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ATHOUGH there are now numerous channels for the exchange of international opinion, the engineer, 
in comparison with members of other professions, does not seem to take such an active role 

at international meetings. It is true that increasing numbers of engineers travel abroad but in the 
main their journeys are for prescribed purposes, such as giving 'on the spot' technical advice. Little 
time can be given to gaining understanding of other ways of living or even to have discussions with 
overseas members of the same profession who are not employed within identical firms or government 
departments. 

Shortage of qualified technical staff is often advanced as a reason for cutting down an engineer's 
trip to the minimum time. The engineer therefore misses the opportunity of expanding his knowledge 
and understanding of matters essential for ultimate managerial responsibility. 

There is increasing opportunity for the exchange of technical information at an international level. 
The plethora of meetings for the presentation and discussion of papers either on a broad range of 
subjects or exploring a specialized subject in depth may be gauged from the monthly calendar of 
'Conferences and Exhibitions' published in this Journal. There appears, however, to be a growing 
tendency for organizations to confine attendance at overseas meetings to engineers who are presenting 
papers. Thus the prospective author has often to advise the conference organizers that his attendance 
will be conditional on his paper being included in the programme. This can lead to the submission of 
rather ineffectual papers or repetition of already published material—factors not easy to assess from 
a synopsis. This often results in unsatisfactory representation of both company and country. 

Attendance at international exhibitions is valuable not only to the engineer concerned primarily 
with commercial matters but also to the research and development engineer. The prior assessment 
of the immediate worth of such a visit is difficult, particularly with the ever-ipereasing number of 
exhibitions, but an overseas visit can be commercially valuable, particularly in the garnering of 
technical information. 

Conferences concerned with standardization and other international agreements in the technical 
field are usually organized by international agencies, for example, the International Electrotechnical 
Commission or the Comité Consultatif International des Radio-communications. Delegates may be 
sponsored by government departments or, particularly in the standardization field, by industry 
associations. Occasionally full representation at a conference has to be supported from other sources 
and the Institution has helped finance British delegates to several I.E.C. meetings. A more enlightened 
view of the vital nature of these international meetings ought to be taken by industry and government. 

Participation in any international function will only be of the greatest benefit to the engineering 
profession if more individuals travel abroad rather than the same group being sent more frequently! 
International exchanges demand variation of representatives in order to gain the advantages of fresh 
minds. 

Evidence of the fact that these comments do not apply just to only one or two countries is apparent 
from the delegate list of almost any conference of interest to the radio and electronics engineer. 

G. D. C. 
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INSTITUTION NOTICES 

Conference on Components and Materials 

A Conference on "Components and Materials 
used in Electronic Engineering" is being organized 
by the I.E.R.E., the I.E.E. Electronics Division, and 
the U.K. and Eire Section of the I.E.E.E. The 
Conference will be held in London from 17th to 
21st May 1965 and will be concurrent with the 
R.E.C.M.F. Components Exhibition. 

The subjects to be discussed will include recent 
developments in active and passive components, 
including integrated circuits, and materials used in 
their manufacture: 

Resistors, dielectrics and capacitors; 

Inductors, magnetic materials and transformers; 

Piezoelectric, ferro-electric and magnetostrictive 
materials and devices; 

Microwave ferrites and associated components; 

Electro-mechanical devices (relays, plugs, etc.); 

Computer components (storage devices etc.); 

Printed wiring, potted circuits, automatic assembly 
techniques and methods of connection; 

Semiconductor devices; 

Integrated circuits, thin film circuits and devices; 

Reliability and the effects of extreme operating 
conditions. 

Contributions of length not exceeding 1500 words 
are invited and synopses of approximately 200 words 
on any of the above subjects should be submitted to 
the Secretary of the Organizing Committee, c/o The 
I.E.E., Savoy Place, London, W.C.2, immediately. 

Further information and registration forms will be 
available shortly and may be obtained from the 
I.E.R.E., 8-9 Bedford Square, London, W.C.1. 

International Conference on "Medical Electronics and 
Biological Engineering" 

The Sixth International Conference on "Medical 
Electronics and Biological Engineering" will be held 
in Tokyo from 22nd to 27th August 1965, and is 
being organized by The International Federation for 
Medical Electronics and Biological Engineering. 
The President of the Conference is Mr. W. J. Perkins 
(Member) who is with the National Institute for 
Medical Research. 

The scope of the Conference will include: applica-
tions of instrumentation; telemetering; television; 
computers; isotopes; radiation; ultrasonic and optical 
techniques; mathematical analysis; simulation; bi-
onics; biological control; artificial organs; ergo-
nomics; human engineering and hospital automation. 

A scientific exhibition of instruments and acces-
sories relevant to the Conference and a commercial 
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exhibition for manufacturers and traders are being 
arranged to be held concurrently. Full details of the 
Conference and Exhibitions may be obtained from 
Professor K. Suhara, Secretary General of ICME & 
BE, c/o Japan Society of Medical Electronics and 
Biological Engineering, Old loden Building, 1-1 
Shiba-Tamura-cho, Minato-ku, Tokyo, Japan. 

Symposium on 
"Electronics in Industry—The Next Five Years" 

The West Midland Section of the Institution of 
Electronic and Radio Engineers and the South 
Midland Centre (Electronics Section) of the Institution 
of Electrical Engineers propose to hold a symposium 
on "Electronics in Industry—The Next Five Years" 
in Birmingham on 6th April 1965. 

The symposium will provide the opportunity for 
the designers and users of Industrial Electronic 
Equipment to exchange views on the present trends of 
development and the future applications of electronics 
in industry. 

Papers will be grouped in three sessions devoted to 
Materials and Components; Circuits and System 
Equipment; System Design and Application. Offers 
of papers in these broad categories are invited. 

Further details may be obtained from D. P. Howson, 
M.Sc., A.M.I.E.R.E., Electronic and Electrical En-
gineering Department, University of Birmingham, 
Edgbaston, Birmingham, 15. 

Guthrie Lecture 

The 1964 Guthrie Lecture of the Institute of Physics 
and the Physical Society entitled "Radio Telescopes" 
will be delivered by Professor Martin Ryle (University 
of Cambridge) at 4.45 p.m. on 1st October 1964, in 
the Physics Department of the University of Keele. The 
lecture is being held in conjunction with the Conference 
on "Electron Emission" and for those not attending 
the conference admission will be by ticket, obtainable 
from the Administration Assistant, 1.P.P.S., 47 
Belgrave Square, London, S.W.1. 

Thomson Lecture 

This year's Thomson Lecture of the Society of 
Instrument Technology will be presented by Sir 
Gordon Sutherland, Sc.D., LL.D., F.R.S., Director 
of the National Physical Laboratory, whose subject 
will be "The Function of a National Physical Lab-
oratory". The Lecture will be given at The Royal 
Institution at 6 p.m. on Thursday, 22nd October 1964. 

Admission will be by ticket only and a number of 
tickets have been reserved for members of the I.E.R.E., 
who should apply in writing to the Secretary of The 
S.I.T., 20 Peel Street, London, W.8. 

The Radio and Electronic Engineer 
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A i-Mc s Bidirectional Gas-filled 

Counting Tube 

By 

K. APEL, Dr. rer. natl. 

Reprinted from the Proceedings of the Symposium on "Cold Cathode 
Tubes and their Applications" in Cambridge 16th-19th March 1964. 

Summary: The study of the transfer mechanism of glow discharge counting 
tubes has resulted in the development of a new counting principle and the 
construction of corresponding tubes. The main features realized are 
high-speed operation up to 1 Mc/s, good behaviour under stand-by 
conditions and low pulse drive requirements that make direct transistor 
drive feasible. High-speed behaviour, output characteristics and a new 
reset method are described. Life-test results are given and a typical 
transistor drive circuit is discussed. 

1. Introduction 

During the last ten years a great many gas-filled 
switching and counting tube designs have been intro-
duced. Most of them have, however, certain short-
comings regarding reliable bidirectional high-speed 
operation. The objective of the new design was to 
produce a small tube for bidirectional counting up to 
as high a frequency as possible, using transistor drive 
and having long life and good behaviour under 
stand-by conditions. 

2. Transfer Considerations 

In the interests of reliability and counting security 
the transfer mechanism had to be as simple and speedy 
as possible. The transfer in all tubes developed so 
far is characterized by making one cathode (an 
auxiliary cathode) negative to the index cathode 
which is covered with glow. It is well known that this 
potential drop cannot be allowed to occur rapidly 
without disturbing the counting process. The reason 
lies in the relatively weak coupling of the glow and 
the anode potential. The drift current between glow 
and anode is the result of diffusion processes of elec-
trons and ions. Additionally the anode-to-cathode 
stray capacitance has to be charged during the 
transfer time. Thus the anode potential follows after a 
certain time. As the 'information' takes a path via 
the anode, this process takes some time and involves 
instabilities. 

Between two transfers the auxiliary cathodes 
have to be positive (about 50 V) to the main cathodes 
to keep the voltage to the anode below the maintaining 
voltage. For a secure transfer the stepping pulse must 
be so high that the auxiliary cathode is driven suf-
ficiently negative to the main cathode. Normally it 
must be in the order of 100 V. Therefore a direct 
transistor drive is considered inconvenient. 

t Elesta A.G., Bad Ragaz, Switzerland. 
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The counting direction is determined by one of two 
governing conditions: either there are two or more 
symmetrical auxiliary cathodes, which receive transfer 
pulses one after another, or there is just one auxiliary 
cathode between two main cathodes, which is shaped 
in such a way that transfer occurs in either direction. 
The first condition takes more time; the second one 
depends on the geometrical position of the discharge 
and can therefore be influenced by ageing. 

Attempts were made to find a transfer mechanism 
which avoids any large variations of the anode 
voltage but which effects a variation of the current 
distribution between the participating cathodes. This 
transfer mechanism must be good for low-voltage 
pulse drive; it should not need more than one auxiliary 
cathode between two main cathodes and the counting 
direction should only be determined by electrical 
means. Extended studies and experiments confirmed 
the validity of the above assumption. The counting 
rate of tubes using this transfer principle, during life 
and reliability tests, was less than one failure per 10 13 
impulses in 1000 hours. 

3. Counting Principle 

The tube contains a cylindrical anode and four 
star-shaped electrodes (two cathodes K1, K2 and two 
auxiliary cathodes Gl, G2) (Fig. 1). Each electrode has 
five limbs referred to in clockwise notation as K11, 
G21, K21, G12, K12 and so on. An output electrode 
S was placed near the end of each cathode limb. 

The main cathodes are driven by two anti-phase 
square-waves from the output of a bistable multi-
vibrator. These square-wave voltages are also applied 
to the auxiliary cathodes via differentiating capacitors 
C„ and Ce. 

Assuming cathode K 1 1 carries a discharge in a 
stable condition, limbs of K2 and the auxiliary 
cathodes between this limb and the adjacent limbs of 
K I, are all positive to K11, thus preventing any trans-

147 



K. APEL 

FLIP FLOP 

VgV 
V V SV o 

Fig. 1. Arrangement of electrodes and driving' circuit. 
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fer of discharge. An input pulse switches the flip-flop 
into its second stable position (Fig. 2). The voltage of 
K1 rises from zero to VK; the voltage of K2 decreases 
from VK to zero and G21 gets a short negative-going 
pulse while Gil gets a short positive-going pulse. 
The discharge follows the most negative potential in 
the neighbourhood and transfers from K 1 1 via G21 
to K21. This produces one counting step. The anode 
voltage varies only according to the 'overlapping 
failure' of the flip-flop output pulses; the variations 
in practice are of the order of 5 to 10 V. By changing 
over the switch P the relative phasing of potentials 
at the cathodes and auxiliary cathodes will be reversed, 
thus causing transfer of the discharge to take place 
in the opposite direction. 

The tube is filled with hydrogen. Due to the short 
ionization and de-ionization times a very high 
counting frequency is possible. With a hydrogen-filled 
tube there is a severe tendency to produce instabilities 
and uncontrolled oscillations. The design of the 
cathode limbs is intended to lead to the highest 
stability of discharge. These are made of molybdenum 
in the shape of a U, thus forming a kind of hollow 
cathode. According to the counting direction the 
cathode limbs are symmetrical. To obtain a wide 
anode current range the stability of the discharge (i.e. 
the hollow-cathode effect) must be maintained over 
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a wide current range. Present tubes count normally up 
to 200 kc/s in the range from 1 mA to 5.5 mA. 

The dimensions of the cathodes become critical 
when counting frequencies of several megacycles are 
reached. The upper frequency limit is determined by 
imperfections of the edges, slight changes in the geo-
metry during outgassing and by production tolerances. 
With carefully built experimental tubes counting 
frequencies of about 3 Mc/s were reached although 
standard production models with an upper speed 
limit of 1 Mc/s are manufactured. 

A considerable difference in the counting behaviour 
at high frequencies exists between periodical impulses 
and statistically incoming impulses. Assume the 
discharge glow is positioned at K1 1 for some time 
(Fig. 1). An input pulse switches the flip-flop and the 
discharge transfers from K 1 1 via G12 to K21. When 
the next pulse arrives after 1 microsecond the dis-
charge has to switch to cathode limb K12. This step 
will be made only when the ionization rate at K 1 1 has 
decreased below the ionization rate which is initiated 
by the auxiliary cathode G12 at the cathode limb K21. 
If this condition is not fulfilled, the glow discharge will 
return to the main cathode limb K 1 1 and the counting 
is not correct. The ionization due to the stationary 
discharge is a function of time and current and can be 
reduced by reduction of the anode current. Thus 
useful anode current range is limited. In the case of 
periodical input pulses the discharge stays only a short 
time at each cathode. The ionization does not reach 
its stationary level, so the tube will count correctly 
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Fig. 2. Waveforms of input, output and electrode voltages. 

A—Input; B—Anode voltage; C—Cathode and auxiliary 
cathode voltages; D—Output. 
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1-Mc/s BIDIRECTIONAL COUNTING TUBE 

even at a higher anode current. Figure 3 shows the 
current range for sine-wave driving (A), periodical 
pulse driving (B) and statistical pulse driving (C) for a 
typical average tube. 
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Fig. 3. Typical anode current range vs. counting frequency 
A—Sine wave drive; B—Periodical pulse drive; C—Statistical 

pulse drive; D—Recommended range. 

4. Output 

For an electronic read-out a pair of wire output 
electrodes are placed at the end of each main cathode 
limb. These electrodes act as probes which have 
necessarily different potentials with respect to the 
surrounding space potential thus effecting heavy 
distortions of the space charge. By numerous experi-
ments a probe position was found which gives optimal 
output voltage with negligible influence on the 
counting process. Only the anode-cathode burning 
voltage and the ion current entering the auxiliary 
cathodes are affected by the space charge distortions 
and these are varied about 5%. 

The internal resistance, on which depends the ob-
tainable output power, cannot be influenced signi-
ficantly without complicating the production and with-
out affecting the counting behaviour. An average 
value is about 600 ka 

5. Reset 

For reset on zero there are two possibilities. The 
first one is to apply a negative pulse to the selected 
output electrode. As soon as it becomes sufficiently 
negative to the glow-covered cathode it will take over 
the current, the anode voltage decreases and the glow 
on the index cathode declines. When the probe 
finally is made positive the anode voltage rises and 
reaches the striking voltage of the primed main 
cathode. This transfer is the same as that used in 
other counting tubes to transfer the glow from one 
position to the next. The disadvantage of this means 
that high peak-voltage impulses in the order of 200 V 

September 1964 

are needed and must be kept away from the low-
voltage circuits by using high-voltage fast switching 
diodes. At the same time the flip-flop must be reset 
into the corresponding position. 

It was found to be simpler and more reliable to use 
another reset method. The reset generator was 
designed as a self-starting pulse generator. The reset 
pulses are applied via a gate diode to the input of each 
of the counting stages in parallel. This gate is closed by 
the positive-going output voltage when the predeter-
mined counting position is reached. The apparent 
disadvantage of the necessary time involved can easily 
be tolerated in most known applications. In addition 
it is possible to use this reset mechanism in a simple 
self-checking circuit for counting systems. 

6. Operating Data 

In the following section the main data for counting 
tubes of the type described are given to illustrate the 
previous section. The burning voltage of 305 V is due 
to the hydrogen filling, while the striking voltage is 
a little higher, 345 V. The driving voltage must be 
50 V p-p or more and the direct voltage of the auxiliary 
cathodes must be between both cathode levels at 25 V. 
The guaranteed current range is between 1.8 and 3.5 
inA with 2.7 mA as a recommended value. The 
voltage of the output pulse depends on the load 
resistor, and reaches 160 V for a load of 1 megohm. 
The differentiation capacitor for the auxiliary cathodes 
depends on the wanted upper counting frequency 
limit and on the rise and fall times of the driving 
voltage. For 100 kc/s a 220 pF capacitor is recom-
mended, and the rise and fall time of the rectangular 
waves has to be less than 1.5 microsecond. The 
auxiliary cathode resistors have to be 10 1d2 each. 

7. Mechanical Stress 

The mechanical structure is very compact and rigid 
(Fig. 4). Mechanical measurements made on the 
tube showed that the tolerable mechanical stress 
under conditions of vibration at 50 c/s is 5 g over 100 
hours in each of three positions at an acceleration 
of about 250 g during 1 minute and shock acceleration 
of up to 500 g in three different positions of the tube. 
The range of permissible ambient temperature is 
— 100° C to + 100° C. 

During the tests the tube was operating, and the 
output pulses were compared with the output pulses 
of another tube operating under normal conditions. 
No counting errors could be observed. 

8. Operating Life and Reliability of Count 

Extended life tests were run to investigate the life 
expectancy and counting accuracy of the tube. 
They are divided into low-frequency tests, high-
frequency tests and stand-by tests. 
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Fig. 4. Physical arrangement of the tube. 

It is known that many troubles in using gas-filled 
counting tubes arise from burning voltage changes of 
adjacent electrodes when the glow remains on one 
cathode for a long period. The order of magnitude of 
the rate of the change is about 2 V per day for a helium-
neon mixture of 95 : 5 and nickel cathodes according 
to Acton and Swift.' 

By achieving extreme purity of the metal and ceramic 
parts, by careful mounting, and by flashing and out-
gassing of the tubes, this value could be reduced to 
about 5 V in 2500 hours This does not noticeably 
affect the counting behaviour. In the life test, tubes 
are set up with the glow discharge in one position for a 
long time (average is 1000 hours). After that time they 
receive a series of pulses at 100 kc/s for a few seconds 
and the accuracy of counting is checked. A restoration 
of any abnormal burning voltage is thus reduced to a 
minimum because each cathode glows only for a 
few tenths of a second. 

The discharge is then set to the same position as 
before and stays there for the next 1000 hours. These 
kinds of tests are continued for up to 10 000 hours. 
On the basis of the present results a useful operating 
life well in excess of 25 000 hours may be confidently 
expected. 
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9. Typical Counting Circuits 

Figure 5 shows a typical transistor drive circuit for 
speeds of up to 100 kc/s. The negative-going edge of 
the output pulse triggers the next counting stage. 
On this pulse the much steeper negative-going edge 
of the flip-flop output is coupled to the diode D3. 
The time delay between the input pulse and the output 
pulse of a counting stage is reduced to 400 ns by the 
same arrangement. A circuit for counting frequencies 
up to 1 Mc/s is shown in Fig. 6. To get optimum 
pulse shapes, the differentiating network is of the 
LCR type. 

10. Read-out Circuit 

Although a direct read-out of the position of the 
discharge is possible some designers of modern 
counters prefer numerical displays. A very, simple 
circuit has been suggested, using positively biased out-
put electrodes. The positive voltage is set a few volts 
less than the burning voltage and is not sufficient for 
an ignition between output electrode and cathode. 
When the discharge is switched over to the correspond-
ing cathode the voltage is lowered close to the voltage 
of the plasma around the output electrode. This 
voltage drop is in the order of 25 to 30 volts. A direct 
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1-Me/s BIDIRECTIONAL COUNTING TUBE 

drive to a Nixie' tube is possible but gives less or more 
background glow due to the small voltage difference 
between burning and non-burning numerals. In 
addition the counting process may be upset. 

Thus a special numerical display tube was designed. 
It consists of a ten-chamber gas-amplifier system and a 
'Nixie' type display system in one envelope (Figs. 
7 and 8). 

10k 33 
1N660T 

N660 

Fig. 5. Counting stage for 
frequencies up to 100 kc/s. 

Fig. 7. Ten-chamber amplifier. 
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Fig.:6. Counting stage for frequencies up to 1 Mc/s. 
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Fig. 8. Layout of a typical numerical display tube. 

In the centre of the ten-chamber system an auxiliary 
discharge is burning and produces ions and electrons. 
Each chamber has a grid-controlled entrance and an 
anode which is connected to one of the ten numerals. 

Normally the grid is slightly negative to the reference 
electrode (about — 3 V). When the striking voltage 
of the chamber anode is reached (about 250 V) the 
chamber is closed (Fig. 9). A small fraction of the 
positive output pulse of the counting tube is sufficient 
to open the chamber; the chamber anode takes over 
the discharge and its voltage drops. Thus the striking 
voltage between the connected numerical cathode 
and the main anode is reached and a glow occurs. 

200 • 

100 

GRID VOLTAGE 

Fig. 9. Typical graph of striking voltage of a chamber anode 
vs. control grid voltage. 
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11. Conclusion 

Transfer considerations and experiments led to a 
new transfer mechanism with one auxiliary cathode 
between two main cathodes and without the anode 
stray capacitance charging. They resulted in a high-
speed counting tube with an upper speed limit of 
1 Mc/s. One advantage is the low drive voltage 
requirements which enable a simple direct transistor 
drive to be used with it. As the gas filling is hydrogen 
special care had to be taken in the design of the 
cathode limbs to yield a stable discharge. At high 
counting speeds the useful anode current range is 
reduced, especially when statistical events must be 
counted. 

The tube is read out by aid of ten probes positioned 
near the ten main cathodes. The voltage output could 
be optimized with negligible reaction on the counting 
process. Life tests show very reliable counting and 
good stability in stand-by operation over prolonged 
periods. 
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DISCUSSION 
Mr. J. M. Glackin: With regard to life-testing, the author 

has stated that very good life-test results have been ob-
tained during static operation. The experience of manu-
facturers of devices similar to the one described in the paper 
is that the most critical life-test condition is operating on 
two adjacent cathodes alternately for approximately 8 
hours for each period. Has the ECT 100 been life-tested 
in a similar manner? 

Dr. Apel (in reply): Similar observations have been made 
on conventional counting tube designs with gas mixtures 
where sputtering and contamination of neighbouring 
cathodes takes place. In the ECT 100 with its hydrogen 
filling and the hollow cathodes these effects are very small. 
In addition the improved counting mechanism with its 
high inherent security is not influenced by slight changes of 
the maintaining voltage of neighbouring cathodes. Similar 
tests to those mentioned by Mr. Glackin have not shown 
results significantly different from those obtained with 
static operation. 
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The Use of an Effective Transmission Pattern to Improve 

the Angular Resolution of 'Within-pulse' Sector-scanning 
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Reprinted from the Proceedings of the Symposium on "Signal 
Processing in Radar and Sonar Directional Systems", held in 
Birmingham on 6th-9th July, 1964. 

Summary: The paper describes the application of a double transmission 
technique to linear arrays in order to obtain a directional response with a 
small beamwidth. An ideal system is analysed and experimental results 
obtained with a model of such a system are given. 

The theoretical and experimental results show that a reduction of the 
array beamwidth by a factor of two or four may be achieved by the use 
of additive or multiplicative processing respectively of the received signals. 

A practical time spaced transmission scheme is proposed and its 
application to within-pulse scanning radar systems is considered. 

List of Symbols 

amplitude of transmitted carrier 
attenuation factor 
amplitude of received carrier at the output of one 
array element 
element spacing along array 
array scanning frequency 
energy radiated during one transmission cycle 
number of elements in the array 
element identification index 
noise power at receiver output 
range of target from element 1 

1. Introduction 

In recent years a number of authors1'2'3 have 
described various electronic methods for rapidly 
scanning the directional response patterns of linear 
arrays. The high scanning rates, which can be achieved 
with these techniques, have made possible a new 
approach to the design of pulsed radar or sonar 
systems"; this approach involves the use of a 
receiving array which is caused to scan the complete 
sector of interest repeatedly at a rate which is sufficient 
to enable all angular positions in the sector to be 
examined at least once during any time interval equal 
to the transmitted pulse duration. 

The transmitting array of such a system is designed 
to radiate the pulse energy over the entire sector 
of interest. The returns from the various parts of 

t Electronic and Electrical Engineering Department, 
University of Birmingham. 
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Si 

SN 

SA 
Sm 

CO 

array output due to transmission from element 1 
only 
array output due to transmission from element N 
only 
output of the additive processing circuit 
output of the. multiplicative processing circuit 

ird sin  
bearing parameter — 

bearing of target from normal to array 
operating wavelength 
operating angular frequency 

the sector are pulses which are sampled at least once 
by the receiving array. Thus target range is available 
in the usual form of a time delay, with some ambiguity 
due to the sampling process, and the angular informa-
tion is provided by the array scanning system. 

For the basic 'within-pulse' scanning system out-
lined above it is obvious that the angular resolution 
(i.e. the correct identification of multiple targets at 
approximately the same range and bearing) is entirely 
defined by the directional properties of the receiving 
array. This leads to some loss of resolution capability 
when the within-pulse scanning system is compared 
with a slowly scanning system of the conventional 
type for which the directional properties are given 
by the product of the transmitting and receiving array 
patterns. Obviously it is desirable to attempt to 
improve the angular resolution properties of the 
within-pulse scanning system by whatever means are 
available. This paper is concerned with the use of 
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separate, and identifiable, transmissions from the 
end elements of a linear array and the subsequent 
processing of the separate returns from any target 
to obtain the desired improvement in resolution. 

The double transmission system will be described 
in two stages. First the performance of an idealized 
system will be analysed and some experimental results 
will be given. This will be followed by a description 
of a suggested practical system in which some of the 
obvious limitations of the idealized system are 
avoided. 

2. The Idealized Double Transmission system 

2.1. The Use of Orthogonal Polarizations 

For the purposes of the analysis given in this 
section we will suppose that the separate transmissions 
from the end elements of an array can be identified 
and received separately by virtue of their polarization. 

0' 

N-1 

a 

TARGET 

RANGE R 

Fig. 1. Geometry of the N-element array. 

Thus we consider that the transmissions are ortho-
gonally polarized and assume that all targets reflect 
energy polarized in the plane of the incident polariza-
tion with a reflection coefficient which is independent 
of polarization. 

It must be noted that identification by means of the 
plane of polarization cannot be postulated as having 
any significance in the sonar field and in addition 
the idealized system using polarization has many 
obvious and serious limitations as a practical radar 
technique. The idealized system serves to introduce 
the principles involved in the use of double trans-
mission in a simple way, and we will consider a 
practical system afterwards. 
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The geometry of the idealized system using an 
N-element array is illustrated in Fig. I. Elements 1 
and N are assumed to radiate a carrier waveform 
represented by A cos cot, and it is assumed that a 
single target is positioned at a range R from element 1 
on a bearing 0 measured with respect to the normal 
to the array. The range R is assumed to be very much 
greater than the length of the array. 

In the receiving role all the elements of the array 
will be used and their outputs will be added without 
the introduction of time or phase shifts. This means 
that in the analysis it is assumed that the receiving 
array is intended to receive the two orthogonally 
polarized signals arriving from a normal direction. 
The complications introduced for the purpose of 
rapidly scanning the direction of maximum response 
will be considered later. 

The array outputs which originate from the separate 
transmissions can now be evaluated. 

The output arising from transmission by element 1 
is, 

N 2n 
S1 = E B cos [cot — — {2R +(n — 1)d sin 01 

n = 1 it 

and the output arising from transmission by element 
N is, 

N 2ir 
SN = E Bcos[cot — —À {2R + (N + n- 2)d sin 0}] 

n=1 
 (2) 

where d = element spacing 
B = constant depending on transmitted ampli-

tude A, the attenuation in the medium, 
target echoing area, etc. 

If we put 

x = 

and 

nd sin 0 

2 

4nR 

we obtain the simple expressions, 

S1= Bcos[cot-4)+(N — 1)x] sin Nx 
sin x 

SN = Bcos[cot— 0—(N— 1)x] sin Nx 
sin x 

(3) 

(4) 

Thus the separate outputs resulting from the 
orthogonal transmissions have the same amplitude 
and this has the expected sin Nx/sin x dependence 
on the bearing parameter x, but the phases of the 
outputs differ by 2(N— 1)x radians which is again to 
be expected since the path lengths involved are not 
equal unless 0, and therefore x, is zero. It will now 
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be apparent that although we have two signals which 
each have an amplitude dependent on x that corre-
sponds to the normal sensitivity pattern for the linear 
array we have in addition a phase difference, depen-
dent on x, which can be utilized in a number of ways 
to give the overall system a narrower directional 
response pattern. In referring to the width of the 
directional response pattern we will use the term 
`beamwidth' and adopt the usual practice of measuring 
this to the — 3 dB points of the response. 

2.2. Additive Signal Processing 

The direct addition of the signals which have 
been separately transmitted and received is a very 
simple method for obtaining a narrower beamwidth 
for the double transmission system. 

Thus the summed output is 

SA = Si+SN = 2B cos (cot — (¢) cos (N — 1)x sin Nx . 
sin x (5) 

The form of this directional response is indicated 
in Fig. 2, for which a nine-element array has been 
assumed. It will be seen that the beamwidth for the 
double transmission system with additive signal 
processing is approximately one half of that for 
the array used in the usual receiving manner. The 
directional response of the array is shown in Fig. 2 
for comparison purposes. 

RELATIVE AMPLITUDE 

1 0 
ARRAY PATTERN 

ADDITIVE PATTERN • 

0.5 
MULTIPLICATIVE PATTERN 

2ff 3fr , 4_12 

18 18 18 

Fig. 2. Theoretical response patterns for an idealized double 
transmission system. 

It will be noticed that the directional response 
of the double transmission system with additive signal 
processing comprises the product of the sin Nx/sin x 
receiving pattern of the array with the term 
2 cos (N— 1)x which is the transmission pattern that 
would result from the use of similar polarizations 
for the transmissions. Thus the same result could be 
obtained quite simply by letting the addition process 
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be the result of the superposition of radiation in the 
medium. However, in that case there will be regions 
in the medium which will not receive any appreciable 
transmitted energy whereas in the orthogonal polariza-
tion scheme the transmitted energy will be distributed 
fairly uniformly over the sector of interest. This 
means that by having separate transmissions the 
direction of maximum response may be changed, that 
is the beam may be scanned, and the improved 
response pattern can be maintained without any 
adjustment being made to the relative phase of the 
transmissions. 

Thus all phasing adjustments can be made on 
reception and this is an essential feature of any scheme 
which is to be applied to a within-pulse scanning 
system. 

2.3. Multiplicative Signal Processing 

An alternative to additive processing is the multi-
plication of the separate received signals and the 
removal of high frequency components by the use 
of a low-pass filter. In order to find the output of 
the filter we formulate the expression S1 x SN and 
extract the zero frequency terms from the result. 

The zero frequency component in the product of 
S1 and SN is found to be 

sin2 Nx 
Sm = . cos 2(N — 1)x  (6) 

sin2 x 

The directional response pattern indicated by the 
above expression is shown in Fig. 2 for a nine-element 
array. It will be seen that multiplicative processing 
of the signals received from an isolated target gives 
a directional response pattern with a beamwidth of 
approximately one quarter of that for the array used 
in a receiving role only. This narrow beam is accom-
panied by first side-lobes of negative polarity with a 
relative amplitude approaching 40 %, but the remain-
ing side-lobes are very small indeed. The pattern 
which results from multiplicative processing in this 
case will be seen to have some similarity to the output 
of the multiplicative array processing systems des-
cribed by Welsby and Tucker.' 

3. The Experimental Model of the Idealized System 

Experimental results have been obtained using 
orthogonally polarized transmissions at a frequency 
in the microwave X band with an arrangement 
illustrated in the block diagram of Fig. 3. 

In this arrangement the transmitting elements 
were two waveguide horns, one giving vertically- and 
the other horizontally-polarized radiation. The 
transmitting horns were placed above the ends of 
two slotted waveguide arrays which were themselves 
placed one above the other. One of the arrays was 
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Fig. 3. Arrangement of the experimental arrays. 

designed to receive vertically-polarized signals while 
the other received horizontally-polarized signals. In 
this way the individual polarizations were received 
substantially independently and the correct geometri-
cal arrangement was realized for the measurement of 
the directional response of the system in the hori-
zontal plane. 

The beamwidth of the radiation from the trans-
mitting horns was large compared with the beam-
width for the receiving arrays, all beamwidths being 
those measured in the horizontal plane. The radiated 
power density could be considered as being indepen-
dent of bearing in the region covered by the experi-
mental results since these were taken only in the small 
range determined by the narrow directional response 
of the complete system. 

The experimental results were obtained by using a 
single target and changing the bearing of this target 
while maintaining its range constant. When additive 
signal processing was required, the separate outputs 
of the two arrays were added by using a 3 dB wave-
guide directional coupler. The phases of the signals 
were adjusted for maximum response in the direction 
in which the receiving arrays were 'looking'. The 
summed output was then detected and this detected 
output was recorded as the target bearing was changed. 
Multiplicative processing was performed at an 
intermediate frequency of 40 Mcis after separate 
mixing of the array outputs with a common local 
oscillator. Again the phase settings were adjusted to 
give maximum response in the direction in which 
the arrays were 'looking' and the d.c. output of the 
multiplier was recorded as a function of the target 
bearing. 

The results obtained with additive and multiplica-
tive processing are shown in Fig. 4, together with the 
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Fig. 4. Experimental response curves. 

directional response of an array used in the receiving 
role only. It can be seen that the theoretical predic-
tions are supported by the experimental results and 
the measured 3 dB beamwidths are as follows: 

Beamwidth of one array used solely for 
reception = 3.90 

Beamwidth of double transmission system 
with additive processing = 1.9° 

Beamwidth of double transmission system 
with multiplicative processing = 1.1° 

4. A Practical Double Transmission System 

4.1. The Use of Time-spaced Pulses 

It has already been pointed out that the use of 
orthogonal transmitted polarizations will not produce 
the desired results in the radar situation owing to the 
complex reflecting properties of targets, and in the 
case of sonar systems orthogonal polarizations cannot 
be propagated. 

We will now consider a double transmission 
system in which two phase-locked carrier pulses are 
radiated, one from each transmitting element, at 
different times. In this case the signal received by a 
single array will be in the form of two time-spaced 
pulses when an isolated single target is considered. 
Obviously for a target on the normal to the array 
the first pulse received will be that resulting from the 
first transmitted pulse and this will also be true for 
targets well away from the normal providing that the 
propagation time for a distance equal to the length 
of the array is much less than the pulse spacing. 

4.2. Additive Processing in the Double Pulse System 

If we wish to apply additive processing to the 
received pulses we must obtain approximate time 
coincidence and exact phasing between them when 
they are arriving from the direction in which we wish 
to maximize the system response. Obviously this 

RELATIVE AMPLITUDE 

ARRAY PATTERN 

ADDITIVE PATTERN 

MULTIPLICATIVE 
PATTERN 

4 5 
BEARING ° 
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direction should coincide with the maximum response 
direction for the receiving array and initially we will 
consider that this direction is the normal to the 
array. 

The appropriate time and phase compensation can 
be obtained by the use of the circuit arrangement 
shown in Fig. 5, in which the delay introduced must 
be such that the first received pulse emerges from the 
delay line and is applied to one input of the adder, in 
phase with and approximately in time coincidence 
with, the second received pulse which is applied 
immediately to the other input of the adder. The 
output pulse which is thus formed will have an r.f. 
amplitude which depends on the target bearing in 
exactly the same manner as does the output of the 
idealized system with additive signal processing, and 
hence eqn. (5) is applicable in this case. 

However the output of the circuit of Fig. 5 will 
consist of three separate pulses when two are received 
and the first and last of the three output pulses will 
simply be the first received pulse and the second after 
delay. 

INPUT °  

--1 DELAY - 

INPUT 1 ilU iii 

WAVEFORM 

Ill I!,! 
sl se, 

M  

S1 DELAYED 

•F SN 

 o OUTPUT 

OUTPUT ..___ 
WAVEFORM 

S DELAYED iv 

Fig. 5. Double-pulse processing circuit and waveforms. 

Hence only the centre pulse will have the desired 
narrow directional response to target bearing and the 
other two will be defined by the directional response 
properties of the receiving array alone. 

The method of additive processing just described 
has in fact introduced what might be óalled range 
side-lobes whose peak amplitudes are one half of the 
peak amplitude of the required central pulse and 

September 1964 

whose beamwidths are approximately twice that for 
the central pulse. The way in which these outputs 
vary with target bearing is best illustrated by a 
three-dimensional model and such a model is sketched 
in Fig. 6. 

RELATI VE 
AMPLITUDE 

ç — 
\ 

X BEARING 

TIME 
(RANGE) 

\ 
\ 

\\ 

\ 

Fig. 6. Response of double-pulse system with additive 
processing. 

It will be realized that in a multiple target situation, 
interaction between returns from targets at different 
ranges can now occur and the bearing resolution will 
depend on the relative phases and amplitudes of the 
interacting signals. However, it is reasonable to sug-
gest that some improvement in resolution will be 
obtained when the number of targets contributing 
to any interaction is small. 

4.3. Multiplicative Processing in the Double Pulse 
System 

A multiplicative processing circuit can be obtained 
by replacing the adder of Fig. 5 by a multiplier and 
low-pass filter. In this case only one output pulse is 
formed when one isolated pair of pulses is received 
and the amplitude of the output pulse changes with 
change of target bearing in a manner which corre-
sponds to that obtained with multiplicative processing 
in the idealized system. Thus eqn. (6) determines the 
amplitude of the output pulse and the beamwidth 
for the system is approximately one quarter of that 
for the receiving array alone. , 

The absence of range side-lobes in the case of 
multiplicative processing applies only to the case of 
an isolated target. When a number of closely-spaced 
targets are present, interaction will occur if delayed 
pulses from one target coincide with pulses received 
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from other targets. The situation will be affected 
by any relative motion of the targets and in this event 
the resolution capabilities of the system will be 
dependent on the number of statistically independent 
observations that can be made. 

Shaw and Davies' have investigated the bearing 
resolution capabilities of multiplicative and additive 
processing systems for the case of two closely 
spaced targets of similar echoing areas. The compari-
son between the processing systems assumes that the 
additive system is followed by square-law envelope 
demodulation so that the overall response of both 
systems is then of a square-law nature. These authors 
have shown that under the stated conditions the 
multiplicative system is never worse than the additive 
one and it gives an average improvement in bearing 
resolution of approximately 25 %. 

5. The Application of Within-pulse Scanning to 
the Double-pulse System 

The double-pulse system is obviously inefficient 
if it is designed to 'look' in one direction only. This 
is because the energy radiated from the transmitting 
elements will be distributed over a large sector and a 
large part of this energy will be wasted. 

However, within-pulse scanning of the receiving 
system can make effective use of all the radiated 
energy and we will now consider the modifications 
required to permit the double-pulse system to scan 
a sector during one pulse duration. 

Scanning a complete sector in a time equal to the 
duration of one transmitted pulse means that the two 
pulses of the double-pulse system are actually received 
during different, and preferably successive, scans of 
the receiving system. Successive scans are preferable 
since this means that the transmitted pulses are 
contiguous and the spread of any range side-lobes 
is then kept to a minimum. Since we wish to utilize 
the phase information contained in the pulse pair it 
is apparent that any scanning system adopted must 
be arranged to repeat its scans in a very precise 
manner, and the system described by Cottony and 
Wilson' appears to be more amenable to the appli-
cation of precise control than does the earlier system 
described by Tucker, Welsby and Kendal' or by 
Davies.2 

Hence we will consider that the receiving array 
pattern is scanned by the application of fixed fre-
quency shifts to the output of each array element, 
the nth element being shifted by a frequency (n — 
where fs is the required scanning frequency. In this 
way a phase shift which increases linearly with time 
is applied to the output of each element and when the 
incremented frequencies are phase locked the incre-
mental phase shifts are such that the directional 
pattern of the array is swept repeatedly over a sector. 
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As a consequence of the phase locking the scans 
of the system will be repeated in a precise manner. 

The application of this scanning technique to the 
double-pulse system will enable two sampled received 
pulses to be obtained which originate from the 
separate transmitted pulses, and the relative phase 
information of the sample pulses will not have been 
destroyed by the scanning operation. 

This now leaves the problem of getting approximate 
time coincidence and correct phasing of the samples. 
Time coincidence can be obtained by the use of a 
delay circuit such as is shown in Fig. 5 and all that 
remains to be done is to apply the phase correction; 
this will of course depend on the direction in which 
the system is intended to be looking at the particular 
instant. This correction corresponds to the difference 
between the lengths of the propagation paths of the 
individual pulses from their transmitting elements 
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Fig. 7. Block diagram of double-pulse scanning system. 
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to a target situated in the direction under considera-
tion, the return propagation path being the same for 
each pulse. 

We have already noted that the phase correction 
must vary in sympathy with the scanning of the 
directional pattern of the receiving array and we see 
that the appropriate time varying phase shift has 
already been provided between the end elements of 
the array when used in its receiving role. Hence the 
phase correction can be provided by shifting the 
frequency of one of the inputs to the adder, or 
multiplier, in the circuit of Fig. 5, by an amount 
(N-1)4; this frequency has already been used for 
scanning the linear array. In this way the improved 
beamwidth of the double-pulse system can be main-
tained while the entire sector covered by the trans-
mitted energy is scanned at a rate equal to the reci-
procal of the duration of one pulse. Obviously the 
same technique can be applied irrespective of whether 
or not the final processing is additive or multiplicative. 

A block diagram of the proposed double-pulse 
scanning system is shown in Fig. 7. For convenience 
in explanation this particular arrangement of fre-
quencies has been used, but economy of equipment 
would result from the use of a symmetrical arrange-
ment using only half the number of local frequencies, 
lower sidebands being taken on one side of the array, 
and upper sidebands on the other. 

6. Signal/noise Performance of Within-pulse 
Scanning Systems 

6.1. The Additive Double-pulse System compared with 
the Single-pulse System 

For the purposes of the comparison we wish to 
make we will assume that the same linear array is 
used in either system and concentrate attention on 
the signals received from a single target in the centre 
of the 'beam' and at constant range. 

The total energy transmitted per pulse in the 
single-pulse system and per pulse pair in the double-
pulse system will be assumed to be E. On reception 
we will then have a single pulse of energy aE in one 
case and a pair of pulses of total energy ŒE in the 
other case, where a represents the transmission and 
scanning loss, etc. 

If the noise power at the output of the receiver in 
the single-pulse case is PN this will also be the noise 
power output in the double-pulse case providing all 
the pulses are of the same length and amplifier 
bandwidths are therefore similar. It is reasonable to 
assume that there will be no correlation between the 
noise outputs during the reception of the separate 
pulses in the double-pulse system and in this case 
the noise contributions are additive on a power 
basis. 
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Taking the pulse duration after reception and 
scanning as r we obtain the following expressions: 

Signal/noise power ratio at re-
ceiver output for single-pulse 
system 

Signal/noise power ratio (peak) 
for additive processing in the 
double-pulse system 

aElr ŒE 
= = - 

PN PNT 

 (7) 

(2\lcciiE)2 œE 
 = - 

PN+PN PNT 

 (8) 

Thus the signal/noise performance for the additive 
double-pulse case is the same as that for the single. 
pulse system. 

6.2. The Multiplicative Double-pulse System compared 
with the Single-pulse System 

When we wish to consider the performance of the 
multiplicative double-pulse system we obviously must 
define the signal/noise ratio of the video output in 
some suitable fashion and compare this signal/noise 
ratio with that produced in the single-pulse system 
when the output has been obtained in video form 
by using a suitable demodulation process. It will be 
convenient to assume that a square-law envelope 
demodulator is used for this purpose since it is well 
known' that this is the optimum law for detection 
purposes, and in addition we will obtain a square-
law overall response for both systems. 

If we define the video signal/noise voltage ratio as 

change in mean level due to presence of signal  

r.m.s. noise in the absence of signal 

it can be shown that for the single pulse system with 
square-law envelope demodulation this is equal to the 
r.f. signal/noise power ratio. 

In the case of multiplicative processing it has been 
shown' that the video signal/noise ratio we have 
adopted is ,./2 times the input r.f. signal/noise power 
ratio at each input to the multiplier, providing the 
noises at the inputs are uncorrelated. 

Using the above results we obtain the following 
expressions: 

/ŒE\ 
Video signal/noise voltage ratio (-Tr) aE  
of single-pulse system =  -= „ • ••(9) 

PN rNt 

Video signal/noise voltage ratio /ŒE\ 
of double-pulse system with /-  2.1- f 1 aE 
multiplicative processing = y2 = ----,--. 

PN Y 2 PNT 

(10) 
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It will be observed that the double-pulse multipli-
cative system requires the energy transmitted to be 
increased by a factor of ,./2 in order to give the same 
video signal/noise ratio as the single pulse, or the 
additive double-pulse system. This corresponds to 
increasing the average power level by 1.5 dB. 

7. Conclusions 

It has been shown that double transmissions can 
be utilized to obtain narrower directional response 
patterns for within-pulse scanning radar and sonar 
systems. A comparison of the beamwidths obtained 
in the two versions of the double-pulse system with 
the beamwidth of the single-pulse within-pulse 
scanning system has shown that the additive pro-
cessing version gives a 2 : 1 reduction and the multi-
plicative version gives a 4 : 1 reduction. 

The improved beamwidth should give a 2: 1 
improvement in bearing resolution for the case of 
additive processing although the range side-lobes 
which are present at the output will cause some loss 
of range resolution. For the multiplicative double-
pulse system an improvement of 4 : 1 in bearing 
accuracy will be obtained, but an improvement of 
the same amount in bearing resolution is unlikely to 
be obtained in most practical situations, where it 
would appear that the system will provide an average 
improvement ratio of the order of 2.5 : 1. Range 
side-lobe effects are also present in the multiplicative 
version and range resolution will again be affected. 

The signal/noise performances of the double-pulse 
systems are very similar to that of the single-pulse 
arrangement and it would appear that the use of the 
double-pulse technique is one way in which an 
improved bearing resolution may be obtained at 
the cost of some loss of range resolution. However, 
the range resolution will be returned to its original 
value if the duration of the individual pulses of the 
double-pulse system can be made one half of that for 
the basic single-pulse system which is our reference. 

Hence bearing resolution can be improved without 
loss of range resolution by the use of a greater trans-
mission bandwidth. 
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DISCUSSION 

CD The Institution of Electronic and Radio Engineers, 1964 

Under the Chairmanship of Dr. E. V. D. Glazier 

Dr. R. Benjamin: Non-linear processes in the amplitude 
domain generally destroy some information and so degrade 
the signal/noise ratio. However, where the signal/noise 
ratio is even marginally above an operationally acceptable 
threshold, non-linear or logical operations may improve 
the apparent contrast and so produce a more satisfying or 
intelligible display or permit the use of simpler data-
extraction circuits. 

Analogous considerations apply to multiplicative or other 
non-linear or logical operations in the angular domain. 
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Dr. Cooper (in reply): I agree entirely with the comments 
made by Dr. Benjamin, but I would like to emphasize the 
fact that the radar or sonar system described in the paper 
obtains extra bearing information by the use of two trans-
missions instead of the usual one. 

Dr. Benjamin's remarks apply to the processing of this 
information and the further enhancement of bearing resolu-
tion which can be obtained by the use of multiplicative 
instead of additive processing. 

The Radio and Electronic Engineer 
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Summary: This paper describes theoretical and experimental studies of a 
proposed twin-channel echo-location system using frequency-modulated 
transmissions, in terms of its possible application to primary-radar 
systems or target-tracking systems. The proposed system can measure 
the range and bearing of a target from a fixed aerial system, although in the 
presence of multiple targets, ambiguities of target position restrict its 
performance. The system may be adapted, however, for accurate tracking 
of a target containing a suitable signal source. 

List of Principal Symbols 

range frequency channel A. 

range frequency channel B. 

modulation period of frequency-modulated 
transmission. 

time delay between the transmitted signal 
and the arrival of the reflected signal at A. 

time delay between the transmitted signal 
and the arrival of the reflected signal at B. 

total peak-to-peak frequency deviation of 
frequency-modulated transmission. 

1. Introduction 

Studies by Griffin' have shown that certain species 
of bat transmit frequency-modulated ultrasonic 
waves, receive the reflected signals and process them 
in order to avoid collision with objects, to find their 
way about and to catch their prey. The ability 
of this animal to negotiate difficult and complicated 
objects and to operate in the presence if high back-
ground noise levels, tends to suggest that this type of 
echo-location system would be of interest to radar 
engineers. Kay' has proposed a possible echo-
location system using frequency-modulated trans-
mission which he put forward as a possible explana-
tion of bats' echo-location acuity. In many instances 
it is not reasonable to discuss complicated adaptive 
biological processing systems in terms of simple 
electrical circuits; nevertheless Kay's proposal appears 
to merit some detailed analysis since it is also being 
evaluated in the form of an ultrasonic aid for the blind.' 
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versity of Birmingham. 

Birla Engineering College, Pilani, India. Formerly University 
of Birmingham. 
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D 

RA 

RB 

o 

fb 

AR 

N 

distance between receivers A and B. 

range of target from A. 

range of target from B. 

velocity of electromagnetic waves. 

bearing of target relative to normal to 
array of aerials. 

frequency indicating bearing of target. 

range resolution. 

total number of cycles in one modulation 
period of waveform. 

This paper studies this proposed echo-location 
system with particular consideration of the possible 
relevance to radar techniques and some of the experi-
mental measurements have been made in the micro-
wave band. 

2. Principle of Operation 

The principle of operation is an extension of the 
principles of frequency-modulated ranging systems; 
it provides as well range information from an aerial 
system consisting of one transmitting and two re-
ceiving aerials. Figure 1 shows a schematic diagram 
of the simplified form of the double-channel radar. 
Saw-tooth, frequency-modulated, continuous-wave 
signals are radiated from the transmitting aerial 
which is of wide beamwidth covering the entire sector 
to be investigated. Signals reflected from the targets 
in this sector are received separately at the two 
receiving aerials where they are treated in the normal 
way for frequency-modulated ranging systems. The 
received signals are modulated with a small sample 
of the transmitted signal and the difference frequency 
signal filtered off. 
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Fig. 1. Block schematic of twin-channel frequency-modulated 
radar. 
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Fig. 2. Twin-channel f.m. radar operation. 

(a) Transmitted and received signals. 

(b) and (c) Instantaneous frequency differences. 

(b) Range. 

(c) Bearing. 

Figure 2 shows the form taken by these signals on a 
frequency-time plot. It can be seen that for a single 
target the difference frequency signals are fR, for 
channel A and fR8 for channel B during most of the 
sweep duration Ts. For the remaining period (7'— r1) 
and (Ts— T2) the instantaneous frequencies in the two 
channels are 'f—fR, and Af—fR. as shown. Here 
Af is the total frequency excursion of the transmitter. 
These two higher frequencies may be removed by 
filtration leaving the range frequencies f„ and fR8 
which are given by: 

T 

IRA = 7; Af 

T2 

fRB T = Af s 

Fig. 3. Bearing evaluation. 

9S• ILLUMINATED SECTOR 
e• BEARING 
ex• g sin 9 

Thus the values of these frequencies directly pro-
portional to the time delay between the transmitted 
signal and its reception at the two receivers. In the case 
of conventional ranging, the transmitter and receiver 
will be close together and the frequency fR is therefore 
a direct measure of range. In the case concerned we 
consider the two receiving aerials separated by a 
distance D with the transmitter located centrally 
between them. (This is not a necessary condition but a 
convenient case to consider.) If the range R of the 
target greatly exceeds D, then it is still reasonable to 
consider IRA and fRB as representing the range of the 
targets from the two receiving aerials A and B. These 
ranges will therefore be given by: 

The Radio and Electronic Engineer 
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R 1 CfR A  
A --- 2 Af 

1 CfR,a 
RB = 2 Af 7; 

However, it can be seen from Fig. 3 that the difference 
in range RA — RB is given by: 

RA — RB = D sin 0  (5) 

where O is the bearing of the target relative to the 
normal to the array of three aerials. Now if the two 
bearing frequencies are mixed together in some non-
linear device such as a multiplier, then the resultant 
difference frequency component f„—f„„ will be 
proportional to the sine of the bearing of the target. 

D Af 
= — sin()  (6) 
C 7; 

It is relevant to note the approximations in this 
approach. In the first place it has been assumed that 
RA and RB D and thatf„„ and fR. indicate the range 
of the targets from the receiving aerials. A more 
accurate representation of the locus of constant t1 
is not an arc of a circle centred on A, but an arc of an 
ellipse with A and X as foci. Secondly it has been 
assumed that the bearing of the target can be taken to 
be the same relative to all three aerials. An important 
simplification in the previous analysis is that due to the 
use of the concept of instantaneous frequency. The 
frequencies fRA and fR. are actually spectra with their 
maxima at f„,, and fRB and their lines spaced at 
intervals offs = 1 /Ts on the frequency scale. Detailed 
analysis of these spectra have been given by Hymans 
and Lait4 and have been shown to possess envelopes 
of a (sin x)/x form. 

It can therefore be seen that the spectral analysis 
of the difference frequency fR corresponds to the video 
waveform of a pulse radar. The bearing information 
of the proposed twin-channel radar is obtained as 
two ranges, the range from aerial A and from aerial B. 
Thus the range information is available from spectral 
analysis of either f„„ or fRo and the bearing informa-
tion from spectral analysis of the bearing frequency f„. 

= fR A --fR B 

(3) 

(4) 

2.1. Bearing Measurement 

It is convenient to discuss the performance of the 
system using the approximate concept of instantaneous 
frequency at this stage, the significance of the more 
detailed analysis will be given later. 

One of the first problems of bearing measurement 
is determining the sign of the bearing angle relative 
to the normal to the aerial system. Since f„ is pro-
portional to sin O the problem of deciding which 
side of the normal the target is on is that of distinguish-
ing between fb and — fb, that is finding out which 
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Fig. 4. Bearing ambiguity. 

channel contains the higher frequency. The solution 
to this problem is to frequency-translate one of the 
input channels to the multiplier by an amount fa 
which is greater than the maximum value of fb. The 
required frequency translation may be obtained 
either by conventional single sideband techniques or 
merely by including an extra delay line between one 
of the receiving aerials and the mixer. The effect of 
the frequency translation is shown in Fig. 4. 

The spectrum corresponding to the range frequency 
of a single channel is shown in Fig. 5. The maximum 
of the spectrum is at fR and the spectral lines are at 
multiples of the modulation frequency f. The 
expression for the Fourier spectrum of this signal 
as analysed in reference 4 is: 

sin; [kco,— A ffs(Ts— -c)] 

;[k(os — Affs(77,—'0] 

X COS {kCO, t — [Oh — lkcos( 7; — t)]} —(7) 

where k is an integer, coo is the centre frequency of the 
transmitter and f, = 1/Ts. The half-power width of 

IF(AM fa 

Fig. 5. Beat signal spectrum. 
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the main lobe of the spectrum is 1/(Ts— T) and this 
width is a function of T. In most frequency-modulated 
ranging systems it is usual to make r„,s,, < Ts and in 
this event the half-power width of the spectrum = 
1/T, = L. The range resolution of such a system is 
the minimum frequency separation of two such 
spectral lobes corresponding to two targets adjacent 
in range. Accurate specification of the separation 
criteria is very complicated owing to the problem of 
interpolating the complex spectrum from very few 
spectral lines. However, it is not unreasonable to 
stipulate a minimum separation of fs for Tim, T.  T,. 
This therefore corresponds to a range resolution 
given by 

AR = 
2Af 

The importance of the above relationships to 
bearing measurements is that since bearing is measured 
as the difference between two ranges, and range is 
measured in units of AR, the bearing accuracy will 
clearly be dependent upon this quantity. If we 
consider that the range frequencies can be represented 
by multiples of the modulation frequency: 

IRA = KAL and fR. Kgf,  (9) 

then the bearing frequency will also be a multiple offs. 

fb = Kís  (10) 

Hence the bearing accuracy will be of the order of 
the angle corresponding to f,, = fs, which from eqn. 
(6) is given by: 

0„ ct sin- - 
C 

[AfD 

Discussing this effect in terms of the spectrum of the 
bearing signal fb; it can be seen from Fig. 2 that the 
form of the bearing signal will be an interrupted 
constant frequency for a single target. Therefore the 
spectral components can be calculated from the results 
of the range spectra and clearly will also have the form 
of a (sin x)/x envelope. In this case the bearing 
accuracy which is mainly a problem of interpolation 
will be of the order of the separation of the lines f. 
which gives the same result as in eqn. ( 11). 

(8) 

2.2. Bearing Resolution 

In the previous sections the authors have referred 
to the range resolution of a frequency-modulated 
radar in terms of the ability to separate two or more 
targets closely separated in range but have not 
referred to resolution in bearing. At first the problem 
would appear to be analogous to that of range resolu-
tion and merely depend upon suitable separation 
between the bearing spectral responses of the two 
targets. However, this is unfortunately complicated 
by the presence of bearing ambiguities in the form of 
unwanted cross-product terms in the bearing spectrum. 
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Consider the case of two targets P and Q in the 
medium. Channel A will indicate their presence by 
two peaks in the range spectrum at fR„ and fR„,, for 
instance. Similarly channel B will have peaks at 
fR,5,, and fRBQ. These two spectra are then fed to the 
two inputs of a multiplier or modulator and the 
resultant difference frequency components will be 
selected by filtration. It can at once be seen that 
there are four components given by: 

fb11 = fRAp fRop 

1622 = fRAQ — fRBQ 

fb 1 2 = f RAp — fRBQ 

1621 = fRAQfRBp 

(12) 

It can be seen that the first two terms represent the 
wanted bearing frequencies corresponding to the 
correct bearings of the targets and given by the self-
products. The remaining two terms are cross products 
and represent incorrect bearings of the targets. At 
first it might be assumed that the unwanted terms are 
due to the use of a non-linear device such as a multiplier 
in order to obtain the bearing spectrum, but this is not 
so. The multiplier is not being used as a demodulator 
but merely to obtain frequency differences. The cross 
products are inherent in the two-channel ranging 
system and occur in the same way if pulses are used 
to obtain range information. In fact since it is most 
convenient to explain this effect in terms of pulse 
transmissions this approach will be used. Also, since 
certain periodic pulse and frequency-modulated wave-
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RECEIVER '; " 
RANGE FREQUENCIES 

(a) 

1% 'Per 
RECEIVER 13 

SPECTRA DUE TO: (b) 
TRUE POSITIONS — 

Pt 111 1 't 

(I, fl¡ CROSS POSITIONS-- 

a b e d 

BEARING FREQUENCIES 

Fig. 6. Bearing resolution (ambiguity). 
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forms of the same bandwidth differ only in the phases 
of the various frequency components, this approach 
is quite valid and general. 

Figure 6 shows two targets P and Q and the cor-
responding range and bearing spectra. It is just the 
same to consider the range spectra as video pulse 
waveforms. The problem is that in general there is no 
way of knowing which pair of frequencies (or pair of 
pulses) should be compared in order to obtain bearing 
information. It can also be seen that the cross product 
frequencies correspond to the image positions P' and 
Q' in the target space. Since there are four possible 
bearings for two targets, it would appear that there are 
4C2 ways of choosing the correct ones. This, however, 
is not so; if the real targets had been at P' and Q' it 
would have resulted in the same bearing spectrum, 
but if at some other combination such as P and Q', 
there would have been only two frequencies in the 
bearing spectrum. This is because both P and Q' are 
at the same range relative to B. 

It can therefore be concluded that if there are n 
targets in the medium there will be n different range 
frequencies in each of the two channels (assuming 
that the targets are separated by at least one range 
resolution) and the bearing spectrum will contain up 
to n2 frequencies, corresponding to n correct bearings 
and n(n— 1) incorrect bearings. Clearly some method 
of distinguishing the correct bearing frequencies is 
essential if the system is to work in a multiple-target 
environment. 

2.3. Methods of Resolving Multiple-target-bearing 
Ambiguity 

If we first consider the simple cases of two or three 
targets it is clear that target amplitude could be used to 
distinguish the self-product from the cross-product 
terms of the bearing signal provided that the target 
echoes are not of the same signal strength. 

The same sort of conclusions may be drawn about 
the study of the Doppler spreading of the components 
of the bearing spectrum in order to determine the self-
product components of the spectrum. In suitable 
cases for a few targets with suitable velocities it is 
possible to distinguish the true bearings by examina-
tion of the Doppler shifting and spreading of the 
resultant spectra.' 

However, for any realistic multiple target environ-
ment it is clear that the above approaches would be of 
little or no practical use. This result holds true irrespec-
tive of whether the ranging is carried out by frequency-
modulated or pulse techniques. 

An alternative approach to the elimination of the 
bearing ambiguities is to consider the effect of tilting 
the base line of the three aerials as shown in Fig. 7. 
First of all, the signals from the two targets P and Q 
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P, Q ARE TRUE POSITIONS 
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Fig. 7. Elimination of position ambiguities by tilting the base 
line. 

are processed and indicate the presence of four 
possible positions of the targets P, Q, Pi, and Qi. 
The base line of the aerial system is then tilted from 
AXB to A'XB' through an angle Œ. If the transmis-
sions are then repeated and the four possible positions 
of the targets are again computed taking account of the 
move of the base line this will result in the 4 positions 
being P, Q, Pei and Qi as shown in Fig. 7. It can 
therefore be concluded that P and Q are the correct 
positions since they did not change with the angle of 
the base line. 

However, although it is theoretically possible to 
resolve the ambiguities in this way no realistic form of 
processing to achieve this result is known to the 
authors, save the laborious process of storing the 
whole information tilting the base line and comparing 
the results. Moreover, it is clearly necessary to move 
the base line to such an extent that each cross-product 
term moves at least one unit of range resolution. 
Also since these changes are obtained by taking the 
difference between two successive range measurements 
the range accuracy is very important and it is not 
always reasonable to make the approximations 
associated with R D. A serious disadvantage in 
this method is the need to move the aerial system, 
particularly since in order to obtain good bearing 
accuracy the base line might well be of considerable 
length and this therefore destroys one of the principal 
attractions of the system, a stationary aerial. One 
method of overcoming the disadvantage is to adopt 
the aerial system of Fig. 8. In this case the base line 
has been tilted about receiving aerial A by switching 
channel B alternately between two receiving aerials at 
B and B'. For convenience the transmitter may also 
be situated at A. 
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Fig. 8. Base-line tilt arrangements for resolving bearing 
ambiguities. 

3. Experimental Studies 

To verify some of the previous conclusions and to 
study certain practical problems associated with the 
proposed twin-channel echo-location system, two 
experimental equipments were constructed and tested. 

DIRECTIONAL COUPLER 

MULTIPLIER 

-04 ADDER 

AMPLIFIER 

 1 

The first was a form of the twin-channel radar operat-
ing on an experimental basis for short-range working 
and operating in the 3-cm microwave band. The 
second equipment consisted of a simulated ranging 
system using a tapped delay line to simulate targets. 

3.1. Microwave Experimental Equipment 

The schematic form of the microwave experimental 
twin-channel radar is shown in Fig. 9. The three 
aerials are parabolic reflectors with a beamwidth of 
about 8 deg in both planes. The radar site used for 
measurements was crowded with buildings and the 
narrow beamwidth was used to restrict interest to a 
single target or group of targets. The following 
represents a brief specification of the equipment: 

carrier frequency 

total frequency sweep 

repetition rate of sweep 

transmitted power 

9375 Mc/s 

Af = 20 Mc/s 

fs = 1 kc/s 

13, = 100 mW 

Separation between receiving aerials D is variable up 
to 25 metres. 

The transmitted signal is frequency modulated in a 
repetitive saw-tooth manner, and a portion of this 
signal is fed to the crystal mixers of the receivers and 
the amplified and filtered outputs of these mixers 
represent the range spectra of the two channels. These 
spectra are analysed using conventional laboratory 
spectrum analysers. The two range signals are also 
fed to the inputs of a multiplier employing a ring 
diode circuit. The difference frequencies corresponding 
to the bearing spectrum at the multiplier output are 
also analysed with a spectrum analyser. 

One of the problems of saw-tooth frequency modu-
lation is the high degree of frequency linearity re-
quired. In this application departures from linearity 

FERRITE ISOLATOR 

BALANCED MIXER 

4E1  
ADDER 

AMPLIFIER 
2 

¡SPECTRUM ANALYZER 
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Fig. 10. Single target operation with balanced mixers and sus-
ceptance matching. 

cause severe distortion of the range spectra as does 
any amplitude modulation of the transmitted signal. 
This restricted the total frequency swing of the klystron 
well below the 3-dB mode bandwidth. It was also 
found that an improved linearity and reduced ampli-
tude modulation resulted from suitable susceptance 
matching of the valve. For short-range working 
balanced mixers also helped to balance out unwanted 
products and provide improved spectra. 

Another problem with the double-channel system 
is that small amounts of transmitted signal coupled 
into the receivers also find their way to the receiving 
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aerials and due to imperfect matching some signal is 
reflected back to the receivers. Since it may be 
necessary to make D of the same order of magnitude 
as a short range target, multiple reflections of this 
form can simulate targets at short ranges in the 
receivers. The effect can be reduced to negligible 
proportions by the use of isolators in the transmitter 
and receiver aerial feeds as shown. 

Two typical range spectra and the corresponding 
bearing spectrum for reflections from a single target 
are shown in Fig. 10. This corresponds to a building 
at a range of about 75 metres from the aerial system. 
It can be seen that the spectral envelopes resemble the 
theoretical (sin x)/x form though the height of the 
subsidiary lobes is higher than the theoretical pattern. 
Apart from the reasons previously given for spectrum 
distortion a further contributing factor is the large 
number of buildings and other unwanted targets on 
the site. Thus despite the use of narrow-beam aerials 
these unwanted targets contribute to the spectra via 
the side-lobes of the aerials. Since it was not possible 
to produce a carefully controlled target situation on 
this site, to study the effect of multiple targets it was 
found necessary to resort to a simulated system for 
this part of the study. 

3.2. Simulation System 

Since the measurement of range is entirely effected 
by the measurement of time delay it is simple to 
simulate ranging systems by the use of delay lines. 
Figure 11 shows a schematic diagram of the simulation 
system. A frequency-modulated oscillator is used to 
simulate the transmitter and a tapped-cable delay line 

AMPLIFIERS 

1 TO 4 fa = 30 Mc/s 

5 & 6 fc = 50 kc/s 

Fig. 11. Block schematic of twin-channel frequency-modulated 
radar simulation. 
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Fig. 12. Single target operation (simulation). 

13 and 14. Figure 12 shows the measured single-target 
performance using only two tapping points on the 
delay line to represent the two ranges from the two 
receivers. The two range frequencies can be seen to 
be 28 kc/s and 33 kc/s respectively, and the centre of 
the bearing spectrum is 5 kc/s representing the differ-
ence frequency. 

Figure 13 shows the general case of two targets at 
different ranges relative to both receivers. Therefore 
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The single-target and two-target performances of the 
system is demonstrated in the results given in Figs. 12, Fig. 13. Simulated two target operation. 
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(c) Bearing signal spectrum. 
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Fig. 14. Simulated two target operation (two targets at same 

range from (a)). 

both range spectra have two principal maxima and 
consequently the bearing spectrum contains four 
principal maxima which in the case of an echo-location . 
system would correspond to two correct target posi-
tions and two incorrect 'image' positions due to cross-
product bearing frequencies. If the two targets are at 
different ranges relative to one receiver but at the same 
range from the other; the resultant bearing spectrum 
contains two principal maxima as shown in Fig. 14. 

September 1964 

E 

4. Discussion of Performance of Twin-channel Radar 

The previous sections have described some aspects 
of a study of a particular form of echo-location system 
put forward in reference 2. It is therefore reasonable 
to comment briefly on the relevance of the results 
of this study to: 

(a) a radar or sonar system based on these principles. 

(b) the echo-location ability of certain species of 
bats. 

(c) the possible application of the system to a 
proposed aid for the blind.3 

4.1. The Application to Radar or Sonar 

It has been established for several years that the 
directional properties of a receiving array or aerial 
system may be improved by the use of wide-bandwidth 
signals6 and the twin-channel system under con-
sideration is one example of how this may be accom-
plished. There are several applications in both radar 
and sonar which call for a high degree of directional 
accuracy in the location and tracking of targets; 
also in many such instances the physical problems 
associated with mechanical movement of the direc-
tional arrays are formidable and this often leads to the 
study of systems which can determine the range, 
bearing and sometimes the velocity of targets from a 
stationary directional array. Several such systems have 
been built in the field of both radar and sonar, but the 
principal attraction of the twin-channel system is its 
simplicity—in particular the need to employ only two 
receiving aerial elements. 

Unfortunately, as can be seen from the material in 
Sections 1 and 2, the price that was paid for this was 
loss of multiple-target resolution properties, unless 
facilities for tilting the base line may be introduced as 
described in Section 1.5. Even in cases where this 
might be practical, such as by the use of switching 
between two aerial systems, the practical problems of 
sorting out the correct target positions from the 
false positions is fairly prohibitive. 

On the question of signal/noise ratio the twin-
channel system is not efficient since there is a loss of 
aerial gain owing to the need to employ wide-beam-
width aerials covering the entire sector of interest. 

Considering all these factors it would appear that 
the application of the twin-channel system to any 
situation involving a complex multiple-target environ-
ment is rather limited. There are also very few 
applications involving one, or very few targets; one 
example of the latter is satellite tracking, but this 
situation is rapidly changing. If the aerials concerned 
are all narrow-beamwidth tracking aerials, then the 
frequency-modulated returns may be used to obtain 
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accurate bearing information within this beamwidth. 
In this case the multiple-target ambiguities are 
restricted to the region of the narrow primary beam-
widths of these aerials. 

4.2. The Echo-location Ability of Bats 

The results of this study do not appear entirely 
consistent with the known remarkable ability of 
certain species of bats to avoid fixed obstacles and 
to catch their prey, as discussed in Section 1.1. 
Their ability seems to suggest a high degree of both 
range and bearing resolution in the presence of a 
complex target environment. They also seem to 
possess the ability to function against very high 
background-noise levels. The results of the study 
seem to indicate that the bat could only sort out a 
multiple-target situation by some complicated process 
using the relative strength of the returns and the 
relative Doppler shifts of the returns or by utilizing 
the change in the returned signals when its head was 
inclined at a different angle (or a different flight 
heading). It should not be impossible to devise 
experiments to try to test these effects. It has been 
observed that certain species of bats move their ears in 
conjunction with the sonic transmissions; this appears 
to be similar to the base line tilt system for removing 
ambiguities. 

It is, of course, possible that the authors have over-
looked some property of the twin-channel system 
which explains how multiple targets may be resolved. 
However, if we assume that this is so the resolution 
in bearing would presumably be proportional to the 
frequency sweep. In such an event if the frequency 
sweep were to be doubled, both the range and bearing 
information rate would be increased and from an 
information theory standpoint this seems rather 
unlikely. 

An alternative explanation is that Kay's proposed 
model for the echo-location system of the bat is 
invalid. However, all forms of ranging system can be 
considered as different ways of performing the same 
correlation process. Therefore the results of Section 1 
would apply to any system using one transmitter and 
two receivers with a band-limited transmitted signal. 

The authors feel that any discrepancies probably 
lie in the assumption that it is reasonable to describe 
biological phenoniena in terms of fairly simple 
electrical engineering concepts involving linear systems 
with time-stationary components. An animal is able 
to make extensive use of a priori information and 
moreover represents an adaptive and time-variant 
system. Nevertheless, simple proposals for explaining 
such complicated phenomena may be of considerable 
scientific and engineering interest provided that the 
simple electrical analogues are not expected to possess 
exactly the same properties as the biological process. 
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4.3. The Ultrasonic Blind Aid 

For the same reason that the analysis did not 
appear to help in assessing the echo-location per-
formance of the bat it would be unreasonable to 
condemn the possible use of the aid for blind guidance 
based upon the principles of the twin-channel system. 
This sort of problem illustrates the differences be-
tween the conventional analysis of a system with 
constant parameters and the operational measurement 
of performance of the same sort of system but with 
facilities for adaptive processes and self-optimization. 

5. The Use of Twin-channel Receivers for Tracking an 
Active Source 

A different possible application of the proposed 
system is the tracking of the trajectory of a co-operat-
ing target, such as a satellite or rocket, either to obtain 
telemetered information or to make accurate tracking 
observations. 

For this purpose the target is equipped with an 
active source to assist tracking and this immediately 
reduces the situation to a single target problem. 
The most conventional tracking system uses a mono-
pulse aerial which produces bearing error signals 
from a split-beam directional pattern. These error 

x 3, TARGET CONTAINS 
FREQUENCY-MODULATED 
TRANSMITTER 

A 

R, 

FREQUENCY 
MEASURING 
DEVICE 

Fig. 15. Twin-channel interferometer. 
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signals may be fed into a servo system which orientates 
the aerial until it is facing the target. For such a system 
the bearing accuracy is directly proportional to the 
size of the aerial in wavelength. Clearly such a system 
provides directional and not range information, 
in the absence of transmitted signals from the ground. 

For very high accuracy tracking two aerials, 
separated by a long base-line may be used, the outputs 
of the two aerials being combined to form an inter-
ferometer. Radio astronomy interferometers utilize 
wide bandwidth inputs to the correlator to improve 
the directional characteristic, although this is not a 
single-target application. 

The twin-channel frequency-modulated radar may 
be converted into a tracking system by using the 
frequency-modulated signals as the active source 
on the target to be tracked. The two separated 
receiving aerials are connected to a multiplier as 
shown in Fig. 15. The difference between the instan-
taneous frequencies arriving at the two aerials will 
be proportional to sin O where O is the bearing of the 
target relative to the base line. 

D W . 
fb= sin 

This is a method of measuring the range difference 
of the target from the two receivers, that is measuring 
D sin O. 
Let 

D. T fb 
„ Ti = = 

At-

(13) 

(14) 

Thus the accuracy of bearing measurements is the 
accuracy of measuring t1 and since Ts and Af are 
fixed, this involves measuring fb which will, of course, 
take the form of a spectrum centred on this frequency. 
Thus for very accurate tracking 311Ts would have to 
be maintained to a very high degree of accuracy. 

However, since this is a single-target application an 
important simplification is possible. If we consider 
a simple single-channel frequency-modulated ranging 
system the range frequency (as shown in Fig. 2) is 
always at one of two values, either fR, or (Af—fRA). 
It can be shown that the total number of cycles N, 
in one modulation period of this waveform is a direct 
indication of range and is given by:7 

N = ir-2 Af Ts sin (—) 
7; 

so that for single-target applications it is only necessary 
to measure the average frequency of this waveform 
(including the high and low frequency portions) 
using cycle counting techniques. A further important 
property is that the form of the frequency modulation 
does not affect the result which is dependent only 
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(15) 

upon the total frequency sweep. This removes the 
restrictions of frequency linearity of the frequency 
modulation and sinusoidal modulation may be used 
resulting in a sinusoidal frequency variation about 
zero frequency for the output signal from the multi-
plier. In this case fb refers to the average number of 
cycles of the waveform per modulation period and 

fb  Af sin (—) Ts n TS  (16) 

and if the modulation rate is chosen such that T < T, 

2Af 
lb= ti 

In the case of the determination of fb by spectrum 
analysis, the accuracy was determined by the inter-
polation of the centre of a spectrum from the line 
components. In the case of cycle counting the accuracy 
is limited by the need to measure integral numbers of 
cycles. Therefore the change in r1 due to one cycle 
change in N is given by: 

1 
Sri = — 

2Af 

so the minimum detectable change of bearing is given 
by: 

Cdi  
 (19) 

D cos O 211àf cos 

Putting some reasonable numbers into this equation 
we may take Af = 3 Mc/s then for a base line of D 
= 100 km, the tracking accuracy would be about 
1.5 minutes of arc. However, since most co-operating 
targets move in a reasonably predictable manner it is 
possible to smooth the output and thus obtain an 
accuracy greater than that corresponding to one 
cycle change of fb This is the case for frequency-
modulated radio altimeters,' where the accuracy due 
to smoothing is improved threefold. 

It may also appear that the accuracy is low com-
pared with long base-line interferometers; this is 
because such interferometers give multiple ambiguities, 
but the frequency modulated system provides no 
ambiguities (provided that T < Ts). The ambiguity of 
sign of O may be removed by a delay line in the same 
way as described in Section 1.3. The proposed tech-
nique may therefore be of value as a tracking system 
particularly at low frequencies where directional 
tracking aerials are more expensive. 

(17) 

(18) 

6. Conclusions 

This paper has discussed the properties of a proposed 
twin-channel echo-location system using frequency-
modulated transmission. It has been shown that this 
system is capable of measuring range and bearing of a 
target from an aerial system consisting of one trans-
mitting and two receiving aerials. However, in the 
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presence of multiple targets it is shown that position 
ambiguities arise such that n targets correspond to n2 
possible positions. The ambiguities may be resolved or 
partially resolved by making successive measurements 
after moving the base line. Comments are made on the 
possible relevance of this analysis to the echo-location 
ability of bats. 

Finally it is shown that the same approach may be 
applied to a tracking system for tracking active 
frequency-modulated signal sources. Since this is a 
single-target application there are no problems from 
unwanted multiple-target position ambiguities. 
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Summary: The application of the optimization technique known as 
dynamic programming to the design of thinned planar arrays with 
unequally spaced elements is described. Two different approaches were 
investigated. In one method the planar aperture was considered to consist 
of a number of concentric ring arrays and dynamic programming was 
applied to determining the radii of the rings which yielded radiation 
patterns with the minimum peak side-lobe. In the other method the 
planar array was divided into an even number of equal sectors with 
elements identically located in each sector. Both methods were selected 
to avoid excessive calculation times. With the aid of large digital compu-
ters designs were obtained and radiation patterns computed for 40À 
diameter circular planar arrays and for various degrees of thinning. The 
results differed from those obtained by other unequally spaced array 
design methods in that the side-lobes of the radiation pattern tended to 
decrease with increasing distance from the main beam. 

I. Introduction 

Unequally spaced planar arrays are of interest in 
applications where it is desired ( 1) to avoid an ampli-
tude taper, or (2) to operate with significantly fewer 
elements than required for a conventional array with 
half-wavelength spacings between elements. The 
former is called a density-tapered array; the latter, 
a thinned array. The conventional array is termed a 
filled array. 

The degree to which an unequally spaced array 
is thinned is generally expressed as the percentage 
of elements removed from a filled array occupying 
the same physical area. That is, if the filled array 
contains 10 000 elements and if the thinned array 
consists of 1000 elements the degree of thinning is 
90%. Since the gain of an array, neglecting mutual 
coupling, is proportional to the number of elements, 
a thinned array suffers a proportionate loss in gain 
and a corresponding rise in the average side-lobe 
level, although the half-power width of the main beam 
remains relatively unchanged. The object in design 
is to select the element spacings such that objection-
ably high peak side-lobes do not appear. The thinned 
array has application when a narrow beam is desired 
with a given number of elements. It is useful as an 

t Formerly with Electronic Communications, Inc., Mary-
land; now with the Institute for Defense Analyses, Washington, 
D.C., U.S.A. 

Research Division, Electronic Communications, Inc., 
(now known as Adtec), Timonium, Maryland, U.S.A. 
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economical expedient for demonstrating the operation 
of large arrays when only a limited number of ele-
ments can be provided. 

The density-tapered array designed to yield radia-
tion patterns comparable to those obtained with 
amplitude tapering are thinned on the order of 40% 
to 60%. Thus, the gain is not significantly reduced 
compared to the conventional amplitude tapered 
array. The side-lobe level, especially the peak side-
lobe, can be maintained to a reasonably low value. 
Density-tapered arrays are of practical advantage 
in applications where it is convenient that each 
element be identical. This is of special importance 
in large transmitting arrays where a power amplifier 
is used at each element. 

Several methods have been described in the litera-
ture for designing unequally spaced planar arrays. 
These include the placement of elements on the 
intersection of rings and radials,' random removal,' 
deterministic density taper,3•4 and statistical density 
taper.' In general, the design methods for a density-
tapered array differ from those of a severely thinned 
array. This paper is concerned primarily with the 
application of dynamic programming to unequally 
spaced planar arrays. Dynamic programming is an 
optimization procedure widely used in operations 
research." It permits an N-dimensional optimiza-
tion problem to be treated as N one-dimensional 
optimization problems and, when it can be applied, 
considerably simplifies the necessary calculations as 
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Fig. 1. Configuration of an array of elements placed at the 
intersection of rings and radials. Array co-ordinate system in 

terms of the angles 8, çb is also shown. 

(a) Elements located at the inter-
section of equally spaced rings 
and equally spaced radials in a 
56,1 diameter aperture. Ring 
separation = 28/31.1., radial se-
paration = 10 deg, 90% thinning, 
pattern computed in the plane 

= 0 deg. 
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Et 8, ck 1 compared with the total enumeration of all possible 
solutions. 

Before proceeding to the subject of array design 
using dynamic programming the several reported 
methods for specifying the element locations of 
unequally spaced planar arrays are briefly described 
in the next section. In this paper, it is always assumed 
that the elements are all of equal weight, i.e. there is 
no amplitude taper of the aperture illumination. 

2. Methods of Design 

The design of thinned arrays by placing elements 
at the intersection of rings and radials (Fig. 1) is an 
empirical procedure evaluated mainly by trial-and-
error.' An example of the array factor for a 90 % 
thinned array with one degree beamwidth is shown 
in Fig. 2(a). The 1008 elements within the 56-wave-
length diameter aperture were located on 28 equally 
spaced rings at the intersection of radials equally 
spaced at 10 deg intervals. The abscissa is 
u = sin O — sin 00 where O is the angle measured 
with respect to the array normal and 00 is the angle to 
which the beam is steered in the O direction. Within 
the visible region (u < 1) the maximum side-lobe 
level is — 22'6 dB. If the beam is steered (u > 1) 
the peak lobe is — 14.9 dB at u = 1.45. The best 

10 

20 

400 

P 

,--\ (\/\ 

/ V ''' V /\-\/(\i 

111 
n:2 no4 O•A n•R v) P wa kA IA 14 

Angular Coordinate, u = sin 8 - sin 8. 

10 

20 

30 

400 
\f\ A ALA I 

0-2 CF4 0.6 1-0 12 1.4 
Angular Coor cfinate, u sin 8 - sin e 

Fig. 2. Pattern of an array of 1008 elements. 
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(b) Elements displaced to form 
spiral arms repeated every 10 deg 
as shown in upper right-hand 
corner. Ring locations taper-
matched to a 35 dB Taylor distri-
bution with 42 minimum ring 

separation. 
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radiation patterns with this technique occurred for 
rings whose spacings were selected such that the den-
sity of rings was proportional to the amplitude of 
the aperture illumination of a conventionally designed 
array and where the elements on the rings were 
displaced so as to form spirals rather than radials. 
An example of one of the better patterns obtained 
in this manner appears in Fig. 2(b). The element 
locations are sketched approximately in the upper 
right hand corner. The peak lobe is — 244 dB and 
occurs at u = 0.58. A comparison of Figs. 2(a) and 
2(b) illustrates that if a low peak side-lobe is to be 
obtained the side-lobes should be of more or less 
uniform magnitude. Low side-lobes in some portions 
of the u-region and high side-lobes in other regions 
indicate that it should be possible to reduce the high 
lobes at the expense of raising the low lobes. The side-
lobes may also be reduced if the null width of the 
main beam is increased. The null width of the low 
side-lobe design of Fig. 2(b) is almost double that of 
the design of Fig. 2(a), although half power widths 
are not too significantly different. In any of the design 
techniques thus far reported there is little, if any, 
control of the main beam null width. Since the 
aperture distributions repeat every ten degrees the 
patterns of Fig. 2 apply for O = 0°, 10°, 20°, etc. 
Slightly higher lobes might sometimes appear in the 
patterns taken through the intermediate planes. 

A conventional planar array filled with elements 
equally spaced on a half-wavelength grid can be 
readily converted to an unequally spaced array by 
removing elements at random; that is, independent of 
the location within the aperture. (Although elements 
could be added at random to an empty aperture, 
the analysis is more convenient with a model which 
removes elements from a filled array.) Maher and 
Cheng2 analysed this technique for a linear array. 
It would seem that similar effects occur for a planar 
array. Since the actual arrangement of elements in 
the thinned array depends on a random process, the 
exact radiation pattern of any particular design 
is unpredictable and must be described in statistical 
terms. The (ensemble) average pattern can be shown 
to consist of the pattern of the original filled array 
plus a statistically 'omnidirectional' pattern. The 
statistical portion of the pattern causes the peak 
side-lobe to be greater than the already high peak 
side-lobe of a conventional array with uniform 
amplitude distribution. Therefore, the relatively 
high near-in peak side-lobes mean that the random 
removal of elements is not generally a satisfactory 
array thinning technique, even though it is a simple 
design procedure to implement in practice. 

Although the random removal of elements inde-
pendent of position within the aperture does not 
always produce satisfactory results, the non-uniform 
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removal of elements can be made to produce reason-
ably good patterns. This technique involves making 
the density of unequally spaced elements within the 
aperture proportional to the amplitude of the aperture 
illumination that would be used with a conventional 
equally spaced array. It has proved to be a satis-
factory design technique. Its theoretical justification 
is that the density taper is an approximation to the 
amplitude taper. The degree of approximation is 
limited by the number of elements and the practical 
requirement that no two elements can be spaced 
closer than some minimum distance, usually one 
half-wavelength. 

There are two methods for determining the loca-
tions of elements in a density-tapered planar array. 
In one method the element locations are juggled by 
a trial-and-error placement until a satisfactory density 
taper is found." (In a linear array the design pro-
cedure can be made more definite by using the 
cumulative distribution of the aperture illumination.9) 
This may be termed the deterministic approach as 
contrasted to the other method which is a statistical 
approach.' In the statistical method the probability 
that an element is placed at a particular location is 
made proportional to the amplitude that the conven-
tional antenna aperture illumination would have at 
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the same location. An example of a computed pattern 
of a statistically designed density tapered array is 
shown in Fig. 3. The statistical (ensemble) average 
power pattern is 

N 1E0, 0)1 2 = 01E00,0 2 • + kA„(1—kA„)  (I) 

where 1E0(0, 0)1 2 is the power pattern of the N ele-
ment equally spaced array designed by conventional 
means with aperture illumination function given by 
A„, and k is the probability an element will appear 
at the point where the aperture illumination is a 
maximum, usually the centre of the array. The 
second term is independent of angle and represents a 
statistically 'omnidirectional' pattern. This term 
generally dominates except in the region near the 
main beam. It is interesting to note that the average 
pattern expression of eqn. (1), even though it is 
based on statistical considerations, is one of the few 
analytical expressions available for predicting the 
general pattern behaviour of an unequally spaced 
array, other than determining the actual spacings and 
computing the patterns. 

A conceivable procedure for designing an unequally 
spaced array is to try all possible combinations of 
element locations and select that configuration which 
results in the 'best' radiation pattern. If there are 
m available element locations for n elements, there are 
m!/n!(m — n)! unrepeated combinations of element-
spacing configurations, assuming all the elements 
are identical. This can be a large number. For 
example, there are approximately 10" different 
combinations to choose from if 25 elements were to 
be placed within 50 possible element locations. Even 
with modern high-speed computers the design of an 
array by the total enumeration of all possible com-
binations is a prohibitive procedure in all but the 
simplest of cases. 

Under certain conditions, it is possible to perform 
the equivalent of total enumeration with a consider-
able reduction in the required computations by use 
of the procedure known as dynamic programming. 
Dynamic programming will yield the same solution 
as total enumeration when it can be proved that the 
principle of optimality applies to the problem. Al-
though we have not been able to prove the principle 
of optimality for the design of unequally spaced 
arrays, dynamic programming was applied, neverthe-
less, to this problem and obtained interesting and 
useful results. Fortunately there are similar prece-
dents in antenna analysis such as the scalar Kirchhoff 
theory, where useful results are obtained in spite of 
theoretical objections. 

Dynamic programming has been applied success-
fully to the design of linear arrays of unequally 
spaced elements and has achieved results equal to or 
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superior to arrays designed by other methods."-12 
The remainder of this paper describes the application 
of dynamic programming to circular planar arrays. 

3. Dynamic Programming Applied to 
Planar Arrays 

In the computer programs written for the linear 
array work reported previously'. " arrays of 50 
unequally spaced elements could be handled com-
fortably on large machines such as the IBM 7094. 
One hundred elements could be handled by the IBM 
Stretch computer. Planar arrays generally contain 
considerably more elements: 500 to 4000 unequally 
spaced elements might represent the typical range of 
interest. Even with large capacity, high-speed com-
puters and the vast savings in computational effort 
made possible by dynamic programming, the design 
of such arrays by this technique results in prohibitively 
long machine run-times with the presently constituted 
program when the array is large. To keep the problem 
within bounds and avoid lengthy calculations, advan-
tage was taken of the symmetry of the circular array. 
Two different approaches were investigated. In one 
method the planar aperture was considered to consist 
of a number of concentric ring arrays and dynamic 
programming was applied to determine the radii of 
a given number of rings which minimized the side-
lobe radiation over a specified angular region. This 
technique had the advantage that it could utilize the 
computer program previously developed for the 
linear array if certain simple modifications were made. 
In the other method the planar array was divided 
into a number of equal sectors with elements identi-
cally located in each sector. An element located in 
one sector automatically placed an element in a 
similar position in all the other sectors, thus reducing 
the number of decisions that had to be made. Dyna-
mic programming selected those element locations 
within each sector which minimized the side-lobe 
level over the specified angular region. These two 
procedures were investigated so as to keep the pro-
blem within the capabilities of existing computers. 

4. Ring Array Approach to Planar 
Array Design 

In this method, the circular planar array consists 
of a number of concentric ring arrays. On each ring, 
elements are equally spaced at approximately one 
half-wavelength. By taking advantage of the almost 
circular symmetry the planar array radiation pattern 
can be simplified and expressed in a form similar 
to that of a linear array. 

The radiation pattern of an array of equally 
radiating isotropic elements located on M concentric 
rings with [4nr„,] elements on each ring may be 
represented as 
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E(0,4)) 

14f [4nrm ] 
= E E exp {jkr„, [sin 0 cos (21r(n — 1) 4) 
m=1 n=1 Plnr„,] 

— sin 00 cos 
21t(n — 1) 4)01} (2) 

[4nr] 

where k = 2n1)1., )1. = wavelength, rn, = radius of the 
mth ring, (0, 4)) = direction in which the far field is 
being determined, (00, 4)0) = direction to which the 
main beam is steered, and the brackets [] about 
47tr„, denote the largest integer less than 4ltrm. This 
expression can be simplified if the radiation pattern 
is examined only in the plane in which the beam is 
steered; that is 4) = 00. With this assumption and 
writing u = sin — sin 00, eqn. (2) becomes 

M [4ar,„] 
E(u,4)0) = E E exp {jkur„,cosr2n(n — 1) 001} 

m1 n1 1. [4nr„,] 

 (3) 

If the ring of radius r„, contains [41tr„,] elements, its 
radiation pattern can be approximated by the zero 
order Bessel function Jo(kur„,) with a weighting 
proportional to the number of elements within the 
ring. Thus the radiation pattern of the array of rings 
is independent of 4) and can be written 

E(u) ••-• E [4rcr„,]1,(kur,„)  (4) 

This is similar to the radiation pattern of a linear 
array of symmetrically located elements in which 

E(u) = 1+2 E cos 2ndnu  (5) 

m=1 

n=1 

where d„ is the distance, measured in wavelengths, 
of the nth element with respect to the centre of the 
array. To use the computer program developed 
previously for the linear array1°-12 the constant term 
is dropped, the cosine function is changed to the 
Bessel function, and an amplitude factor is included 
to account for the variation in the number of elements 
per ring. 

In this formulation of the planar array design 
problem, dynamic programming is used to find the 
optimum radii of a specified number of rings to be 
placed within a planar aperture of fixed radius, in this 
case r. = 202 (2 = wavelength). There is no con-
trol over the number of elements. This is determined 
only after the optimum ring radii are found. 

Although the ring array is a convenient model to 
analyse, it is generally not as easy to provide steering 
commands as with an array of elements equally 
spaced on a rectangular grid. It has been found that 
relocating the elements of a ring array to the nearest 
position on a half-wavelength grid affects the pattern 
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but little.1 Thus the designs achieved by assuming the 
ring array model may be readily applied to practical 
arrays. 

A criterion must be selected with which to judge 
the 'best' pattern. Lacking specific requirements as 
to what is considered a desirable pattern a `minimax' 
criterion was used in which dynamic programming 
selected that configuration of element locations which 
minimized the maximum side-lobe within some 
specified angular region. Since the pattern expression 
of eqn. (4) is independent of the angle 4), the pattern 
as a function of the parameter u = sin O — sin 00 
only need be considered. The maximum value of u 
was generally chosen to be unity, corresponding to 
O = 90° when the beam is unsteered. The minimum 
value of u was chosen by trial-and-error. Too small 
a un„„ might place a portion of the main beam within 
the region of optimization with the result that the 
maximum of the pattern E(u) is determined by some 
large value on the main beam and not by the side-
lobes. Too large a u,„;„ might result in the appearance 
of an excessively high side-lobe between the main 
beam and und„. 

A uniformly illuminated circular aperture of 
diameter D has a null width equal to I -222/D. With 
a 402 diameter aperture this value is equal to 0.03. 
Thus a first choice for umin would be 0.03. Lower 
side-lobes than obtained with uniform illumination 
require a broader null width and therefore, larger 
values of umin are necessary. In examining the designs 
of 402 diameter ring arrays, patterns were obtained 
for umin = 0.03, 0.04, and 0-05. The outer ring was 
fixed at r„,„„ = 202 and designs were determined 
as a function of the number of rings M ranging 
from 3 to 20. The program was constrained so that 
adjacent rings would not be spaced closer than one 
half-wavelength. It was found that the value of un„„ 
depends on the number of rings. With few rings, 
urnin of 0.03 or 0.04 appears satisfactory, but with 
many rings //mi. = 0.05 produced the best results. 
In this paper the results will be presented for 
Umin = 0.04. Although it was not done here, it would 
seem worthwhile to include directly in the computer 
program some means for permitting the computer 
to select the proper value of urnin as it performs the 
dynamic programming calculation. 

Examples of the type of radiation patterns obtained 
with ring array antennas are shown in Fig. 4(a), 
(b), (c), for 3 rings, 8 rings, and 20 rings. At the upper 
right-hand corner of each plot is the configuration 
of rings. The side-lobes tend to decrease with increas-
ing u. This is unlike the dynamic programming 
results achieved with the linear array or the density-
tapered planar array in which the side-lobe level was 
more or less independent of u over the region of 
optimization. With the linear array, the summation 

177 



M. I. SKOLNIK and J. W. SHERMAN 

cc, 

o 

-10 

-20 

-30 

-40 

-50  
o 

I 

-163d 

1 • 1 , I  

0-1 0.2 0.3 04 0-5 0.6 

u = sin 6' - sin 80 

(b) Array of eight rings 
of radii 1-0, 2.5, 4.5. 7-0, 
9•5, 13-0, 19-5 and 20.0i. 
N umber of elements — 975, -o 

81 "‘; thinning. 

o 

-10 

-20 

-30 

-40 

50 

01- 7 

20X 

0-8 0-9 1.0 

(a) Array of three rings of 
radii 7.5, 12.0 and 20.0A as 
found by dynamic pro-
gramming. ur,„„ 0.04, 
it„,„„ -- 1.0. Number of 
elements, if spaced at half-
wavelength intervals along 
each ring, equals 495 and 
corresponds to about 90% 
thinning. Filled array would 
contain 5130 elements. 

-18.3 dB 

, 1 1 • 1  

0-1 02 0.3 04 0-5 0.6 0.7 

u = sin 8 - sin 80 

-10-

-20-

-30-

-40-

50 
o 

178 

20X 
-20.4dB 

IA 
0-1 0.2 0.3 0.4 0.5 0.6 

u = sin 8 -sin 8. 

Fig. 4. Pattern of a circular planar array. 
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(c) Array of twenty rings 
of radii 2-0, 2-5, 4.5, 5.5, 
6.0, 6.5, 7.0, 7-5, 8-5, 9.5, 
10.0, 11.0, 11.5, 12.0, 12-5, 
13.0, 13.5, 18.5, 19-5, and 
20.0A. Number of ele-
ments - 2516. 50"„ thin-

ning. 
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Fig. 5. Summary of ring 
array designs with umin 

= 10, 40.1 dia-
meter circular aperture. 
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involved (eqn. (5)) consists of cosine functions whose 
local maxima are independent of the angular co-
ordinate u. On the other hand, the summation for the 
array of rings consists of zero order Bessel functions 
(eqn. (4)) whose local maxima decrease with increasing 
u since for large x 

2  
Jo(x) —› cos (x — 

N./7LX 4 • 

It is not surprising, therefore, that the dynamic 
programming designs of ring arrays have peak values 
at the lower values of u. 

The results obtained for the designs with umin = 
0.04 are summarized in Fig. 5. Shown in this figure 
are the distance to the first null (a measure of the 
beam width), the peak side-lobe level, and the number 
of elements contained in the array. The number of 
elements tends to increase with the number of rings, 
as would be expected, but there are exceptions where 
the total elements decrease as a ring is added. Similar 
data were obtained for urnir, = 0.03 and 0.05. In 
general, these results indicate that the lower the side-
lobe level, the wider the main beam. It is as though 
there is a certain amount of energy that is to be dis-
tributed throughout space and if the side-lobes are 
to be lowered, the removed energy must be 'swept' 
under the main lobe. 

When compared with planar arrays of equivalent 
thinning designed by density taper or by rings-and-
radials, the peak side-lobes with the ring arrays are 
generally higher. It is believed that this is not an 
indication of a failure of the dynamic programming 
method but is a result of the radiation pattern of an 
individual ring decreasing with increasing u. Further-
more, the large amplitude factor [4nr„,] of the outer-
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most ring has a large effect on the radiation pattern 
which must be compensated by the inner rings of 
lesser weighting. The other design techniques for 
planar arrays produce side-lobes which are more or 
less uniform with angle. As can be observed from the 
ring configurations of Fig. 4, an array of rings does 
not resemble the density-tapered array and, therefore, 
similar results should not be expected. The decreasing 
side-lobes of the ring array design may be of advan-
tage in the same way that the Taylor modified 
(sin nu)/nu distribution with decreasing side-lobes may 
be preferred in certain instances of conventional 
array design to the Chebyshev distribution. 13 

5. Sector Approach to Planar Array Design 

Unequally spaced arrays designed using a density 
taper produce satisfactory radiation patterns, but 
do not yield element locations which can be consi-
dered as circularly symmetric as in the case of the 
ring arrays. Ideally there should be no restriction 
placed on the permitted locations of the elements 
(except for the half-wavelength minimum separation) 
in the design of an array by dynamic programming. 
With no restrictions the computer time for the design 
of a 40 wavelength diameter array using the `minimax' 
criterion would be prohibitive. 

In an attempt to provide more freedom in the 
location of elements than provided by ring arrays, but 
to avoid the excessive computations of the full planar 
aperture, the array was divided into a number of 
identical sectors, one of which might be as shown in 
Fig. 6. The possible element locations in each sector 
are arranged on a polar coordinate grid instead of a 
rectangular grid so as to simplify the calculations. 
The grid and the element locations must be selected 
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to guarantee that adjacent elements be at least a 
half-wavelength apart. If an element is located at 
some point P in the basic sector, elements are simi-
larly located in all the other sectors as at P', P", etc. 

The requirement to maintain a half-wavelength 
minimum spacing and the use of a polar coordinate 
grid results in a hole in the centre of the array, the 
size of which depends on the sector size. With a 
5-deg sector the hole is 11 wavelengths, with 10 deg 
it is 5 wavelengths, and with 15 deg, it is 0.5 wave-
length. A correction for the hole is necessary when 
the smaller sector sizes are used. This may be accom-
plished in a number of ways but the method employed 
here was simply to fill the hole with a continuous 
illumination whose amplitude was made a variable. 

Fig. 6. Division of a planar array into identical sectors and the 
grid on which elements may be located. 

Since the major interest is to explore and understand 
the potential of dynamic programming it seemed 
worthwhile to fill the hole in a manner which least 
complicated the computational problem. The 
radiation pattern (array factor) of an array with the 
hole filled with a continuous illumination is 

E(u, 4)) = A2. 1 . i(au) + 
au 

N K/2 2n 
+ E E cos {2nr nu cos[—k (k — 1) + 4 1 „ — 4)i} .. . (6) 
n= I k=1 

where A = amplitude factor of the illumination 
within the hole, a = net, d = diameter of the hole, 
Ji(x) = first order Bessel function, (u, 4)) = angular 
coordinates, N = number of elements within a sector, 
K (an even number) = number of sectors, and r„, 
defines the location of the nth element at a radius 
of r„  and angle tii„. The first term of eqn. (6) might be 
approximated in practice by a uniformly random 
array of 2A elements within the hole, or by an array 
of ring arrays of 2A elements, or by a half-wavelength 
equally spaced array with element illumination 
reduced as compared with the other elements of the 
array The exact manner in which the elements are 
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placed in the hole is not believed to be too important 
to the radiation pattern, except at large angular 
displacements from the array normal (large values of 
u) where in most instances the side-lobes are generally 
sufficiently low not to be of any major concern. 

The computation time is proportional to 
(N — 1)m2p, where N is the number of decisions 
(element locations to be found), m is the number of 
possible locations each element may occupy, and p is 
the total number of values of the radiation pattern 
to be examined in determining the desirability of the 
pattern. To keep the computation time to a minimum 
most of the runs were taken with the 5 deg sector. 
The calculation time of a 5 deg sector with the CSC 
modified Univac 1107 required between 9 and 17 
minutes per run depending on the input conditions. 
A few runs were made with the 10 deg sector at an 
average time of about 14 hours. A 15 deg sector was 
programmed and was estimated to run approximately 
eight hours. Since the machine did not have a re-start 
capability (the ability to re-start the problem in the 
middle if an error occurs) it was felt that the reliability 
of the results could not be guaranteed and shorter 
runs were submitted. This was unfortunate since the 
hole size of a 15 deg sector was small enough to have 
omitted the first term of eqn. (6). 

The radiation pattern of a 40 wavelength circular 
planar array determined with a 5 deg sector and with 
a hole of 11 wavelengths diameter is shown in Fig. 7(a) 
(A = 0 in eqn. (6)). There is a high first side-lobe 
of — 10.8 dB next to the main lobe. The second side-
lobe is — 2l5 dB. All other side-lobes are less than 
—238 dB. The high first side-lobe apparently is a 
result of the hole and is analogous to the high first 
side-lobe that results from aperture blocking in a 
conventional reflector antenna. Figure 7(b) is the 
radiation pattern obtained under the same conditions 
as Fig. 7(a) but with the hole completely filled 
(A = 186). The difference in the number of elements 
results from the additional 372 elements in the hole. 
The first side-lobe is considerably reduced but the 
second lobe whose value is — 14.4 dB is the maximum. 
Beyond u = 0.15 the peak side-lobe is less than 
—23.8 dB. 

It would seem that since the first side-lobe was the 
maximum for A = 0 while the second side-lobe was 
maximum for A = 186 there ought to be some 
intermediate value of A which yields better patterns. 
Several other values of A were examined of which 
Fig. 7(c) was the best obtained. The near-in side-lobes 
are still relatively high. Although other choices of A 
and perhaps ur„,n might possibly provide improved 
results, it seems that the requirement for repeating 
elements every 5 deg produces an effect like that 
observed with the ring arrays. The side-lobes are 
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(b) The hole in the array centre is completely filled (A = 186). 
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(c) Except that the hole in the array centre is only half-filled 
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Fig. 7. Pattern of a 40X diameter circular planar array designed by dynamic programming 
using the sector approach. Sector size = 5 deg, umin = 0.04, u„,„„ = 1.0. 

high near the main beam but decrease with increas-
ing u. The larger the sector the less pronounced this 
effect should be. 
An example of the radiation pattern obtained for a 

dynamic programming design with a 10 deg sector 
and A = 53 is shown in Fig. 8. The fourth side-lobe 
is the highest and is — 18 dB. All other side-lobes 
at greater values of u are less than — 23-5 dB. 
Although it is slightly better than the similar example 
for the 5 deg sector it seems as though an even larger 
sector should be used if possible. 
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The `minimax' criterion was employed in the above 
curves over the region 0-04 ≤ u ≤ 1-0. Similar 
results were obtained for ur," of 0-03 and 0-05. In all 
the cases examined, the peak side-lobes occurred for 
u less than 0-15. For this reason, several designs were 
tried with um.„ equal to 0-15 instead of 1-0. The best 
result achieved is shown in Fig. 9(a). The peak side-
lobe is — 21-5 dB. Figures 9(b) and 9(c) show the 
patterns in two different planes within the 5 deg 
sector. The pattern is observed to be quite sym-
metrical within the region u < 0-4. The peak side-
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Fig. 8. Pattern of a 40.1. diameter circular planar array designed 
by dynamic programming using the sector approach. Sector 
size = 10 deg, u,„,„ = 0.04, = 1.0. Hole in the centre 

partially filled (A = 53). 1114 elements, 78% thinning. 

lobes in the visible region (u < 1) range from — 22 
to — 25 dB. One side-lobe of — 20 .5dB is found when 
the array is steered to u = 1.57. The element loca-
tions for the array whose pattern is given in Fig. 8 
is shown in Fig 10. 

6. Conclusions 

The examples presented in this paper illustrate the 
applicability of dynamic programming as a tool for 
designing thinned, unequally spaced planar arrays. 
Although the theoretical validity of dynamic pro-
gramming in this application is in doubt because of 
the inability to prove the principle of optimality, the 
results achieved provide sufficient justification for its 
consideration. 

The work reported here was not intended to supply 
optimum designs. Instead, its purpose was to show 
the potential of dynamic programming and to indicate 
how it might be applied to planar array designs. In 
actual application to practical arrays it is important 
to eliminate is many of the constraints as possible. 
For instance, the restriction to the sector size imposed 
here for convenience of calculation should be as 
broad as possible and if feasible the computer should 
be programmed to select on its own the optimum 
value of umin. 

Fig. 9. Pattern of a 40.1. diameter circular planar array designed 
A by dynamic programming using the sector approach. Sector 

size = 5 deg, um,. = 0.03, uma. = 015. Hole in the centre 
partially filled (A = 60), 840 elements, 83-5% thinning. 
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Fig. 10. Element locations for the array whose pattern is shown 
in Fig. 8. Sector size = 10 deg. Only one quadrant shown. 

A great simplification could be achieved if the 
`minimax' criterion could be replaced with some cri-
terion of goodness which does not require the full 
radiation pattern to be computed. It has been ob-
served that low side-lobes are obtained when the main 
beam null width is broad. It might be possible to use 
this fact as a criterion and reduce the length of the 
calculations. 

Although dynamic programming has the potential 
for producing designs as good as or better than other 
known methods, it is an expensive method to imple-
ment for the large planar array. When cost is of 
importance, a cheaper technique such as the statistical 
density taper might prove satisfactory for many 
applications even though it might not yield an array 
with as low a side-lobe level. 
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DISCUSSION 

(G, The Institution of Electronic and Radio Engineers, 1964 

Under the Chairmanship of Dr. E. V. D. Glazier 

Dr. R. Benjamin: Do you benefit in the realization of 
your computed pattern with drastic thinning, by reduction 
in mutual couplings between the element? 

Dr. Skolnik (in reply): I would think so, although there 
is not universal agreement on this point. Experimentally 
measured radiation patterns of scale models of large 
planar arrays with pseudo-random spacing agreed quite 
well with the theoretical patterns. These measurements 
were made with a scale modelling technique known as 
the 'holey plate'. This indicates to us that, at least for the 
type of thinned arrays studied, mutuals do not cause 
significant effects. On the other hand, J. Allen of M.I.T. 
Lincoln Laboratory has reported that mutuals seriously 
affected the patterns measured of a small unequally 
spaced linear array. The question as to the effect of the 

t K. F. Molz, "Phased array radar systems", Proceedings of 
the Symposium on Signal Processing in Radar and Sonar 
Directional Systems", Birmingham, 1964, Paper No. 12. 

mutual coupling was circumvented in the ESAR array 
described in the paper of Molz,t by providing the full 
number of elements and terminating those not used with 
a matched load. 

Mr. P. R. Wallis: Why is it necessary to thin the array 
in this way? In practice a radar or sonar often requires 
a bunch of receiving beams (e.g. a monopulse cluster, or 
all-round in azimuth); it follows that the transmitting 
beam can be rather wider than those used for receiving. 
This suggests that rather than thinning, one should merely 
pack the smaller number of transmitting elements into 
a smaller area at the usual h/2 spacing. This would give 
the same transmitting gain, perhaps a decibel or two better. 
Instead of transmitting a high average level of all-round 
radiation it is concentrated around the main beam. 

Dr. Skolnik (in reply): What you suggest is not an 
unreasonable method for the design of an array and has 
merit in many applications. 
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Summary: Statistical information on the relationship between amplitude 
and frequency of occurrence of short duration transients in low-voltage 
supply mains has been obtained using multi-channel recording equipment. 
The equipment responds to pulses having durations exceeding 0.3 !Ls and 
amplitudes greater than certain predetermined levels. Either 4 or 6 level 
recorders have been installed for about 3 months at each of 19 sites chosen 
from industrial and domestic premises, and Area Board sub-stations. 
Analysis of the 36 000 transients which have been recorded show that the 
frequency of occurrence decreases approximately by 10 to 1 for a 2 to 1 
increase in amplitude. Transients of up to 50 V peak occur frequently 
but one of 500 V or more is rare and is unlikely to occur at or near to 
sub-station transformers. 

1. Introduction 

Short-time voltage variations in low-voltage supply 
systems had in the past aroused relatively little 
attention since most apparatus is immune to their 
effects, either because of the long time-constant 
inherent in the apparatus (e.g. rotating machines) 
or because of the insulation margin provided to meet 
the requirements drawn up partly with a view to 
withstanding deleterious conditions (e.g. moisture 
deposits) and partly to ensure reliability. The much 
wider use of semiconductor devices in the last decade 
and the increasing emphasis on their reliability have 
drawn attention to the existence of variations of very 
short duration but of considerable magnitude. 

Though otherwise reliable, many semiconductor 
devices are particularly sensitive to overvoltage and in 
some cases even a single overvoltage surge may cause 
breakdown." 2 In addition to destructive damage 
which may be caused by these surges, there is the 
possibility of false operation of apparatus such as 
computers, which can arise from coupling between the 
apparatus and mains supply wiring. 

Literature on the measurements of transients in low-
voltage systems is sparse and up to 1961 at least little 
statistical information was available. Because of this 
the Electrical Research Association was asked to in-
vestigate the problem and to obtain the necessary data 
on the magnitude and frequency of occurrence of these 
short duration transients. 

Methods of detecting these transients had been 
described in the literature but when this work was 

t The Electrical Research Association, Leatherhead, Surrey. 
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started there appeared to be no equipment for the 
automatic recording of the transients.3: It was 
therefore necessary for the E.R.A. to develop equip-
ment specially for this purpose.4. 

Measurements of transients have been made over a 
period of about two years at 19 selected sites; in all 
some 36 000 transients have been recorded. 

2. Approach to Present Work 

For a survey of the occurrence of transients on the 
public supply mains it is desirable to have equipment 
which will automatically record all transients above 
certain pre-determined levels. The equipment is of 
more general application if it can be left unattended 
for long periods and does not require frequent 
calibration. 

Though apparatus connected to the mains is sub-
jected to the voltage stress resulting from the com-
bined effect of the supply voltage and the superimposed 
transient, a more accurate assessment of the transient 
itself is possible in the absence of the supply voltage. 
The voltage sensitivity of an instrument to record 
total voltage excursions cannot be chosen to give 
response to less than the peak of the supply wave 
(about 350 V on the systems being investigated) so 
that quite large amplitude transients which are in 
opposition to the instantaneous value of supply 
voltage will not be recorded. The counters are there-
fore preceded by a filter which rejects the components 
of the supply frequency and the first few harmonics 
(Fig. 1). 

.t Commercial equipment for the automatic recording of tran-
sients is now available. 
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Fig. 1. Circuit and frequency characteristic of filter. 

Attention is concentrated on the fine-to-neutral 
signal as it is thought that surges in this circuit will 
affect most types of equipment which are sensitive 
to voltage transients. As short transients will not 
generally be coincident on two phases the situation 
line-to-line will be similar to that being investigated 
i.e. line-to-neutral. In order that one side of the 
terminals may be earthed, the neutral is connected to 
earth through a large capacitor at the instrument. 

Since the positive and negative excursions of the 
mains supply are equally numerous and transients 
may be expected to occur in either half of the wave 
with equal probability, it is assumed that positive 
and negative transients will also occur with equal 
probability and, for simplicity, individual counting 
units are arranged to respond to one polarity only. 

A very limited oscillographic investigation indicated 
the existence of transients lasting for only a few 
microseconds and there is evidence to suggest the 
possibility of damage to semiconductor devices by 
transients of this order of duration. The counters 
have therefore been designed to have constant 
sensitivity for transient durations down to less than 
1 its. The mains frequency rejection filter introduces 
some attenuation of the components below 1 kc/s 
(Fig. 1). 

Present interest is centred mainly on the larger and 
less frequently occurring transients, so a high rate of 
counting is not necessary and a mechanical register is 
suitable for keeping a cumulative record. 

3. Valve-operated Register Unit 

This unit has a conventional power supply system 
energized from the low voltage a.c. mains supply 
which is being monitored for transients. An inductor 
in the live lead to the power unit isolates this as re-
gards short duration transients. The voltage-sensitive 
detector circuit consists of two r.f. pentodes connected 
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as a Schmitt trigger and the grid of the normally 
non-conducting valve is coupled by a capacitor 
to the input attenuator. Only positive pulses will 
operate the trigger and the sensitivity remains constant 
for pulse lengths down to less than 1 its. The variation 
of sensitivity with pulse length for pulses with very 
short rise-time is shown in Fig. 2. A stable operating 
condition of the trigger circuit is obtained with a 
potential difference of about 50-100 V between grid 
and cathode of the input valve, the critical pulse 
amplitude being approximately equal to this bias. 

l• 0 — r-

Semiconductor unit 

Volve unit 

02 0.4 06 0.8 1-0 

Pulse length po 

Fig. 2. Variation of sensitivity with pulse length. 

A Post Office type of electromagnetic register is used 
for counting the pulses and is capable of up to ten 
operations per second. To reduce the size of the power 
unit required for a multi-channel recorder the supply 
to the register circuits is restricted so that the maximum 
repeated counting rate is reduced to about one per 
second. Several rapid operations of each register are 
however possible before temporary paralysis occurs. 

The counters will continue to operate for a brief 
period after the failure of mains supply and therefore 
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record any transients associated with the failure, 
but if the loss of supply persists the transients occur-
ring during renewal will not be recorded. 

A block diagram is given in Fig. 3. 

Mains 
via 
Fuse 

50 cis 
Filer 

Attenuate« 
Schinitt 
trigger 

Driver 
stage 

Register 

Fig. 3. Block diagram of valve operated unit. 

4. Development of Unit using Semiconductor 
Devices 

Whilst quite satisfactory in performance, the general 
bulk and power consumption of the valve instrument 
and its necessary reliance on continuity of the power 
supply makes for some inconvenience. A recorder 
using semiconductor devices in place of valves and 
operated from battery supplies has evident advantages. 

A transistor version of the Schmitt trigger circuit is 
not sufficiently stable to give reliable operation for 
long periods owing to variation of characteristics 
with temperature, but another semiconductor device, 
the tunnel diode, provides a trigger with an operating 
current which does not change significantly with 
normal variations of ambient temperature. The tunnel 
diode switches extremely rapidly when the critical 
current is exceeded, and may be made to operate at a 
defined voltage by the addition of a resistor in series. 
The resistor must have low values of series inductance 
and shunt capacitance to maintain a constant sensi-
tivity to pulses down to very short durations. 

Following the tunnel diode another trigger circuit 
is required which may conveniently take the form of a 
pair of complementary transistors which in turn 
switch a power transistor to operate the electro-
magnetic register. A prototype unit has been con-
structed using high-speed switching transistors in the 
trigger circuit. The response of the unit to short 
pulses is shown in Fig. 2. With a 12 V battery a 
current of about 100 mA is required for about 50 
milliseconds each time the register operates but the 
quiescent current is less than 5 µA per channel at 

Moins 
via ---
Fuse 

50 c/s 
Fit« Attenuate' 

Tunnel 
diode 
trigger 

Fig. 4. Block diagram of semi-conductor device unit. 
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room temperatures. A multi-channel unit will operate 
for several months from a small battery capable of 
providing the peak current. 

The power supply to the registers in this equipment 
does not need to be restricted so that the counting 
rate is limited only by their speed of operation, and 
counting rates of up to 10 pulses per second may be 
achieved. 

An additional facility is provided in this instrument 
by including circuits which cause it to respond in 
relation to the duration as well as the amplitude of the 
input pulse. A block diagram is given in Fig. 4. 

The tunnel diode trigger circuit with one terminal 
of the battery earthed responds to negative polarity 
pulses. By interchanging the input connections and 
taking certain measures to reduce the capacitance 
to earth of some components, pulses of positive 
polarity may be detected. A modification cannot 
be made to the valve equipment to obtain a similar 
response to negative pulses owing to the large capaci-
tance existing between the case of the instrument and 
many components. Several of these instruments are 
being constructed. 
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Fig. 5. Variation of frequency of occurrence with amplitude for 
short duration transients. 
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5. Results at Test Sites 

The valve recorders have been used to obtain 
records of transients occurring at 19 locations. At 
each site either a 4- or a 6-amplitude channel unit was 
installed for several weeks. The test sites were chosen 
in order to obtain as much information as possible 
on the occurrence of transients in different parts of the 
supply system. 

The accumulative summary of results is given in 
Table 1. The test sites have been divided into three 
classes determined by the types of distribution 
system between the recorder and the sub-station 

from which the supply is obtained. The average rate 
of occurrence of transients at each amplitude for each 
class of site is calculated from the total number of 
transients at the level in question and the total num-
ber of recording days at that level. The variation of 
the average rate of occurrence of transients at each 
amplitude for the three classes of test sites is shown in 
Fig. 5. 

5.1. Sub-stations 

For the first class of site, inside sub-stations, the 
recorders were placed as close as possible to the 
transformers, often connected by leads not longer 

Table 1 

Average Number of Counts per Day for Various Transient Amplitudes 

Location of Site 
Duration 
of Test 50 V 
(days) 

100V 140V 200V 280V 400V 560V 

Sub-stations-short connection to transformer l.v. terminals: 

1. L.E.B. 74 2-6 

2. M.E.B. 122 24.6 

3. Steel works 1 

4. Steel works 2 

5. Woolwich Arsenal 

6. S.E.E.B. 

59 

43 

47 

108 

6.2 

0.23 

3.7 0.46 

0-14 0.02 

0.79 0.04 

1.9 0.50 0.09 

o 

o 
0.04 

Average 14.4 2.03 0.29 0.15 0.02 

Bus-bars-short distance from sub-station: 

7. E.R.A. Laboratory, Perivale 

8. Joseph Lucas Ltd. 1 

9. Joseph Lucas Ltd. 2 

10. Supermarket 

11. Car body factory 

12. Steel works 3 

13. L.E.B. Sub-station 

14. S.E.E.B. Sub-station 

77 

96 

112 

129 

104 

59 

57 

158 

8.6 2.7 

5.1 2.4 

55 1-3 

3.5 0.15 

2-6 

1-1 

18.6 2.5 

11.5 

0-36 0.03 

0.29 0-06 

0.30 0.03 

0.82 0.21 0.01 0.01 

0.29 0.03 0.03 0.02 

0.44 

4.4 0.76 0-01 0.01 0 

0.01 

0.02 

Average 18.7 3.66 2.50 0.31 0-016 0-016 0-007 

Low current distribution systems: 

15. E.R.A. Laboratory, Leatherhead 

16. Domestic premises 

17. Wired-television amplifier 
station 

18. S.E.E.B. Sub-station (local 
supplies) 

19. Artificial fibre factory 

52 69.1 2.0 0.33 0.02 

57 84.5 9.1 0.26 0 

100 3.8 2.25 0.94 0.08 0.01 

87 

83 

Average 

14.8 84 3.7 0.59 0.14 

54.8 31.4 10.4 0-86 0.04 

77-3 18.0 13-2 3.5 0.48 0.045 0 
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than 10 feet. However in one or two cases connection 
had to be made at a point on a distribution board 
which might be as much as 30 feet from the trans-
former. For this reason it cannot be assumed that a 
lower recorded rate of occurrence of transients at a 
particular sub-station necessarily means that the site 
is more free from voltage disturbances than the 
others. The three Area Board sub-stations in this 
class of site are all located in suburban areas with a 
little light industry in the district. 

At sites 2 and 5 the 11 kV supply to the transformers 
also supplies power to nearby arc furnaces. This type 
of load, which has become notorious as a source of 
'flicker', does not appear to cause abnormal transient 
variations. As a further investigation at site 2 the 
recorder was connected as the only load to the 1.v. 
terminals of a 300 kVA transformer fed from the same 
11 kV feeder that energized the transformer used in the 
previous test. The rate of occurrence of 50 V transients 
was about 0-15 per day with no other 1.v. load com-
pared with about 24.6 per day with the normal load, 
and no transient above 100 V was recorded whereas 
previously the rate had been about 3.7 per day. This 
is a definite indication that the majority of the tran-
sients recorded at the 1.v. terminals of this sub-station 
transformer are generated in the low-voltage system 
rather than coming from the high-voltage side of the 
transformer. 

As another test of the susceptibility to load varia-
tions, uncharged capacitors of several microfarads 
capacitance were connected to the 1.v. terminals of the 
sub-station transformer at site 1 and also at the 
E.R.A. laboratory sub-station at Leatherhead. At 
both sites transients with amplitudes exceeding 100 V 
were produced and the waveform observed on an 
oscilloscope was a damped sinusoidal oscillation, 
with a frequency in the region of 10 kc/s correspond-
ing to the series resonance of the capacitor and the 
connecting leads. The amplitude of transients pro-
duced by connection of the capacitor indicates a 
higher source impedance at the transformer at this 
elevated frequency than would be the case at 50 c/s. 

5.2. Bus-bars 

The second class of site consists of locations where 
the recorders were connected to the main low voltage 
feeders at the point of entry to the factory or building 
concerned, generally by wiring into a fuse-box on the 
main distribution panel. At the two Area Board sub-
station sites connection was made in a building a 
short distance (about 100 feet) from the transformer. 
The shop (site 10) is supplied from the transformer 
used at site 1 in the previous class. At site 12 the 
distance from the transformer is much greater than at 
sites 3 and 4, although all three are located in the same 
area of the steelworks. For sites 8 and 9 the connec-
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tions are to similar transformers in the factory 
sub-station which have different types of load; at site 
8 largely light machinery and at•site 9 chiefly welding 
equipment. 

5.3. Low-current Distribution Systems 

At each of these sites the recorder was connected to a 
local distribution circuit with about 300 feet of cable 
between the point of connection and the transformer 
supplying the system. A very high rate of occurrence 
of the lower amplitude transients is evident in most 
cases but at the higher levels, particularly at 400 V 
and above, the situation is not markedly different 
from that at the bus-bar sites. 

6. Discussion of Results 

During the period of more than two years that 
recorders have been installed at the 19 test sites a 
total of over 36 000 transients have been detected. 
The accumulation of this data by any means other 
than automatic recording equipment would have been 
totally uneconomic. 

All the evidence suggests that the majority of tran-
sients detected on the low-voltage supply mains are 
generated in the low-voltage systems and in many 
cases may be attributed to the switching of appliances 
close to the recorder. The 1.v. terminals of a sub-
station transformer with a normal load are not free 
from transients and some with amplitudes of 200 V 
may be expected. It is evident that the transformer 
presents a considerably higher impedance to the system 
at the elevated frequencies of the chief components 
of the short transients being detected than is the case 
at 50 c/s. 

At points on the mains supply system remote from 
the sub-station the occurrence of transients evidently 
depends critically on the local load situation. For 
long lengths of low-current wiring the impedance to be 
considered is that of the equivalent transmission line, 
probably in the region of 100 ohms in many cases, 
so that the switching of low-current non-inductive 
loads can still produce short duration transients, 
the amplitude of which are comparable with that of the 
supply voltage. It was noticed that switching on a 
100 watt tungsten filament bulb in the domestic 
premises at site 16 produced a transient of more than 
100 V on many occasions. 

Although the distribution curves in Fig. 5 show 
some variations from straight lines on the logarithmic 
scales of frequency of occurrence and amplitude, a 
reasonable approximation is an inverse power law 
giving a 10 to 1 reduction in numbers for a 2 to 1 
increase in amplitude. The extrapolation of the dis-
tribution curves cannot be relied upon to predict the 
likelihood of large transients with any great accuracy, 
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but for the bus-bars class of site a transient of 1 kV 
might be expected perhaps once in three years at a 
typical site. At sub-stations the probability of a 1 kV 
transient is considerably less. For low-current dis-
tribution systems the variations in local conditions 
can be so great that an average prediction is valueless. 

As a supplement to the present method of assess-
ment where the transient alone is detected, recordings 
could be taken in the absence of the mains filter using a 
modified form of the present register units. In this 
case the response would be to the total voltage excur-
sion, which is the most important parameter for some 
types of equipment, e.g. a.c./d.c. television sets with 
silicon rectifiers. It is in fact proposed to operate 
both types of recorder simultaneously from the same 
supply. With the addition of coincidence counters, 
it will be possible to determine whether or not the 
occurrence of the transient is random relative to the 
phase of the 50 c/s supply voltage. 

7. Conclusions 

Short duration transients, superimposed on the 
supply voltage, occur frequently in low-voltage public 
supply systems but the frequency of occurrence falls 
rapidly with increase in the amplitude of the transient. 
The frequency of occurrence decreases approximately 
by 10 to 1 for a 2 to 1 increase in amplitude. 

' At any given site, transients of up to 50 V peak occur 
at rates of up to 100 per day but transients of 400 V 
occur only about once a month or less. 

Transients of nearly 600 V have been recorded but 
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they are rare and are very unlikely to occur at or near to 
sub-station transformers. 

Most of the transients are generated in the low-
voltage systems themselves. They can be expected to 
occur more frequently in the low current sections, 
that is at points some distance from the sub-station. 
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Summary: The problem of obtaining information on unwanted transient 
voltages which may damage semiconductors is considered in relation to 
electricity generating and switching stations. It is concluded that the 
collection of data from actual sites by an unattended monitoring instru-
ment would yield valuable information with the minimum effort. The 
factors affecting the specification of such an instrument are discussed 
and an instrument developed for this purpose is described. 

I. Introduction 

Instrumentation in the generating and switching 
stations of the Central Electricity Generating Board 
has, in the past, relied mainly on electro-mechanical 
devices backed in some instances by electronic equip-
ment containing thermionic valves. With the advent 
of nuclear stations it was necessary to use very many 
more electronic devices to provide adequate control 
and protection, and again much of the early instru-
mentation used thermionic valves. 

Since transistors have many advantages over valves 
their introduction to modern power station instru-
mentation and control was inevitable. However, 
transistors are more liable to damage from short 
duration overloads because of their lower breakdown 
voltages and the much lower thermal capacity of their 
functional parts. Since the C.E.G.B.'s stations handle 
extremely large amounts of electrical energy, it is 
thought that large voltages of relatively short duration 
may occur on many circuits connected to electronic 
instruments. 
The new interest is directed towards the shorter 

duration voltages which would not have damaged 
more robust thermionic components, but which could 
cause widespread damage to semiconductor devices. 
In addition to these large, infrequent overvoltages 
which damage the devices, there is also the more 
frequent possibility of lower level voltages which can 
cause momentary false outputs from instruments, 
causing, for example, spurious tripping of a reactor. 
The use of redundancy to minimize the effects of 
unwanted signals is possible, but is not yet really 
practicable for the case of damaging overvoltages 
where really massive redundancy would be required. 
Nevertheless, it is felt that the most difficult problem 

t Central Electricity Research Laboratories Leatherhead, 
Surrey. 
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at the moment is that of the extra large voltage which 
by its rare occurrence will be hard to trace, and it is 
the need for information relating to such voltages 
which is dealt with in this paper. 

2. Sources 

Transient overvoltages are coupled to the instru-
ment wiring inductively or capacitively, by radiation or 
through some common impedance, commonly that of 
the earth system. The highest degree of coupling will 
generally occur at high frequencies so that the result-
ing waveforms on the instrument wiring will generally 
be proportional to the rate of change of voltage or 
current of the originating surge. The inductances of 
the common impedances and the values of coupling 
capacitance need not be large when the rate of change 
of voltage or current at the source is very high. 
Switching operations on overhead lines are often a 
source of high rates of change of both voltage and 
current; their effects can be coupled into the low 
voltage wiring by any of the above methods, e.g. by 
the capacitance across mains transformers and instru-
ment voltage transformers and current transformers. 
Figure 1 shows the voltage at the top of the earthed 
supporting frame of a capacitor voltage transformer 
with respect to a remote earth point when a 275-kV 
line was charged from another. A less frequent and 
even less predictable rise in local earth potential will 
be caused by the onset of a fault on any heavy power 
consuming circuit. 

Since most heavy power circuits are three-phase 
systems, the resultant short duration surges due to 
switching or faults will depend on the relative switch-
ing instants of the three phases and the high frequency 
symmetry of the circuits. 

Lightning strikes are another source of fast rising 
voltages and currents of relatively short duration, and 
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Fig. 1. Voltage between the earthed voltage transformer tank 
and a remote earth at the instant of charging a 275-kV overhead 

line. 

Scales: Vertical, 500 V per major division. 

Horizontal, 10 v.s per major division. 

the effects of these may reach low voltage wiring via 
direct strikes on the overhead lines or less frequently, 
though more seriously, by a direct strike on a building 
causing high currents in the metal framework. 
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3. Relation to Semiconductor Devices 

The most common cause of damage to a semicon-
ductor device is due to overheating of some part of 
it. Sometimes this occurs in the connecting leads 
causing fusing, and thermal cycling can cause fatigue 
fractures of the soldered connections to the crystal 
element; where connecting leads are more robust and 
improved methods of making contact are used, the 
overheating occurs within the semiconductor itself, 
either internally or quite commonly at a point on its 
surface. In many devices the biggest voltage drop 
occurs across the depletion layer, hence the major 
part of the power absorbed is converted into heat in a 
small region within the crystal. The amount of energy 
which may be absorbed as heat in this region for a 
given temperature rise is a function of the duration of 
the input. If the region remains constant in size and 
position the permitted energy input would be constant 
for durations considerably less than the time constant 
of this region, i.e. the product of its thermal capaci-
tance and its thermal resistance to the case. For 
durations longer than this the permitted energy 
increases steadily until the rate of increase reaches its 
maximum for durations longer than the bulk time-
constant, i.e. the product of the same thermal resist-
ance and the total thermal capacity of the crystal 
element. A curve showing the maximum temperature 
rise caused by a rectangular power pulse of constant 
energy against pulse duration for a simple thermal 
model is shown in Fig. 2. 

In practice the volume of the heated region will 
vary with current density and applied voltage and in 
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Fig. 2. Temperature rise as a function of duration of a constant-energy 
rectangular-pulse input for a simple thermal model of a transistor. 
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some circumstances can change position entirely, thus 
changing its thermal capacity or thermal resistance 
or both and hence altering the temperature rise 
characteristics for a given power input. It is thus very 
difficult to predict the thermal behaviour of a device 
unless something is known of the way it behaves 
electrically to large currents and voltages. Except in 
a few cases it is at the present almost impossible to 
predict the current and voltage distributions under 
overload conditions. 

4. Electrical Breakdown of p-n Junctions 

When a p-n junction or combination of junctions 
is subjected to increasing electrical stress, a point is 
reached at which there is an abrupt change in the 
mode of conduction which may consist of a sudden 
increase in current for a small rise in voltage or a drop 
in voltage as the current is increased. These changes 
in themselves are usually reversible provided the 
junction is not permanently damaged by the over-
heating which may occur. When a voltage breakdown 
occurs the current flowing will generally be limited 
only by the impedance of the external circuit, with 
the result that there will be a sudden increase in power 
input to the device which, if large enough, will destroy 
the junction by overheating. 

There are at least five known modes of breakdown 
and these are conveniently divided into two groups— 
those dependent on voltage alone and those which 
depend on the energy input. 

The three types of voltage breakdown are: 
(a) avalanche; (b) Zener; (c) punch through. These 
are described more fully in refs. 1 and 2 and are 
characterized by an abrupt change in dynamic resist-
ance to a very low value at a critical voltage; where 
there is a combination of junctions avalanche break-
down can also exhibit a negative resistance region, 
the voltage across the junction falling to a lower 
value than that required to initiate the effect. 

The other types of breakdown are: 

(d) thermal runaway, and (e) second breakdown 
(see refs. 3 and 4). 

Thermal runaway is fairly slow to develop, taking 
several seconds, so that it is not very important when 
short duration overloads are being considered. Second 
breakdown is still time-dependent but develops much 
more quickly. Little is known of the mechanism but 
a local melting over a region of about 5 x 10 .4 cm 
radius has been suggested by A. C. English', who has 
observed a red glow from junctions exhibiting this 
phenomenon. The time-constant associated with this 
effect can be about 60 microseconds, although Oka 
and Oshima5 have observed a similar effect with a 
time-constant of less than 1 microsecond. 
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The important characteristic of this effect from the 
transient overload point of view is that it exhibits a 
negative resistance region, the voltage across the 
device falling to a low value at a critical current. 
This means that under certain load conditions a 
device can be permanently switched into a region of 
excessive power dissipation by a relatively short 
duration overload which is not damaging in itself. 

5. Methods of Assessment 

The ideal approach to this problem would be one 
which allows the prediction of the worst voltage 
which can occur at the relevant points in an instru-
mentation system. In order to do this it is necessary 
to know all the nodes of a system at which unwanted 
energy may be injected, together with its magnitude. 
In a large power station there are very many possible 
points of injection whose source powers may be 
difficult to estimate. Even if the sources are known, 
it still remains to calculate or measure the transfer 
function between each pair of injection nodes and 
vulnerable instruments. In carrying out such tests or 
calculations consideration would have to be given 
to any possible non-linearities such as dielectric 
breakdown or iron saturation. In the C.E.G.B.'s 
stations the numbers of paths to be considered would 
be extremely large and the possible injected powers 
largely unknown so that a meaningful assessment by 
such methods would require a very large effort. 

Another approach which is much less expensive in 
manpower is to keep a continuous watch over a con-
siderable period on a large number of vulnerable 
points, with unattended instruments, which will record 
the numbers of damaging overvoltages that occur. 
For this approach to have much advantage over the 
previous one the numbers of instruments and duration 
of the experiment must be sufficient to ensure a 
reasonable chance that some unusual condition will 
occur. 

The relatively common transients due to line 
switching and operation of circuit breakers, etc., of 
which a limited number can be made to order, can be 
examined in more detail using a suitable cathode-ray 
oscilloscope. Since only a few such operations will be 
permitted in an operational station it is necessary to 
take special precautions to ensure that full details of 
such transients are recorded. For such recordings, 
control must be exercised over the point on the cycle 
at which contact breakers are opened or closed. Very 
often the most important part of the transient is 
preceded by unimportant signals which will spuriously 
trigger the oscilloscope time-base, or the transient 
may consist of several 'bursts' of short duration, 
the first of which may not be the largest, spaced over 
relatively large time intervals. In addition, the order 
of the amplitude to be expected is unknown. It is 
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therefore necessary to have an oscilloscope capable 
of resolving a wide range of time and amplitude on a 
single trace, or alternatively to use several instruments 
in parallel with differing time and voltage scale 
settings. 

6. Requirements of a Monitoring Instrument 

The fullest information would be obtained from an 
oscillogram, together with a measure of the source 
impedance, but since a large number of points must 
be monitored over a considerable period of time, such 
measurements would be very expensive. A practical 
instrument must be simple so that it is reliable, cheap, 
and requires the minimum of maintenance; in fact, 
once installed the only attention should be that of 
reading. 

These requirements severely limit the amount of 
information which can be obtained from each transient 
since it is only practicable to measure one charac-
teristic per instrument, the choice of which will be 
governed by the simplicity of the circuitry required 
and the relative importance of those possible. 

The three characteristics which are essential when 
assessing the harmful effects of transients to semi-
conductor devices are: amplitude, duration and source 
impedance. The most important of these is amplitude, 
since the voltage breakdown usually initiates the 
damaging overload. However, since a single charac-
teristic is desirable, one which combines two or more 
of the fundamental ones should be considered. Source 
impedance can only be dealt with by actual measure-
ment and, since this in many cases will be determined 
by the surge impedances and capacitances of cables, 
it should remain constant in most cases. Since energy 
is the ultimate factor causing damage, some quantity 
proportional to this such as fv2dt would give useful 
information, but this is difficult to measure, although 
a suitably thermally isolated thermistor of very small 
thermal capacity could be used over a limited range. 
A more easily measured factor is the time integral of 
voltage or pulse area. 

The measurements may be recorded in two ways: 
either the actual value of the characteristic, or the 
number of times it exceeds a preset value may be 
recorded. The first method requires a relatively large 
storage capacity unless only the highest value is 
recorded. The second method gives a less precise 
value, but since only the approximate levels are 
needed, it is capable of giving much more information 
for a given storage capacity. This method is also the 
easiest to engineer and has the advantage that the 
relative risk to a variety of devices can be more easily 
assessed. 

The instrument should be capable of correctly 
recording, irrespective of the rise-time and duration, 
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pulses longer than about 1 microsecond. If voltage 
is to be measured the input range is determined by the 
range of p-n junction breakdown voltages which vary 
from a few volts to the order of a thousand volts. 
For energy the range should begin at about l0-
joules and an upper limit would be set at about one 
joule by limiting the pulse duration to be measured 
to say 100 microseconds. For pulse area a range of 
from about 10' volt-seconds to several volt-seconds 
would be suitable. 

It is desirable that such an instrument should be 
capable of being used across isolated pairs of leads, 
which may have transient common mode voltages 
with rise-times of only a few nanoseconds, or when 
it is not known which lead will have a transient 
voltage with respect to earth. The instruments will 
not always be able to be situated where stray capaci-
tances to it are not important, so that it is desirable 
that the outer case should be capable of being earthed 
locally so that there is no fear of increasing the possi-
bility of pick-up at the point of connection. This is 
particularly important when protection and safety 
circuits are being monitored. Also in such cases the 
instrument should be incapable of injecting signals 
into the point of connection, nor should its input 
impedance ever become low enough to cause mal-
operation of any circuit. The instrument should be 
capable of dealing with pulses of either polarity. 

Fig. 3. The C.E.R.L. surge amplitude monitor with outer 
case removed. (Early model; batteries are now screened, 

see Fig. 4.) 
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7. The Instrument Designed 

In consideration of the foregoing an instrument 
was designed to record the number of pulses which 
exceed each of four preset voltage levels. A photo-
graph of the instrument is shown in Fig. 3 and the 
circuit diagram of one channel in Fig. 4. Four levels 
were chosen to keep the instrument physically small 
and yet allow a voltage range of the order of 30 : 1 

SCALING 
RESISTOR 

F 

- 

13.5V I 

—L-1 

—T-1 

c' 
L  INTERNAL SCREEN 

0.01pf..r  

Fig. 4. One channel of the 4-channel surge amplitude 
monitor. 

to be broken into reasonable groups. The instrument 
has a negligible quiescent current drain so that it can 
be battery operated and have no external controls. 
This latter requirement was considered necessary so 
that the instruments can be left unattended in places 
where they may be disturbed accidentally. The battery 
life is about two years or 106 counts when operated 
in an ambient temperature range of — 10°C to + 50°C. 

The voltage discrimination is obtained by passing a 
current, proportional to the voltage, through a tunnel 
diode which is connected across the base emitter 
junction of one transistor of a monostable pair. The 
increase in static resistance of the tunnel diode when 
the current through it reaches its critical value causes 
a fraction of the current to be diverted to the base 
emitter circuit of the transistor VT!, so turning the 
two transistors on for a period determined by the 
time constant of the feedback path or the duration 
of the pulse, whichever is the greater. An electro-
mechanical counter in series with the collector of the 
second transistor VT2 registers the occurrence of a 
voltage greater than the critical level. The critical 
voltage level is determined by the value of the scaling 
resistor in series with the tunnel diode which has a 
critical current of 1 mA. 
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The use of a fast switching transistor in the second 
stage enables a rectifier bridge input to be used in 
conjunction with a common battery supply for any 
number of circuits without any appreciable difference 
in the response to positive- or negative-going short 
pulses, which would otherwise occur due to the 
negative feedback caused by the emitter current of 
VT1 flowing through one diode of the bridge. 

It was considered very important that the counter 
should not register abnormally high voltages in the 
presence of pulses with rise-times of a few nano-
seconds. Since the circuit is inherently sensitive to 
extremely small amounts of electrical energy it was 
found necessary to screen completely the transistor 
tunnel diode circuits and battery from the scaling 
resistors. This screen then becomes one terminal of 
the input so that the whole has to be encased in a 
further metal screening box. The scaling resistor 
layout has been kept simple so that the ranges may 
be changed readily. This has led to the reduction of 
the circuit time response to about 1 microsecond to 
ensure that the attenuator will be suitably compensated 
when fast rising pulses are to be measured. Figure 5 
shows the theoretical response of the counter taking 
into account the response due to the scaling resistors 
alone. The points shown are those measured with 
3x 200 kr2 resistors in the scaling network. The 
initial pulse of current due to the stray shunt 
capicitance of the resistors lasts for only a few 
nanoseconds and its amplitude is always less than 
the final value. 
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voltage (5 V). 

Figure 6 shows the inherent response of the basic 
circuit taken with a single 4.7 kfl scaling resistor which 
does not modify the circuit response. The difference 
in response at short durations is due to the negative 
feedback previously mentioned. When the instrument 
is used under conditions where the inner case stays 
near earth potential, the voltage levels can be set 
up to 1.5 kV with no special precautions. If the 
instrument is to be used on isolated pairs when it 
is not known which lead will have a transient potential 
difference with respect to earth, it is necessary to 
screen the scaling resistors from the outer case. 

The instrument will not falsely register if a common 
mode signal of 1000 V with an exponential rise-time 
constant of 5 nanoseconds is applied between the 
joined input terminals and the outer case. 

The input impedance is determined by the parallel 
combination of the four scaling resistors. The stray 
capacitances are: about 3 pF between the two isolated 
terminals, about 3 pF between the scaling resistor 
terminal and outer case, and about 50 pF between 
the inner and outer screens. 

To summarize, an instrument costing about £70 is 
available which can be made in the large quantities 
required for a statistical survey of the amplitudes of 
pulses from 10 V to 1500 V, or higher with an external 
attenuator, of durations greater than 1 microsecond. 
The pulses may be of either polarity or they may be 
counted irrespective of polarity. The instrument may 
be connected across isolated pairs of lines or between 
a line and earth and may be left unattended for long 
periods in almost any environment found in the 
C.E.G.B.'s stations. 
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8. Deployment of Counters 

The C.E.G.B. has about 240 generating stations 
plus about 500 substations, so that a complete 
coverage with say only 20 instruments per station 
would require an excessive number of counters. 

Of the generating stations, only about 40 are con-
tinuously operating on base load, with about 60 
which have at least some generators on for a large 
percentage of the time. About 50 stations are only 
úsed for peak load conditions and the remainder only 
very infrequently used. Stations of the first two 
groups have the highest generating capacity. It 
therefore seems reasonable to limit the survey as far 
as generating stations are concerned to the 40 base 
load stations. 

The initial experiment will involve the installation 
of about thirty counters on various circuits in West 
Thurrock generating station, together with about twelve 
counters in a substation, initially Chessington. This 
should give some indication as to which circuits are 

Table 1 

Results obtained at Chessington 132 kV Switching 
Station from January to May 1964, using the C.E.R.L. 

surge counter 

Circuit Surges recorded 

Overcurrent C.T. phase to neutral mea-
sured via a 50 c/s filter +ve and —ve (one 
instrument per phase). 

20 over 90 V 
1 over 250 V 
1 over 600 V 
0 over 1500 V 

V.T. phase to neutral measured via a 50 c/s 
filter (one instrument) + ve and — ve. 

9 over 90 V 
0 over 250 V 

V.T. neutral to local earth (one instrument) 
+ ve and — ve. 

8 over 50 V 
0 over 150 V 

t110 V d.c. battery at relay room. Capaci-
tor coupled to measure increases in p.d. 
only. 

55 over 50 V 
5 over 150 V 
0 over 500 V 

t110 V d.c. battery centre tapped by 
2 x 0.1i.iF capacitors to local earth. 
+ ve and — ve. 

8 over 50 V 
0 over 150 V 

Across contact breaker trip coil. Single 
polarity connected to measure induced 
voltage only. 

37 over 150 V 
6 over 300 V 
0 over 600 V 

Across contact breaker trip contacts— 
capacitor coupled. Single polarity con-
nected to measure induced voltage only. 

90 over 50 V 
1 over 150 V 
0 over 500 V 

t50 V d.c. battery in control room cap- 583 over 
acitor coupled to measure increases in p.d. 61 over 
only. 0 over 

25 V 
50 V 
100 V 

t The instrument would record pulses of the battery level on 
each restoration of supply after an interruption. Records show 
that not more than 10 such interruptions had taken place 
over this period. 
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the most vulnerable so that, say, five counters could 
then be installed in each of about twenty of the base 
load stations on these circuits. The counters in the 
main survey stations will be moved on to different 
circuits at intervals of not less than six months. In 
this way it is hoped that about 200 counters operating 
continuously for several years will give a reasonably 
reliable survey of the amplitudes and frequency of 
short duration voltage pulses on the C.E.G.B.'s 
instrumentation wiring. Preliminary results obtained 
over five months at the Chessington sub-station are 
shown in Table 1. 

9. Conclusions 

The introduction of the more fragile semiconductor 
device in place of the relatively robust valve and relay 
in an environment where large amplitude, short 
duration voltages are expected to occur has made a 
survey of that environment essential. These devices 
are less tolerant to the overheating that occurs when 
they are overloaded because of their much lower 
thermal capacities. Voltage breakdowns which lead 
to overloading generally occur at much lower voltages. 
In view of the complexity and size of the C.E.G.B.'s 
system, the most convenient survey that can be made 
is by a continuous monitoring of a large number of 
vulnerable points with about 200 cheap unattended 
instruments which count the number of occurrences 
of voltages above four preset levels. 

As far as semiconductor devices themselves are 
concerned, very little is known of their ability to 
withstand short duration overloads other than know-
ledge of the electrical breakdown voltages. It seems 
likely that some devices in which breakdown takes 
place uniformly over the whole junction area will be 
capable of withstanding much larger overloads than 
those in which breakdown is localized. The con-
ditions under which the various types of breakdown 
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take place require more study so that devices can be 
characterized by their relative ability to withstand 
short duration overloads. 
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Instruction in Electronic Drawing for Students of Radio 

and Electronic Engineering at Professional Level 

A Report of the Education and Training Committee of the Institution 

There has been recently a good deal of discussion as 
to whether the traditional subject of Engineering 
Drawing should be included in the educational require-
ments of a radio and electronic engineer. Although 
there is among electronic engineers a strong feeling 
that engineering drawing (as normally understood) is 
undesirable, there has been some pressure to include 
the fundamental principles in the syllabus in the 
interests of uniformity of initial training among the 
various types of engineer and also because it is an 
important means of communication of ideas. Indeed, 
it is included in the syllabus for Part I of the Engineer-
ing Institutions Examination to which the I.E.R.E. 
subscribes. 

There can be little doubt that the manual skills 
acquired as a result of training in engineering drawing 
are of great use to the electronic engineer. However, 
the engineering background and knowledge through 
which these skills are acquired, being traditionally asso-
ciated with machine parts such as steam stop valves, 
frequently leads the electronic engineer to regard the 
subject as largely uninteresting and irrelevant.t Thus 
such training is not only highly inefficient in the train-
ing of the electronic engineer, but it may be actually 
harmful. 

However, illustrations taken from the electronic 
field (e.g. microwave components, crystal structures) 
are perfectly effective and much more acceptable in 
giving the student an opportunity to demonstrate his 
ability to reason in three dimensions. The new Part I 
examination syllabus does not preclude such examples 
but it may require the setting of optional questions. 

There would probably be general agreement that 
the standard of drawing among professional radio and 
electronic engineers, even when only simple electronic 
circuits are concerned, is generally poor. Such low 
standards of drawing are generally accepted in the 
same way as is bad writing, namely because super-
visors have not been trained to expect anything better. 
Unless the professional engineer has the background 
knowledge of drawing and layout, even draughtsmen 
and tracers concerned with electronic drawing will 
produce inferior work. There is a common experience 
that the channel of communication between the en-
gineer and draughtsman is inadequate and skill in 
graphical representation is essential if the engineer is 

t This tradition is not only found in text-books, but also in the 
British Standard 308 : 1953. Engineering Drawing Practice. 
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to convey information to a drawing office or to a 
model shop. At the same time, good graphical work 
serves to clarify his own ideas. Thus there seems to 
be an overwhelming case for an improvement in the 
standard of drawing skill and understanding among 
professional electronic engineers and this would raise 
the standard of drawing at all levels. 

It is the view of the Education and Training Com-
mittee that the basic principles of Engineering Draw-
ing as tested in the revised syllabus of the Engineer-
ing Institutions Part I examination (Appendix 1) 
should be part of the curriculum of the radio and 
electronic engineer, although as previously stressed, 
examples of simple engineering components must 
be chosen judiciously. In addition, it is considered 
that professional electronic engineers do not pay 
sufficient attention to the following principles and 
practices in circuit and equipment drawing, many or 
which are dealt with in the various British Standard 
specifications: 

(a) Laying out a circuit diagram. The fundamental 
principle, which should be observed, but fre-
quently is not, is that the layout should show 
the function of the various parts of the circuit 
and of the circuit overall. It is very useful when 
a circuit is laid out as a more detailed version 
of a block schematic. Clarity should not be 
sacrificed for the sake of neatness or appearance. 

(b) Preparing functional circuit diagrams. These 
are diagrams in which only bare essentials are 
retained in order to make the fundamental 
principles very clear. For example, in dealing 
with thermionic valves, the heaters, screens and 
suppressor grids, and power circuit decoupling 
arrangements would all be omitted. 

Representing circuit elements correctly and un-
ambiguously and distinguishing between cross-
ings and junctions in the wiring using the correct 
British Standards symbols where they exist. 

(d) Preparing wiring schedules. Often diagrams are 
made where a tabular presentation would be 
preferable. 

(e) Drawing component layouts on chassis and 
printed circuit panels. 

Sketching special fittings, microwave compo-
nents, etc. 

(c) 

(0 
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It is the Committee's view that there is a need for 
instruction in electronic drawing, based on the types 
of work set out above, in academic courses at all 
levels. At present only traditional engineering drawing 
instruction is given at professional level. 

A provisional syllabus has been prepared (Appen-
dix 2) and it is considered that an adequate time in 
professional courses for the electronic drawing alone 
might be five to ten periods, each of two- to three-
hours duration, combining lectures and drawing prac-
tice; these could be given about half-way through the 
courses. A 'pass' mark should be required on class 
performance. 

For students obtaining professional qualification by 
means of the Institution's own examination, one 
possibility is that a two-hour examination paper in 
electronic drawing (which would necessarily involve 
design) should be introduced at one of the inter-
mediate stages of the Graduateship examination. 

One difficulty in implementing these proposals may 
well prove to be the absence of suitable textbooks, as 
the only ones written in English are, in fact, of 
American origin and do not describe British practice; 
moreover, their price puts them beyond the reach of 
most students in this country. It is therefore recom-
mended that steps should be taken to see that a suitable 
small textbook is produced. Until courses and text-
books are available, it is clearly impracticable for the 
Institution to include a compulsory paper in this sub-
ject in its Graduateship examination, or to insist on 
its being included in exempting qualifications. It 
might, however, be possible to give encouragement to 
the subject by including a compulsory question involv-
ing skill in communicating information, including a 
drawing, in one of the electronics papers. 
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7. Interservices Graphical Symbols for use in Tele-
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E.M.E.R. Tels. A301. 

8. BS 530: 1948. Graphical Symbols for Telecom-
munications. 
BS 530: Supplement No. 1: 1950. Component 
References. 
BS 530: Supplement No. 2: 1951. Graphical Sym-
bols used in Waveguide Technique. 
BS 530: Supplement No. 3: 1963. Additional Sym-
bols for Electronic Tubes and Valves, including 
gas switches. 
BS 530: Supplement No. 4: 1956. Miscellaneous 
Recommendations and Symbols, including Tran-
sistors. 
BS 530: Supplement No. 5: 1962. Logic and 
Functional Symbols (mainly for use in automatic 
switching, computers and similar applications). 
BS 530: Supplement No. 6: 1959. Services' 
Preferences and additional symbols. 
BS 530: Supplement No. 7: 1962. Symbols for 
Semiconductor Devices. 

9. BS 3238: Part 1: 1960. Graphical Symbols for 
Components of Servomechanisms. 

10. BS 108: 1951. Graphical Symbols for General 
Electrical Purposes (power and lighting). 

11. BS 1646: 1950. Graphical Symbols for Instru-
mentation. 

12. IEC 117-1. Recommended Graphical Symbols. 

13. BS 308: 1953. Engineering Drawing Practice. 

Appendix 1: Suggested Revised Syllabus in Engineering 
Drawing for the Engineering Institutions Part I 

Examination 

The principles of Engineering Drawing. First-angle 
and third-angle projection. 

The preparation of working drawings and free-
hand sketches in orthographic and pictorial projection 
of common engineering components and simple 
assemblies. 

The properties, with the associated constructions, 
of the common-plane geometrical figures including 
conic sections and other loci. The projection of lines 
of inclined and oblique planes. Auxiliary views and 
sections. Intersections of planes and interpenetration 
of solids. The development of surfaces. 

The examination is intended to test the candidate's 
ability to make well-proportioned sketches of engineer-
ing components; to read, interpret, and construct an 
engineering drawing according to standard practice 
(B.S. 308: 1953); and to apply the principles of prac-
tical geometry. 
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Appendix 2: Electronic Drawing 

A Provisional Syllabus for a Short Course of Instruction 
and Practice in Drawing for Electronic Engineers 

The suggested syllabus which follows is based on the 
assumptions that: 

(a) Only about 15-30 hours of instruction can be 
provided or justified. 

(b) The students are being educated as professional 
engineers and not as technicians. 

(c) Some previous acquaintance with geometrical 
drawing has been obtained, for example, as in 
the proposed Engineering Institutions Part I 
syllabus and in most University first-year courses 
in engineering. In spite of the recommendations 
in the report these will probably have been of 
the traditional type. 

(d) Some knowledge of electrical and electronic cir-
cuits and apparatus has been obtained, say to 
the level of second-year degree or H.N.D. 
courses. 

Introductory matters, for example the purpose of 
electronic drawing, clarity, function, absence of am-
biguity, standard practices, recommendations in 
BS 308 : 1953, and so on. 

Circuit diagrams, standard symbols BS 530, indi-
cation of the method of operation, labelling of com-
ponents and indicating their values on diagrams in a 
separate table. Crossings and junctions, simplified 
functional circuit diagrams, detached-contact tech-
nique, etc. Special conventions for thermionic valves, 
transistors, variable and other components, currents 
and voltages, e.m.f. and current sources, and so on. 

Application of functional flow principles to block 
schematics and circuit diagrams. 

Layout diagr ams, chassis, assembly and wiring dia-
grams. Wiring and cabling schedules, use of colour, 
printed circuits. 

It is thought that the inclusion of some discussion 
on the design and construction of electronic equipment 
in relation to specifications and the proposed environ-
ment and manner of use would be very advantageous. 
For this purpose the "Guide to the Design and Con-
struction of Electronic Equipment" published by the 
Electronic Engineering Association is very helpful. 

Approved for publication by the Council on 26th Mar 1964. 

(Report No. 28.) 
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STANDARD FREQUENCY TRANSMISSIONS 

(Communication from the National Physical Laboratory) 

Deviations, in parts in I0'°, from nominal frequency for August 1964 

August 
1964 

GBR 16kc/s 
24-hour mean 
centred on 
0300 U.T. 

MSF 60 keis 
1430-1530 U.T. 

Droitwich 200 kcis 
1000-1100 U.T. 

GBR 16 kc/s 

24-hour mean 
August centred on 
1964 0300 U.T. 

MSF 60 kets 
1430-1530 U.T. 

Droitwich 200 kc/s 1000-1100 U.T. 

I - 151.3 - 150.8 + 4 17 - 151-5 - 150-4 - 18 

2 - 151.8 - 151-2 - 10 18 - 150-0 - 150.2 - 18 

3 - 151.3 - 151.7 - 10 19 - 149.6 - 150-0 - 16 

4 - 151.3 - - 13 20 - 149.4 - 150.7 - 12 

5 - 149-8 - 149 7 - 11 21 - 149.8 - 151.2 - 13 

6 - 150.0 - 150.3 - 27 22 - 150.7 - 150.6 - 

7 - 149.5 - 149.4 - 25 23 - 150.8 -- 151.0 - 

8 - 149.3 - 149.9 - 24 24 - - 151.9 - 12 

9 - 148.5 - 148.6 - 23 25 - 150.4 - 151.2 - 14 

10 - 148.7 - 149.7 - 22 26 - - 150-0 - 13 

11 - 149-6 - 149.6 - 21 27 - 149.2 - 150-4 - 17 

12 - 149.9 - - 21 28 - 149.5 -- 149.7 - 10 

13 - 150.4 - 149.6 - 21 29 - 149.9 - 9 

14 - 150.0 - 151.4 - 19 30 - 149.2 - 149.7 - 10 

15 - 151.0 - - 19 31 149.4 - 150.0 - 7 

16 - - 151.7 - 19 

2.()0 

Nominal frequency corresponds to a value of 9 192 631 770 c s for the caesium F.m (4,0)-F.rn (3,0) transition at zero field. 

Note: the phase of the GBR MSF time signals will be retarded by 95-5 milliseconds at 0000 UT on Ist September, 1964. 

The Radio and Electronic Engineer 
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A Study of Coding with Multiple-anode 

Glow Discharge Tubes 

By 

H. E. SEIFERT, Dipl. Phys.t 

Reprinted from the Proceedings of the Symposium on "Cold Cathode 
Tubes and their Applications" held in Cambridge, 16th-I9th March 
1964. 

Summary: For optical indication of numerals or symbols glow discharge 
tubes or fluorescence devices are often utilized. These have a multitude 
of luminous elements and the symbol is obtained by paralleling some of 
these elements. A new tube having several equal anodes has been developed 
to switch such indicators in a simple way. The number of the anodes is the 
same as the number of the lighting elements in the optical device. Utilizing 
the GT-mechanism, it is possible to operate the tube with a signal voltage 
of about 5 V only. Circuits for controlling both a glow discharge indicator 
tube and a fluorescence plate, are shown. 

I. Introduction 

The term 'coding' has different meanings, depending 
on the special technique of which we are speaking. 
In this case 'coding' is the transformation of single 
signals, which enter the coder on different lines at 
different times, into a number of signals, which leave 
the coder on different lines simultaneously. The num-
ber and the composition of the output lines will 
depend on the specific input line. 

A simple example will make this clear. 

There are devices on the market for optical read-out 
from electronic measuring instruments, which con-
tain a number of electrodes, which may be switched 
on to light up. By selecting and combining the single 
electrodes, the desired symbol or number is obtained. 

In the present state of the technique, optical 
indication may be obtained by a glow discharge tube 
and selection and combination is made efficiently by a 
transistorized matrix. But there are also two dis-
advantages: matrix and indicator are separate units 
and normally it is necessary to insert an amplifier 
in between. 

This paper describes the development of a new 
device, combining the coder and the glow-indicator 
which may be driven by the output signal of a 6-V 
transistor circuit. 

2. Mechanism of Operation 

The function of cold cathode tubes may be com-
pared with electro-mechanical relays and therefore 
we shall first consider an example utilizing relays. 
Figure 1(a) shows a glow indicator tube (I), with 
four cathodes, which are arranged in the form of a 

t Formerly with Cerberus A.G., Mánnedorf, Switzerland. 
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cross. The cathodes are electrically insulated from 
each other and each one is connected to the contacts 
of relay RLI. In addition, two of the cathodes are 
connected to the contacts of another relay RL2. 
When RL I is energized, the glow cathodes will show a 
light in the form of a cross, by closing RL2 only, the 
light will form a horizontal line. 

In Fig. 1(b) the electromechanical relays are re-
placed by cold cathode switching tubes. This gives 
rise to some fundamental problems, which will be 
discussed in relation to Fig. 2. 

Switching and indicator tubes form two glow dis-
charges, connected in series. In the indicator tube 
there are several glow discharges, with different 
cathodes and a common anode. In the switching 
tube there are also several glow discharges, in this 
case with several anodes and a common cathode. 

When two glow discharges are connected in series, 
it can be expected that the potential of the middle 
electrodes (these are the anodes of the switching and 
the cathodes of the indicator tube) is not well defined. 
Measurements have shown, that in all cases a leakage 
current of about 10-1° A exists. This is sufficient to 
fix the potential of the 'floating' electrodes. The exact 
value of this potential is determined by the supply 
voltage (V0), applied across the cathode of the 
switching tube and the anode of the indicator tube. 

If the supply voltage is lower than twice the striking 
voltage of the indicator tube, the potential of the 
'floating' electrodes is half of the supply voltage: 

where 

( VA)s = (Val = I Vo 

V0 2 (Vst)1 

If the supply voltage is higher than twice the striking 
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voltage of the indicator tube, a glow current in this 
tube can be observed, having the same value as the 
leakage current (10- lo A), but producing a constant 
voltage drop, corresponding to the sustaining voltage 
(Vs.). The potential of the 'floating' electrodes will 

o  íí 
RL2 ., . •,RL í- _._ . . - _.-• •_ 

• vo 
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then correspond to the supply voltage less the sus-
taining voltage of the indicator tube: 

where 

(VA)s = (Val = V0 —(V)1 

Vo > 2 ( Vsai 

(a) Switching with relays. (b) Switching with cold cathode tubes. 

Fig. 1. Glow indicator with a switching tube. 

vo 

(v.), 

Vo . 2(VST) , Vo ''' VST) 

• i) non conduct ono 

Fig. 2. Switching and indicator tubes in series. 

(sl • .) s2 

c onduct In, IninCInductilt. 
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The constant value of (Vs.)1 means that all supply 
voltage fluctuations are directly effective at the anode 
of the switching tube: 

± A Vo = [(VA)s ± A Vo] + constant. 

Generally speaking, the ignition properties of two 
glow discharge tubes in practical circuits will be 
determined by the characteristics of the tube having 
the higher striking voltage. 

When switching only a part of the glow discharges 
in the same glow tube, the other cathodes and the 
anodes to which they are connected will adopt a 
probe potential, situated between the voltage of the 
glow cathodes and the anode: 

(Val < ( Vcp)1 = VAp)s < ( VA)1 

The anodes of non-conducting switching tubes may 
have two different voltages. If they are in connection 
with glowing cathodes of the indicator tube, their 
voltage corresponds to the sustaining voltage of the 
switching tube. If they are connected to non-glowing 
cathodes, they will have the probe potential, as de-
fined above. From this it is possible to deduce two 
conditions for proper 'coding': 

For good insulation between the anodes it is neces-
sary that the striking voltage between these anodes 
is higher than the striking voltage of the indicator 
tube which in turn must be higher than the difference 
between the probe voltage of a floating cathode and 
the sustaining voltage of the switching tube: 

( AA)s > Vs)1 > (V)1—(V5) 

For the non-self-firing condition the strik:m; voltage 
of the switching tube must be higher than the sum of 
the two sustaining voltages of the switching and 
indicator tube: 

(Vsàs > (V5)5 +(V)1 

3. Preliminary Experiments 

To establish experimentally the considerations set 
out above, a demonstration unit has been assembled 
for the optical indication of digits. There are two basic 
factors: 

(a) It needs as many switching tubes as there are 
digits to be presented. 

(b) Every switching tube needs as many anodes as 
it needs illuminated elements in the indicator to com-
pose the corresponding digit. 

In the particular case under consideration there are 
ten switching tubes with a maximum of seven anodes. 

The driver signal was derived from a commercial 
transistor counter and decoder, having ten output 
connections each giving a signal of 6 V. 

September 1964 

When utilizing switching tubes with grid control, as 
described in a previous paper,t it is possible to 
control these tubes directly with the signal coming 
from the transistors. 

To determine the supply voltage it is necessary to 
know the ignition characteristic of the switching 
tube and the maintaining voltage of the indicator 
tube, as described in the previous section. Figure 3 
shows the characteristics of the tubes used. With 
these data it is easy to determine the absolute minimum 
and the permissible maximum voltage as a function 
of the grid voltage. The most suitable supply voltage 
is between these two extremes, and in the present 
example is at about 300 V r.m.s. 

(VSt)s 

Vs 

Imo  

-10 -8 - 6 -4 -2 

Vst) 1 

500 

- 400 

350 

- 300 

200 
190 

270 
-100 

420 

150 
-100 

_ 

200 

Fig. 3. Ignition characteristics of a typical switching tube. 

After the supply voltage has been determined, it is 
easy to build the demonstration unit. Figure 4 gives 
the circuit of a proved arrangement. 

The cathodes of the switching tubes are grounded. 
The current for each auxiliary cathode is about 250 µA. 
Each grid is connected by a 100-kS2 resistor to one 
output of the transistorized decoder. 

The manufacturers of glow-indicator tubes recom-
mend a current-limiting resistor for each glow cathode. 
But it has been found that one resistor only, con-
nected to the anode of the tube, is sufficient. The 
increase of the sustaining voltage with current 

t H. E. Seifert, "Das Glinunthyratron", Elektronik, 11, p. 237, 
August 1962. 
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V,. 300V 

kz> 

,c5> 

R.47k/ I. 02-04mA 

R. 15k/ I r 17-25mA 

 1, V' 

Trans 
supply -V 

Trans 
counter 

Impulse 
generator 

SI 

COO 

52 53 

R_ 2n. 
a.c. 

,100k 

Decoder 

Fig. 4. Circuit diagram of the multiple-anode switching system. 

density acts as a self-regulator of the total current in 
the indicator tube. 

It is important that the grid of a switching tube acts 
as a probe in the main-discharge, as soon as this is 
fired. The grid will carry a relatively high potential 
of about 100 V. Then the grid resistor, together with 
the internal resistance of the decoder, forms a voltage-
divider. Depending on the ratio of the two resistances, 
it may occur that the output line of the decoder will 
reach a positive voltage, which may disturb the signals 
of all other lines. In this case, it is necessary to 

ig. 5. Ten switching tubes mounted on printed circuit board. 
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connect a diode across the grid line and earth, in order 
to short-circuit every positive signal. This is shown by 
a broken line in Fig. 4. 

The part of the circuit in Fig. 4, containing the ten 
switching tubes, can be easily mounted upon a 
printed circuit board, as shown in Fig. 5. 

If, instead of employing a glow indicator, a 
luminescence panel is used, the circuit does not 
change substantially. The most important condition 
to be fulfilled in this case is also that the leakage 
current through the panel is about 10-li A and 
always sufficient to polarize the anodes of the switching 
tube to assure reliable operation. 

The fluorescence panel is energized by a current of 
about 400 cis and of 20 µA per element. Frequency 
and low current do not disturb the switching tube, 
but it is important to have well-shielded connections 
between panel and switching tubes, all capacitive 
couplings of the conductors, not only between each 
other but also against ground gives an unwanted glow 
of non-insert elements. 

The fluorescence panel develops its full brightness 
with alternating current. But the switching tube, like 
all glow discharge tubes acts as a half-wave rectifier. 
To overcome the resulting loss of light, the insertion 

The Radio and Electronic Engineer 
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of a full-wave rectifier between the 400 cis generator 
and the panel is recommended. 

4. Multi-channel Switching in a Single Tube 

Having seen that the unit is operating satisfactorily, 
the next and logical step was the unification of the 
ten switching systems in a single tube. For such a 
construction it is possible to use a common cathode 
and a common auxiliary cathode. Only the ten 
discharge channels between cathode and anodes have 
to be well separated. A possible and practically proved 
construction is shown in Fig. 6. 

Two disks of insulating material are separated and 
mechanically linked by an insulating axle. In the 
middle of this axle is a metallic electrode, the auxiliary 
cathode, surrounded by a cylindrical main cathode. 
The latter has ten holes for the passage of electrons. 
The space outside the main-cathode is subdivided into 
ten sectors by insulating sheets. In each sector there 
is one control grid. The whole construction is enclosed 
by an insulating cylinder. On its outer side there are 
seven metallic rings, which serve as a collector for 
short anodes, entering the discharge sectors by small 
perforations in the cylinder. Every collector ring is 
connected to a glow cathode in the indicator tube. 

The possibility for connecting one, some or all 
collector rings with the discharge in one, some or all 
sectors allows the glow discharge to be used as a 
switch for predetermined electrodes of the indicator. 

5. Switching and Indicating Tube Unification 

The next and last step in this development is evident: 
it will be the unification of the switching tube and 
indicator tube, but there are considerable problems. 

September 1964 

Fig. 6. Construction of the multi-channel switching tube. 

The switching tube should have a low sustaining 
voltage, a large difference between sustaining and 
striking voltage and sufficient cathode sputtering for 
an active cathode and auxiliary cathode. 

The indicator tube should have a high sustaining 
voltage and a small difference between sustaining and 
striking voltage, little or no cathode sputtering and a 
bright, luminous glow light. 

-10 - 8 - 6 - 4 -2 

Fig. 7. Range of anode striking voltages of the ten switching 
circuits. 
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Regardless of these difficulties it was possible to 
realize some laboratory samples of this kind of tube, 
permitting the expected electrical characteristics to be 
verified giving an idea of the feasible size. 

Final laboratory model (right) compared 
'Nixie' tube. 

Fig. 8. with the 

Figure 7 shows the range of the anode striking 
voltage of the ten switching systems, mounted in the 
described manner with the indicator in the same bulb. 
The range is relatively small and corresponds quan-
titatively with the characteristic for separated tubes 
shown in Fig. 3. 

Figure 8 shows a laboratory sample, comparing its 
size with the well known 'Nixie' tube. 

Industrial production or application for such a tube 
are still far off, but this preliminary study has shown 
that there is a certain chance of realizing the tube in 
practical form. 

Manuscript received by the Institution on 11th March 1964. 
(Paper No. 930.) 

DISCUSSION 

Mr. G. O. Crowther: How do you ensure that current is 
fed uniformly to the various segments of the number 
tube. It seems that when displaying the numeral 8, for 
instance, there is a possibility that the discharge may fail to 
cover one of the segments due to variations between the 
anode-to-cathode breakdown voltages of the number-
tube section. If one section fails to ignite an erroneous 
read-out may result. 

Mr. H. E. Seifert (in reply): If one segment of the number 
tube is not covered, the corresponding anode in the switch-
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ing tube will accept a probe potential in the discharge 
occurring between the main cathode and the other anodes. 
This probe potential will be less than the maintaining 
voltage of the other anodes and therefore the corresponding 
segment will have a greater voltage difference to the main 
anode than the covered segments. For this reason, the 
segments will cover correctly as long as the difference be-
tween, the maintaining voltages in the indicator tube does 
not exceed the anode fall in the switching tube. This may 
be assured by an accurate selection of the material of the 
electrodes and the filling gas. 

The Radio and Electronic Engineer 
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A New Gas-filled Trigger Tube 
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By 
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Reprinted from the Proceedings of the Symposium on "Cold Cathode 
Tubes and their Applications" held in Cambridge, 16th-19th March 
1964. 

Summary: The tube has been designed with a view to large-scale mecha-
nized production with the least possible handling and this has affected the 
mechanical form and electrical characteristics. A study of its basic 
operation has led to a new way of presenting its characteristics, enabling 
the equipment designer to calculate more exactly the requirements for 
ignition and extinction. In particular, the build-up of current between 
trigger and cathode after the application of an overvoltage has been studied, 
and from the results are derived the requirements for pulse ignition of 
the tube and the effect of different pulse shapes. The requirements for 
extinction of the anode-cathode discharge either by an externally pro-
duced pulse or in a self-extinguishing circuit are also discussed. 

I. Introduction 

The increasing use over the past few years of small 
trigger tubes for counting and other logical applica-
tions has made evident the need for further develop-
ment in order to satisfy the requirements of modern 
equipment and new circuit techniques. When such a 
development was being considered, the following 
points were proposed by the applications and manu-
facturing groups: 

1. Higher frequencies were required than is possible 
with most of the present simple trigger tubes. 

2. Voltage levels should be as low as possible. 

3. A high level of stability over a long life period 
was essential. 

4. The physical size should be small. 
5. A simple geometry with as few components as 

possible was desirable and the assembly of the 
components by mechanical means should be 
realizable. 

6. During the development period a detailed study 
would be made of the characteristics of the tube 
in order to be able to present as fully and as 
logically as possible the characteristics required 
for accurate dimensioning of circuits. 

Most of the foregoing electrical and physical 
requirements are of course interdependent but will as 
far as possible be treated separately in the text. 

2. Considerations of Frequency 

In a bistable device such as a trigger tube the maxi-
mum frequency of operation is determined by the 
sum of the times required to switch the device from the 
'off' state to the 'on' state and then to return to the 

t N. V. Philips' Gloeilampenfabrieken, Eindhoven, Holland. 
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'off' state. In a trigger tube the switch-on or ionization 
time is generally short compared with the switch-off or 
deionization time. Furthermore, the switch-on time 
can be reduced by careful design of circuits and 
voltage levels. Thus in the design of a fast trigger 
tube, the most important factor to be considered is the 
deionization time, which may be roughly defined as 
the time required after extinction of the tube before 
the anode supply voltage may be re-applied. The pro-
cess involved and circuit requirements are discussed 
in that part of the paper dealing with tube charac-
teristics. 

2.1. Effect of Gas-filling 

In most high-speed gas-filled tubes, hydrogen, or a 
mixture of hydrogen with one of the inert gases is 
used since due to the quenching of the metastables 
by the hydrogen, very fast deionization can be 
realized. Using this technique, decade ring-counter 
tubes for frequencies up to 1 Mc/s have been de-
veloped. The use of hydrogen was not however accept-
able in this case since it conflicted with two of the 
other requirements laid down for the development. 
Firstly, for any fixed geometry the breakdown voltage 
across a gap in hydrogen or hydrogen mixtures is 
high compared with most other gases; secondly, the 
presence of hydrogen tends to equalize the work 
functions of most common metals, making it difficult 
to sputter only the cathode and prepare a clean and 
reproducible cathode surface which, although possible, 
would entail more complicated processing during 
manufacture. The next gases considered were helium 
with 5 % neon, a mixture which is also widely used in 
decade ring counters, and pure argon, a gas used in 
many coated-cathode tubes. Both of these were tried 
in tubes and no significant difference in deionization 
time was noticed, but a pronounced hollow cathode 
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effect in the helium-neon caused fast sputtering in the 
area of the cathode slot. Argon was thus chosen, 
having the further advantages of low voltage levels 
and insensitivity to contamination. 

2.2. Gas Pressure 

Since the physical size of the tube was required to 
be kept as small as possible, a relatively high pressure 
had to be used in order to obtain a satisfactory 
anode-cathode breakdown voltage. This had the 
further advantage that deionization due to recombina-
tion would be favourably influenced since the prob-
ability of recombination is theoretically proportional 
to the square of the pressure in the tube. Diffusion 
to the walls at higher pressures becomes less important 
and later measurements on the tube in fact confirmed 
that deionization depended almost completely on 
recombination in the gas volume. 

3. Stability of Characteristics 

Molybdenum is generally accepted in the cold 
cathode field as the cathode surface giving the most 
stable and reproducible characteristics and the 
author's experience on other small trigger tubes has 
amply confirmed this. The relatively low rate of 
sputtering also gives an important advantage over 
nickel, its closest competitor, since much longer 
life times can be obtained with a cathode of the same 
area and thickness. 

Since molybdenum is easily contaminated during 
operation particularly by sputtering of material from 
the trigger electrode, and to a lesser extent from the 
priming discharge, it was decided to make all elec-
trodes from the same material. Although not elimin-
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ating contamination this would minimize its effects 
and further would allow easier cleaning of the tube 
during processing. 

4. Physical Size and Geometry 

The initial requirement was that the external 
dimensions of the tube should be as small as possible 
to facilitate mounting on printed-circuit boards. It 
was thus decided to use as a bulb glass tubing of 
6-mm external diameter and approximately 4-mm 
internal diameter, since this standard size was already 
in use for several other small tubes. The pinch-sealing 
technique used for the other tubes was not adopted 
since it imposes severe geometrical restrictions, 
and a powdered-glass base was developed to allow 
more freedom in the placing of electrodes. 

The Paschen curve for pure argon, shown in Fig. 1 
determined the operating points for the trigger-
cathode and anode-cathode gaps, and a gas pressure 
of 100 mm was chosen giving spacings of 0.075 mm 
and 1.2 mm respectively. According to the graph 
these dimensions would give a trigger-cathode 
ignition voltage of about 135 V and an anode-cathode 
ignition voltage of about 400 V. These values apply 
of course to a parallel plate geometry and it will be 
shown later in the text that the actual values achieved 
were lower. 

Since the maximum permissible distance between 
trigger and cathode is only 75 Li, it will be realized 
that very careful control of tolerances on components 
and assembly jigs was required in order to prevent 
short-circuiting. The geometry shown in Fig. 2 was 
chosen since, with suitable control of slot size and 
material thickness, it is relatively easy to ensure that 

02 0 3 0 4 0 5 I 0 2 3 4 5 10 20 30 40 50 100 

Pod in cm x mm Hg 

Fig. 1. Breakdown voltage as a 
function of pressure x distance 
for flat parallel molybdenum 
electrodes in pure argon. 
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the distance between the cathode and one edge of the 
trigger will always be equal to or less than the required 
value. 

To reduce the number of different components to a 
minimum, it was decided to use the same geometry 
for the anode-primer assembly as for the cathode-
trigger thus giving a tube which, before the final 
electrical processing, is symmetrical. The cut-away 
view of the tube in Fig. 3 shows the relative positions 
of the four electrodes. 

To avoid the effects experienced in previous trigger 
tubes with a metallic sputtered layer on the glass wall, 
the sizes of the various electrodes were chosen to 
ensure that any charge on the wall layer would cause 
breakdown preferentially to the trigger or primer 

TRIGGER CATHODE 

Fig. 2. The trigger-cathode geometry. 

CATHODE 

TRIGGER 

o 

Fig. 3. A cut-away view of the tube. 

PRIMER 

ANODE 
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GLASS-WALL SPUTTERED LAYER 

TRIGGER PRIMER 

CATHODE ANODE 

Fig. 4. A cross-section through the electrode assembly, showing 
the position of the various electrodes with respect to the sputtered 

layer. 

rather than to an edge of the cathode. Such a discharge 
is remote from and effectively shielded from the main 
discharge gap and will not cause any adverse effects, 
while a discharge to an edge of the cathode would 
almost certainly ensure breakdown between anode and 
cathode. This is made clear by the cross-section in 
Fig. 4. 

In order that mechanical handling of the components 
should be as simple as possible, it was decided to use a 
relatively large cathode which would not be fully 
covered by the discharge at normal tube currents. 
This has the advantage of giving satisfactory life at 
the high peak currents often used in self-extinguishing 
circuits. 

For reliable triggering the trigger-cathode discharge 
should take place on the edge or front of the 
cathode; that is on the side of the cathode facing the 
anode. Any discharge occurring on the other side of 
the cathode will be effectively shielded from the 
main anode-cathode gap. To prevent this happening, 
the back of the cathode is plated with nickel, the higher 
work function giving satisfactory preference to a dis-
charge starting on the front or edge of the cathode. 
The effectiveness of this process can be seen during 
sputtering of the tube, when even at peak currents of 
some hundreds of milliamperes, the discharge does not 
spread to the back of the cathode. 

5. Primary Electrical Characteristics 

As mentioned in Section 4, the breakdown voltages 
for the main and auxiliary gaps are lower than those 
values deduced from the Paschen curve for argon, 
the actual values being about 340 V between anode and 
cathode and 125 V between trigger and cathode. 
Due to the very small gas volume, relatively large 
pressure differences may occur from tube to tube 
and this results in a rather large spread in anode to 
cathode voltage since the Paschen curve at this 
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point is steep. Since the trigger-cathode gap is 
calculated to operate at or near the minimum of the 
curve, the spread here is much smaller and measure-
ments on large batches of tubes show a total initial 
spread not exceeding 10 V. 

The breakdown characteristics of a typical tube are 
shown in Fig. 5. It is clearly seen that the ignition 
voltage of the trigger-cathode gap is independent of the 
voltage between anode and cathode. Since the trigger 
projects slightly in front of the cathode, the breakdown 
voltage between anode and cathode will obviously be 
influenced if the trigger is made negative with respect 
to the cathode. 

Vt-ve 

Vg 

300 

200 
TUBE NOT 
IGNITED 

100 

itío do o so loo 
Vt+ Ye 

Fig. 5. Breakdown characteristics for a typical tube in the first 
and second quadrants. 

The second quadrant characteristic shows clearly 
that the reduction in anode hold-off voltage is greater 
than the negative voltage on the trigger, this being 
due to the increased field strength over the small 
trigger area. 

The tube is of course recommended for operation 
in the first quadrant, the second quadrant characteristic 
being required only for the prevention of ignition if 
the trigger becomes negative. This may occur in pulse 
circuits, due to differentiation of a square pulse 
by the trigger circuit components, and care must be 
taken in the design of such circuits to avoid spurious 
breakdown. 

The tube is however extremely insensitive when 
d.c. or level firing is used on the trigger. This can be 
explained by referring to Fig. 6, which shows a cross-
section of the trigger-cathode gap after processing 
of the tube. This figure shows that although the nickel 
plating is successful in preventing the main anode-
cathode discharge from spreading on to the back of 
the cathode, a little of the nickel is actually removed 
from the edges during processing. Breakdown between 
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NICKEL LAYER 

TRIGGER 

Fig. 6. The trigger-cathode gap after sputtering. 

trigger and cathode will normally occur across the 
shortest gap, provided that the molybdenum has been 
properly cleaned, but as the current increases, the 
discharge may spread from this point towards the 
front or the back of the cathode, i.e. it may or may 
not affect the space charge between anode and cathode. 
Thus ignition of the main gap in these circumstances 
will not be reliable. The firing of the tube is further 
discussed in Section 6. 

Since only one side of the cathode is used for the 
main discharge, the cathode is effectively covered at a 
current of about 6 mA. Thus, although the tube will 
in many applications be used at a current of 2 or 3 mA, 
up to 6 mA may be drawn before the abnormal glow 
region is approached. Above this current the rate of 
sputtering will increase giving a shorter tube life, and 
the maintaining voltage will go outside the normal 
limits. The use of higher peak currents is not of course 
precluded since under dynamic operating conditions 
the maintaining voltage is normally not so critical 
and the increase in sputtering during conduction is 
offset by the lower duty cycle. 

AREA 

COVERED 

BY GLOW 

Fig. 7. The cathode discharge at 2 mA. 
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The difficulties of stable operation of the tube when 
the cathode is only partly covered by the glow dis-
charge have been overcome by the use of the slot 
geometry. At low currents, the discharge will cover 
one side or part of one side of the usable area (see 
Fig. 7). Thus, although other parts of the cathode 
will be contaminated by sputtered material during 
conduction, part of the cathode edge close to the trigger 
will be covered by the discharge and will remain 
uncontaminated allowing normal reignition between 
trigger and cathode. Life testing has shown that the 
tube may be operated with the cathode only partly 
covered by the discharge even when a considerable 
amount of negative trigger current is being drawn, 
i.e. when the trigger is acting as cathode with respect 
to the anode and thus is also being sputtered. 

6. Pulse Ignition of the Tube 

It has already been shown that, due to its construc-
tion the tube cannot be triggered reliably by a direct 
voltage between trigger and cathode. The normal d.c. 
transfer characteristic as shown in Fig. 8 does how-
ever exist, but when the trigger current is allowed to 
increase slowly the final position of the discharge 
may vary greatly from tube to tube and large variations 
in sensitivity are found. For reliable operation the 
trigger must be pulse fired, enabling the required 
trigger current to be reached before the discharge is 
able to spread from the edge of the cathode. The 
precise requirements for triggering by this method are 
described in the following sections. 

Is 

Vct 
150 180 200 220 240 260 280 300 VOLTS 

Fig. 8. Typical d.c. transfer characteristic. 

6.1. Growth of Current in a Gap 

When the static ignition voltage between two 
electrodes in a tube is exceeded, ignition will occur 
provided that an electron is available within the gap to 
initiate the process. Since the tube contains a primer, 
an adequate source of ionization is always present 
and multiplication begins as soon as the required 
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current Fig. 9. Measurement circuit for growth of 
trigger and cathode. 

between 

voltage is reached. To study the growth of current 
in the trigger-cathode gap, the circuit of Fig. 9 was 
used, anode and cathode being connected together 
to permit normal use of the primer without the 
possibility of an anode-cathode discharge taking 
place. 

With a fixed bias just less than the static trigger 
ignition voltage, a rectangular pulse was applied via a 
capacitor to the trigger, the pulse height being 
sufficient for the sum of pulse and bias to exceed the 
static ignition voltage. The measurements were 
carried out for several values of pulse height, and 
results are given in Fig. 10, the voltage given for 
each line being the actual value of overvoltage. The 
extrapolation below 10- 4 A is justified by the fact 

Amps 

10-2 

10-3 

30V 15V 10V 6V 

10-' 

p 8 
0 1 2 3 4 5 

Fig. 10. Increase of current between trigger and cathode—effect 
of different values of overvoltage. 
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Fig. 11. Increase of current between trigger and cathode— 

effect of different primer currents. 

that for the four different overvoltages, one starting 
point is found. This point represents the current, 
due to ionization from the primer discharge, that 
flows between trigger and cathode before the static 
ignition voltage is exceeded. Attempts to measure 
this statistically have not been successful since, in 
addition to the current between trigger and cathode, 
each of these electrodes draws a probe current 
several orders higher than the inter-electrode current. 
The effect of different values of primer current is 
shown in Fig. 11 where the build-up of current with an 
overvoltage of 10 V is given, the measurement having 
been done with two different values of primer resistor. 
It will be noted that the slope of the line remains 
unchanged, only the starting point or initial current 
being altered. 

From the foregoing measurements the following 
conclusions may be drawn. 

1. In the presence of some initial ionization, 
multiplication processes begin at the instant of 
application of an overvoltage. 

2. The current increases exponentially with time. 

3. The relative rate of increase of current is directly 
proportional to the overvoltage applied. 

4. An increase in primer current increases the initial 
level of ionization, allowing the multiplication 
processes to begin at a higher level. 

Thus for a given primer current the time required 
to reach any specified value of trigger current is in-
versely proportional to the overvoltage. 
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Fig. 12. Relation between pulse height and pulse length required 
for anode transfer. 

6.2. Transfer Requirements 

Although the tube cannot be used reliably with 
d.c. on the trigger a definite value of trigger current 
is required to cause ignition of the main gap. When 
pulse ignition is used the trigger discharge will re-
main on the edge of the cathode and the required 
value of trigger current will be reached in a time 
depending on the pulse overvoltage. Thus for igni-
tion of the tube a fixed product of pulse overvoltage 
and pulse length is required and this will now be 
referred to as the ionization product. Figure 12 
shows that this product is in fact constant, since the 
graph of pulse height as a function of the reciprocal 
of pulse length is a straight line cutting the pulse axis 
at the static trigger ignition voltage of the tube. 

Fig. 13. Ionization product as a function of anode voltage. 
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The effect of the anode voltage on the required 
ionization product is shown in Fig. 13 which can be 
explained by two factors. Firstly, at high anode 
voltages less trigger current is required to initiate the 
main discharge and secondly at higher voltages the 
primer current is also higher, giving a higher initial 
trigger-cathode current. Figure 13 also shows that a 
useful gain in sensitivity can be obtained by using a 
low primer resistor; this factor will often reduce pulse 
requirements considerably. 

6.3. Calculation of the Required Pulse 

The foregoing measurements on the ionization 
product have been made using pulses between 1 is 
and 20 µs. Below 1 µs it is difficult to obtain high 
enough pulses in practical circuits and above 20 Its 
the requirement of the discharge staying on one point 
of the cathode is no longer satisfied. For non-rect-
angular pulses the increase in current is of course no 
longer exponential but is a function of the pulse shape 
and can be calculated or determined graphically. 
However for simplicity it can be taken that the tube 
will always be fired if the required rectangular pulse 
can be drawn within the boundaries of the non-
rectangular pulse. 

It is intended that the ionization product shall be 
published as a characteristic of the tube, being given 
as a function of primer current and anode voltage. 
The static ignition voltage of the trigger will be given 
only for the purpose of determining the maximum 
bias level and the pulse requirements. It will thus be 
possible to calculate from the given data the required 
pulse height for a pulse of a defined width, or vice 
versa. The total pulse height must include the whole 
spread of static ignition voltage values for all tubes, 
since the bias must never exceed the lower limit of 
static ignition voltage; the pulse-plus bias must exceed 
the upper limit by the amount required to provide the 
upper ionization product. 

7. Extinction of the Tube 

When a gas-filled trigger tube has been ignited, 
the trigger electrode has little further effect on its 
operation and in particular cannot be used to ex-
tinguish the discharge. In order to accomplish this it 
is necessary to reduce the voltage across the tube to a 
value below that value required to maintain the 
discharge and to keep the voltage reduced until the 
tube is able to 'recover' by deionization. The two 
methods commonly used for this purpose are the self-
extinguishing circuit and forced extinction by means 
of negative or positive pulses applied respectively 
to the anode or the cathode from an external source. 
The requirements of these two methods will be treated 
separately. 
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Fig. 14. The self-extinguishing circuit used for measurements. 

7.1. The Self-extinction Characteristics 

All the measurements on self-extinguishing have 
been made by using the circuit shown in Fig. 14, the 
primer being connected to a negative supply to ensure 
that the priming discharge was not extinguished. 
The tube was ignited by pulsing the trigger at a fre-
quency of 100 c/s. 

Although it is not intended to give a detailed de-
scription of the operation of this circuit, it is of interest 
to note that the capacitor C is charged up to or near 
the supply voltage and, on ignition of the tube, dis-
charges to a voltage lower than the normal maintaining 
voltage of the tube. Thus the tube is extinguished and 
will remain so provided that the recharging capacitor 
does not reach the voltage required for reignition 
during the recovery period of the tube. 

The required product of R. and C is not constant 
but is dependent on the value of C, Rk and the supply 
voltage, since these three factors determine the current 
through the tube before extinction and the value of the 
rest voltage, or voltage to which the capacitor dis-
charges. In addition to the above factors and the 
spread from tube to tube, each tube has a small 
hysteresis effect which allows it to self-extinguish 
continuously with a lower value of C than was 
originally required to start the tube extinguishing. 

300 

C (PF) 

200 

100 - 

ALL TUBES SELF-EXTINGUISHING 

NO TUBES 
SELF-EXTINGUISHING 

= 280 V 
R 

0.1 02 03 0.4 0.5 0.6 0.7 ce Ra (M n) 

Fig. 15. Values of R. and C required for self-extinguishing. 
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For a large population of tubes there is a limiting 
series of values of Ra and C, above which all tubes 
will always extinguish, and a separate series below 
which no tube will ever extinguish. Between these two 
limits the operation of an individual tube is un-
predictable. A sample of the measured results with no 
cathode resistor and a supply voltage of 260 V is 
given in Fig. 15. For published data complete families 
of curves for the two variables (RI, and Va) must be 
given in order to predict the operation of any tube 
with any given circuit values. 

7.2. Forced Extinguishing 

Figure 16 shows the basic circuit used for the forced 
extinguishing measurements. As in the case of the 
self-extinguishing circuit, the primer resistor was 
connected to a negative supply of — 150 V. Pre-
liminary measurements showed that the recovery 
time was not appreciably affected by variations in 
primer current and the value of the primer resistor 
was thus kept fixed at 10 Mft 

Va 

TE   r---
VE 

Fig. 16. The measuring circuit for forced extinguishing. 

The tube was ignited as in the previous case using a 
bias voltage and a superimposed pulse on the trigger, 
and extinguished by a negative pulse on the anode 
supply voltage, the lower level VE of this pulse being 
adjustable. After extinction the tube was reignited, 
the process being repeated at a frequency of 100 c/s. 
The anode resistor was adjusted to give the required 
current at different values of V.. During measurement 
the pulse length TE was increased until the tube 
had recovered without reignition occurring. 

Recovery in a trigger tube is normally accomplished 
by recombination of ions and electrons in the gas and 
by recombination at the walls after diffusion. Since 
the second process is affected by the various potentials 
in the tube the actual recovery time is normally 
dependent on the voltage across the anode-cathode 
gap. Figure 17 shows the recovery time (TE) as a 
function of this voltage, VE, and it is clear that the 
dependence, if any exists, is very slight. This can be 
explained by the fact that, in a tube with a relatively 
high pressure, recombination in the gas proceeds at 
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Fig. 17. Recovery time as a function of rest voltage VE. 

such a rate that the diffusion, relatively slow at such 
pressures, plays little or no part in the deionization, 
i.e. the slowly diffusing ions are neutralized before 
arriving at the boundaries of the tube. 

Having shown that the rest voltage has little effect 
on the recovery of the tube, measurements were made 
to find the influence of the magnitude of the current 
before extinction, and of the supply voltage. 

Since the measurements were made at a low fre-
quency and the time between extinction and reignition 
was very short, the measured tube could be considered 
to be running continuously at a steady current. 
Figure 18 shows the results and, as would be expected, 
the recovery time increases rapidly with increasing 
current or with the voltage re-applied after extinction. 
It will always be advantageous where the highest 
possible operating speed of a circuit is desired, to limit 
the current to the lowest possible value. 
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Fig. 18. Recovery time as a function of supply voltage after 
operating at various currents. 

8. Conclusions 

Although measurement work on the tube is not yet 
complete, results show that its basic characteristics 
are satisfactory for use in logical circuits where 
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pulse ignition is used and at frequencies up to 25 kc/s 
with normal tolerance components. In addition a 
large life-test programme is being carried out to 
prove the reliability of this type of device. One of the 
most important tasks now to be faced is the presenta-

tion of the very considerable data now available in a 

manner which will enable circuit designers to achieve 

the best possible results. 
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DISCUSSION 

Mr. N. Kitz: I would like the author to give some infor-
mation about the capacitance effects between the sputtered 
molybdenum layer of the walls of the tube and the trigger 
which on similar designs have been known to cause 
spurious breakdown. 

Mr. Kerr (in reply): Difficulty in this and other tubes has 
been caused, not by capacitance effects between the 
sputtered layer and the trigger, but by a discharge between 
the sputtered layer and one of the electrodes, usually the 
cathode. Since the sputtered layer is in fact a floating 
electrode, it becomes charged to a positive potential in the 
presence of the priming discharge. This potential is easily 
altered by capacitive effects in the tube or externally. For 
example, a positive pulse on the anode will cause a corre-
sponding capacitive rise in the wall potential. Similarly, 
for a fixed amount of charge on the wall, a decrease in the 
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capacitance between the wall and its surroundings will cause 
an increase in its potential. In either case a discharge may 
occur between the positively charged wall and one of the 
electrodes in the tube, and this may cause spurious ignition. 
In the tube described in the paper, the electrode geometry 
is such that a discharge from the wall layer will occur by 
preference to the trigger at a point where it will not initiate 
the main discharge. However, difficulty has been 
experienced due to the fact that the relative trigger-to-wall 
and cathode-to-wall distances are determined by the 
internal diameter of the glass tubing used—a factor which 
is difficult to control in production. Some slight geo-
metrical changes may thus be required to ensure that there 
is sufficient preference for the discharge to take place to 
the trigger, even in the presence of the maximum permissible 
trigger bias. 
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MONITORING NAVIGATIONAL AIDS 

All radio aids to navigation must be continuously 
monitored to ensure the radiated signals conform to 
internationally observed standards. In Australia the prim-
ary air-route guidance and precision approach aids are 
continuous-wave devices and hence the automatic moni-
toring equipment must effectively measure voltages or 
currents for long periods without adjustment. Due to the 
manner in which these aids operate, the sensitivity and 
accuracy of the monitors are quite often affected by changes 
in the signals being monitored. The conventional monitor-
ing systems for radio ranges and instrument landing 
systems, and a new type of system put into service in 
Australia have been described at the Radio and Electronics 
Engineering Convention of the Australian I.R.E. in Mel-
bourne. This new system, known locally as 'alarm-
point monitoring' has certain basic advantages which make 
it extremely useful. Problems encountered in the design 
and adjustment of monitoring units have been considered 
together with possible solutions in some cases. One of the 
major difficulties, appears to be the maintenance of air— 
ground relationships. 

"Automatic monitoring of continuous-wave navigational 
aids", J. J. Richards and H. B. O'Keeffe. Proceedings of the 
Institution of Radio and Electronics Engineers Australia, 25, 
No. 3, p. 157, March 1964. 

DISTORTION CORRECTION USING RLC NETWORKS 

The conventional method of correlating signal distortion 
uses RLC networks for offsetting the frequency response of 
amplitude and phase of the communication channel. This 
type of compensation implies that the transmitted signals 
are either sine and cosine functions or can be represented by 
them. However, signals may be represented just as well by 
any other orthogonal system of functions. Each representa-
tion leads to its own theory of compensating circuitry. For 
the transmission of telegraph signals it is advantageous to 
forgo representation and to equalize the communication 
channel only for the signals actually transmitted, e.g. only 
for rectangular pulses. Thus distortion, for which a classical 
approach to correction involving a complicated frequency 
response of amplitude and phase would be necessary, can 
be compensated. 

"On the correction of signal distortion using RLC networks" 

H. Harmuth. Archiv der Elektrischen Übertragung, 18, No. 3, 
p. 174, March 1964. 
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IMPLOSION-PROOF PICTURE TUBE 

With conventional picture tubes the chance of implosion 
although extremely remote, nevertheless exists, and for 
this reason a protective window is usually fitted in front 
of the tube. Dutch engineers have described investigations 
aimed at preventing implosion. The possibility of implo-
sion is attributable to the atmospheric pressure producing 
tensile stresses around the rim of the bulb, the region 
between face-plate and cone. The object was achieved by 
applying a reinforcement band around this region. This 
band, normally free from stresses, limits the cracks once 
they have formed, inhibits expansion of the bulb edge, and 
thus preserves cohesion in the bulb in the event of the glass 
fracturing. In a version that has now been put into mass 
production, the reinforcement consists of a metal band and 
polyester resin. Tests show that the method is entirely 
effective, the principal advantages being: the protective 
window is dispensed with, assembly in the cabinet is 
simpler, the weight and dimensions of the television set are 
reduced, and new cabinet designs are made possible. 

"An implosion-proof picture tube for television", F. de Boer, 
P. Cirkel, W. F. Nienhuis and C. J. W. Panis. Philips Technical 
Review, 25, No. 4, p. 81, 24th March 1964. (In English.) 

TELEVISION BAND COMPRESSION 

A new method of television band compression, 'multi-
mode interpolation', has been developed by Japanese 
engineers. The experimental results of the computer 
simulation by this method show that the information rate 
can be reduced to 2.7 bits per picture element, and the 
signal can be transmitted through a digital channel with 
a channel capacity less than one half of that of the conven-
tional p.c.m., for which 6 bits per picture element are 
required for the faithful transmission of the input picture. 
Since the television signal is to be observed as a picture on a 
kinescope, some distortion of the signal waveform, im-
perceptible to the human eye, can be taken advantage of in 
this method of television band compression. The input 
video signal is sampled with a Nyquist interval, and every 
fourth sample is selected as a main pulse. The main pulses 
are transmitted faithfully, while the samples between two 
adjacent main pulses are encoded by using the values of 

these main pulses. 

"Television band compression by multi-mode interpolation", 
K. Fukushima and H. Ando. Abstracts from the Journal of the 
Institute of Electrical Communication Engineers of Japan, 47, 
No. 1, p. 9, January 1964. (In English.) 
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