f1 centre 
frequency of the 1 kc/s window; C is carrier power and 
N noise power. 

This approximation is justified if the modulation 
index is small, an assumption which is always true in 
the case of modulation by noise. The expression takes 
into account the 1W2 ratio between r.m.s. and peak 
deviation. In Appendix 1 are given the relations 
between these quantities and those which are commonly 
used by system engineers, that is to say: 

Noise power measured in picowatts referring to a 
1 mW signal in a psophometric window of 4 kc/s 
bandwidth. 

Signal/noise ratio expressed in decibels by com-
parison with a 200 kc/s carrier deviation for a 1 mW 
level. 

Short term frequency stability. 

Short term phase jitter. 

3. Measuring Equipment 

Most of the measurements have been performed on 
solid-state sources including crystal oscillators in the 
100 Mc/s range and delivering 150 mW in X-band 
after a frequency multiplication by a factor 96 
(4x 3 x 2 x 2 x 2)(Fig. 1). 

Most of the test equipment works in X-band and is 
housed in a screened room. It comprises: 

(1) Microwave frequency discriminators which are 
associated with various wave analysers and a very 
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1- CRYSTAL OSCILLATOR   > -4- 100 Mcis - 8 W 

40014c/s - 4W 

2 r 1 

-.1-1200 Mc/s - 2W 

2400 Mc/s - 1200 mW 

17*---- 4800 Mc/s - 600 mw 

LJ 
> 9600 Mc/s - 200mW 

Flg. 1. Typical solid-state source used in the experiments. 

sophisticated calibration apparatus. A typical 
discriminator is shown in Fig. 2. These discriminators 
are used to plot the f.m. noise spectrum. The typical 
sensitivity allows the measurement of noise frequency 
deviations as low as 01 cis related to a 1 kc/s band-
width. 

(2) A differential measurement set-up which allows 
the measurement of the phase jitter between two 
sources having the same output frequency. The block 
diagram of this set-up is shown in Fig. 3. The typical 
sensitivity of this equipment permits the detection of 
phase components in a 1 kc/s bandwidth corre-
sponding to a jitter of 3 seconds of =00' radian). 
The contribution of each part of the chain can be 
measured by the following process: 

Identical solid-state microwave sources feed the two 
input waveguides of the bridge. Then, successively, 
various parts of the chains are driven by a common 
generator, the lower frequency parts of the chain left 
out of operation being disconnected. For each 
successive experiment the remaining phase noise is 

Fig. 2. Typical microwave 
discriminator and 
video equipment. 

NO FOR M ER 

\—yvkir± nA   

HIGH 0. CAVITY 
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the contribution of the sections of the chains under 
test. By successive differences the noise contribution 
of the oscillator, the low level amplifier, the power 
amplifier and the varactor multiplier can be evaluated. 
Assuming that the two chains are identical, the result 
is decreased by a factor of 3 dB. If one chain is worse 
than the other the maximum error is 3 dB and this is 
quite acceptable in measurements of this type. The 
differential phase bridge includes an auxiliary phase-
locking channel which is used to maintain long-term 
phase difference to a fixed value in certain experiments. 
The bridge is calibrated statically by feeding the same 
signal directly in one arm and through a precision 
phase shifter in the other arm. 

4. Basic Experimental Results 

The following results have been used as a guide for 
theoretical analysis of the noise spectrum. 

Figure 4(a) shows the typical f.m. noise spectrum 
of a klystron. The deviation Af related to a 1 kc/s 
bandwidth decreases as F„, increases (F„, being the 
difference between the centre frequency of the 1 kc/s 
window and the carrier frequency). 

Figure 4(b) shows the typical f.m. noise spectrum 
of a solid-state varactor source which is quite different 
from that of the klystron. 

Obviously the nature of the noise is not the same in 
the two cases. In the first case, noise sources in the 
klystron lead to pure f.m. noise which decreases 
continuously on each side of the carrier. 

In the second case, the noise spectrum has been 
understood as being the sum of two contributions. 
The f.m. components which appear very close from 
carrier are due to frequency modulation in the 
oscillator. 

This frequency modulation is related to the loop 
gain phase jitter. The importance of this contribution 
depends upon the crystal loaded Q. Replacing the 
crystal oscillator by a free running oscillator leads to 
a much wider spectrum as shown in Fig. 4(c). 

TRANSFORMER 

MATCHING 
NETWORK VIDEO 

HP 302A 
0.02 TO 50 kc/s 
SELECTIVE VOLTMETER 

tipi.,71 1 TO 1500 kc/s 

  SELECTIVE VOLTMETER 

spA3/25al SINGER VIDEO PANORAMIC 

  ANALYZER 
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BALUN 
TRANSFORMER 

CHAIN No.1 

Fig. 3. Differential phase-jitter 
measurement set-up. 

:OSCILLATOR 

L  

COMMON 
GENERATOR 

PART OF CHAIN ir 4 No 1 UNDER —I  
TEST  

rOSCILLATOR1 r PART OF CHAIN 
I AND PHASE1---: H, No 2 UNDER 

LMODULATOR'  f TEST  

CHAIN No 2 

OUTPUT OF THE LONG TERM 
PHASE LOCKING LOOP 

The components of the spectrum which increase 
linearly with Fm are due to the additional phase noise 
of the amplifier. Thermal noise in the amplifier leads 
to amplitude and phase modulation. For the portion 
of the spectrum which we are interested in, the band-
widths of amplifiers and multipliers do not give any 
limitation. The phase jitter is then a white noise of 
spectral density S v, constant with frequency, and leads 
to an f.m. noise, the density (5.f of which is Fmae 

fo fi Fm 

(a) Typical noise spectrum of a klystron. 

Fm 

(b) Typical noise spectrum of a solid-state varactor source. 

f 

(e) Typical noise spectrum of a solid-state source driven by a 
free running oscillator. 

Fig. 4. 

April 1966 

A 

LOW-PASS 
FILTER 

SIDE - BAND 
FIL ER 

BALUN 
TRANSFORMER 

30 Mc's 
I F. 

PHASE 

DISCRIMINATOR 

30Mcis 
CRYSTAL 

OSCILLATOR 

DE0E_ 

VIDEO 
ANALYZER 

and increases with Fm. The carrier/noise power ratio 

(C , fFm 
= 20 tog Af 

1 dB 

is constant as Fm varies. 

5. Theoretical Results 

5.1. Contribution of the Additional Noise of the 
Amplifier 

The assumptions are: 

The amplifier is supposed to work in linear opera-
tion; that is to say the signal and noise functions can 
be handled separately and added at the output. 

The varactor multiplier does not itself contribute 
to noise and its role is limited to multiplying the index 
of the parasitic modulation. 

The r.m.s. frequency deviation is expressed by: 

,,/A(()) 
= nF„, 

where 

\/2 (C\ ..JA(w0) 

Af = r.m.s. frequency deviation due to noise 
measured in a 1 kc/s bandwidth at 
Fm c/s away from the carrier. 

N = noise figure of the amplifier 

n = frequency multiplication factor 

A (w) = power gain of the amplifier 

A (coo) = power gain of the amplifier at carrier 
angular frequency 
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(C \ ratio of carrier-power to amplitude-
noise-power in a 1-kc/s bandwidth at 
Fm kc/s from the carrier at the input of 
the amplifier. The use of this ratio takes 
into account the fact that thermal noise 
can be represented by two equal com-
ponents in quadrature. The one which is 
in phase with the signal gives amplitude 
modulation. The one which is in quad-
rature with the signal gives phase 
modulation. 

The deviation increases with Fm as has been ob-
served experimentally. This formula has been 
demonstrated but the result can be guessed if its 
meaning in terms of carrier/noise-power ratio is 
understood. 

Carrier/noise power ratio is proportional to the 

quantity (41Af)2 

The formula shows only that the carrier/noise-

power ratio at the input ( is degraded by 
N in 

the noise figure of the amplifier N 

the frequency multiplication factor n which multi-
plies the modulation index, 

and is affected by the band-pass frequency characteris-
tic of the system. 

5.2. Practical Examples 

The following examples will show the order 
magnitude of f.m. noise due to this process. 

Assuming the following figures: 

multiplication factor n = 96 

noise figure N = 3 dB 

(—C) = 120 dB at Fm = 100 kc/s N in 

The thermal noise power available at room tem-
perature is: 

P„ = 4 x 10-21B 
If 

Then 

B = 1000 c/s 

P„= 4 x 10-21 x 103 = 4 x 10- " watts 

10-3 

(TVC )in =  4 x 10-18 

(NC)in= 144 dB 

This input carrier/noise ratio leads to a noise 
deviation Af = 0.6 c/s at 100 kc/s from carrier. 

This result is quite significant taking into account 
the fact that for various Doppler systems the require-
ments on the noise frequency deviation are in the 
1 c/s range at 100 kc/s from carrier. 

— 2 5 x 10" 

5.3. Power Level Requirements 

The practical conclusion of this part of the study 
is that the power level at the input of the amplifier 
must be as high as possible. There appear limitations 
because the output power of the oscillator is a function 
of two parameters: 

the power gain of the transistor 

the maximum power which can be dissipated in the 
crystal. 

Moreover a certain amount of decoupling attenua-
of tion is necessary between the oscillator and the first 

amplifier. 

the band pass of the system being wide with respect 
to 100 kc/s. 

Then 
nF„,,ITV 96 x 105  

/2 (C 106 

) in 

r-..• 10 c/s 

The second example shows an important limitation. 

Assume that the power level at the input of the 
amplifier is 1 mW. The carrier/noise ratio is limited 
by thermal noise. 
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5.4. Contribution of the F.M. Noise of the Oscillator 

It was shown in Sect. 5.1 that thermal noise in an 
amplifier produces small amplitude variations and 
phase jitter. The analysis of the oscillation criterion 
of a crystal oscillator shows that the phase jitter duo 
to noise which appears in the loop leads to a frequency 
jitter. The corresponding f.m. noise at the output of 
the solid-state source has been calculated, using the 
following parameters. 

Pq 

Qq0 

QQC 

fo 

power dissipated in the crystal 

unloaded Q of the crystal 

loaded Q of the crystal 

absolute temperature 

frequency of oscillation 
frequency multiplication factor. 

The simplified h.f. equivalent circuit of the oscillator 
is given in Fig. 5. The auxiliary networks required for 
phasing and crystal neutralizing have been omitted. 
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Fig. S. Simplified h.f. equivalent circuit of oscillator. 

Other assumptions are that 

the internal feed-back of the transistor is negligible 

the output impedance of the transistor is high. 

Both conditions are realized for the transistors used 
in actual operation. 

Then at the output of the source: 

,\IKTB n 1 
LIf = fo 

P„ Qq0Qqc 4Q:c (-ein-e )2 
Jo 

The following example will show that the contri-
bution of the oscillator to the total f.m. noise is small. 
Assuming a relatively poor value of Qgo and Q„, 
for instance: 

'IQ oQ = 7000 
fo = 100 Mc/s 

n = 96 

Pq = 0.1 mW (actually this value could be 
increased up to 1 mW) 

F,„ = 0 (maximum noise occurring at 
carrier frequency) 

¿f= 0.28 c/s 

For Q„ = 5000, the spectral distribution is given 
by the factor: 

1 

,\/1 412,21c (F)2 

f0 

The 3-dB points are 10 kc/s away from the carrier 
frequency. 

6. Experimental Results 

The experimental results explained qualitatively in 
Section 4 will now be compared quantitatively with 
the theoretical results. 

6.1. Additional Noise 

The linearly-increasing noise deviation gives values 
around 3 .5 c/s in al-kc/s bandwidth for an X-band source 
at 100 kc/s from carrier. Other authorities on low noise 
systems have claimed results around 1-5 c/s in a 100-c/s 
bandwidth at the same frequency. These figures are 
equivalent because the last one has to be multiplied 
by ,/10 which is the square-root of the bandwidth 
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ratio when compared with results obtained in a 1-kc/s 
bandwidth. In order to compare these results with 
the theoretical formula, several noise measurements 
have been performed on v.h.f. amplifiers. Starting 
from power levels in the 1 to 10 mW range, low noise 
v.h.f. transistors (such as 2N918, 2N3287 etc.) have 
been used in neutralized class A operation. Gain was 
limited to 13 dB for stability requirements. Dis-
appointing results have been obtained. These 
transistors give noise figures in the 3 to 3.5 dB range 
when used in receiver circuits, that is in very small 
signal operation with optimum generator impedance. 
Used in medium power amplification, noise figures 
around 5.5 to 6 dB have been obtained when all 
parameters were optimized. Optimum conditions are 
quite critical and practical values as high as 10 dB 
have been commonly measured. 

The noise figure of the second amplifier operating 
in the 200 mW output power range is not negligible. 
Typical values are around 20 dB. 

If the first amplifier has a noise figure of 10 dB and 
a gain of 13 dB, the overall noise figure is: 

N2—! 100-1 
N = N i G1 — 10 + 20 — 15 

N = 12 dB 

Assuming these figures and an input level of 1 mW 
which is a reasonable value, the contribution of the 
thermal noise can be calculated and gives: 

Af = 1-7 c/s related to a 1-kc/s bandwidth at 100 
kc/s from carrier. 

This value is about one half of the overall noise 
deviation and these figures show that additional noise 
is a critical parameter in this problem. 

6.2. Oscillator Noise 

The numerical example given in Section 5.4 shows 
that for values of Qq0 and Qq, encountered in practice 
a crystal oscillator, near carrier, should give a devia-
tion of approximately 0.3 c/s with respect to a 
1-kc/s bandwidth. In the same conditions a free-
running oscillator having a loaded Q 50 times lower 
should give a noise deviation of 15 c/s. 

In practice, the very low frequency noise com-
ponents are measured after demodulation in a 10 c/s 
bandwidth window. Then the figures are multiplied 
by 10 to be related to the 1000 c/s bandwidth used for 
higher frequency components. Very near the carrier, 
actual values are 10 to 20 times greater than calculated 
values. The actual noise deviation decreases very 
quickly and approaches the theoretically predicted 
curve at its 3 dB points. 

This observed low frequency excess noise contri-
bution can be explained as follows: 
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The oscillator noise theory assumes that: 

the oscillator circuit in open loop is a linear 
amplifier 

the oscillator is just maintained at the oscillating level 

in these conditions there is no possibility of inter-
action between the v.h.f. carrier and low frequency 
noise 
the cut-off frequency of the oscillating transistor is 
very high. 

Considering the noise figure versus frequency of a 
typical v.h.f. transistor it is supposed that carrier 
frequency is lower than the point where noise factor 
starts increasing with frequency with a slope of 6 dB 
per octave (Fig. 6). In the frequency domain where 
the transistor noise figure is flat, the Nielsen formula, 
which gives its expression, is simplified and: 

re 

21Z,, 

re, r,, and R9 corresponding to the equivalent circuit 
shown in Fig. 7. In these conditions the overall 
oscillator noise power comes from three sources: 

the output impedance of the feed-back network 
which feeds power to the crystal 

the crystal resistance 

the input resistance r„ of the transistor (the 
output being short circuited). 

Only these three noise sources have been considered 
in the oscillator noise theory. If a mixing process 
exists between carrier and low frequency excess noise, 
the latter has to be allowed for. 

Figure 6 shows that the noise figure of a typical 
v.h.f. transistor has a low frequency corner around 
100 kc/s. The slope of the curve is 3 dB/octave. 
Starting from values around 4 dB at 100 kc/s the 
noise figure reaches: 

10 dB at 10 kc/s 

20 dB at 1 kc/s 

and extrapolation to lower frequencies leads to: 

30 dB at 100 c/s 

40 dB at 10 c/s 

s• 
••  
• 

4. 

• 
••  

0-01 
kc/s ---,-

Fig. 6. Noise characteristic of typicál v.h.f. transistor. 

01 lo 10 10 10 10 
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Fig. 7. Equivalent circuit for v.h.f. transistor. 

Experimental analysis of the contribution of this 
mixing process has been started and leads to long and 
difficult measurements. It needs the comparison of 
noise spectrum of different types of oscillators, 
namely, level-controlled oscillators and oscillators 
operating at lower frequency using transistors having 
better audio frequency characteristics, etc. 

Conclusions on this point have not yet been com-
pleted. 

However, assuming that mixing process has, for 
instance, a contribution to the overall noise 20 dB 
lower than the process due to loop-gain phase-jitter, 
there is no difficulty in explaining the experimental 
results. 

At 10 c/s the excess noise will be 20 dB above the 
loop-gain phase-jitter noise. 

At 100 c/s the contribution will be + 10 dB. 

At 1 kc/s the contribution will be equal. 

At 10 kc/s it is negligible with respect to both 
oscillator and additional noise. Figure 8 shows that 
this hypothesis agrees well with experimental results. 

6.3. Contribution of the Varactor Multiplier 
Using the differential phase-jitter measurement 

equipment, no appreciable noise contribution has 
been found. The limit of sensitivity of the apparatus 
being 10-5 radian, this means that the multiplier 
additional noise is lower than 04 c/s at 10 kc/s and 
1 c/s at 100 kc/s with respect to a 1-kc/s bandwidth. 
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7. Methods Developed in order to Improve 

High Frequency Noise Characteristics 

Various methods have been tried in order to reduce 
the f.m. noise, especially for frequencies away from 
the carrier. In such applications as slow target 
coherent Doppler radars, solid-state sources have 
very satisfactory performances. Their short term 
stability on time intervals in the 01 to 1 ms range 
leads to radar visibility factors of 50 dB or more 
which is the limit obtained with good klystrons 
associated with large cavities and sophisticated 
stabilizing loops. For fast target Doppler systems and 
communication systems, the klystron has the advan-
tage that its carrier/noise-power ratio is improved 
when distance from carrier increases. In order to 
compete with the best low-noise klystrons in these 
applications, the carrier/noise-power ratio of solid-
state sources which keep a fairly constant value has to 
be compressed. 

7.1. Compression by Microwave Frequency 
Discrimination 

In this method (Fig. 9), a small part of the output 
power drives a microwave frequency discriminator. 
The output of the discriminator feeds a video ampli-
fier followed by correction networks. The loop is 
closed by feeding the corrected video signal to a 
phase modulator. 

With such a system which includes phase modu-
lation and frequency discrimination the loop gain 
increases linearly with frequency. Thus, when 
compression is applied, the noise frequency deviation 
becomes flat. 

Compression factors of 20 and even 30 dB have 
been obtained at 100 kc/s from carrier. The use of a 
microwave discriminator does not increase the size of 
the source too much. In effect, a relatively low 
sensitivity discriminator is satisfactory for this use, 
because, on the other hand, very high sensitivity is 
obtainable from the phase modulator. Moreover, the 
modulation index is multiplied in the source by the 
frequency multiplication factor giving a phase gain. 
In these conditions, even with a low sensitivity 
discriminator there is not much problem in obtaining 
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Fig. 9. Compression using microwave frequency discrimination. 
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sufficient loop gain using a simple video amplifier 
which can be realized with two or three integrated 
circuits. 

Microphony is not a critical problem even for 
tunable systems because the loop gain is very small at 
low frequencies where mechanical resonances appear. 

7.2. Compression by V.H.F. Phase Discrimination 

Additional noise in the amplifier can be compressed 
by using a feed-back loop as shown in Fig. 10. 

A v.h.f. phase discriminator compares signal phase 
at the input and the output of the amplifier and the 
amplified error signal is applied to a phase modulator. 

8. Amplitude Noise 

The f.m. noise deviation due to additional noise 
measured in a 1-kc/s bandwidth corresponds to a 
carrier/noise-power ratio close to 100 dB. Carrier-
a.m. noise-power ratio measured in the same con-
dition is in the 115 dB to 130 dB range. 

With amplitude modulation the carrier/noise-power 
ratio is much higher than with f.m. because amplitude 
noise is not affected by frequency multiplication. 

Final results on a.m. modulation in solid-state 
sources are not yet available. 

9. Appendix 1 

Relations between Various F.M. Noise Definitions 

In this paper, f.m. noise is expressed in terms of 
carrier frequency deviation 31 in c/s r.m.s. referring 
to the noise power measured in a 1-kc/s bandwidth 
rectangular window of centre frequency fo + F„„ 
fo being the carrier frequency. 

Then the carrier/noise-power ratio can be written 
to a first approximation as: 

= 20log ,ifF,„ 
1Y dB 

A usual definition of noise in communications 
problems considers the noise power in a given band-
width, for instance a 4-kc/s psophometric window, 
referring to a signal power level of 1 mW. This 
noise power PN is usually measured in picowatts. 
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Fig. 10. Compression by v.h.f. phase discrimination. 
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Then a signal/noise ratio is defined as 

( )dB= 90 + 10 log 1 -
PN 

Considering the carrier/noise-power ratio and 
referring to a 1 mW level, the relation between Af 
measured in a 1-kc/s bandwidth and FN measured in 
picowatts in a band B can be calculated: 

2 
PN = 5 x 1vA ,- on5 2 DP 

(F.) 

PN is in pW, C carrier power in mW, B in c/s. For 
instance if the band of interest is a psophometric 
window of 4 kc/s bandwidth (equivalent to a 2-kc/s 
rectangular window). 

PN = 10 x 108 C (4f)2 
(F„,)2 

Assuming for instance btf = 1 c/s r.m.s. at F„, = 100 
kc/s for a carrier level of 100 mW leads to a noise 
power in a 4 kc/s psophometric window: 

PN = 10 pW 

If the signal/noise ratio has to be related to a given 
deviation Afi referring to a band B and a 1 mW 
signal level, then 

IC' 
== 2v n btfl ijil" 

N dB 
—  log — CdBm 

clf B 

C being the carrier power expressed in dB above the 
1 mW reference level. 

Assuming for instance a reference deviation of 
200 kc/s for a 1 mW level, a 4-kc/s psophometric 
window and a carrier level of 100 mW, if Af = 1 c/s 

(.1 
—C) dB= 201og 2 x 10'  

20 = 83 dB V  •Nri 

10. Appendix 2 

Relations between F.M. Noise and Frequency 
and Phase Short-term Stability 

Frequency and phase short-term stability with 
respect to a given time interval r can be calculated as 
soon as the noise spectrum and the demodulation 
transfer function of the system are known. 

The instantaneous angular frequency deviation 
cr.(t) during a time interval r can be defined as 
follows. 
Assuming that the phase of the signal is at the 

instant t: 
0(0 = cot+ 0(1) 

and at the instant t+ z 

0(t+ t) = co(t +r)+ 0(t + r) 

0(t+ r)— 0(t) = cor + +r)— 0(1) 

For a signal of angular frequency co, the phase 
accumulation should be cor. 

Then the angular frequency deviation during time 
interval r can be defined as: 

cr,o(t, r) — 0(t + —z) ti(t)  

The frequency jitter is due to thermal noise which 
presents a Gaussian spectral distribution. It can be 
studied by the calculation of its mean square value 

1   
(7!(t, r) = [0(t + r)— «Or 

Following classical development 

1   
alp, = [02(1+ r)+ 02(0— 20(00(1+ T)] 

0(00(t+T) = MT) 
is the correlation function of the phase deviation 

co 

02(0 = 02(t + = Pe» = f We(Q) di2 

We (Q) being the spectral density of the phase 
deviation after demodulation (S2 = 2nF„, being the 
video angular frequency). 

Then 

0"?0(t, = ,F22 [PO) POW 

It can be demonstrated that 
00 

  2 
r) = f Wo(Q) [1 — cos Dr df2 

Cf! (t, r) is null for r = 0 and r = co, a result which 
is evident from the definitions used. Obviously, as 
soon as the frequency noise spectrum is known, 
there is no difficulty in obtaining the phase spectral 
distribution after demodulation through a system 
presenting a transfer function A(Q). 

If WI (Q) is the frequency noise video spectral 
distribution 

7rW (Q) 
WoM= f 2 A(Q) a 

Integration can be performed directly or using 

graphical methods. Then the quantity TN/a! (t,r) 
can be calculated which is the phase jitter on a 
correlation interval r and which appears in the 
computation of sub-clutter visibility factors etc., in 
various Doppler systems. 

Manuscript received by the Institution on 14th June 1965. (Paper 
No. 1034.) 
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posium on 'Microwave Applications of Semiconductors' held in London 
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Summary: The minimum noise temperature of a parametric amplifier 
depends on the varactor junction capacitance, spreading resistance and 
its thermal temperature. The time-dependent junction capacitance 
remains nearly constant by cooling. But the spreading resistance remains 
constant with cooling only if the varactor is degenerately doped and has an, 
abrupt p-n junction. Actually the junction region is slightly graded and 
therefore not degenerate. Thus the spreading resistance increases two or 
three times by cooling from room temperature to 4°K. The higher the 
thermal resistance of the varactor the more the spreading resistance is 
heated by the pump power. The measured thermal resistance of some 
diffused varactors is nearly the same at room and helium temperatures, 
while the thermal resistance of an epitaxial varactor increases sharply at 
very low temperatures. So the optimum pump frequency for minimum 
noise may be much lower than calculated from previous theories which 
neglect the pump heating. This is because the pump heating decreases 
with decreasing pump frequency and is of greater importance at low 
ambient temperatures. Considering the increase and the heating of the 
spreading resistance the minimum diode noise temperature of a helium 
cooled parametric amplifier at 4 Gc/s is calculated to be 3°-4°K. This 
agrees with measured data. 

B bandwidth 

C junction capacitance 

qo junction capacitance at zero bias 
e unit charge 

fl signal frequency 

f2 idler frequency 

fc cut-off frequency of the varactor 

fi, pump frequency 

k Boltzmann constant 

n carrier concentration 

P pump power 

Pay available noise power of the spreading 
resistance 

42 dynamic quality factor of the varactor 
R, spreading resistance 

R th(e) equivalent thermal resistance 

R th(j) thermal resistance with junction heated 

So, Si Fourier coefficient of the time-dependent 
elastance 

t Central Laboratories of Siemens and Halske A.G. Munich. 

The Radio and Electronic Engineer, April 1966 

T noise temperature of the amplifier 

Ta ambient temperature 

T., equivalent noise temperature of the spreading 
resistance 

T. temperature of the spreading resistance 

AT equivalent heating 

ATo heating parameter 

VB breakdown voltage 

1/0 bias 

I.4 mobility 

cr conductivity 

4) contact potential 

I. Introduction 

The noise of parametric amplifiers is due mainly to 
the thermal noise of the varactor spreading resistance 
and can therefore be reduced by cooling the varactor. 
However the noise temperatures measured for cooled 
amplifiers exceed markedly the values calculated 
according to present theories."2.3 An investigation 
of this phenomenon is rendered difficult by the in-
accuracy of measurements of low noise temperatures. 
The noise temperature T of parametric amplifiers 
produced by the thermal noise of the spreading 
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resistance depends on the dynamic Q of the varactor, 
on the idler/signal frequency ratio f2/fi, and on the 
temperature T,. of the spreading resistance. For a 
high dynamic Q and an idler circuit without additional 
loading, the noise temperature is determined by the 
equation' 

- [1 12 +fil T T  (1) 
Ji f2 r 

The dynamic Q of a varactor 

2co1R,  (2) 

depends on the spreading resistance Rs, the Fourier 
coefficient S1 and the signal angular frequency coi. 
S1 is described by the time-dependent elastance of the 
diode junction: 

S(t) = So + Si cos (opt  (3) 

cop is the pump angular frequency. The temperature 
T,. of the spreading resistance exceeds the ambient 
temperature because the bulk regions of the varactor 
are heated by the pump power.' 

The noise of a parametric amplifier may further be 
increased by noise sources in addition to the thermal 
noise of the spreading resistance. These noise sources 
are listed in Table 1 in the order of their relative 
significance. 

Table 1 

Noise sources in parametric amplifier 
1. Thermal noise produced by the spreading resistance heated 

by the pump power. 

2. Thermal noise due to electrical losses within amplifier 
structure (circulator, input line). 

3. Noise due to reflection of noise powers (e.g. of second stage) 
on the amplifier input. 

4. Shot noise of diode currents. 

5. Noise of diffusion capacitance. 

6. Breakdown noise. 

7. Flicker noise 

8. Noise due to fluctuations in pump amplitude and frequency. 
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Fig. 2. eU characteristic of a GaAs varactor at several 
temperatures. 
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Fig. 1. Junction capacIance of GaAs diode vs. normalized 
diode voltage. 

The effect of the thermal noise caused by the spread-
ing resistance at low temperatures will be discussed. 
The noise due to electrical losses are well known and 
the other noise sources listed in Table 1 can be made 
negligible by proper design.6 

2. Dynamic ij at Low Temperatures 

According to eqn. (2), the dynamic e depends on 
the Fourier coefficient S1 and the spreading resistance 
R3. 

2.1. Temperature-dependence of the Fourier 
Coefficient S1 

The Fourier coefficient S1 of the varactor depends 
not only on the controlled junction capacitance/ 
voltage characteristic but also on the current/voltage 
characteristic of the diode. In order to prevent shot 
noise, the amplifier must not be driven in the forward 
or breakdown region. Figure 1 shows the junction 
capacitance C of a GaAs diode as a function of the 
diode voltage V normalized to the contact potential 
ck at various temperatures. The slope of the charac-
teristics, which corresponds to an abrupt p-n junction, 
is the same at all temperatures. The capacitance 
decreases slightly if cooling is applied. Figure 2 
shows the current voltage characteristic of the same 
varactor. In the case of cooling, the forward current 
arises at higher voltages and increases more sharply 
in agreement with the theory. The breakdown begins 
at lower voltages. This points to an avalanche break-
down. As can be seen from Fig. 1 and Fig. 2, the time 
dependence of the junction capacitance and the driv-
ing range do not change significantly. As a first 
approximation, the Fourier coefficient S1 may thus be 
considered independent of temperature. The varia-
tion of the dynamic Q with cooling is therefore 
determined primarily by the variation in spreading 
resistance. 
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2.2. Temperature-dependence of the Spreading 
Resistance 

The spreading resistance of diodes depends largely 
on the conductivity of the semiconductor in the bulk 
regions which is given by 

ripe  (4) 

The typical temperature-dependence of the conduc-
tivity of an ion doped semiconductor is shown in Fig. 3 
(solid curve). At extremely high temperatures the 
charge carrier concentration and the conductivity are 
high due to band-band transitions. At medium 
temperatures the carrier concentration is constant. 
The conductivity here usually exhibits metallic 
behaviour because the mobility p has a negative 
temperature coefficient.' At low temperatures, the 
ionization of impurities decreases, for the activation 
energy EA > kn. Thus the conductivity decreases 
rapidly and tends towards zero. This would mean, as 
has long been assumed, that varactors will no longer 
function below 20 to 60°K.8 

However, when the doping of a semiconductor is 
increased more and more, the discrete energy level of 
isolated impurities first broadens to an impurity 
band. With further doping, the impurities merge with 
the free band. Due to carrier-carrier interactions the 
carriers are able to move within the impurity band 
in the same way as in metals. The semiconductor is 
degenerate. The activation energy becomes zero, the 
Fermi level falls within an allowed band, and the car-
rier concentration is temperature-independent. Thus 
the conductivity is only proportional to the mobility. 
The mobility in degenerate semiconductors is likewise 
anomalous and increases only slightly with cooling to 
about 50°K and remains almost unchanged with 
further cooling.' As shown in Fig. 3 (dashed curve), 
the conductivity of degenerate semiconductors follows 
an analogous pattern. 

2 
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Fig. 3. Electrical conductivity u of a doped semiconductor vs. 
temperature. craoo is the conductivity at room temperature. 
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Fig. 4. Spreading resistance R, of a typical GaAs varactor vs. 
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Varactors for parametric amplifiers are mostly 
degenerate. Thus, in the case of an abrupt p-n junc-
tion it is to be expected that, with cooling, the spread-
ing resistance will first decrease and then remain 
constant. In the case of diodes with a graded p-n 
junction, on the other hand, the doping is not de-
generate in the graded region. With cooling to below 
20 to 60°K, therefore the ionization of impurity will 
decrease here, which means the spreading resistance 
rises sharply. Moreover, the spreading resistance of 
cooled diodes with graded junction is voltage-
dependent, for the narrower the space charge region, 
i.e. the lower the applied voltage, the more the low 
doped graded region with high resistivity will con-
tribute to the spreading resistance. Therefore var-
actors with a graded p-n junction are unsuitable for 
cooled amplifiers.' 

Measurements on varactors with an abrupt p-n 
junction confirmed these propositions. Figure 4 
shows the bulk resistance of a diffused varactor as a 
function of the applied voltage. Such measurements 
were first reported by C. Blake et al.' It is seen from 
the voltage-dependence of the spreading resistance 
that the p-n junction must be slightly graded as is 
frequently the case with diffused varactors. To avoid 
this, the depth of diffusion must be very limited so as 
to ensure that the p-n junction will be sufficiently 
abrupt. On the other hand, the diffusion must be 
sufficiently deep. Otherwise the p-n junction will be 
destroyed during the subsequent alloying of the 
contact. This problem is faced by all manufacturers 
of varactors. At present users must select suitable 
diodes by measuring the spreading resistance at 
4•2°K 

Silicon diodes are always less suitable for cooled 
parametric amplifiers because they become degenerate 
when doped to more than 101' cm-3. With this 
doping, however, it is only possible to attain break-
down voltages of about 1 V. Silicon varactors can 
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therefore be doped only up to the starting point of 
degeneration and, with cooling to 4.2°K, a rise in 
spreading resistance must be accepted. However H. J. 
Fink et al.," report that epitaxial silicon diodes are 
suitable even at 4-2°K. In the case of GaAs diodes, 
on the other hand, degeneration starts with a doping 
of about 10' 7 cm-3. In this case it is possible to 
realize diodes with breakdown voltages of about 
10 V. GaAs varactors can therefore be doped up to 
the point of complete degeneration. 

In short it may be said that the dynamic 0 of GaAs 
diodes remains unchanged with cooling to 4.2°K 
only if the diodes are doped to the point of degenera-
tion and exhibit a really abrupt p-n junction. Since 
p-n junctions are more or less slightly graded so far, 
suitable diodes must be selected by measuring the 
spreading resistance at 4.2°K. In the case of cooling 
to 4.2°K it is usually necessary to reckon with about 
double the spreading resistance. 

3. Noise Temperature Considering the Pump Heating 

3.1. Theory of Noise Temperature 

The pump power required for driving a varactor 
will heat the spreading resistance. The varactor is 
capable of delivering the available noise power. 

P.„, = kTe.B = k(T.+3.T)B  (5) 

T.q denotes the equivalent noise temperature of the 
spreading resistance and exceeds the ambient tem-
perature T. by the equivalent heating AT. The 
equivalent noise temperature T.q can be calculated 
by the integration of the electrical resistance gradient 
multiplied by the local temperature within the bulk 
region. In the temperature interval T.+ AT the thermal 
conductivity in the semiconductor is approximately 
constant, with the result that the equivalent heating 
AT is proportional to the pump power P, 

AT = R fp ihie)P = Ai() it 2  (6) 

The proportionality factor R two is the equivalent 
thermal resistance. The pump power P is propor-
tional to the square of the pump frequency fp. It is 
advantageous to define a heating parameter ATo. 
The equivalent noise temperature of the spreading 
resistance is increased by ATo when the varactor is 
pumped with the signal frequency A. The heating 
parameter AT0 is a characteristic diode parameter 
like the dynamic 0; both depend on the signal 
frequency f, and the pump power. 

The noise temperature of the parametric amplifier is, 
according to eqns. (1) and (6), 

)]   
T = [— 1 f2 — + —][ — + 1 2 T„ + To ( f2  
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(7) 

Here the pump/signal frequency ratio is expressed in 
terms of the idler/signal frequency ratio f2/A. The 
noise temperature becomes a minimum for an 
optimum idler/signal frequency ratio. This mini-
mum depends not only on the dynamic 0 but also 
on the heating parameter AT° and the ambient 
temperature. Figure 5 shows the minimum attainable 
noise temperature T„,i,, and the associated optimum 
idler/signal frequency ratio (f2/1.1)„p, as a function of 
the dynamic 0 and the relative heating parameter 
ATO/T05. The optimum idler/signal frequency ratio 
decreases considerably with increasing relative heat-
ing parameter. This is because the pump heating 
decreases with decreasing pump frequency and is of 
more importance at low ambient temperatures. 
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Fig. 5. Minimum noise temperature and optimum idler/signal 
frequency ratio as a function of dynamic quality factor (-2 and 

relative heating parameter ATo/Ta. 

As an example, assume a helium-cooled varactor 
with the dynamic 0 = 10 and a relative heating 
parameter ATo/T. = 0.1. The heating parameter 
corresponds to an equivalent thermal resistance of 
420°K/W, if it is assumed that the varactor is pumped 
at the signal frequency and the pump power is 1 mW. 
The minimum noise temperature in this case is about 
4°K. The optimum idler/signal frequency ratio is 
only 3 and is nearly independent of the dynamic e. 
The equivalent noise temperature of the spreading 
resistance therefore is about AT = 7°K higher than 
the ambient temperature of 4.2°K. If the heating is 
not taken into account, a theoretical optimum 
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idler/signal frequency ratio of 9 results. In this case 
the spreading resistance is heated to over 40°K and 
the noise temperature rises to 9°K. 

3.2. Temperature-dependence of the Thermal Resistance 

The configuration of a diffused mesa diode is shown 
in Fig. 6. The spreading resistance is located primarily 
in the n-region (1.5 1-/) with lower doping than the 
p-doped mesa, and in the contact (0.5 n). Therefore 
heat currents have to flow through the thermal 
resistance of the n-region (250°K/W), the p-region 
(1000°K/W) and the wire (2500°K/W). 

Fig. 6. Cross-section of a diffused varactor with mesa junction. 

The thermal resistance is the smaller, the larger the 
junction area, i.e. the higher the junction capacitance 
C and the higher the breakdown voltage VB. The 
thermal resistance is approximately equal to the 
product of the reciprocal junction capacitance and 
the square root of the breakdown voltage, 

1 

Rth(J) c.,/v8 (8) 

Figure 7 showing the thermal resistance R eign between 
junction and ambient versus junction capacitance and 
breakdown voltage illustrates eqn. (8). The values for 
Fig. 7 are obtained from our own measurements and 
measurements published by Sylvania. 12 The break-
down voltage of vasactors used in parametric amp-
lifiers are in the most cases about 6 V. For constant 
breakdown voltages the equivalent heating according 
to eqns. (6) and (8) is 

A T  (9) 
Jc 

It can be seen from eqn. 9, that a high varactor cut-off 
frequency (f, = 112nR,C) is also suitable for keeping 
heating small. 

As the thermal conductivity is temperature-
dependent,' different minimum noise temperatures 
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Fig. 7. Thermal resistance of pill varactors measured with a 
forward current vs. breakdown voltage and junction capacitance. 

and optimum idler/signal frequency ratios result for 
each ambient temperature. 

Figure 8 shows the typical temperature-dependence 
of the thermal conductivity of doped semiconductors. 
The solid curve represents the average value of the 
measurements supplied by various authors. At 
temperatures below 10°K the thermal conductivity is 
produced by scattering of phonons at the boundary 
surfaces. The conductivity in this temperature region 
is therefore dependent on the geometry. Measure-
ments performed so far were on thin cylindrical 
specimens. Varactors are of the disk-shaped con-
struction and the heat is generated only in a small 
volume of the large n-region in the vicinity of the 
junction (Fig. 6). Thus only a minor scattering of 
phonons will occur at the boundary surfaces and the 
conductivity below 10°K will consequently be higher 
than in the measurements stated. This is indicated 
by a dashed curve in Fig. 8. 

These propositions are confirmed by measurements 
of the thermal resistance of diffused varactors at 

100 °K 10 
Temperature r 

Fig. 8. Thermal conductivity of semiconductors vs. temperature. 
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several temperatures. The varactor first was heated 
with a high forward current (e.g. 15 mA or less). 
After heating the time-dependence of the voltage 
needed for a small constant current (e.g. 50 µA or 
less) was measured with an oscillograph (Fig. 9). 
The ordinate of the oscilloscope photographs can be 
calibrated directly in degrees Kelvin after measuring 
the bias for the constant current of 50 µA or less as a 
function of ambient temperature. The slopes dT/dU 
of these curves for different diodes are approximately 
0-6 deg K/mV at 296°K, 0-8 deg K/mV at 77°K and 
1-5 deg K/mV at 4-2°K. The thermal resistance can 
be calculated from the measured AU (Fig. 9) by using 

dT AU 
Rini) = dU • P 

where P is the pump power. 

As can be seen from curves 3 in Fig. 9 a charge-
storage effect may occur and must be avoided. The 
rapid increase of the voltage (curves 2 in Fig. 9) directly 
after heating is due to the charge-storage effect. At 
low temperatures the charge-storage effect is more 
intense. The thermal resistance R th(i) measured in 
this way is the thermal resistance between junction 

implumemummumil 77 .1( 

iminummummor mW 

immounnumm Ri« .1371. 
umummummai -3 
imayminammu-_-1 2 Ta = 4.2 °K 
IROMIIIII1111111111111111 P = 24 mW 

10111111111111111111 RthIx350 w 
.111.11111.111. 

5enV 2 

1111111111.11 

11111111111.11.11 

al uui 

Ta '1  

Fig. 9. Oscillograms of varactor (A612) voltage needed for a 
constant current of 50 pA after heating with a current of 15 mA 
(curves 2) and without heating (curves 1). Curves 3 plotted with 
a sensitivity of 0.5 mV per large unit indicates the snap-off 
effect. The picture at the bottom shows the full time-dependence 

of the heating. 
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Fig. 10. Thermal resistance of GaAs varactors vs. ambient 
temperature measured with a forward current. 

and ambient. But the equivalent thermal resistance 
R ime) defined by eqn. (6) corresponds to the thermal 
resistance between spreading resistance and ambient. 
As can be calculated from the geometry of the 
varactor, the equivalent thermal resistance is approxi-
mately one-third the thermal resistance measured with 
a forward current, 

Rh(.) i-Rth(J) (8) 

The thermal resistance measured with some diffused 
and one epitaxial varactor are shown in Fig. 10. The 
varactor data are plotted in Table 2. Note the high 
breakdown voltage of the epitaxial varactor. As to 
be seen from the high breakdown voltage the epitaxial 
varactor is not fully degenerate and therefore un-
suitable for low cooled parametric amplifiers. 

Table 2 

Data of the GaAs varactors measured 

Varactor Type C10 

(pF) 
(at — 2 V) 

(V) (Gc/s) 

XA903(2) 

A612(7) 

MS4107(5) 

XD500(12) 

epitaxial 

diffused 

diffused 

diffused 

0-77 

0.355 

0.455 

0.48 

37 

11 -8 

7.1 

9-7 

250 

162 

255 

98 

The thermal resistance of the diffused varactors 
changes with cooling in a similar manner to the 
assumed thermal conductivity of varactors (dashed 
curve in Fig. 7). On the other hand the epitaxial 
varactor has a thermal response due to the conduc-
tivity of this cylindrical specimen (solid curve in Fig. 7). 
The thermal resistance of the diffused varactors 
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increases only slightly with cooling. Therefore the 
assumption in the theory of noise, equivalent heating 
proportional to pump power eqn. (6), is valid. At 
very low temperature there may be additional heating 
because of increasing pump power due to an increasing 
spreading resistance with cooling. 

4. Comparison of Measured and Calculated Noise 

Temperatures 

The theory of noise considering the pump heating 
effect is verified by the noise temperatures of a para-
metric amplifier measured at various ambient tem-
peratures. The amplifier used is shown on the photo-
graph of Fig. 11. The inaccuracy of the noise mea-
surement is about ± 3 deg K and is further increased 
by subtracting the noise contributions of the circulator 
and the input line. The data of the parametric 
amplifier used are shown in Table 3. 

Table 3 

Data for the parametric amplifier used with GaAs 
varactor MS4107 

Ambient temperature T. 296 77 4.2 °K 

Signal frequency 

Pump frequency 

Dynamic Q-factor 
measured 

Bias 

Spreading resistance 

Equivalent 
thermal resistance 

Pump power 
calculated 

Relative heating 
parameter 

Equivalent heating 

Noise temperature 
measured 

fi 

f2 

Vo 

R. 

Rth(e) 

AT° 
T. 

AT 

4 4 4 Gc/s 

36 36 36 Gc/s 

8 

— 2 

4.4 

160 

54 

4x10-4 

9 

T 83 

8 

— 2 

4-5 

5.6 

— 2 V 

5.8 

80 90 °K/W 

44 55 mW 

5x10-4 1.5x10-2 

4 5 °K 

29 8.5 °K 

11. Parametric amplifier used for noise 
measurements. 

Fig. temperature 

According to Section 3.2 the equivalent thermal resist-
ance Rim.) is assumed to be one-third of the measured 
thermal resistance R im». The pump power needed is 
calculated from the varactor data, because an un-
known part of the pump power delivered to the 
amplifier was dissipated in the circuit. The pump 
power seems to be very high, but note the unusually 
high pump frequency of 36 Ge/s. This pump fre-
quency is optimum if the amplifier is not cooled in 
liquid helium as is to be seen from Table 4. 

As can be seen from Table 4 in the case of helium 
cooling measured noise temperatures agree with the 
calculated only if the pump heating is taken into 
account. The discrepancy between measured and 
calculated noise temperatures at 4.2°K quoted by 
other authors can be probably attributed to the pump 
heating effect. 

In the case of helium cooling the pump frequency 
of the amplifier used is higher than the optimum 
pump frequency. Thereby the equivalent noise 
temperature of the spreading resistance is increased 

Table 4 

Comparison of measured and calculated noise temperatures neglecting heating parameter (A) and taking it 
into account (B). 

Noise temperatures do not include contributions from circulator, input line or second stage. 

Ambient temperature Ta/(deg K) 296 
(A) 
77 4.2 296 

(B) 
77 4.2 

Relative heating parameter 

Noise temperature measured 

Noise temperature calculated 

Optimum frequency ratio 

Minimum noise temperature 

4T0/ Ta 

T(deg K) 

T(deg K) 

(fa/11)0ot 
T.,„(deg K) 

o o o 

75 19 2 

7 7 4-5 

75 19 1.5 

4x10-4 

83 

75 

7 

75 

5 x 10 -4 
19 

21 

7 

20 

1-5 x10-2 

8.5 

5.8 

3.5 

24 
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by AT = 5°K. Hence the noise temperature is 
8.5°K. Considering the low Q-factor (Table 3) at 
4.2°K but neglecting the pump heating the optimum 
pump frequency is f,, = f2 +f, = 22 Gc/s. In this 
case the theoretical noise temperature is 1.5°K. The 
optimum pump frequency with regard to the low Q-
factor and the pump heating is 18 Gc/s and the 
noise temperature becomes 2.4°K. 

The example shows that with varactors available so 
far it is possible to achieve overall noise temperature 
of less than 10°K with a helium cooled 4 Gc/s para-
metric amplifier. In this case the circulator must be 
cooled with liquid helium too. In the future with 
improved varactors it will be possible to achieve an 
overall noise temperature of 6°K at which the input 
line contributes about 3°K, the circulator about 1°K 
and the varactor 2°K. A second stage parametric 
amplifier also cooled with liquid helium will not 
contribute any appreciable noise. 
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posium on 'Microwave Applications of Semiconductors' held in 
London from 30th June to 2nd July, 1965. 

Summary: A paper on power dissipation in fourpole networks by A. 
Weissfloch is adapted to calculate the power dissipation in the input and 
output matching networks of an experimental varactor doubler and there-
fore to calculate the true input and output powers from semiconductor 
bulk material. 

Experimentally measured values of input and output power for specified 
biases are then compared with predicted values for the same biases 
calculated using an approximate analysis suggested by D. B. Leeson 
which assumes a non-linear depletion layer capacitance mechanism for 
harmonic generation. 

Reasonable agreement was achieved at power levels and biases which 
did not involve forward conduction. At higher power levels the results 
show that if charge storage does occur when forward conduction takes 
place then it does not enhance the efficiency to any greater extent than 
could be accounted for by depletion layer non-linearities. 

An analysis of the impedance changes of the varactor diode under 
high power conditions shows that this could account for the decrease in 
power loss in the surrounding circuits and could well explain the large 
increases in overall efficiency of the harmonic generator under these 
conditions. 

List of Symbols 

Cj junction capacitance 

GT maximum available gain of a four-terminal 
network 

total a.c. flow through diode 

Pdiss dissipated power in a four-terminal network 

Pin input power to a four-terminal network 

Pout output power from a four-terminal network 

applied charge to p-n junction 

q91 applied charge at forward voltage (p 

Q6 applied charge at reverse voltage vb 
quality factor 

R, normalized series resistance of Weissfloch 
equivalent circuit 

Rp normalized parallel resistance of Weissfloch 
equivalent circuit 

S p-n junction elastance 

V applied voltage to p-n junction 

Vb reverse breakdown voltage of diode 

Y normalized series reactance of Weissfloch 
equivalent circuit 

t Formerly in the Department of Electrical Engineering, 
University College London; now with Ferranti Ltd., Wythen-
shawe, Manchester, 22. 
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generator impedance presented to diode 

ZL load impedance presented to diode 

Z11 (etc.) parameters of equivalent four-terminal net-
work representation of a non-linear capaci-
tance 

contact potential of a semiconductor p-n 
junction 

reflection coefficient 

exponent of the capacitance—voltage varia-
tion 

1. Introduction 

Most designers of varactor harmonic generators 
use the rectifying properties of the diode to self-
bias itself to take full advantage of the power handling 
capabilities of the diode and also design the drive 
frequency to be usually in the order of 1/10th cut-off 
frequency of the diode to obtain a reasonably high-Q 
non-linear reactance. 

Ideally, from depletion layer analysis2 the drive 
should be allowed to swing into the forward conduc-
tion region by an amount equal to the equilibrium 
potential of the p-n junction depletion layer, ça, to 
take advantage of the greater degree of non-linearity 
in charge voltage characteristic. However, this would 
mean that the diode would rectify, increasing the 
losses in the diode and hence reducing the efficiency. 
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If the minority carrier lifetime on either side of the 
depletion layer is large compared to the period of the 
drive frequency then as the polarity of the drive 
voltage reverses, large numbers of carriers tend to be 
drawn back across the depletion layer without having 
recombined and hence the net rectified current 
tends to be reduced. This effect is known as charge 
storage. 

Charge storage has been analysed as a mechanism 
for harmonic doubling using an idealized charge-
voltage characteristic' which is a modification of 
the characteristic by other authors:s. 5 This modifica-
tion allows the assumption that both input and output 
circuits can be tuned and the calculated efficiencies 
compared to those predictions based on depletion 
layer theory.' The calculations show that charge 
storage may give better performance as a doubler 
than the depletion layer mechanism. 

The effect of the diffusion currents producing 
charge storage on the efficiency of a varactor multi-
plier' has also been considered and the prediction 
that the efficiency of a doubler may be enhanced 
slightly has been made. 

If the power dissipation in the coaxial circuits 
surrounding the diode can be calculated" then an 
attempt to compare predictions made, assuming a 
non-linear depletion layer mechanism for harmonic 
generation and experimental values can be made. 
Hence the effect of charge storage on the efficiency of 
harmonic generation can be evaluated. 

2. Power Dissipation in Circuits Surrounding 
Varactor Diodes 

The method of determining the power dissipation 
in circuits surrounding varactor diodes is based on 
the technique for determining the Weissfloch equiva-
lent circuit.' Weissfloch shows that an arbitrary 
fourpole network can be represented by an equivalent 
circuit which is divided up into a lossy part and a 
lossless part. This renders the equivalent circuit 
particularly useful for determining the power dissi-
pated in the network. Its adaptation to circuits sur-
rounding varactor diodes is discussed elsewhere.' 

3. Experimental Analysis of Harmonic Generation 

If the power dissipation in circuits surrounding 
varactor diodes can be calculated then a series of 
experiments is suggested for determining the effects 
of charge storage on harmonic generation. As the 
power input and output from the semiconductor bulk 
material can be calculated from the harmonic genera-
tor input and output powers, a power input/output 
curve can be plotted under various conditions of bias 
for the semiconductor bulk material. 
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The equivalent circuit for the semiconductor bulk 
material for reverse biases is a linear resistor in series 
with a non-linear capacitance. The non-linear capaci-
tance variation can be restricted to the characteristic 
depletion layer capacitance voltage variation given by 

A  
C — (v + 9)1  (1) 

and predictions can be made of the output powers 
using the equivalent circuit assuming the same con-
ditions of input power and bias as were applied in 
the corresponding experiment. The experimental 
and predicted curves can then be compared. 

The voltage swing can be initially arranged to be 
completely within the back bias region so that experi-
mental correlation with theoretical prediction should 
be good because all non-linear effects except that of 
the depletion layer capacitance should be negligible. 
However, as the voltage commences to swing into 
forward conduction, charge storage may begin to 
occur. The extent to which the experimental curve 
begins to deviate from the predicted curve at this 
point should give a good measure of the effect of charge 
storage on the efficiency of harmonic generation. 
The experiments can take two forms. In the first 

case the bias can be held constant at approximately 
a half the break-down voltage of the diode and the 
input power to the semiconductor bulk material 
gradually raised. The output powers from the semi-
conductor region can be measured for specific input 
powers up to the maximum power handling capacity 
of the diode. 

In the second case, the semiconductor region input 
power can be held constant (not necessarily the har-
monic generator input power), and the diode bias 
varied from approximately a half reverse breakdown 
voltage towards the region where forward conduction 
occurs. The output power can be measured for 
specific biases. 

In both these experiments the diodes are initially 
pumped completely in the back bias region. However, 
as the input power is increased or the bias decreased 
the voltage begins to swing into forward conduction 
and the effects of charge storage can be evaluated 
as explained previously. 

4. Application of Depletion Layer Theory to 
Harmonic Generation 

The following theory for predicting the performance 
of a varactor diode as a harmonic generator is an 
adaptation of a method suggested by D. B. Leeson.2 

4.1. Taylor Series Approximation 

Figure 1 shows a circuit containing a lossless non-
linear capacitor for which the charge-voltage rela-
tionship is given by 
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V = V(Q)  (2) 
It is known that 

V(Q+bQ) = V(Q)+V'(Q)6Q+... etc.  (3) 

(where V'(Q) is the derivative of V(Q) with respect 
to charge Q). This is a Taylor series expansion about 
Q, the derivative being evaluated at the point Q. 
If (5Q is small enough only two terms are required 
to give a good approximation. 

Fig. I. 
through 

to Nke 

Circuit for harmonic generator where the currents 
the lossless non-linear capacitor are restricted to 

frequencies co and Nw. 

If Q+5Q is a periodic function in time the relation-
ship for the Nth harmonic is given by 

VN(Q± e5Q) = VP1(2)+ ±° VI:(Q)[ ] e5Q N-k (4) 
k= - co 

where cSQ is small compared to Q and VN(Q+ c5Q) is 
the Nth harmonic of V(Q+(5Q), etc., i.e. 

V(Q+SQ)= f VN exp(jNwt)  (5) 
- CO 

Q+SQ=r,Nexp(jNcot) 
-. 

V_N = Ve, etc., for real functions 

If it is assumed that all currents are zero except the 
fundamental and Nth harmonic then 

Q lc = 0 for K 0, ± 1, ± N  (6) 

and choosing 

Q = Q0+2Qcos(cot) 

bQ = QN expaNco0+ QZ exp (—jNcot) 

It is seen that Q is an even function in t and there-
fore V(Q) and V'(Q) are also even functions of t. 
Hence 

VN(Q) = V-N(Q) 

114(Q) = Iliv(Q) 

and are purely real. 

Using equations (4), (7) and (8) 

VI(Q+ (5Q) = MO+ Vpi - i(Q)QN + VA, + t(Q)Q11 
VN(Q+ (50 = vN(Q)+ vaQ)QN+11;N(Q)QZ 

(7) 

(8) 

(9) 

Most functions of cos (cot) decrease monotonically 
with order and hence the following approximations 
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can be made 
vN+ i(Q) 4 vN- i(Q) 

'I'M< Vó(Q) 

Equation (9) can be written as 

V1 = MO + vp,_ i(Q)QN 
VN = VN(Q)+ VOMQN 

4.2. Four-terminal Network Representation 

The current through the diode is given by 

dQ +°°. 
1(t) = — = E yoNQN exp(jNcot) 

dt - op 

and hence 
IN = iNCOQN 

Equation (11) can be restated in the form associated 
with four-terminal networks 

'VI = Ziiii+ZI2iN — 1-17.1(2)1 ii ± [V4_1(Q)1 IN 
I icaQi i L iNco j 

vN = zn /1+z22 IN — [V. N(Q)1 I 1 + [V.")] IN 
jcoQtJ 1jNwJ 

 (12) 

and the behaviour of a pumped non-linear capacitor 
can be represented by a four-terminal network and its 
performance can be analysed in a similar fashion. 

The maximum available gain of the harmonic 
generator is given by 

—4R R (Z2 ) g L 21  
GT -- 

I(Zg+Z11)(Z L+ Z 22)-Z21 Z 121 2 

 (13) 

Equations (11) and (8) show that Z11, Z12, Z21 and 
Z22 are all purely imaginary and hence adjusting the 
load and generator reactance to cancel Z11 and Z22 
Out 

—4/2D,RL( D Z21)2  
GT — 

(M I, —Z12Z202 

This expression is maximized for 

& RI, = — ZI2 • Z2I 

and the expression for the conversion efficiency is 
given by 

 (10) 

—4Z, 
GT — , a  , 

-41.L..21‘,21 ZI2 

Z21 

 (14) 

(15) 

For a lossless non-linear capacitor, however, the 
efficiency is unity and therefore 

VN(2) 
Z21 = Z12 - iwQ t 

and the first approximation of eqn. (10) is not needed. 

(16) 
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4.3. Adaptation of Analysis to the Lossy Case 

In Fig. 2 the four-terminal network representation 
for a non-linear capacitor is adapted to account for 
the additional series resistance of the varactor diode. 
The resistance, R„ must be in both the fundamental 
and harmonic circuits as both fundamental and 
harmonic currents flow through it in the equivalent 
circuit of the varactor diode. 

F9 

Rs 

z21 

Rs 

Z 21 Z21 

Fig. 2. The equivalent circuit for the varactor diode as a 
harmonic generator (limited current case). 

The expression for the maximum available effi-
ciency of the harmonic generator after adjusting the 
load and generator reactances to cancel out Z11 and 
Z22 is given by 

— 4R,RL(4 i) 
GT = 

RIZ9+ R s)(RL -F Rs)-4 ir 

This is found to be maximized for 

RL = R, = JRZ 1  (18) 

and for these values of R, and RL the efficiency is 

—4(Z21)2  
Gnmax) 

(2N/K —4 1 + 2/Zà2 

If 
R2 5 

/n2 = 

Then from (19) 
— 41 

 (17) 

(19) 

where Vb is the breakdown voltage of the diode, 

Qb is the applied charge at the breakdown 
voltage, 

q, is the applied charge at forward voltage cp. 

Therefore 
2n 

VN(2) 1 f ri20 +2Q1 cos cot +1  X1/1-Y 

Vb+ cp 2n j L Qtt+ 

0 x cos Not d(cot) 
±Qpi I/1-y 

X 
Qb±qj 
2* 

x-1- f  [1 +-2-9-1-- cos (cat)] cos(Not)d(wt) 
27r Q0+q, 
o 

V)4(Q) {Q0+ q,1 7/1 
X 

OmaX — Qb+119-1 
2n 

1 
x —1 f [1 + 2Q cos (cot)] 7/ - y cos (Nco )d(cot) 

Q0+q„ 
o  (23) 

Analysis of parametric amplifiers9 has shown that the 
integral 

2n 
1 

¡(Œ, N, fi) = f (1+ fi cos Of cos NO dO 

o 
can be computed by 

1(ot, N , 

(— —ot)  
= (1+ p2)er(_cor(N + 1) F(—ot,N—ot,N+ 1, p2) 

 (20) where 

—41  
Gnmax) -- + 2m2± 2nr\ii + m 2) 

1  
 (21) 

(1 + 2m2+ 2m,/1 +m2) 

4.4. Calculation of Four-terminal Parameters 

To evaluate the performance of the varactor diode 
as a harmonic generator it is required to Fourier-
analyse the function 

V(Q)= V(Q0+2Qicos(cot)) 

From eqn. (1) 
V(Q) iv ± 91 f Q+,7.1 1/1-, 

(Vb+ [Vb+cpj — [Qb+q,] 

1/1(Q) S [Q+ q,r1 

Sin« Smax Qb qf 
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(22) 

and 

fi  
P = 1 fi2 

(24) 

F(a,b, c,x) = 1 + abx a(a + 1)b(b + 1) x2 
c 1! + c(c+ 1) 2!+etc.... 

Therefore for any Q0 and Q1 it is possible to com-
pute Z11, Z21 and Z22 and therefore to determine 
input, load and generator impedances together with 
the efficiency and input power. 

The input impedance to the varactor is given by 

— Z2 
21  Zin = Rs + Zii +  7* 

RL+Rs ° 

as the generator and load are tuned for maximum 
power transfer. The load resistance is determined by 
eqn. (18) and the load reactance by 

JXL = - Z22  (26) 

The input power to the semiconductor bulk material 

(25) 
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is given by 
Pin = 21/112/tin = 2ijcos211 12Rin  (27) 

and the output power by the product of efficiency 
and input power. 

5. Assumptions and Conditions Applied in Obtaining 
the Experimental and Predicted Curves 

Using the London University Atlas computer, the 
values of input, output power, efficiency, bias and Q 
of the input and load impedances were calculated 

for the following conditions. [Q°± was varied 
Qb -Fqf 

from 0.05 by increments of 0.05 to 0.5 and /3 from 
0.05 by increments of 0.05 to 0.95 and the above 
properties calculated for several diodes. The para-
meters of the diodes defined by eqn. (1) were 
determined by a method of least-squares curve fitting 
to measured small-signal capacitance voltage data 
and the series resistance by methods suggested by 
Houldine° and Mavaddat. 11 

From the above calculated results the series for 

which [42°± qi is held constant at 
Qb+qq, 

rQ0+.7,] = 0.5 
122b+.79.1 

and /3 is varied from 0.05 to 0.95, is selected and a 
power input against output curve is plotted (Figs. 5, 
7). The experimental curves were obtained by varying 
the harmonic generator input power until the calcu-
lated semiconductor bulk material input power was 
equal to the specified input power. The bias applied 
to the diode was that corresponding to the specified 
input power. The semiconductor bulk material output 
power was calculated from the harmonic generator 
output power and with the input power plotted to give 
points on the experimental curve (Figs. 5, 7). 

In this case the power input is varied from low 
values corresponding to low values of /3 where the 
diode is pumped completely in the back bias region 
to high values where the voltage peak is well into the 
forward conduction region. This provides the con-
ditions for analysing the contribution of charge 
storage in varactor harmonic generation as stated 
previously. 

A second set of experiments which also provides 
these conditions is based on holding the semicon-
ductor region input power constant and varying the 
bias from high back biases where the diode is pumped 
completely in the back bias region to low biases 
where charge storage may again be taking place. 
The output power is plotted against bias and com-
pared to a theoretical curve calculated assuming the 
same constant input power. 

(28) 

The calculated curve is determined from the 
computed results in the following manner. For each 

separate value of [01-1-Qo+ qq,1, the values of /3 were 
qf 

determined which gave input powers closest to the 
specified constant input power. As the increments 
of /3 are small the variation of input power, output 
power bias, etc., with /3 over the increment can be 
considered linear and therefore the values of output 
power, etc., corresponding to the specified input power 
can be interpolated from those corresponding to the 
determined values of /3. 

The experimental curve can be obtained as the 
values of bias applied to the diode are known. For 
each specific bias the harmonic generator input 
power can be varied until the semiconductor bulk 
material input power is that which is specified. The 
output power from the semiconductor region can be 
determined from the harmonic generator output 
power and hence plotted against bias and compared 
to the predicted curves (Figs. 6 and 8). 

6. Calculation of the Forward Conduction Point 
on the Theoretical Curve 

As explained previously, the low powers on the 
power input, output curves and high biases on the 
power output, bias curves correspond to diodes 
pumped completely in the back bias region. It would 
therefore be an advantage to determine the point 
on the calculated curves at which the pumping moves 
into forward conduction. From eqn. (22) 

EQQb++:9,1 — 
and therefore 

[ q, Qb+ 

(29) 

(30) 

Hence the magnitude of charge entailing forward 
conduction is expressed as a ratio of the total charge 
stored in the depletion layer at breakdown. The value 

of fl, for any charge biasing Q0 + q9, can now be 
Qb+ 

determined for which the diode begins to be pumped 
into the forward conduction region. 

Q0+ q, qe  

q  Qb+ gip 126+ '79 

P=1 •20+q,  

Qb+q, 
 (31) 

If the value of /3 is known then the input, output 
powers, etc., can be determined and the point on the 
predicted curve evaluated. 
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7. Experimental Harmonic Generator 

The previous analysis assumed that the current 
through the diode was restricted to the fundamental 
and the required harmonic. The circuits around the 
diode must therefore ensure that this is the case for 
any attempt at correlation between theoretical calcu-
lation and experimental results to be made. 

The fundamental pumping frequency was chosen 
to be 478 Mc/s. This has a wavelength of 62.8 cm, 
which is large compared to the physical dimensions 
of the diode, short circuit and open circuit packages. 
Therefore any slight mechanical differences in these 
three packages will have a negligible effect on the 
position of the plotted impedances. For the same 
reason the case of the doubler was investigated, the 
output signal wavelength (31.4 cm) still being large 
compared to the physical dimensions of the packages. 
Coaxial circuitry was used to limit the current as the 
design of such circuitry at this frequency is much 
easier than that of lumped circuitry. 

Fig. 3. Diode mount. 

The diode was mounted in the coaxial line in 
series with the centre conductor as in Fig. 3. 

Figure 4 shows the coaxial network, suggested by 
Penfield, set up to conform to the assumptions of 
the previous theory. Both input and output matching 
networks consist of two variable short circuit stubs. 
These matching networks are set to transform the 
generator and load impedances to those fulfilling 
maximum power transfer conditions and therefore 
the assumptions of eqn. ( 19). 

The input filter network consists of a short circuit 
stub a quarter wavelength long at the fundamental 
frequency. This presents an open circuit across the 
main coaxial line for the fundamental signal and a 

IN - 
PUT 

230 

Moo) 
4 

2 

BIAS 
HI 

— 2— 
OUT-
PUT 

MATCHING 
NETWORK 

COUPLING HATCH NG 
(2/1-1) X(3wo (2n-I» (4tuo) CAPACITOR NETWORK 

4 4 

Fig. 4. Experimental harmonic generator. 

short circuit at the second harmonic. Therefore 
the fundamental signal is allowed through but the 
second harmonic is reflected. Similarly the output 
filter consists of an open-circuit stub one quarter 
wavelength long at the fundamental frequency. This 
presents a short circuit across the main coaxial line 
at the fundamental frequency and an open circuit 
at the second harmonic. These two filters therefore 
separate the generator circuit from the load circuit. 

The circuits for limiting the current through the 
diode to fundamental and second harmonic consist 
of a short circuit stub and a low-pass filter stub (to 
allow bias to be applied to the diode) on opposite 
sides of the diode mount. The short-circuit stub is a 
half wavelength long at the third harmonic so pre-
senting a short circuit across the main coaxial line. 
The low-pass filter stub was of such a length that it 
presented a short circuit across the main coaxial 
line at the fourth harmonic. The two stubs are 
positioned an odd number of quarter wavelengths 
at the third and fourth harmonics respectively from 
the plane of the diode. 

The diode therefore 'sees' an open circuit at the 
third harmonic on one side of the diode and one at 
the fourth harmonic at the other. The currents at 
these frequencies are suppressed in the diode and 
assuming that the currents decrease monotonically 
with order the fifth and sixth harmonics, etc., can 
be considered negligible. The currents are therefore 
restricted to fundamental and second harmonic. 

The output power from the generator was analysed 
for the presence of fundamental or any other har-
monics to test the effectiveness of the filters used. 
If any fundamental or other harmonic power was 
present it was at least 30 dB below that of the second 
harmonic. 

8. Conclusions 

Figures 5-8 show reasonable correlation between 
experimental and predicted curves when the diodes 
are pumped completely in the reverse bias region 
(i.e. at power levels below the forward conduction 
point) and the same degree of agreement is maintained 
well into the forward conduction region. In the case 
of Fig. 5 the calculated forward conduction point 
lies well down the curve as the diode has a breakdown 
voltage comparable with that of the forward vol-
tage (p. The point at which the diode begins to rectify 
is at a slightly higher power level than the calculated 
forward conduction point. However, at these fre-
quencies rectification is not a good indication of power 
level at the diode and the voltage may be sweeping 
into the forward region at lower levels but is not 
exhibited as rectified current due to charge storage. 
From Fig. 5 it can be seen that if charge storage 

The Radio and Electronic Engineer 



EFFECTS OF CHARGE STORAGE ON VARACTOR DOUBLER EFFICIENCY 
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Fig. 5. Power input/output curve for varactor BSC/01 
for ra,  _ 0 5. 

LQ. + 

is taking place it does neither enhance nor degrade 
the efficiency to any noticeable extent. Any increase 
in efficiency with increasing power level could be 
accounted for by depletion layer non-linearities only. 

Similarly, in Fig. 6 the increase in the efficiency 
with decreasing bias is only slight and is in agreement 
with the predictions based on depletion layer theory. 
The discrepancies in Figs. 5-8 between experimental 
and predicted curves can only be due to errors in the 
measurement of the diode parameters or, as is more 
likely, in the power dissipation calculations as the 
discrepancies still occur when the diodes are pumped 
completely in the reverse bias region. The power 
dissipation measurements for the experimental curves 
are probably accurate to within + 10%, whilst the 
predicted curve is probably accurate to within ± 5%. 

In Fig. 7 there is again reasonable correlation 
between the experimental and predicted curves at the 
lower power levels. This experiment was not carried 
to its conclusion because at power levels higher than 
indicated on Fig. 7 instabilities began to occur in the 
system and it was found impossible to maintain the 
calculated bias. The instability was due to the diode 
exhibiting a negative resistance in the voltage, current 

BIASES COMPLETELY IN 
FORWARD CONDUCTION REGION 

PREDICTED 
CURVE 

EXPERIMENTAL. 
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• • 

SLIGHT FORWARD 
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04 08 1.2 
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Fig. 6. Power output/bias curve for diode BSC/01 
for P = 0.92 mW. 
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characteristic. It is suggested by Hefni" and 
McDade" that this effect is due to a mechanism 
known as charge multiplication which, however, 
cannot take place unless charge storage also takes 
place. This mechanism did not occur in the power 
output bias experiment of Fig. 8 as the conditions of 
bias and input power were not suitable for inducing 
charge multiplication. It seems reasonable to assume 
that in both the experiments of Figs. 7 and 8 charge 
storage is taking place when the diode is pumped 
into the forward conduction region and yet any 
increase in efficiency can be accounted for by pre-
dictions based solely on depletion layer assumptions. 

It seems therefore from the above results that 
although charge storage takes place when the diode 

FORWARD CONDUCTION POINT 

EXPERIMENTAL 
CURVE 

SLIGHT FORWARD 
CURRENT OBSERVED 

10 20 

BIAS ( V) 

Fig. 8. Power output/bias curve for varactor ZC/74/C 
for constant Pa. = 342 mW. 
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is pumped into the forward conduction region it does 
neither enhance nor degrade the efficiency of harmonic 
generation to any noticeable extent. The non-linear 
depletion layer capacitance remains as the basic 
mechanism of harmonic generation when forward 
conduction and charge storage take place. However, 
due to the unavoidably high losses in the experimental 
harmonic generator, the accuracy of the estimation 
of the input and output powers is reduced. Increases 
or decreases in efficiency in the order of a few percent 
would not be detected. Efforts are therefore being 
made to design a doubler with low circuit loss to 
increase the accuracy of the power measurements and 
to detect small variations in efficiency. 

With this experimental doubler it was noticed that 
the overall efficiency tended to increase with increasing 
power level or decreasing bias well into the forward 
conduction region. The variation of power dissipation 
in the surrounding circuits with power level and bias 
were studied. In each experiment the fractional power 
dissipation of the input network generally decreased 
with increasing power level or decreasing bias. For 
each specific power level or bias the matching net-
works had to be reset to obtain optimum conditions 
for power transfer and therefore satisfy the assump-
tions of the theory in eqn. (19). A major part 
of the losses in the input and output networks is 
probably accounted for by the contact resistance of 
the variable short circuit stubs and this will vary 
randomly from one measurement to another. How-
ever, a general trend was noticeable and conclusions 
can be drawn from the results. 

It is well known that the fractional power dissi-
pation in any fourpole network is dependent not only 
on the losses in that network but also on the impedance 
terminating that network. If a network is terminated 
by a pure reactance then all the input power to that 
network is dissipated in that network. However, if 
a resistance is placed in series with the reactance 
and gradually increased then the fractional power 
loss of that network will decrease. A study of the 
variation of resistance and reactance for the input 
impedance of the semiconductor bulk material, 
calculated using eqns. (18) and (25), shows that 
for the Figs. 5 and 7 the reactance remains constant 
and the resistance increases for increasing power 
level. It is also a good approximation for the variation 
of the input impedance with decreasing bias in Figs. 6 
and 8. Therefore from the above analysis the frac-
tional power dissipation in the input network should 
tend to decrease with increasing power level and 
decreasing bias. 

In Figs. 9, 10 and 11 curves have been drawn of 
the variation of fractional power dissipation with the 
calculated input impedance Q and although the 
random effects mentioned previously are evident the 
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general trend of the curves corroborates the above 
argument. The variation of fractional power dissi-
pation with input impedance Q for the experiment 
corresponding to Fig. 6 was not drawn as there were 
insufficient data for the calculated input impedance Q. 

Hence for the experimental harmonic generator a 
culmulative effect takes place. As the input power 
level is increased or the bias decreased the Q of the 
input impedance decreases, thereby decreasing the 
fractional power dissipation in the surrounding 
circuits. This of itself would increase the overall 
efficiency of the harmonic generator, however, this 
decrease in circuit loss increases the input power to 
the semiconductor bulk material which by the pre-
vious predictions based on depletion layer theory 
increases the efficiency of harmonic generation and 
the Q of the input impedance. Hence the original 
decrease in fractional power dissipation is reinforced. 

The overall efficiency of the harmonic generator 
tends therefore to increase with either decreasing bias 
or increasing power level. Although the losses of the 
experimental harmonic generator are of necessity 
high and the above effect consequently magnified, it 
may occur in harmonic generators whose losses are 
much smaller. 
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Summary: The paper describes the design features of the highly reliable 
silicon planar transistors and a brief description of the 'accelerated life test' 
is given. These tests have to be carried out with high precision. The 
problem is discussed from the circuit designer's and the manufacturer's 
point of view and suggestions are made for obtaining reliable performance 
and a low rate of failure from the transistors. 

1. Introduction 

From the time of its invention in 1948 the potentially 
high reliability of the transistor was appreciated. In 
common with most other electronic components 
transistors have no moving parts and, therefore, do not 
suffer from mechanical wear; but, more important, 
transistors do not operate at high temperatures and, 
therefore, chemical 'wear out' mechanisms, such as 
that associated with poisoning of the cathode in a 
thermionic valve, are relatively unimportant. In 
principle, therefore, a transistor could go on working 
indefinitely. However, early transistors were far from 
reliable. They were not mechanically rugged and the 
electrical characteristics of the devices could deteriorate 
markedly as a consequence of changes taking place in 
the surface of the elements of germanium from which 
they were made. Reliable transistors only appeared 
when methods of mounting and encapsulation 
improved and methods were found to control the 
ambient atmosphere surrounding the sensitive ger-
manium element. The modern germanium alloy 
transistor epitomizes this stage of transistor develop-
ment. The element is inserted inside a hermetically 
sealed metal can, closed by cold or resistance welding, 
with the electrical contacts made through glass-metal 
seals. The gas within the can is kept at constant 
composition by means of getters such as a molecular 
sieve. 

2. The Silicon Planar Transistor 

Modern germanium alloy transistors are extremely 
reliable but the silicon planar technique allows even 
higher levels of reliability to be achieved. The silicon 
semiconductor element enables the device to operate 
satisfactorily at temperatures more than 100°C, 

t Standard Telephones & Cables Transistors Ltd., Footscray, 
Kent. 
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higher than is possible with a germanium device, and 
to achieve a correspondingly greater power output 
from a device of given size. Alternatively, for the same 
performance, the silicon planar device can be drastic-
ally 'de-rated' with consequent improvements in 
reliability. In addition the silicon surface instead of 
being sensitive to any changes of ambient gas is 
protected by a stable, impervious layer of silicon 
oxide, the 'planar' layer. For the silicon planar 
transistor the conventional hermetically sealed metal 
can is a second line of protection rather than an essen-
tial feature of the device as is the case for a germanium 
transistor. 

For these reasons the silicon planar transistor can 
have extremely stable characteristics and very high 
reliability. Figure 1 shows the results of an operational 
life test at maximum rating (300 mW) on 100 BSY 27 
(CV7431) silicon planar epitaxial transistors over an 
eight-month period, and also the results of a storage 
life test at 100°C on 500 BSY 27 transistors, for the 
same period. Similar results are given in detail in 
Ref. 1. The characteristics show virtually no change 
during the life test. 

The results given in Fig. 1 are from a life test involving 
3.6 million transistor hours. The direct cost of such a 
test in devices, measuring and reporting, is of the 
order of £500. The capital cost of the conditioning and 
measuring equipment, which could, of course, be used 
for other tests, might be between £5,000 and £25,000 
or even more depending upon whether a simple manual 
system or an automatic system was used. Even with 
no failures all that this test has achieved is an assur-
ance of a failure rate of 0.4% per 1000 hours under 
operation, 0.08 % for storage and 0.06 % per 1000 
hours if it is assumed that the two results can be added 
(each figure is given at 90% confidence). Additionally, 
there is evidence that the characteristics are very stable 
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Fig. 1. Percentile plots showing the change of d.c. gain of 
BSY 27 (CV 7431) transistors life tested for 6000 hours. 

so that establishment of tight degradation failure 
criteria would not cause an increase in the failure rate. 

The failure rate assured is an order more that 
needed by many users and yet the cost of testing alone 
is such that it could only be borne economically if 
orders for very large numbers of transistors were 
involved. For an order of 100 000 devices the life 
test described above would add a cost of one or two 
pence to each device. In addition, for the statistical 
validity to be properly maintained, it would be 
necessary to extract the life test sample from the 
100 000 devices and to store the remainder for almost 
a year while the test was carried out. 

3. Accelerated Life Testing 

Because of the very high costs involved in life tests 
which simulate actual operating conditions there is 
great pressure to find methods which reduce these 
costs. The use of accelerated life tests or over-stress 
tests is one of the most fruitful approaches. The 
theoretical basis of these methods and the practical 
application of them have been described in detail 
elsewhere.' What can be achieved can be illustrated 
by imagining that instead of life testing the BSY 27 
transistor in the conventional manner described above, 
a similar amount of money had been spent on an 
accelerated life test, using a similar number of devices. 
The conventional test indicated with a 90 % confidence 
that the population of devices should have a failure 
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proportion of no more than 0.4% during a 6000 hour 
period. By dividing the 600 devices into two samples 
of 300 and carrying out an accelerated test it would be 
possible to assure a failure proportion of 0.8 % not for 
6000 hours but for the whole life of an equipment, say 
20 years. The assured failure rate is now 

(0.8 ÷ 20 x 8.57) = 0.005 % per 1000 hours, 

rather than the 0.06 % given by the conventional test. 
The confidence level, statistically, is still 90% but 
practically it must be lower for the accelerated test, 
because the assumptions implicit in accelerated testing 
do not have a 100% certainty of being correct. 

It is worthwhile emphasizing a number of practical 
points which are highlighted by this comparison of 
conventional and accelerated life tests: 

(a) The cost of the accelerated test was no less than 
that of the conventional test. It is not true that 
serious and useful accelerated life tests can be 
carried out without the expenditure of appre-
ciable amounts of money. 

(b) The numbers of devices tested in the two cases 
was the same and yet the conventional tests 
assured a lower failure proportion (0-4%) than 
the accelerated test (0-8%). There is another 
technique, based upon the assumption that the 
failure distribution in time can be extrapolated, 
which can be grafted on to the accelerated test 
method and which can be used to give an 
assurance of low failure proportion. However, 
the validity of this method is questionable.' 

(c) The accelerated test covers 'early' failures, 
'wear out' failures and (because the sample sizes 
are adequate to assure statistically the required 
failure proportion) 'rogue' failures. The coverage 
of rogues is only partial because there cannot be 
certainty that all of the rogues present in the 
sample have been revealed by the accelerated 
test. 

The main advantage of the accelerated method 
was in time compression. A prediction of 
20-year behaviour was made on the basis of the 
test. A consequence of this was an apparent 
marked reduction in the assured failure rate 
from 0.06% per 1000 hours to 0.005% per 
1000 hours. The reduction in this case was by 
a factor of 12 which is, of course, a very great 
improvement. It is not, however, reasonable to 
expect accelerated testing to give failure rate 
reduction factors of 1000 or more with any 
useful validity. 

To emphasize the point about the cost of accelerated 
testing, an advanced system which has been built for 
carrying out life testing on silicon planar transistors 
for use in submarine repeaters will be described briefly. 



J. M. GROOCOCK 

The required low failure rate during a 20-year period 
can only be assured by accelerated test methods. The 
equipment enables any desired electrical operating 
condition to be applied to 1600 transistors and simul-
taneously for them to have their cases clamped at any 
temperature up to 400°C. For measurement the oven 
doors to which the heat sinks containing the transistors 
are bolted are transported to measuring chambers 
which are accurately temperature controlled. Seven 
characteristics are measured on each transistor, the 
results being recorded directly on to punched cards. 
Scanning of the seven characteristics and through 
groups of 47 transistors is fully automatic. A full 
account of the operation of this equipment is to be 
published shortly.' 

4. Investigation of the Deterioration of the Internal 
Connections of a Silicon Planar Transistor by 

Over-stress Methods 

In an earlier section the design features of the silicon 
planar transistor which make it especially reliable were 
described. However, achievement of the potentially 
high reliability is by no means straightforward and 
great experience with the technique of making planar 
transistors is necessary. The silicon planar transistor 
has one reliability problem in common with other high 
frequency transistors: that associated with the neces-
sity of making contact to very small areas. The fine 
wire interconnections which are required as a con-
sequence can be a source of unreliability. The difficulty 
is increased because possibly the easiest method of 
making this connection is to evaporate aluminium on 
to the silicon to make the initial electrical contact and 
then to attach a fine gold wire to the aluminium by 
thermocompression bonding. 

Unfortunately, gold and aluminium form a number 
of alloys of very low mechanical strength and in the 
presence of silicon the rate of formation of these alloys 
(the so-called purple plague) is rapid at temperatures 
between 200 and 300°C and quite significant, where 
long life is needed, at temperatures well below 200°C. 
The use of techniques such as ball bonding which give 
a high initial strength is a palliative but undoubtedly 
the best system from a reliability viewpoint is to use 
aluminium instead of gold wire, eliminating the 
possibility of plague formation. 

An account of an extremely extensive evaluation of 
the mechanical ruggedness of an aluminium wire 
bonded silicon planar transistor, the BSY 27, has been 
recently published.' This evaluation involved many 
thousands of transistors and a very wide variety of 
mechanical and thermal over stress tests. In this sec-
tion the results of some more recent experiments will 
be given. 

In order to observe the rate of deterioration of the 
strength of the internal bonds of silicon planar tran-
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sistors under high temperature thermal treatment the 
'step stress' technique was used.' Two samples, each 
of 400 transistors selected from the same population, 
were subjected to a 'tumble' test in which they were 
dropped 100 times on to a steel plate. At each drop 
the devices suffered shocks of approximately 20 000 g. 
No device went open circuit under this test." The 
samples were then heated at 200°C for 20 hours. To 
determine if this thermal treatment had caused any 
serious weakening of the bonds the devices were again 
subjected to the 100-drop 'tumble' test and were then 
again tested for open circuits. This procedure was 
repeated, using progressively higher temperatures in 
the series 200°C, 240°C, 280°C, ..., 440°C. The whole 
experiment was then repeated on a further 800 devices 
taken from the same population but using a 160-hour 
storage period. The results obtained are given in 
Table 1. Progressively larger numbers of failures are 
produced as the temperature is raised from 240°C to 
400°C. The first point to note in detail is the very 
good agreement obtained between the results of the 
identical experiments on Lots A and B; the small 
differences are within the range to be expected from 
sampling errors. Similar conclusions apply to the 

Table 1 

Results of step-stress experiments on silicon planar 
transistors 

20-hour period at each temperature, 100 drops 

Temperature 
°C 

Cumulative Cumulative Total 
failures from failures from failures 
Lot A = 400 Lot B = 400 A-FB 

200 

240 

280 

320 

360 

400 

440 

o o 
o i 
2 

23 

70 

186 

263 

3 

23 

69 

194 

265 

o 
I 
5 

46 

139 

381 

528 

160-hour period at each temperature, 100 drops 

Temperature 
°C 

Cumulative 
failures from 
Lot C = 400 

Cumulative 
failures from 
Lot D — 400 

Total 
failures 
C-I-D 

200 

240 

280 

320 

360 

400 

440 

1 

2 

15 

30 

35 

150 

271 

0 

0 

15 

25 

34 

161 

263 

1 
2 

30 

55 

69 

288 

534 
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results for Lots C and D. The results given in Table 1 
were obtained, in fact, from the third attempt to carry 
out this experiment. In the first two experiments small 
errors in experimental technique lead to results with 
poor agreement for ostensibly identical conditions. 
The differences were greater than could have been 
given by sampling errors and were also as great as 
those produced by the deliberate change from 20 hours 
to 160 hours. The results were such that it was impos-
sible to make extrapolations. 

Having got good reproducibility the cumulative 
number of failures was plotted on probability paper 
against the reciprocal of the absolute temperature 
(Fig. 2). It is apparent that the failures are approxi-
mately normally distributed with regard to the reci-
procal of absolute temperature. However, the effect of 
the change from 20-hour steps to 160-hour steps is far 
from clear. One interpretation of the results would 
be that the devices are weakened by quite a brief 
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Fig. 2. Plots of cumulative percentage failures against tem-
perature expressed as 1/T°K for two samples of 800 BSY 27 
transistors subjected to step-stress temperature treatment plus 

tumble testing (100 drops) after each step. 

period at any particular temperature and that changes 
in time within the range 20 to 160 hours have no 
significant effect. If this interpretation were correct it 
would imply that less than 0.75 % of the devices (at 
90% confidence) would be seriously weakened by 
heating for any periods at temperatures up to 200°C. 

There is, however, some indication, particularly for 
failure proportions below 5%, that the 160-hour steps 
are more effective in producing weakening than the 
20-hour steps. This is, in fact, the result that might 
have been expected if the Arrhenius equation, which 
has wide applicability in reactions of this kind,2 had 
been followed. By applying the Arrhenius equation to 
the failures below 5% it is possible to calculate the 
expected proportion of devices to be seriously 
weakened by any period of storage at any temperature. 

One result obtained from such a calculation is that 
0.2% of the devices would be weakened by 100 000 
hours (111 years) at 170°C. Despite the very good 
agreement obtained by repetition of identical tests it is 
the writer's belief that the fact that no firm quantitative 
conclusions could be made from the results of this 
experiment was not because of any intrinsically 
complex failure pattern by the transistors but was a 
consequence of experimental irregularities, probably 
for the 160-hour tests at 360°C and above. It is very 
likely that repetition of the experiment with even 
greater care would resolve these difficulties. However, 
it is doubtful if in practice this would be justified in 
the face of the strong qualitative indication that the 
particular failure mechanism revealed by this experi-
ment is unlikely to be significant except at high 
temperatures. 

The experiment described above emphasizes an 
important point about accelerated life tests which the 
writer believes has general validity. This concerns the 
high precision with which such tests, if they are to be 
successful, must be carried out. In this particular 
experiment it was only at the third attempt that 
statistical reproducibility was obtained and even then 
it was not possible to draw firm quantitative con-
clusions, probably because of loss of experimental 
control. 

Examination of Fig. 2 clearly indicates that relatively 
small changes in the experimental points would sub-
stantially alter the overall pattern of results and 
markedly affect the extrapolated predictions. Con-
ventional life tests, particularly those of the kind that 
appear in military specifications, are insensitive to 
changes in operating conditions. Applying military 
specification writing to this particular experiment one 
might call for an AQL of 0.4% for a 20-hour life test 
at 200°C. Both samples A and B easily pass this test. 
Even if by mistake the oven temperature was allowed 
to get up to 240°C and the devices were left in storage 
for 160 hours the samples would still pass the test (the 
acceptance number for a 0.4% AQL and 400 devices 
is four rejects). Changes very much smaller than this 
would completely invalidate almost any accelerated 
life test, in which a serious attempt was being made to 
predict by extrapolation the reliability under realistic 
conditions. 
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5. Reliability Clauses in Military Specifications 

For many years reliability clauses have been included 
in military specifications for semiconductor devices. 
The British Joint Service Specifications in the series 
CV 7000 are typical of these. The tests appear mainly 
in Group B, but tests are also sometimes put into 
Group C. Table 2 shows the Group B specification 
of the CV 7430-31. 

Another part of Group B, which is not illustrated, 
defines the conditions for leakage current and gain 
which have to be satisfied after the performance of 
each of the Group B tests. The main reliability 
clauses are given in Sub-Groups 7 and 8, although 
other clauses covering such tests as temperature 
cycling and vibration fatigue are obviously relevant to 
reliability. For a typical lot size of 5000 the manu-
facturer is required to perform a 1000-hour storage life 

test on 150 devices and a 1000-hour operating life test 
on 35 devices. The manufacturer with a good product 
can earn both reduced inspection and reduced dura-
tion in which case the amount of testing required is 
less than one tenth that for normal inspection and 
duration. It was pointed out in the first section that 
even a life test extending to several million transistor 
hours could not assure reliability at the level often 
required. The military specification life tests which 
are an order of magnitude smaller can certainly not, 
therefore, assure good levels of reliability in a statistical 
sense. The fact that the tests are carried out at maxi-
mum rating conditions and are, therefore, accelerated 
tests with regard to most normal operations of the 
devices, may be some help. However, the tests are in 
no sense properly conducted accelerated life test 
experiments from which quantitative extrapolations 
can be made. 

Table 2 

Group B Inspection. Tests of Joint Service Specification CV7430-31 

Examination or test 

Test conditions 
AQL 
% 

Insp. 
level 

Symbol 

Limits 

Units 
K1007/NATO 

Ref. 
Specific conditions Min. Max. 

Sub-Group 1 6-5 IC 
Physical dimensions 5.1 According to drawings 

10.3.2.4 and 10.4.2.4 

Sub-Group 2 4-0 IA 
Solderability 5.13 
Temperature cycling 5.5 —55°C to + 175°C 
Moisture resistance 5.3 

Sub-Group 3 4-0 I 
Vibration fatigue 5.15.1 

Sub-Group 4 6-5 IA 
Lead fragility 5.10.2 2 cycles 

Sub-Group 5 
Omitted 

Sub-Group 6 
Omitted 

Sub-Group 7 4-0 I 
High temperature life 6.2.1 ntir + 175°C 
(Non-operating) 6.6.1.2.2 Duration 1000 hr. 

Sub-Group 8 4-0 IA 

Operating life 6.3 Vcg .---- 15V. Duration 
1000 hr. 

6.6.1.2.2 Tsmb may be at any single 
temperature between +25°C 
and + 125°C with Pun 
corresponding to that given 
on the derating curve 
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The problems of assuring reliability are well appre-
ciated by the writers of military specifications and 
attempts are being made to make the specifications 
more efficient. One method, which plays an important 
part in the proposed new Common Standard Speci-
fications, places emphasis upon the accumulation and 
publication of the results obtained from tests on a 
whole series of released lots. In this way, provided 
methods of production can be held constant, con-
siderably higher levels of reliability can be assured 
over a period of time than can be obtained from single 
lot results. Another approach is to introduce explicitly 
accelerated tests as part of the specification. The 
difficulties associated with this have been touched upon 
in earlier sections. 

6. Transistor Reliability Information Devised from 
Equipment Usage 

In volume, the largest potential source of transistor 
reliability information is contained in actual equip-
ment usage. There are great difficulties in exploiting 
this source but nonetheless in two different respects 
considerable advances have been made. Firstly, a 
number of equipment manufacturers have published 
detailed accounts of the reliability of particular com-
ponents in specific equipments. Cox and Rankin have 
given a very good example of this sort of work.5 
Secondly, various bodies produce documents giving the 
integrated results of reliability information derived 
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Fig. 3. Transistor failure rates as a function of operating power 
and ambient temperature. Derived from equipment operation 

results. (After Ref. 6.) 
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from a large number of different equipments. In this 
country workers at the Royal Radar Establishment 
have taken a leading part and a number of different 
groups are doing similar work in the U.S.A. Figure 3 
is extracted from such a compendium prepared by an 
American company.' It is based upon 3929 million 
transistor hours of operation in equipments. This is, 
of course, a volume of testing that would be impossible 
to achieve by experimental life test. The figure relates 
the expected failure rate to the power dissipation 
(relative to the rated power) and the ambient tem-
perature (relative to the rated maximum operating 
temperature and 25°C). Failure rates vary from 0.02 
to 0.2% per 1000 hours. Failures are defined as open 
and short circuits and radical departures from initial 
characteristics. 

Summaries of this kind, although backed by very 
large quantities of information, are of only limited 
usefulness. They show what may reasonably be 
expected from most good quality devices—and even 
for this they usually reflect the characteristics of 
devices made several years ago rather than current 
products—but give no direct information at all about 
the behaviour of particular types of devices in particular 
equipments. 

7. The Position of the Circuit Designer 

The previous sections have indicated the complex 
nature of reliability assurance for transistors. What 
should the circuit designer do? The answer to this 
question will depend upon how serious is his interest 
in reliability. Where reliability is of key importance 
active co-operation between the equipment maker and 
the transistor producer is required. Highest reliability 
will be achieved if the transistors are made and 
inspected with special care and if the circuit conditions 
allow substantial de-rating of the devices for tem-
perature, power and voltage. Mechanical stresses due 
to shock, vibration and temperature cycling should be 
minimized, and the circuits should be tolerant of 
changes in characteristics. Coupled with the attempt 
to make highly reliable devices must be a test pro-
gramme to give assurance that the required reliability 
has been achieved. The programme will involve an 
elaborate series of normal and over-stress tests 
covering resistance to mechanical, thermal and 
electrical stresses. By these methods it is practicable 
to give assurance of failure proportions as low as 0.2 % 
in 20 years, equivalent to failure rates of 0.001 % per 
1000 hours. However, the cost of the test programme 
alone will be in excess of £10 000 and the cost of 
making the devices must be added to this. The capital 
cost of setting up a facility capable of testing in this 
manner if this is not available will, of course, be 
several times £10 000. The duration of the test 
programme is likely to be in excess of one year. 
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The equipment manufacturer who needs good reli-
ability but cannot pay for an exercise such as has just 
been described will markedly improve his chances of 
achieving this if the following points are borne in mind 
and he is prepared to pay a reasonable price premium 
for them. 

(a) Establish a reliability requirement that is within 
the 'state of the art'. 

(b) Select a transistor made by a technology known 
to be capable of giving high reliability. 

(c) Buy the transistors from a manufacturer with 
substantial experience of the technology. 

Insist on seeing the manufacturer's quality 
control, reliability activities, and life test results. 
The latter will certainly not refer to the actual 
lots to be supplied; they are most unlikely to be 
on a scale to give the required assurance; they 
will not reflect the user's actual condition of 
operation, and they may not even refer to the 
actual type to be purchased. However, they 
should indicate the level of characteristic 
stability likely to be achieved. 

(e) Buying should be done to a specification which 
includes quality and reliability clauses backed by 
lot testing. CV 7000 specifications and, in 
future, Burghard specifications set the pattern. 

The above procedure will not give a statistically 
assured guarantee of a particular low failure rate. It 
will, however, ensure that types of devices with a low 
probability of having a good reliability performance 
will be eliminated and it will indicate to the transistor 

(d) 
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manufacturer that the customer is seriously interested 
in high reliability and is willing to pay a reasonable 
amount to increase his chances of getting it. 

The lowest level of reliability requirement comes 
from the equipment manufacturer who says he needs 
very high reliability but is not prepared to pay 
anything for it. He buys devices at the lowest price he 
can get, from whoever will sell them. All that he can 
do is keep his fingers crossed. He may well be lucky. 
Standard commercial transistors, particularly silicon 
planars, can have very high reliability and it is by no 
means unusual for them to give failure rates of 0.01 % 
per 1000 hours in equipment usage. 
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A Tunnel Diode Oscillator 
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on 'Microwave Applications of Semiconductors' held in London from 
30th June to 2nd July 1965. 

Summary: The tunnel diode is coupled weakly to a relatively high Q 
resonator essentially of the hybrid, or re-entrant coaxial, type. This 
construction ensures a wide tuning range and a frequency of oscillation 
that is relatively insensitive to temperature change, supply voltage varia-
tions and interchange of diodes. In the basic form of the oscillator, using 
a 2 mA peak current germanium diode, stable and continuous oscillation 
is sustained over the full tuning range of 0.7 to 4.9 Gc/s with a power 
output greater than 1 p.W up to 4 Gc/s. Alternative forms of the oscillator 
still under development give power outputs approaching 1 mW at some 
cost in tuning range. 

I. Introduction 

The simplest forms of tunable tunnel diode oscillator 
rely on modifying the natural self-resonant frequency 
defined by the junction capacitance and series induc-
tance of a tunnel diode by means of an external 
inductance or capacitance. 

These simple inductively and capacitively tuned 
circuit configurations are described in the literature 
and characterized as oscillators operating respectively 
below or above the self-resonant frequency." 2 

The octave bandwidth oscillator described by 
Shelton and Frederick3 would require a more com-
plicated equivalent circuit but the design starting 
point is clearly the capacitance of the tunnel diode, so 
that this oscillator is similarly dependent on what 
might be considered an incidental or stray charac-
teristic of the diode used. 

The oscillator design described here was conceived 
differently as one whose oscillation frequency, in 
particular, would be that of an associated resonator 
and relatively independent of the parameters of the 
tunnel diode itself. 

Since a suitably biased tunnel diode presents a 
negative resistance or conductance to its terminals at 
all frequencies up to its cut-off frequency it is capable 
of oscillating at the resonant frequency of, for ex-
ample, any high- Q series-tuned termination with 
smaller resistance or high-Q parallel-tuned termina-
tion with smaller conductance. To construct a wide 
range tunnel diode oscillator it is therefore sufficient 
in principle to offer up to the terminals of a biased 

t Formerly with Decca Radar Ltd., Research Laboratory, 
Walton-on-Thames, Surrey; now with G.E.C. (Electronics) 
Ltd., Stanmore, Middx.. 
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tunnel diode a lightly-loaded resonator of the required 
tuning range. Apart from the broad tuning facility, 
such a construction could be expected to offer advan-
tages in frequency stability and interchangeability of 
diodes. 

2. The Resonator 

The form of resonator chosen was the hybrid 
cavity (Fig. 1) which has been described in its applica-
tion as a wavemeter by Essen.' 

Fig. 1. Hybrid cavity. 

At the high frequency end of the tuning range, 
with the tuning plunger withdrawn, the resonator is a 
cylindrical cavity with a resonant wavelength, in the 
E010 mode, of 1.3 times the cavity diameter. As the 
plunger is intruded into the cavity its inductance 
resonates with its capacitance to the side and end 
walls of the cavity at frequencies which in theory can be 
reduced without limit. In practice the very high tuning 
slope as the plunger almost touches the far end of the 
cavity restricts the useful tuning range to an octave or 
two. 

In a wavemeter application a detector diode could be 
coupled to the resonator either capacitively by a 
probe or inductively by means of a loop as shown in 
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Fig. 2. Although loop coupling is possibly more 
usual, capacitive coupling of an axially mounted 
detector has been employed by the author in a pre-
cision 1.5 to 4 Gc/s wavemeter. However in a tunnel 
diode device the self-inductance of a coupling loop 
would introduce a stability problem which can be 
avoided by a capacitive coupling arrangement. 
Although considered originally, inductive coupling 
of the tunnel diode was rejected in favour of capacitive 
coupling. 

Fig. 2. Hybrid cavity showing alternative capacitively and 
inductively coupled diodes. 

An equivalent circuit of the hybrid cavity with 
capacitively coupled diode is shown in Fig. 3, where 
C1 and C2 are the capacitances from the tuning 
plunger to the coupling probe and cavity body 
respectively and Co the capacitance from the probe 
to the cavity body. To reach low frequencies either 
C2 or C1 and Co must become large. These alternative 
requirements suggest a choice of configurations. The 
oscillator could be constructed as one in which the 
diode is series coupled by C1 to a parallel tuned 
resonator L, C2 or as one in which the diode is 
shunt coupled by Co to a series tuned resomator L, C1. 

c, 

Fig. 3. Equivalent circuit of hybrid cavity with capacitively 
coupled diode. 

Pursuit of the second course led fairly naturally to 
the construction shown in Fig. 4. Here the probe has 
become a cylindrical cup extending into the cavity 
and overlapping the end of the tuning plunger when it 
is fully inserted. This arrangement allows a smooth 
transition to the large capacitance required to tune 
the cavity to the low frequencies. Figure 4 shows also 
the bias connection and the adjustable output coupling 
loop with which the cavity is loaded. The diode is 
held in position mechanically by a clamp which is not 
shown in detail. 
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Fig. 4. Construction of wide-range tunnel diode oscillator. 

A simplified equivalent circuit is shown in Fig. 5, 
where RL represents the external loading and Rd the 
internal dissipation. With Cc, generally greater than 
C1 the main resonant frequency determining para-
meters are L and C„ while Co determines the degree 
of coupling of the diode to the cavity. So long as the 
negative Q of the cavity loaded by the diode alone is 
smaller in magnitude than the unloaded Q,cooL/Ra, 
the diode can still oscillate at and stay locked to the 
resonant frequency of the cavity if this is sufficiently 
lightly loaded. 

r-

-Rn 

Fig. 5. Simplified equivalent circuit of oscillator. 

3. The Diode 

In general the choice of tunnel diode for a given 
oscillator application is governed by the required 
power output, which is a function of the semiconductor 
material and of the diode peak current, and the maxi-
mum required frequency of operation, which deter-
mines the minimum cut-off frequency of the diode. 
These considerations are subject however to an over-
riding requirement of stability against spurious modes 
of oscillation which places constraints on the design 
and may entail some compromise of the power 
requirement. 

The order of magnitude of the power output can be 
estimated quite simply. If the r.f. voltage and current 
at the diode terminals are assumed to be sinusoidal 
with amplitudes I( Vi,-11,,) and 4(l —i), where lip, 
and 4, are the peak and valley voltages and currents, 
the expected power output can be taken as half the 
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product or 
P = 3(V„— Vp)(ip-

4(17,, — Vp)ip 

0.04 II, watts 

(1) 

(2) 

for germanium diodes. In the author's experience the 
available power output lies between 0.02 I,, and 0.03 ir 
Gallium arsenide diodes, with a larger peak to valley 
voltage difference, may be expected to give a pro-
portionately higher power output. 

The cut-off frequency is defined in terms of the 
negative resistance, junction capacitance and series 
resistance of the diode by the relation 

1  
fco — 2nR, C j • 'Mies) —1  (3) 

•••••0 

1 

2nCp/(R„ Rs) 

Since the available power output falls rapidly as the 
frequency of operation approaches the cut-off, and 
as the effective series resistance of the diode may be 
increased by the contact resistance and local surface 
resistance of its mounting, it is generally desirable that 
the nominal cut-off frequency should exceed the 
greatest frequency of operation by a factor of two or 
more. 

The actual choice of diode for the first experimental 
1-4 Gc/s oscillator was limited by availability to the 
D4168 series of 2 mA peak current germanium diodes 
of which the D4168A or D4168B were expected to be 
the most suitable. A power output of microwatts was 
quite acceptable for the original broadband signal 
source application. 

(4) 

4. Stability Considerations 

As the coupling between the diode and the principal 
mode of the cavity resonator is reduced the diode 
becomes increasingly liable to oscillate preferentially 
in alternative modes, in particular at its own natural 
frequency of oscillation or `self-resonant' frequency. 
It is therefore desirable that these modes should be 
fairly heavily damped. 

In the case of the self-resonance the damping is 
provided mainly by the series resistance of the diode 
so that the effective criterion for stability against 
oscillation at the self-resonance frequency is simply 
that this frequency should be greater than the resistive 
cut-off frequency. 

The self-resonance frequency is given by 

1 
A 271,I(Ls C.1)  (5) 

where L, and C are the package inductance and 
junction capacitance of the diode. The criterion for 
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stability is therefore that 

i.e. Lç < 1 

CJR.Rs 

(6) 

(7) 

from (4) and (5). 

This condition is satisfied for example by the 
'typical' D4168B diode with Ci = 1.7 pF, R„ = 
55 sz Rs= 4 n, and L, = 0.25 nH. (These were 
the appropriate figures when this development was 
initiated.) 

Other spurious oscillations liable to occur are 
those associated with the external bias circuitry or 
with the higher order resonances of the cavity. 
These oscillations were avoided by careful choice of 
bias circuit component values in the first case and in 
the second by a choice of cavity dimensions which 
ensured that the resonant frequency of the three 
quarter mode in particular would be close to or higher 
than the diode cut-off frequency. 

5. Performance 

In its original form the oscillator gave the power 
output shown in Fig. 6 (curve A) with a D4168B 
diode. The output, although feeble at the top end of 
the tuning range, was maintained throughout the 
tuning range of 0.7 to 4.9 Gc/s. The high frequency 
fall in power was due as much to the diode as to 
losses in the cavity. D4168A diodes with lower cut-
off frequencies would not oscillate over the full 
frequency range. Diodes with much higher cut-off 
frequencies were unstable, and some D4168B diodes 
with cut-off frequencies well above the typical values 
gave spurious outputs in the region of 9 Gc/s. 

0 

10 
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30 

en 
15 2 
FREQUENCY 

3 
Gc/s 

4 5 

Fig. 6. Power output of original oscillator with D4168B diode 
(A), modified for D5061A (B), modified experimentally for 
D5062 and D5064 diodes (C and D). 
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A revised version of the design gave the improved 
high frequency performance shown in Fig. 6 (curve B) 
using a D5061A diode. This is also a 2 mA peak 
current diode but has a lower inductance package and 
is rather more closely specified than the D4168 series, 
so that specification or selection of suitable diodes does 
not present a very great problem. 

Experimental cavities of similar design have been 
built for higher peak current diodes. Curves, C and 
D in Fig. 6 show the best results achieved so far with 
5 and 20 mA peak current germanium diodes. The 
equivalent gallium arsenide diodes could be expected 
to give about twice these power levels. 

However the higher power oscillators present 
rather special difficulties. Because of the increased 
stability problems associated with the higher current 
diodes and the greater importance anyway of achieving 
maximum output power the useful bandwidth is 
reduced and, for 1 mW L- or S-band oscillators, may 
be limited to about an octave. 

The short-term frequency stability of the original 
form of the oscillator is of the order of a few parts in 
108. The temperature drift at 2 Gc/s is 200 kc/s or 
0-01 % per degree C. 

6. Conclusions 

Application of the design principle of locking a 
tunnel diode to a high Q resonator leads to an 
oscillator construction featuring good frequency 
stability and a wide tuning range approaching three 
octaves. Power outputs of the order of a milliwatt 
adequate for laboratory signal sources or receiver 
local oscillators can probably be achieved over octave 
bandwidths at L- or S-band. 
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STANDARD FREQUENCY TRANSMISSIONS 
(Communication from the National Physical Laboratory) 

Deviations, in parts in 10 1°, from nominal frequency for March 1966 

March 
1966 

GBZ 19-6 Ice's 
24-hour mean 

celeil U.T.n 

MSF 60 kc s 
I 430-1530 U . 7 . 

Droitwich 200 kc s 
24- hour mean 
centred :tin 

GBZ 196 kc/s 
March 24- hour mean 
1966 centred on 

0300 U.T. 

MSF 60 kc/s 
1430-1530 U.T. 

DroltwIch 20C kc/s 
24- hour mean 
cent red on 

0 U.T. 

I - 301.9 - 301 6 - 1.7 16 - 299.9 - 300 2 - 2.1 

2 - 299 0 - 300 7 - 2.0 17 - 298 9 - 300-0 - 10 

3 - 298.9 - 300 7 -- 2.8 18 - 299 3 - 299-7 - 1.7 

4 - 299-6 - 300.8 -- 2-3 19 - 301.5 - 300-0 - I.9 

5 - 300-8 - 301-1 - - 1-8 20 - 300 5 - 300.0 - 1.9 

6 - 300.3 - 301.3 - 1.3 21 - 299 0 - 299.1 0 

7 - 299.2 - 300-3 - 1.3 22 - 299 5 - 300 2 - 2.1 

8 - 298.9 - 299-9 - I .7 23 - 298.1 - 299-7 - 2-5 

9 - 299.7 - 300-4 - 1.5 24 - - 299-6 - 2.6 

I 0 - 298.0 - 301 0 - 2-2 25 - 300 0 - 298 7 - 1.8 

II - 299.5 - 300-1 - 2-3 26 - 298 0 - 300-1 - 0-9 

12 - 299-1 - 299-8 - 1.8 27 - 297.8 - 300-6 - 0.1 

13 - 300-0 - 299.9 - 1-6 28 - 301-4 -- 300-7 - 0.1 

14 - 301.1 - 300.5 - I.6 29 - 299.9 - 300.6 - 0-2 

15 - 300.8 - - 1.8 30 -- 300.6 - 300-9 - 0- I 

31 -- 299-9 - 301.5 - 0-6 
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Nominal frequency corresponds to o value of 9 192 631 770-0 c/u for the caesium F,m (4.0)-F,m (3,0)transition at zero field. 

Note: GBR Rugby has been replaced temporarily by GBZ Criggion. 
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Summary: From consideration of the factors influencing the design of 
varactor diodes for use in high-frequency parametric amplifiers and 
multipliers it appears that GaAs is the most suitable choice of semi-
conductor. The high carrier mobility of this material over a wide range 
of temperatures should enable high cut-off frequency varactor diodes to 
be fabricated which will operate at the low temperatures required for 
ultra-low-noise parametric amplification. In addition, the high cut-off 
frequency should provide efficient harmonic generation at the higher 
microwave frequencies. 

An appraisal of the performance of an initial GaAs diode indicated 
that low frequency measurements were unreliable, and this has led to the 
development of a microwave measurement technique which has proved 
to be an extremely useful method of evaluating the junction parameters. 

As a result of these measurements new device structures have been 
evolved which reduce the microwave losses and simplify the fabrication 
processes. Three forms of diode have been developed for use at C, X and 
Q-band having cut-off frequencies of 150, 250 and 700 Gc/s (at zero bias) 
respectively, and the construction and performance of these varactors are 
described. 

1. Introduction 

The variable capacitance characteristics of a semi-
conductor diode are due to the mobile charge carriers 
moving away from the neighbourhood of the p—n 
junction to form a space charge or depletion layer. 
The width of this depletion layer is determined by the 
bias applied to the junction and therefore the capaci-
tance can be varied between the extreme points of 
forward and reverse conduction. Such a device 
exhibiting a voltage dependent junction capacitance 
is known as a varactor diode and these have recently 
found particular application in the fields of low-noise 
parametric amplification and harmonic frequency 
generation. The conventional equivalent circuit of a 
varactor diode is shown in Fig. 1 in which C1 the 
junction capacitance charges through a series resistance 
R, whilst the encapsulation provides a stray capaci-
tance C, and inductance L,. 

Although suitable varactor diodes for low frequency 
operation have been available for some time, the lack 
of high performance devices has tended to limit 
progress on applying these techniques at microwave 
frequencies. The present paper reviews the basic 
requirements of a varactor diode for use at micro-
wave frequencies and considers the reasons for 
employing gallium arsenide as the semiconducting 
material to obtain optimum performance. Apart from 

t Associated Semiconductor Manufacturers Limited, Wembley 
Laboratories, Wembley, Middlesex. 
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the choice of semiconductor, the characteristics of a 
varactor diode also depend to a considerable extent 
upon the physical structure of the device, and the 
development of a microwave measurement technique 

Fig. 1. Conventional varactor diode equivalent circuit. 

for evaluating the true diode parameters has enabled 
considerable improvements to be made in the design 
of this type of diode. On this basis a range of diodes 
have been investigated for use from 1 to 40 Gc/s, and 
the construction and performance of these will be 
described. 

2. Diodes for Parametric Amplifiers and 
Harmonic Generators 

It is possible to calculate the idling frequency at 
which a parametric amplifier noise figure has its 
minimum value.' This is given by: 

f2 = -11 +(fl + Y2.1;2)0.5  (1) 
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where f, = signal frequency 

f2 = optimum idling frequency 

y = capacitance (C) variation coefficient 

C.— C.d.  

2(Cmax + Cmin) 

= diode cut-off frequency 

The minimum noise figure theoretically predicted 
is then 

2, 
Fink, ?--- 1 + f—  (2) 

Yfc 

(assuming - t) 

A suitable figure of merit for a varactor diode in 
this application is therefore, 

M = 7.fc  (3) 

and the relation between the estimated amplifier noise 
figure and this figure of merit is given in Fig. 2 for a 
range of signal frequencies. The amplifier noise figure 
from eqn. (2) can also be expressed in terms of noise 
temperature and becomes, 

2f, 
mp = 

where Tn., = amplifier noise temperature 

T = diode temperature 

10 20 
SIGNAL FREQUENCY, Gc/s 

(4) 

Fig. 2. Relation between diode figure of merit and parametric 
amplifier performance. 

From these last two equations it becomes apparent 
that for optimum amplifier performance a diode 
should combine a high cut-off frequency with a 
marked capacitance variation and that these features 
should be maintained at low temperature in order 
to achieve low noise figures. 

In the case of harmonic generation, the two diode 
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parameters of particular importance are the power 
conversion efficiency and the power handling capacity. 
Penfield and Rafuse2 have demonstrated how the 
conversion efficiency, 1, is approximately related to 
the device characteristics as, 

= 1—D — 
L 

(5) 

where fin = fundamental frequency 

D = constant depending on order of harmonic 
desired 

which indicates that, as for parametric amplifiers, a 
high cut-off frequency is desirable. The power 
handling capacity of the diode is governed by the 
junction capacitance, permissible voltage swing, and 
the power dissipation rating. As long as the dissipa-
tion rating is not exceeded, the maximum permissible 
input power Pin is given by, 

Pin = Afin Cmin(0 VB)2  (6) 

where 0 = junction contact potential. 

The constant A will depend primarily on the order 
of harmonic selected and the frequency of operation. 
However, another factor which complicates this 
analysis is that if the lifetime of the minority carriers 
in the semiconductor is sufficiently long the diode 
may be driven into the forward direction to obtain a 
significantly large diffusion capacitance which will 
enhance performance. Although this effect has been 
utilized at lower frequencies3 its importance in the 
microwave region has not been determined. 

As the junction capacitance, CI, is restricted by 
cut-off frequency and impedance level considerations 
it is necessary to counterbalance this with a high 
breakdown voltage, V B for large input power levels. 

The thermal rating is determined by the maximum 
junction temperature rise that the diode structure can 
tolerate, T.), and the thermal resistance O. Then the 
maximum dissipation within the device becomes, 

Pdiss = (7) 

Consideration of these diode requirements for 
amplifiers and multipliers indicates that there are 
several parameters which are common for both 
applications. The outstanding features that such an 
ideal diode should possess are a high cut-off frequency 
combined with a large capacitance-voltage sen-
sitivity. Whilst the relative importance of the other 
characteristics such as high breakdown voltage, low 
temperature operation, and good thermal dissipation 
will depend on the particular application of the diode, 
it should be the aim to bring these features together 
in one device. 
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3. Diode Design 

The design of microwave varactor diodes can be 
resolved into the semiconductor material, the junction 
element, and the device encapsulation. 

Varactor diodes have been made from several kinds 
of semiconductor. It can be shown that the cut-off 
frequency which is defined by, 

1 

fc(Y) 271R,C 
(8) 

can be expressed in terms of the properties of the 
material as follows 

/*coo cc  (9) 

Thus the perfect semiconductor should possess a 
low dielectric constant and a high minority carrier 
mobility. On this basis indium antimonide = 
100 000 cm2/Vs, e = 17) would appear outstanding, 
and varactors fabricated with this material have been 
reported,' with a cut-off frequency of 400 Gc/s which 
provided extremely low noise amplification. How-
ever, as this material has an energy gap of only 
0.18 eV it can only be used below about — 196°C 
and this considerably restricts the usefulness of this 
type of diode. Of the materials which can operate 
over a wider range of temperatures gallium arsenide 
= 4 500 cm2/Vs, e = 11.1) and silicon (µ = 1 000 

cm2/Vs, e = 11.8) appear the most promising. The 
energy gap of silicon ( 1.08 eV) allows operation up to 
175°C but at lower temperatures the conductivity 
decreases due to the high impurity ionization energies. 
Recently some improvement has been described' by 
using compensated material, but cut-off frequency 
still decreases by 50% at — 269°C as compared to 
25°C. Therefore from the viewpoint of cut-off 
frequency and ability to operate over the temperature 
range of — 269°C to 225°C gallium arsenide seems to 
be the most suitable material for parametric amplifier 
use. Whilst these are also essential characteristics for 
harmonic generator applications progress in this field 
has been retarded by the difficulty of achieving high 
breakdown voltages in gallium arsenide. This has 
been a result of the technological problems associated 
with producing material of reasonable purity. How-
ever, the introduction of epitaxial growth processes 
has opened the way to better quality gallium arsenide 
and breakdown voltages of greater than 100 V are 
now feasible. 

In the previous section it was shown that the elec-
trical performance of a varactor diode is defined by 
cut-off frequency, capacitance variation and break-
down voltage. Therefore, the design of the junction 
element depends on producing the optimum relation-
ship between the series resistance and capacitance for 
a given breakdown voltage. Breakdown voltage V g 
is a function of the gallium arsenide resistivity p,, and 
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with the types of junction described in this paper it 
has been found that, 

VB = 250pr  (10) 

over the range of 5 to 100 V. For a parametric 
amplifier only a low breakdown voltage is required 
(i.e. about 6 V), but it is always advantageous to use 
the lowest possible resistivity in order to minimize the 
series resistance. 

The resistance of the diode arises not only from the 
resistive components of the junction and bulk semi-
conductor, which can be calculated from the dimen-
sions and resistivity,' but also from contact resistances 
and skin effects at microwave frequencies. Although 
these are the elements that in practice limit gallium 
arsenide varactor diode performance they are not 
fully understood. 

The junction capacitance is also dependent on 
resistivity as 

Ciori = A 
A [2pti(V —0)] -" 
i  (11) 

e 

Ideally the junction capacitance should be larger 
than any fixed stray capacitance from the encapsula-
tion, and yet less than about 1 pF for a suitable 
microwave impedance. As a low capacitance is 
required for a high cut-off frequency this implies a 
high resistivity and a small junction area A. Un-
fortunately this is in opposition to the low resistivity 
and large junction area required to reduce the series 
resistance, and therefore some compromise is neces-
sary. In practice the optimum RsCi product is 
obtained with a junction capacitance in the region 
of 04 pF. 

The value of n is derived from the impurity distri-
bution at the junction. For a graded junction this is 
about .1 whereas for an abrupt type n is -I. To enhance 
y, the capacitance variation coefficient, it is desirable 
to approximate as closely as possible to an abrupt 
junction. 

Basically, the encapsulation can limit the per-
formance of a varactor diode by having: (a) a large 
stray capacitance in relation to the junction capaci-
tance, (b) an excessive series inductance giving low 
series and parallel resonant frequencies and, (c) poor 
thermal properties. Most varactor cases consist of 
two metal connections carrying the diode element 
separated by a ceramic insulator. In general, reducing 
the size of the encapsulation by bringing the metal 
parts closer together will give a lower series inductance, 
but due to limitations on the minimum size of ceramic 
insulator that can be fabricated this will tend to 
increase the stray capacitance and therefore some 
compromise must be made between the stray capaci-
tance and inductance. Apart from the inductance of 
the metal case components there is a contribution 
from the internal connections to the diode element and 
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these will be discussed in the sections dealing with 
construction of actual devices. 

Due to the practical limitations on the reduction of 
size of the case it becomes increasingly difficult to 
attain series resonant frequencies above about 30 Gc/s. 
Mounting the diode junction element directly in a 
section of wave guide then becomes a more attractive 
solution and a diode of this type will also be mentioned. 

The thermal aspects of the case design are those of 
good power dissipation from a low thermal resistance 
(eqn. (7)), and the ability to function over a wide range 
of temperatures, probably from — 269°C to 225°C. 
Ceramic-metal encapsulations are ideally suited to 
these conditions and the main considerations are to 
employ metal parts of high thermal conductivity yet 
matched in expansion to the ceramic. 

4. Diode Evaluation 

Measurement of the various diode parameters is 
necessary for the correct assessment of a device and 
also to provide a firm basis for further research and 
development. Some characteristics such as the 
breakdown voltage can be easily determined by 
simple d.c. measurements, but other parameters are 
frequency dependent and it is therefore essential to 
evaluate microwave varactor diodes at frequencies 
about which they will be employed. 

A most satisfactory microwave transmission 
measurement technique has been established and is 
fully described in another paper.' Transmission loss 
past the diode is measured in the region of the diode 
series resonant frequency, which in the present 
instance is usually in X or Q-band. The diodes are 
mounted in reduced height waveguide with tapers 
matching to full height waveguides on either side. 
The equivalent circuit is then assumed to be that 
shown in Fig. 1, shunting the transmission line. In 
the region of the series resonant frequency the 
impedance of the series branch is very low, so the 
shunting effect of the case capacitance and the 
detector may be neglected. The equivalent circuit 
then becomes that of a series inductance-capacitance-
resistance circuit shunting the transmission line. Three 
measurements, of transmission loss at resonance, 
Q factor, and series resonant frequency enable the 
three unknowns to be determined. In addition, the 
variation of the resonant frequency with bias enables 
the capacitance variation with bias to be determined. 

Two salient points emerged from the measurement 
of some early diodes by this method. The first was an 
increase in the series resistance of up to 5 ohms over 
the d.c. value of 1 ohm, and the second feature was 
that the values obtained for the junction capacitance 
were about 0.1 pF higher than measurements made 
on a 1 Mc/s bridge. In view of the fact that the values 
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of series inductance agreed well with the inductance of 
dummy metal diodes it is thought that the microwave 
values of junction capacitance and series resistance do 
correctly describe the diode microwave performance. 
Further work suggests that this increase in junction 
capacitance is due to a distributed case capacitance, 
part of which appears across the junction, and there-
fore the usual equivalent circuit should be modified 
to that shown in Fig. 3. As mentioned previously, the 
increase in series resistance arises from skin effects at 
microwave frequencies. The determination by the 
microwave measurements of these significant changes 
in junction capacitance and series resistance, which 
could easily reduce the cut-off frequency of a diode 
to 20% of the low frequency value, had an important 
bearing on the subsequent development of the 
varactor diodes. With this measurement technique it 
has been possible to evaluate various designs and 
minimize the degradation in performance at micro-
wave frequencies. 

ci 

Fig. 3. Modified varactor diode equivalent circuit. 

5. Diode Development 

The rest of the paper describes the construction and 
performance of three different gallium arsenide 
varactor diodes which mark the present state of 
development. These are primarily intended for use in 
S to C, X, and Q-band parametric amplifiers, but 
should also prove useful as harmonic generators over 
the same frequency range. The minimum basic 
requirements for these diodes, based on the 
factors outlined earlier in Section 1, are shown in 
Table 1, and these parameters should be maintained 
at low temperatures for cooled amplifiers. 

6. S to C-Band Varactor Diode 

6.1. Diode Fabrication 

A small area diffused junction diode is a convenient 
structure for obtaining optimum characteristics where 
the desired junction capacitance is above about 0.1 pF. 
The smaller areas required for capacitances below 
this value involve contact problems and a point-contact 
junction becomes more attractive. However in this 
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Table 1 

Minimum varactor diode requirements 

Amplifier 
frequency 

S to C-band X-band Q-band 

Type No. 
VX3368 
(Mullard VX6508 Experimental 
CAY10) 

M = Yfccov)t 

Series resonant 
frequency 

20 Gc/s 

8 Gc/s 

• 30 Gc/s 

.?) 15 Gc/s 

• 50 Gc/s 

• 30 Gc/s 

C.— C.'. 
t Y 2(C.AR -1- CiR) where Cmin = C, at VR = 1 V 

IA  
CA,„. = CI at if = 1 pA 

and VA and If are reverse voltage and 
forward current respectively. 

instance a capacitance of the order of 0.5 pF is 
desirable. Diffusion is not only a controllable process, 
but also a flexible technique which can be applied 
with epitaxial and planar structures to give further 
improvements in the electrical characteristics. In 
addition, diffusion in gallium arsenide has another 
significant advantage. Unlike the majority of diffusants 
in other semiconductors which produce an error 
function profile resulting in a graded junction, the 
diffusion of zinc in gallium arsenide is anomalous and 
approaches the heavily doped abrupt profile given by 
an alloyed junction. Therefore by employing a zinc 
diffusion to obtain a junction in n-type gallium 
arsenide a greater capacitance-voltage sensitivity is 
achieved. 

10 21 

30 MIN. 800°C DIFFUSION 

0 ; 4 6 8 10 
DEPTH pm 

Fig. 4. Typical zinc diffusion profile in gallium arsenide. 

April 1966 

I OM 

Fie 5. VX3368 (CAY10) C-band varactor diode. 

By using n-type gallium arsenide in the form of a 
thin slice of the lowest possible resistivity compatible 
with the required breakdown voltage of 6V (see 
eqn. (10)) the bulk resistance of the device is mini-
mized. After chemically polishing the slice to obtain 
a flat surface, the zinc is diffused in under an excess 
pressure of arsenic to prevent disassociation of the 
gallium arsenide. By carrying out the diffusion at a 
high temperature for a short time an extremely 
heavily-doped abrupt p-type layer is obtained as 
shown in Fig. 4. In gallium arsenide the gallium and 
arsenic occupy alternate sites in the crystal lattice and 
this asymmetry is the cause of many of the special 
characteristics of the material. In consequence the 
junction on the gallium rich face is removed to retain 
the flatter junction on the arsenic rich side. The 
importance of obtaining a flat junction is that the 
thickness of the p-type layer can be minimized to 
limit the resistance R,„ of this part of the junction. 

This slice containing a p—n junction is now diced 
into wafers about 750 microns square and mounted 
by alloying into the pill case as shown in Figs. 5 and 6. 

Fig. 6. Construction of the VX3368 (CAY10) C-band varactor 
diode. 
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The importance of this mounting process was revealed 
by measurements on early diodes which indicated that 
the contact resistance /2, could amount to several 
ohms. However, by suitable choice of alloying 
materials this has been reduced to about 0-5 ohms. A 
metal contact is now attached to the p-type layer and 
connected to the top flange of the pill case by means of 
thermo-compression bonded gold wires. As full 
connections are now made to the diode it is possible 
to monitor the junction characteristics whilst the 
junction size is reduced by etching until the capacitance 
is about 0-5 pF. The diode is completed by resistance 
welding a top cap to hermetically seal the pill case. 

6.2. Encapsulation 

The combination of a ceramic-metal case with a 
diode containing all bonded or alloyed connections 
makes a very rugged device, and by matching the 
thermal expansion of the various components opera-
tion is possible down to liquid helium temperatures. 

With a case of given outline a compromise must be 
made between the inductance and capacitance. As an 
inductance, the case consists of a pillar on which is 
mounted the junction with a wire connection to the 
top cap, and as the overall length of the case is fixed, 
any change in pillar height is counteracted by a 
corresponding change in wire length. The relative 
inductances of these two components were determined 
at 10 Gc/s and the conclusion was drawn that the 
maximum pillar height that could be accommodated 
in the case would provide the lowest inductance. The 
material has little effect, and whilst an increase in 
pillar diameter would be worthwhile this is restricted 
by the overall outline of the case. Although enlarging 
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Fig. 7. Reverse characteristics of a diffused gallium arsenide 

varactor diode. 
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Fig. 8. Forward characteristics of diffused gallium arsenide 

varactor diode. 

the junction connection is also beneficial this leads to 
increasing difficulties in fabricating the device. 

From the measurements described in Section 4 it 
was found that there was a stray capacitance across 
the junction (Cs1) and a stray capacitance due to the 
encapsulation (Cs2). The direct capacitance between 
the wafer and the top cap is negligible and C 52 is the 
capacitance from the sides of the pillar via the ceramic 
insulator tube to the top cap. For minimum stray 
capacitances this tube should have a small cross-
sectional area and maximum height, but outside 
diameter and height are restricted by the use of a 
standard outline, and the wall thickness is limited by 
porosity considerations to about 375 microns. By 
employing high aluminium ceramic a rugged seal is 
obtained, but if a technique for metallizing quartz 
becomes available the low dielectric constant of this 
material would drastically reduce the stray capacitance. 

6.3. Performance 

The typical reverse characteristics of the diode are 
shown in Fig. 7 for ambient temperatures of 175°C 
to — 196°C. As a result of the large energy gap of 
gallium arsenide the reverse leakage currents are 
extremely low being of the order of 10' A at room 
temperature, and only becoming significant near the 
maximum operating temperatures of 175°C. The 
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corresponding forward characteristics for these tem-
peratures are given in Fig. 8 and it will be noted that 
these changes follow from an increase in the diode 
contact potential 0 of about 2 mV for every 1°C fall 
in temperature. This effect in conjunction with the 
high value of contact potential, resulting from the 
energy gap, enhances the capacitance variation 
coefficient at low temperatures. These diodes with-
stand the thermal shocks involved in rapid changes 
over this temperature range and some devices have 
been stored at — 269°C. Although no precise measure-
ments were made at this temperature the devices still 
exhibited good diode characteristics. 

The capacitance law of the diodes, when measured 
on a low frequency bridge, followed the relationship, 

CAI') = Ci(ov)(1 — VY 0.41  (12) 

with a typical value of Ci(ov) of 0.4 pF. The decrease 
observed in junction capacitance with temperature 
correlated with the measured variation in the contact 
potential. 

The d.c. series resistance of the diode can be 
estimated by extrapolating the forward characteristic, 
as about 2.0 ohms. The complete low frequency 
characteristics are summarized in Table 2, and it is 
interesting to calculate that the cut-off frequency at 
— 6 V is about 442 Gc/s on the basis of these measure-
ments. 

Table 2 

Typical characteristics of the VX3368 
(CAY10) varactor diode 

Low frequency characteristics (25°C) 

Breakdown voltage, at IA = 1 pA 

Reverse current, at VA = 4 V 

Forward voltage, at If = 1 pA 

Forward voltage, at If = 50 mA 

Series resistance, R. 

Junction capacitance, at V. = 6 V 
Ciciv> 

Stray capacitance, C. = C.1 -F Cs2 
Thermal resistance, O 

Microwave characteristics (25°C) 

Series resistance, R, 

Junction capacitance, at VA = 6 V 
C1(611) 

CgOV)/C1(6V) 

6.8 V 

20 nA 

0-88 V 

1.38 V 

2.10 ohms 

0.18 pF 

0-23 pF 

500 deg C/W 

2.8 û 

0.24 pF 

1-57 

Capacitance variation coefficient 016 

Series inductance, L. 640 pH 

Series resonant frequency, at 
V. = 0 V, f,, 10.2 Gc/s 

Q, at f„,, 14-7 

Cut-off frequency, at VA = 0 V, fc(0v) 150 Gc/s 

Cut-off frequency, at V. = 6 V, f(6v) 235 Gc/s 

However, as previously stated, at microwave 
frequencies there is a modification to the simple 
equivalent circuit which considerably reduces this 
figure. The diodes were evaluated by the transmission 
measurement at the diode series resonant frequency 
in X-band. The value of microwave series resistance 
then increased to about 2.8 ohms as a result of skin 
effects, and the junction capacitances by about 0.1 pF 
due to the distributed case capacitance. From these 
measurements it would appear that the correct cut-off 
frequencies are typically 150 Gc/s at zero bias and 
235 Gc/s at — 6 V. 

The other microwave parameters are given in 
Table 2 and indicate that a zero bias figure of merit 
of about 23.5 Gc/s is obtained. From Section 1 
such a value would predict a noise figure of about 
2 dB at C-band and performance of this order has 
recently been achieved with a degenerate amplifier.' 

7. X-Band Varactor Diode 

7.1. Fabrication 

To achieve the performance required for operation 
at X-band, improvements are necessary in both the 
diode elements and encapsulation as compared with 
the previous diode. The possibility of attaining better 
junction characteristics lies with either increasing the 
capacitance-voltage sensitivity or the cut-off frequency. 
Although Chang' has described methods of making 
'hyper-abrupt' and 'pagoda' structures which enhance 
the capacitance variation, these usually incur some 
increase in series resistance and so degrade the overall 
performance. Alternatively there appear to be 
several ways to reduce the diode series resistance and 
thereby improve the cut-off frequency. As shown in 
Section 4 this resistance arises from the several parts 
of the diode. In the course of the development of 
the VX3368 (CAY10) the very high contact resistance 
of several ohms was drastically reduced giving the 
approximate resistances shown in Table 3. 

Table 3 

Estimated components of series resistance at 
X-band 

Diffused p-type layer, R,. 

n-type material, R. 

Contact resistance, Rc 

Increase in RB due to skin effects Rà. 

VX3368 VX6508 

0.1 ohms 01 ohms 

1.4 ohms 0.4 ohms 

0.5 ohms 0.5 ohms 

0.8 ohms 0.7 ohms 

Total, R, 2-8 ohms 1.7 ohms 

Although the contact resistance could probably be 
improved still further the major limitations were those 
of bulk resistance and microwave skin effect. Recently, 
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with the introduction of new methods of producing 
gallium arsenide it has become feasible to reduce the 
resistance of the bulk n-type layer. By epitaxial 
deposition techniques it is possible to grow a thin 
high-resistivity layer of n-type gallium arsenide on a 
heavily doped substrate. With material of this type 
the junction can be formed in the thin high-resistivity 
layer and the breakdown voltage and other parameters 
associated with that doping level retained, whilst the 
substrates being of low resistivity reduces the bulk 
resistance of the device. 

Epitaxial gallium arsenide of this type has been 
used to fabricate diodes to meet the requirements 
outlined in Section 5. To obtain the full benefit of 
this structure it is essential to have a very thin high-
resistivity layer as shown in Fig. 9. With such a layer 
of about 10 microns thickness the diffusion of the 
p-type junction becomes extremely critical, and 
involves the control of junction depth to within 1 
micron. Apart from this problem of accurate 
diffusion, the general construction with the steps of 
mounting, bonding, and etching follows that of the 
C-band diode. However, the microwave measure-
ments show that the epitaxial material reduces the 
series resistance by about 1 ohm as indicated in Table 3. 

7.2. Encapsulation 

The series inductance of the case used for the C-
band diode is about 640 pH giving a series resonant 
frequency of about 10 Gc/s with a junction capacitance 
of 0.4 pF, and it would therefore limit operation at 
X-band. By employing a very much smaller micropill 
case, as shown in Figs. 10 and 11, a significant 
increase in resonant frequency can be achieved. As 
previously mentioned, the restrictions on fabricating 
the ceramic insulator tube preclude any reduction in 
wall thickness but the cross-sectional area can be 
brought down to the limit set by the space required 
to house the junction element. In this manner a stray 
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Fig. 9. Diffused epitaxial diode structure. 
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Fig. 10. Structure of VX6508 X-band varactor diode. 

capacitance of about 0.35 pF is obtained with a high-
alumina ceramic. Although this parasitic capacitance 
is still of the same order as the VX3368 (CAY10) 
diode, the decrease in spacing between the metal end 
connections has a pronounced effect on lowering the 
series inductance from about 640 pH to about 100 pH. 
Microwave transmission measurements on this type 
of diode show that the series resonant frequency has 
been increased to about 30 Gc/s, thus easily allowing 
operation at X-band. 

7.3. Performance 

The reverse characteristics and capacitance variation 
are controlled by the doping of the n-type epitaxial 
layer and are therefore similar to those of the non-
epitaxial diode. However, due to the thinness of this 
layer and the heavy doping of the substrate the 
forward voltage drop is appreciably lower and this 

Fig. 11. Construction of the VX6508 X-band varactor diode. 
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reduces the typical d.c. series resistance to about 
1.1 ohms. The microwave transmission measure-
ments indicate that this usually increased to about 
1.7 ohms thus giving a cut-off frequency of 250 Gc/s 
at zero bias with a junction capacitance of 0.3 pF. 
This is a typical value and cut-off frequencies at zero 
bias of over 350 Gc/s have been obtained with these 
diodes. The details of the static and microwave 
characteristics are listed in Table 4, and from these 
parameters it will be seen that figures of merit of 
30 to 40 have been achieved. As this is combined with 
an encapsulation resulting in an overall series resonant 
frequency of 30 Gc/s it should provide an encouraging 
performance in X-band amplifiers. From Section 1 
this figure of merit predicts a noise figure of about 
2-5 dB and noise figures of the order of 2.8 dB have 
recently been obtained with this diode.") With a 
similar varactor diode Sadler and Wells" have 
reported noise figures of 3 dB at room temperature, 
1.3 dB (100°K) at liquid nitrogen temperature, and 
0-4 dB (17°K) at liquid helium temperature. 

Table 4 

Typical characteristics of the VX6508 
varactor diode 

Low frequency characteristics (25°C) 

Breakdown voltage, at IR = I pA 

Forward voltage, at If = 1 pA 

Forward voltage, at If = 50 mA 

Series resistance, R, 

Junction capacitance, at VR = 6 V, Clow> 

Stray capacitance, C, = C,1 Cr2 

Microwave characteristics (25°C) 

Series resistance, R, 

Junction capacitance, at VR = 6 V Ci(6v) 

C1COV C (ev 

Capacitance variation coefficient 

Series inductance 

Cut-off frequency, at VR = 0V; f,(0,) 

Resonant frequency at VR = 0 V 

5 V 

0-82 V 

F36 V 

1-1 ohms 

0.17 pF 

0.35 pF 

F7 ohms 

0.245 pF 

F53 

0.127 

120 pH 

250 Gc/s 

29 Gc/s 

The use of a layer of thin high resistivity gallium 
arsenide to provide a high breakdown voltage, without 
incurring the usual degradation in series resistance, 
has an obvious attraction for harmonic generator 
applications. For example, by employing such a layer 
in the VX6508 diode structure it has been found 
possible to combine a cut-off frequency (at zero bias) 
of 295 Gc/s with a breakdown voltage in excess of 
40 V. It has been reported 12 that with a diode of 
similar characteristics in a tripler multiplier, outputs 
of 100 mW have been attained at 34 Gc/s with an 
efficiency of 50 %. 
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8. Q-Band V aractor Diode 

8.1. Fabrication 

As in the comparison between the C and X-band 
diodes it is necessary to attain a still higher per-
formance from the junction element and encapsulation 
for operation at Q-band. 

Although the recent experimental work has shown 
that series resonant frequencies approaching Q-band 
are feasible when the series inductance is minimized, 
at these frequencies there is a need for a reduction 
in the case stray capacitance. This is a function of 
both the size of the insulator, which has also been 
reduced to the practical limit, and the dielectric 
constant of the insulator. Whilst other materials such 
as beryllia and quartz have lower dielectric constants 
than the high-alumina ceramic employed in the 
micropill case, these invariably involve some fabri-
cation problem such as metallizing. Therefore 
progress with a discrete encapsulation for higher 
frequency applications awaits advances in ceramic 
technology. A way of overcoming this difficulty is to 
insert the unencapsulated junction element directly 
into the waveguide and this has been the procedure 
adopted for this experimental work at Q-band. 

TOP PIN 

BODY 

WHISKER 

BOTTOM PIN 

INSULATOR 

GaAs WAFER 

0 I 2 3 4 5 m m. 

Fig. 12. Experimental Q-band varactor diode. 

For optimum performance at these higher fre-
quencies the junction capacitance must be lower, and 
the dual problems of a smaller junction capacitance 
and fabricating a diode directly in Q-band waveguide 
are best solved by a point-contact junction technique. 
The arrangement adopted is shown in Fig. 12. The 
body of the diode consists of a section of reduced 
height Q-band waveguide into which can be inserted 
two pins, one pin carrying the wafer of semiconductor, 
and the other the whisker pin which also forms the 
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choke system. The basic method of making the 
junction is to advance the whisker until contact is 
made with the wafer and then form a junction by 
applying low voltage pulses. In this manner the 
p-type impurity from the wire, usually copper or 
zinc, diffuses into n-type gallium arsenide to produce 
a shallow junction of small area. 

8.2. Performance 

This fabricating technique has been combined with 
the microwave transmission measurement so that it is 
possible to monitor the varactor characteristics 
continuously whilst the junction is formed to optimum 
performance. By inserting the diode waveguide mount 
into a Q-band transmission line and using a swept 
bias the microwave transmission characteristics can be 
displayed on an oscilloscope and compared with the 
usual current voltage parameters as shown in Fig. 13. 
The procedure followed is to set the frequency at the 
desired zero bias resonant frequency, in this instance 
about 35 Gc/s, and then advance the whisker until 
contact is made. This is indicated by the d.c. 
characteristics and resonance at a positive bias. The 
area of the junction is then increased by electrical 
forming until the resonance occurs at zero bias. The 
complete diode performance can then be obtained 
from the transmission and d.c. characteristic displays. 
This technique enables the diode characteristics to be 
controlled very closely and has proved to be a most 
useful method of investigating variations in the 
junction structure. 

To date only a few experimental diodes have been 
assembled usually by forming a 37 microns diameter 
phosphor bronze wire on to 2-5 n-type 
gallium arsenide, and some electrical characteristics 
are given in Table 5. 

Table 5 

Experimental Q-band varactor diode characteristics 

Breakdown voltage, at J = 1 pA 
Forward voltage, at If 1 pA 

Characteristics at Q-band 

Junction capacitance, at VI? = 0 V, Cmv) 

Series resistance, R, 

Cut-off frequency, at VR = 0 V 

Resonant frequency, at Vit = 0 V 

Series inductance, L, 

Capacitance variation coefficient, y 

5 V 

0-5 V 

0.065 pF 

3-5 ohms 

700 Gc/s 

35-5 Gc/s 

310 pH 

0.07 

These point-contact gallium arsenide diodes behave 
in a similar manner to the diffused varactors although 
most of the diodes at present exhibit some excess 
leakage current. This tends to depress the value of 
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Fig. 13. D.c. and microwave characteristics of a Q-band 
varactor diode. 

capacitance variation coefficient as defined by a level 
of 1 microampere, but this is not a fundamental 
limitation and some diodes have been assembled with 
lower leakage currents. Even so, with the point-contact 
diode, it seems feasible to obtain high cut-off fre-
quencies, of the order of 700 Gc,'s at zero bias, and 
thereby obtain figures of merit of over 45 Gc/s. 
Experiments are now in progress to evaluate these 
diodes in a Q-band amplifier. 

9. Future Trends 

The existing varactor diode encapsulations will 
probably be improved by the more extensive use of 
copper to increase thermal dissipation, and by the 
replacement of high-alumina ceramics with lower 
dielectric constant insulators to reduce the stray 
capacitance. This should allow fully encapsulated 
diodes to operate well above Q-band and the tech-
nique of mounting the junction element directly in the 
waveguide will only be required at much higher 
frequencies. 

The main limitations on junction performance are 
now due to the components of the series resistance 
arising from the bulk resistance and skin effects. 
There is no doubt that the further refinement of 
epitaxial techniques will continue to reduce the bulk 
resistance and allow higher breakdown voltages for 
harmonic generator applications. In particular, recent 
experiments with the basic structures described in this 
paper have shown that it is possible to apply oxide 
masking and planar techniques to gallium arsenide 
and obtain satisfactory microwave varactors. Not 
only will this lead to further exploitations of the 
epitaxial structure, but also enable completely novel 
device geometries to be considered. 
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Apart from the diffused junction a re-examination 
of the characteristics of a metal-semiconductor 
contact against the background of current device 
techniques suggest that this form of diode could have 
useful properties. By employing n-type gallium 
arsenide in conjunction with an evaporated metal 
contact a truly abrupt junction is obtained, the 
characteristic of which can be controlled by the choice 
of metal. Some early experimental diodes of this type 
have been made in the C-band varactor structure and 
yielded cut-off frequencies of the order of 200 Gc/s. 

10. Conclusions 

It has been demonstrated that gallium arsenide is a 
suitable semiconductor material for the fabrication of 
microwave varactor diodes intended for low noise 
parametric amplification and harmonic generation. 
The implications of the evaluation of the characteristics 
of varactor diodes at microwave frequencies have 
been applied to the development of three forms of 
diode for use at C, X and Q-band (Fig. 14) having 
typical cut-off frequencies of 150, 250 and 700 Gc/s 
(at zero bias), respectively. With further progress in 

Fig. 14. From left to right: C-, X- and Q-band varactor diodes. 

gallium arsenide technology, higher mobility bulk and 
epitaxial material will become available and by 
combining these with new device structures based on 
planar processes it should be feasible to achieve cut-off 
frequencies of the order of 1000 Gc/s. Diodes of 
this type would give significant increases in harmonic 

generator efficiency and would enable low noise 
parametric amplifiers rivalling the maser to be realized. 
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CARRIER REINSERTION IN TELEVISION 

The problem of the right magnitude and phase of the 
auxiliary carrier in a carrier re-insertion method is dealt 
with in a German paper, assuming that the auxiliary 
carrier has no amplitude or phase distortion. The ampli-
tude is determined by the desired reduction in the modula-
tion index and the phase must be identical to the phase of 
the signal-carrier. No use can be made of the possibility 
of deviating from this phase relationship for the purpose 
of compensating distortions caused by the group delay 
characteristic because compensation can be obtained only 
within a narrow band of modulation frequencies and a 
phase shift would produce errors at other frequencies. 
The signal/noise ratio in the video signal becomes worse 
when the auxiliary carrier contains interference amplitude 
or phase modulation. The video signal/noise ratio is 
quoted as a function of the interference amplitude modula-
tion index and as a function of the interference phase 
deviation of the auxiliary carrier. 

Three methods are investigated for solving the problem 
of obtaining the auxiliary carrier from the modulated 
signal: limiting, selection and synchronization of an 
oscillator. A series of oscillograms illustrates the effect of 
demodulating with carrier re-insertion. 

'Television signal demodulation by carrier re-insertion', 
H. C. Miring, Nachrichtentechnische Zeitschrift, 18, No. 10, 
pp. 579-92, October 1965. 

PROPAGATION OF M.F. SIGNALS 

An Australian paper describes a method of transmission 
called 'orthogonal transmission' whereby medium fre-
quency sky-wave signals are subjected to considerably 
greater absorption than that imposed on a vertically 
polarized transmission. 

Under the influence of the Earth's magnetic field, a 
radio wave incident upon the ionosphere splits into two 
waves referred to as the ordinary wave and the extraordinary 
wave. The ordinary wave critical frequency of the E layer 
is the same as that calculated for no magnetic field, but 
that for the extraordinary wave is lower when the gyro-
frequency exceeds the transmission frequency, and 
consequently this wave penetrates deeper into the iono-
sphere than the ordinary wave. Under certain conditions 
it is subjected to considerably greater absorption than the 
ordinary wave. 

The suggested method of transmission is the one which 
changes the polarization of a medium frequency trans-
mission from vertical to the particular elliptical form 
required for propagation by the extraordinary mode in the 
ionosphere. This ensures virtually no propagation via the 
ordinary mode and consequently the sky-wave signal 

256 

received at the surface of the Earth would be severely 
attenuated due to high absorption of the extraordinary 
wave. Successful application of this system requires a 
knowledge of the conditions under which the extraordinary 
wave is more severely attenuated than the ordinary wave. 

`The absorption of medium frequency sky-waves by close 
coupling to the extraordinary mode', J. M. Dixon, Proceedings 
of the Institution of Radio and Electronics Engineers Australia, 
26, No. 12, pp. 369-80, Dacember 1965. 

ANTENNA MEASUREMENTS USING RADIO 
ASTRONOMY TECHNIQUES 

The use of contemporary large antennas has made 
evident the fact that the existing 'ground-based' methods 
for determination of parameters of these antennas have 
become unacceptable in a number of practical cases. 
Moreover, in conjunction with the development of low 
noise receiving systems and with improvements in the 
accuracy of measurements, it becomes necessary to 
determine accurately the efficiency and the scattering 
coefficient of an antenna, the measurement of which by 
ordinary ground-based methods is difficult and in some 
cases impossible. Thus the development of antenna 
techniques for radio astronomy has necessitated 
development for methods of antenna investigation which 
opened up new possibilities for calibration of antenna 
systems, which are applicable in physics and engineering 
investigations. 

By radio astronomy methods are meant not only the 
methods which use extraterrestrial sources of radiation 
but also the methods which originated and were developed 
in the process of development of radio astronomy, and 
which are based upon the use of radio astronomy equip-
ment. The latter include the methods which utilize the 
thermal radiation of an 'absolutely black body' as a 
standard. 

The main advantage of radio astronomy methods is 
their relative simplicity and the fact that the extra-
terrestrial sources are always located in the far field of 
any antenna, no matter how large, and can be observed 
at various angles which may be very significant. In 
particular, these methods can be employed in the process 
of design and exploitation of large antennas for which the 
use of transmitters, elevated above ground, presents con-
siderable difficulties. A Russian survey has analysed the 
problem from the point of view of applicability of developed 
contemporary methods of radio astronomy to investigation 
of antennas. 

'Methods of radio astronomy in investigation of antennas 
(A survey)', N. M. Tseytlin, Radio Engineering and Electronic 
Physics, (English language edition of Radioteknika i Electronika 
(U.S.S.R.)), 10, No. 8, pp. 1175-1208, August 1965. 
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