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THE IMPORTANCE OF A NAME 
M EMBERS know from annual reports of the 

Council's intention to strengthen the 
Institution by appointing Specialized Group 
Committees. Their main responsibility is the 
arrangement of meetings related to various 
branches of the science of radio and electronic 
engineering. 

During the last session the first three Group 
Committees to be set up—Medical Electronics, 
Computers, and Radar and Navigational Aids 
—completed their first full programmes of meet-
ings. The Council has now established a further 
Committee which will arrange meetings under 
the broad theme of Electro-Acoustics and next 
session this Group will make significant con-
tributions to the Institution's proceedings. 
One of the first tasks of the Group Com-

mittee, and one which led to much discussion, 
was to decide on the recommendations to be 
made to Council regarding title and terms of 
reference. The Committee was indeed originally 
convened as an "Audio Frequency Engineering" 
Group Committee, but it was soon agreed that 
this was unduly limiting. The plain title of 
"Acoustics Group" would also not reflect ade-
quately the Institution's interests. The title of 
"Electro-Acoustics Group Committee" was 
therefore put forward to Council for approval. 

The Group Committee then gave considera-
tion to the equally important question of its 
terms of reference. These were finally approved 
by the Council as follows: — 

"The Electro-Acoustics Group specializes in 
those aspects of radio and electronic engineering 
which are associated with the propagation, con-
duction, generation, perception, measurement, 
reproduction and control of all kinds of material 

vibrations. The objects of the Group are: 

(a) to promote Institution activity in those 
techniques and to disseminate knowledge by 
arranging meetings in collaboration with the 
Programme and Papers Committee; 

(b) to advance knowledge in this field by 
collaboration with other bodies and to work to-
wards the preparation and acceptance of stan-
dards in this field of engineering." 

Planning for the programme of meetings is 
now well advanced and full details will be 
announced in due course. The Committee is, 
however, pleased to give this early advice to all 
members that Wednesday, 12th October, has 
been provisionally allocated for its Inaugural 
Meeting and that Professor Colin Cherry of 
Imperial College of Science and Technology 
has accepted an invitation to give an Address. 
Other meetings will deal with loudspeakers, 
stereophonic broadcasting, noise measurement 
and audiometry. 

The Institution's programme of meetings in 
London next winter will therefore be further 
increased over the record number of meetings 
held during the session which has just ended. 
To ensure that all members benefit, considera-
tion is being given to means of circulating tne 
fullest notice of these meetings, and in addition 
Local Section Committees are to be advised 
of Group papers likely to be of interest to 
members in their areas. The Council is confi-
dent that the extension of the Institution's work 
through the establishment of the Specialized 
Groups will prove to be one of the most 
valuable steps ever taken in the pursuit of 
the aim of "promoting the exchange of 
information." G. D. C. 
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INSTITUTION NOTICES 
Electro-Acoustics Group Committee 

As announced on page 321 of this issue of 
the Journal the Council has established an 
Electro-Acoustics Group. A Group Committee 
has been appointed consisting of the following 
members:— 
H. J. Leak (Member)—Chairman 
C. T. Chapman (Associate Member) 
J. W. R. Griffiths, Ph.D. (Associate Member) 
S. Kelly (Member) 
M. B. Martin (Associate Member) 
K. R. McLachlan (Associate Member) 
E. D. Parchment (Associate Member) 
F. Poperwell (Associate) 
A. I. F. Simpson (Member) 
The new Committee will be principally con-

cerned with the arrangement of meetings in 
collaboration with the Programme and Papers 
Committee; it will also assist in the procure-
ment of papers for publication only. 

"Collected Clerk Maxwell Memorial Lectures" 

The above Institution publication, described 
on page 170 of the March Journal, is now avail-
able and members may order copies from 9, 

Bedford Square. 
A 72 page volume, 10 in. x 61in., with a 

frontispiece and plates, bound in red cloth and 
gold blocked, the price of the book is 21s. 
post free. 

Royal Society Tercentenary Celebrations 
It has been announced that Her Majesty The 

Queen will open the Celebrations of the Royal 
Society's Tercentenary in the Royal Albert Hall, 
London, on 19th July. Her Majesty will be 
accompanied by H.R.H. The Duke of Edin-
burgh, a Fellow of the Society since 1951. 

Immediately before Her Majesty's Address 
there will be a processional entry of Fellows and 
Foreign Members of The Royal Society, and 
of over 250 scientists from some 50 countries 
who have been invited to participate. 

The Tercentenary Address at the Celebra-
tions will be delivered by Sir Cyril Hinshel-
wood, the Society's President, who was recently 
honoured by appointment to the Order of Merit. 
Members will recall that at the Institution 
Dinner in London in May 1958, Sir Cyril pro-
posed the toast of "The Institution." 

The History of the Institution 

Reference was made in the editorial of last 
month's Journal to the preparation of a History 
of the Institution. This has now been completed 
and copies of the First Edition are shortly 
expected from the printers. 
The contents trace the history of the Institu-

tion against the pattern of the development of 
radio science and industry. It is, therefore, a 
valuable reference work. 

This First Edition is a crown quarto volume 
bound in cloth and gold blocked. It extends to 
120 pages with a frontispiece in full colour 
and half-tone plates. The price to members is 

30s. post free. 
Members wishing to secure a copy are 

advised to place orders now. 

Back Copies of the Journal 

The Institution has received requests for the 
following issues of the Journal which are now 
out of print:— 

June and November 1959. 
Members who have copies of these issues, in 

good condition, for disposal, are invited to send 
them to the Brit.I.R.E. Publications Depart-
ment, 9, Bedford Square, W.C.1; a payment of 
5s. per copy will be made. 

Correction 

The following amendment should be made to 
the paper "A Timing Pulse Generator" by C. S. 
Fowler published in the February 1960 Journal. 

Page 125, Section 1, second paragraph, lines 
5 and 6, the sentence " ... whereas G.M.T. is 
taken from mid-day to mid-day" should read 
" whereas G.M.T. was, prior to 1st 
January, 1925, taken from mid-day to mid-
day." 
A fuller explanation is that before 1st 

January, 1925, Greenwich Mean Time was 
reckoned in 24 hours commencing at noon; 
since that date it has been reckoned from mid-
night. In view of the risk of confusion in the 
use of the designation G.M.T. before and after 
1925, the International Astronomical Union 
recommended in 1928 that astronomers should, 
for the present, employ the term Universal 
Time, U.T. (or Weltzeit, W.Z.) to denote G.M.T. 
measured from Greenwich mean midnight. 
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Some Aspects of Vidicon Performancet 

by 

H. G. LUBSZYNSKI, DR.ING.t, S. TAYLOR, B.A.I and J. WARDLEY, A.R.C.S., B.SC.t 

A paper presented on 3rd July 1959 during the Institution's Convention in Cambridge. 

Summary: The performance of the 1-in. vidicon is discussed, particularly the 
effect of various operating conditions on transfer characteristics, lag, resolution 
and geometry. When target voltage and dark current are high, maximum sensi-
tivity is obtained, but this is at the expense of the other parameters. In the E.M.I. 
vidicon, the optimum performance as regards y and lag is obtained for signal 
currents of 0.2 to 0.3 µA and dark currents of 0.01 to 0.03 A. Methods of 
measuring sensitivity, y and lag are described and possible sources of error indicated. 
The effect of bias illumination on y, lag and resolution is analysed. Improvements 
in geometry are described together with a method of improving resolution. Infra-
red and ultra-violet sensitive tubes are mentioned. 

1. Introduction 

The vidicon photoconductive camera tube is 
so well known' that only the briefest mention 
will be made of its operating principles. A 
tubular glass envelope (Fig. 1) of about 1 inch 
diameter and 6 inches length has a flat window 
sealed to it. The window carries on the inside 
a transparent conductive coating, acting as the 
signal plate. A layer of photo-conductive 

PHOTOCONDUCTIVE 
TARGET WALL ANODE G, MODULATOR G, 

SIGNAL ELECTRODE LIMITER Gz CATHODE 

Fig. 1. Diagram of vidicon. 

material is applied to the signal plate and this 
constitutes the sensitive target. At the other 
end of the tube is an electron gun which 
generates the scanning beam. An ion trap mesh 
is mounted on top of the last gun electrode 
called the wall anode. This mesh also serves 
to produce a strong, uniform decelerating field 
in front of the target. The beam of slow elec-
trons stabilizes the surface of the target at the 

t Manuscript received 3rd June 1959. (Paper No. 
554.) 

Research • Laboratories of Electric & Musical 
Industries, Ltd., Hayes, Middlesex. 

U.D.C. No. 621.397.331.222 

potential of the cathode of the gun. Thus, by 
applying a positive voltage to the signal plate, a 
potential difference is set up across the target. 
Where light falls on the target a more conduc-
tive path is established; a current flows across 
the target and the potential of the illuminated 
target elements rises towards the signal plate 
potential. When the beam scans over the target 
surface, it restores the elements in turn to 
cathode potential, and thereby a train of current 
pulses is generated in the signal resistor which 
constitutes the video signal. 

2. Factors Affecting Performance 

Breaking down the functions of the various 
components, it may be seen that mainly four 
processes are involved in signal generation in 
a vidicon. 

(1) Generation of charges by photoconduc-
tion in the target. 

(2) Restoration of charges by scanning beam. 
(3) Generation of the scanning beam. 
(4) Focusing, deflection and alignment of 

the beam. 

The performance characteristics required 
from the tube can be listed under a number of 
headings. 

(a) Sensitivity and transfer characteristic. 
(b) Response time or lag. 
(c) Picture resolution. 
(d) Geometry. 
(e) Spectral response. 
(f) Other effects. 
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Starting from the assumption that low velocity 
scanning is to be employed, the target surface 
will be stabilized at cathode potential. If an 
element, on illumination, would leak to a more 
negative potential the scanning beam could not 
reach it. Therefore, the signal plate must be 
made positive with respect to the cathode. For 
a target material which is an n-type photo-
conductor, the maximum thickness is limited 
by the depth of penetration of the incident light. 
If the target is too thick, there will be a residual 
layer of high insulation in series with the photo-
conducting path, and the sensitivity will be 
reduced. Conversely, if the material is a p-type 
photo-conductor the maximum target thickness 
is not so much limited by the depth of penetra-
tion of the light as by the range of holes 
generated in the neighbourhood of the signal 
plate. Thus in either case the target capacitance 
cannot be easily reduced below a limiting figure. 

11 1 micron 

Fig. 2. Electron micrograph of target layer of vidicon. 

This has an effect on the capacitance- or 
discharge-lag as we shall see later. In the 
'earliest vidicons, the target layer consisted of 
amorphous selenium2 which is a p-type photo-

conductor. The maximum usable thickness was 
found to be approximately 10 microns when 
using visible light. Such layers are practically 
opaque. Beyond this thickness, sensitivity is 
lost due to recombination of holes on their way 
through the layer. Amorphous antimony trisul-
phide which is in general use now, is an n-type 
material and, therefore, its thickness is limited 
by the penetration of the light. A solid layer 
of this material absorbs light very strongly and 
a target 1 micron thick is practically opaque to 
all visible light except red. 

In order to reduce the target capacitance, a 
target layer of the so-called "spongy" type2 was 
introduced. Such a target absorbs much less 
light than an equal thickness of the solid 
material due to its open structure and it has a 
considerably greater resistivity. It is made by 
evaporating the antimony trisulphide in a 
residual gas atmosphere. Thereby the evaporat-
ing molecules are cooled by collisions with the 
gas molecules so that, when the slowed-down 
antimony trisulphide molecules collide with 
each other, they do not bounce off again but 
stick together. Thus larger and larger particles 
are formed on the way from the evaporator to 
the target. The structure of such a layer is 
shown in the electron micrograph of Fig. 2. 

A further substantial improvement was 
obtained by evaporating, in a high vacuum, a 
solid layer of antimony trisulphide on top of the 
spongy layer3. Thereby sensitivity was doubled, 
accompanied by a substantial reduction in lag. 
The latter, we believe, is due to the solid layer 
sealing the pores in the surface of the spongy 
target. This prevents, to a certain extent, the 
beam electrons from filtering into the layer and 
thereby the effective target capacitance is 
decreased. This type of target is now in general 
use in vidicons. 

The layer consists of long chains of particles. 
The size of the particles is of the order of 300 
angstroms. This target structure was also 
observed by Russian workers4. From the point 
of view of capacitance, it is obvious that there 
will be an optimum particle size. If the particles 
are very small, they will pack more tightly in 
the layer and the capacitance will be large, 
approaching that of a solid layer. If the 
particles are so large that their size is a sub-
stantial fraction of the target thickness, the 
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effect will be to approach the conditions of a 
solid layer again. The photo-conductive lag, 
too, is affected by the size of the particles in the 
layer. As is well known, the rate of recombina-
tion of photo-excited holes and electrons can 
be greatly modified by the presence of surface 
states. 

3. Sensitivity and Transfer Characteristic 
The transfer characteristic of a vidicon is 

approximately a power law following the equa-
tion S = Id'', where S is the signal, k is a con-
stant determined by the tube sensitivity, / is the 
illumination and y is approximately constant. 
Over a large range of illumination y does, in 
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Fig. 3. Signal as a function of the illumination for 
Emitron 10667. (Chequer board test chart.) 

fact, vary, from 0.4 - 0.85 (see Fig. 3), but over 
smaller ranges such as the operating range for 
any given application, it may be considered to 
be constant. Because y is less than unity, 
sensitivity measured as signal divided by 
illumination varies with the light level and is 
higher for lower illuminations. The sensitivity 
is also a function of the voltage across the 
photoconductive target, and curves showing the 
dependence of signal on target voltage are given 
in Fig. 4. 

3.1. Operating Voltages 

From considerations of signal ¡ noise ratio, 
lag, resolution, etc., it is found that the optimum 
peak white signal lies between 0.25 and 0.3 
microamperes and, with this in mind, curves as 
shown in Fig. 4 enable one to choose a suitable 

operating target voltage for the tube in any of 
its various applications. 

In telecine use, the target illumination is from 
50-100 ft.-candles and the target voltage lies 
between 10-20 volts. The chief problem asso-
ciated with low voltage operation, namely shad-
ing due to the electron optics, can be minimized 
during the manufacture of the tube5 and by 
suitable design of scanning and focus coils6. 

In studio use, the target illumination is of 

the order of 5 ft.-candles, derived from a scene 
brightness of 100 ft.-lamberts and a lens stop of 
T2.2. Here the normal operating voltage range 
is from 25 to 60 volts, and due to the decreased 
illumination lag begins to be important. 
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Fig. 4. Signal as a function of target voltage. 

A third category may be defined for the use 
of vidicons. where the target illumination level 
is 0.5 ft.-candle or less. This condition arises 
in industrial or military applications where a 
certain amount of lag and noise may be toler-
able. The target voltage can be anything up to 
100 volts. At these high voltages two new 
features become of importance, the high dark 
current and the saturation of the photo-current. 

3.2. Saturated Photo-currents 

It can be seen from Fig. 4 that when the dark 
current is of the same order as the photo-
current, the latter saturates. Obviously for 
higher illuminations th,e onset of saturation 
occurs at higher voltages. From simple con-
siderations one might expect that when a photo-
current is saturated, all the photo-electrons 
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would be collected at the signal electrode, and 
the y would be unity. Values of y approaching 
unity have in fact been observed for saturated 
photo-currents, with the value for the tube 
shown being 0115. Such a high y does not, 
however, produce pictures with good gradation. 
Thus one of the virtues of the vidicon in its 
normal operating range, i.e. its transfer charac-
teristic with a y between 0.5 and 0.65 allowing 
one to use a camera channel without a y-correc-
tion circuit, is then lost. 

A further disadvantage of high voltage opera-
tion is that in some tubes there is danger of a 
low level negative image remaining for some 
time after removal of the light, and it is prudent 
to keep the target voltage below 100 volts. 

3.3. Variation of y with Voltage 

The fact that the curves of Fig. 4 are not 
parallel means that y is changing with volt-
age. As the voltage increases, y decreases, 
passes through a minimum, and then increases. 
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Fig. 5. y as a function of target voltage. 

140 

The curves of Fig. 5 show this variation of y at 
the three illumination levels already defined. 
The values of y are calculated over a range of 
illumination of approximately 4: 1, this range 
being marked on each curve. The minimum 
value of y of the two upper curves occurs at a 
target voltage of about 50 volts corresponding 
to a dark current of 0.01 A. Over a number 
of tubes the minimum has usually been found 
to occur at dark currents between 0.01 and 0.03 
A. It is advantageous to have a low y, 

and one as low as 0.4 would be desirable in 
many respects. This can be achieved by suit-
able choice of operating target voltage. 
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3.4. Sensitivity Measurement 

The authors measure signal current by the 
following null method. A negative-going vari-
able amplitude current pulse is injected into the 
input of the head amplifier. This square wave 
pulse appears in the picture as a black vertical 
bar of width equal to 1/10th of the picture 
width. Its position can be varied so as to cover 
any white signal in the picture. The pulse 
amplitude is then adjusted, so as to balance the 
white signal against an adjacent black signal, 
and the signal current read off from a calibrated 
scale. The reading is thus unperturbed by any 
drift or non-linearity in the amplifiers or in the 
line monitor. 

It follows from the previous Sections that any 
specification of sensitivity should also include a 
reference to the illumination level and to either 
the voltage or the dark current at which it is 
measured. At an illumination of 2 ft.-candles on 
the target and at a target voltage which gives 
0.01 itA of dark current, the signal from an 
average Emitron 10667 is 0.2 !IA. Under these 
conditions, the sensitivity is 77 !IA/lumen. As 
has been pointed out, this is subject to consider-
able variation with illumination and target volt-
age. For example, at 0.1 ft.-candles and a dark 
current of 0.15 tiA the sensitivity is 450 pA / 
lumen. 

3.5. Measurement of Gamma 

In order to prevent confusion in the measure-
ment of the transfer characteristic of the vidi-
con, eose control of the measuring conditions 
should be maintained. This is so because in all 
optical systems a certain amount of scattered 
light is inevitably present, even apart from dust 
and the occasional fingerprint which may find 
its way onto the lens or window. The vidicon, 
with a y of less than unity is relatively more 
sensitive at low light levels, and small amounts 
of scattered light may affect measurement 
appreciably. The following calculations will 
demonstrate this. 

Suppose the test chart shown in Fig. 6(a) is 
used, which consists of a plain white rectangle, 
in the centre of which are two small areas, one 
black and the other variable from black to white 
by means of neutral density filters. If there were 
no scatter, the illumination on the target would 
be as shown in Fig. 6(b), where /iv and /0 are 
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the target illuminations in the white and grey 
regions and there is no light in the black region. 
When scattering agents are present the situation 
is as shown in Fig. 6(c). Here, the illuminations 
in the white, grey and "black" areas are l'w, 
l'o and I',. The corresponding signals from 
these illuminations are also shown in the figure 
and are given by the following equations. 

Sw = 
SG = kl 

= ICI' WY 

SG' = kro? 
SG'= kl' Bv 

Ell 

(a) 

(c) 

(1) 

(2) 

Fig. 6. Effect of scatter on the y of the vidicon. (a) 
test chart; (b) signal output for illuminated target 

without scatter; (c) ditto with scatter. 

In order to calculate values of Iw', Id and /p' 
we will at first consider a uniform white test 
chart of brightness 4T21,, where T is the trans-
mission stop of the lens. In the absence of 
scatter, the illumination on the target is /w. If a 
fraction m of the light is scattered, a further 
fraction h of this will still reach the target, and 
we will assume that this is uniformly distributed 
over the target. The new target illumination is 
therefore given by 

I w'= I w - mlw+ hmlw  (3a) 

We now return to the original test chart. Let 
the two small grey and black areas be of bright-
ness 4TIG and zero respectively. Since these 
areas are much less than the total test chart area, 
the scattered light reaching the target, hml w, is 
not appreciably changed. The illumination in 
the grey and "black" areas is therefore given by 

lo' = lo-mlo+hmlw 

ID' = hnilw 

3(b) 

3(c) 

Also, since Sn' is the new black level, the 
measured signals Sw" and SG" are given by 

C, /1 = Sw' - Sn'l 
 (4) and SG" = SG' - Sft'l 

From eqns. (2), (3) and (4) the values of Sp," 
and Sa" may be derived. 

Sw" = krw"' - 

k (1- in + - (hmle} 

SG" = Ian"' - 

w 
k (I 1- m+ hm - (hml w)"') la 

(5) 

From eqns. (1) the correct value of y is given 
by 

log Sw /So 
- 

log /4/0 

and similarly the measured y would be assumed 
to be 

= log Sw"/So" 
Y  

log /44 

Using eqns. (5) the ratio 

Sw" I 

SG" — X (1 - hm lj i-VY ( I G hinLV)'' 
a  

Therefore Y = 
y log A 

log B 

(1- m+hm)Y - (hm)",  
where A - 

(1- m+ hmle - (hmB) 

and B = 

(1 - m 
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It can be shown that the expression log A /log B 
is always positive when y lies between 0 and 1. 
Therefore, the measured y is always greater than 
the true y of the tube. The simplest way to 
minimize the effect of light scatter is to alter the 
test chart so that it is all black except for a 
small area, the brightness of which can be 
varied. The amount of scattered light is thus 
greatly reduced, so that the change in black 
level will usually be negligible, and any residual 
light scatter will be proportional to the bright-
ness of the illuminated area. In this case the 
eqns. (3) become 

¡w' = w (1— m) 
= I (1 — m) 
= 

and it easily follows that the measured y is not 
increased by the scatter. Two curves of signal 
against illumination measured with the original 
and the modified test charts are shown in Fig. 7. 
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Fig. 7. Signal as function of illumination with and 
without scatter. 

The correct procedure to adopt when measur-
ing y depends, of course, on the subject under 
investigation. If we are interested in the proper-
ties of the photo-conductor itself non-scattering 
conditions would always be used, whereas to 
obtain the operating y of the vidicon in normal 
broadcast use, a certain amount of scattered 
light should be present. This could be done by 
surrounding the black, grey and white squares 
by a transparency of a typical scene, so that the 
whole of the vidicon target is illuminated. The 

Fig. 8. Oscillogram of typical lag curve (total lag). 

signal vs. illumination curves of Fig. 3 were in 
fact measured using a chequer board test chart. 

4. Lag 
One of the most important aspects of photo-

conductive tube performance is the problem of 
lag. Lag is due to two effects; first, there is the 
lag inherent in the discharge mechanism of the 
electron beam; secondly, there is the inertia of 
the photo-conductive process itself. 

4.1. Measurement of Lag 

At this point it is perhaps appropriate to 
describe the method used to measure lag. A 
uniform, stationary patch of light is produced 
on the screen of a cathode-ray tube by means of 
a special gun. The screen material has a decay 
constant of only a few microseconds. This 
patch is imaged on the vidicon target for a few 
seconds. Then a line selector pulse is used to 
switch off the illumination immediately prior to 
the .scanning beam reaching the image of the 
patch. Simultaneously, an oscilloscope with a 
slow time-base is triggered off, the Y-plates of 
which are fed with the signal. Each time the 
vidicon beam passes over the previously illumi-
nated patch a signal is generated, due to the lag 
of the tube, and thus the whole lag curve is 
plotted. It must be borne in mind, of course, 
that at the moment the light is switched off, the 
interlaced field has only had half the exposure 
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of the field being scanned at the time and, hence 
the interlace signals are proportionally smaller. 
A typical lag curve is shown in Fig. 8. For 
measuring build-up lag the illuminating cycle is 
reversed, i.e., the cathode-ray "lamp" is pulsed 
on, instead of being cut off, by the line selector 
pulse. 

The discharge lag can be measured in a 
similar manner by pulsing the cathode nega-
tively in the dark, at the right moment and 
observing the decay curve of the resulting signal 
which we call the capacitance signal. In order 
to be independent of any shading, the signal to 
the oscilloscope is gated so as to take in only 
the small area under consideration. The method 
has the further advantage that, in this way, the 
variation of lag over the whole of the target area 
can be measured point by point. 

4.2. Discharge Lag 
To deal with the discharge lag first, it has 

been shown elsewhere' that the speed of dis-
charge depends on the slope of the beam 
acceptance curve and the target capacitance. 
The slope of the curve is limited theoretically by 
the spread of thermal energies of the beam elec-
trons. In practice, it is found that the 
theoretically possible slope is never reached. 
Meltzer and Holmes8 have measured tempera-

. . 1 lit t s I stills 

Fig. 9. Discharge lag 

(a) 

tures in electron beams of C.P.S. Emitrons and 
found values of the order of 2,500°K, whereas 
the actual cathode temperature is only round 
about 1,050°K. The beam temperature was in 
part dependent on beam intensity and, there-
fore, closely connected with the electron optics 
of the tube and gun. It is obvious that there is 
scope here for further improvement. 

For signals greater than 0-1 RA the discharge 
lag component is usually less than 3 per cent. 
after 1/25th sec. It becomes, however, more 
important in the case of small signals of the 
order of less than 0-05 itA. 

When interpreting lag measurements of this 
kind, it is necessary to take into account the fact 
that the scanning pattern is interlaced. Further-
more the size of the scanning spot is certainly 
larger than one line width. Thus, when scanning 
the odd lines 1, 3, 5, etc., the beam will lap off 
a certain amount of charge from lines 2, 4, 6, 
etc. Thus the signal of the odd field will be 
somewhat higher than it should be, while that 
for the even field is reduced in amplitude. By 
overscanning the target in the vertical direction, 
the scanning lines can be spaced wide enough so 
that no overlapping occurs. It is found that 
when overscanning 2: 1, the signals from the 
two fields are almost paired as shown in Fig. 
9(a). The overlapping effect may be restored 

t s se 

(b) 

curve. (a) overscanned 2:1 in the vertical direction. (b) the same, slightly defocused 
to simulate normal scanning conditions. 
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without altering the target capacitance by 
slightly defocusing the beam, as is shown in Fig. 
9(b). This permits a conclusion to be drawn 
about the actual spot size. It appears, that the 
size of the spot is just over two lines wide. This 
is also borne out by experiments described in 
the section on resolution. 

4.3. Photo-conductive Lag 
After cessation of illumination, the photo-

conductor does not return immediately to its 
highly insulating state but the conductivity 
decays over a period of time. We have measured 
lag curves on a very large number of tubes and 
have obtained certain reproducible results. It 
is well known that the lag decreases with 
increasing illumination. By measuring the first 

so 
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Fig. 10. Lag as function of target voltage for different 
• illumination. 

lag signal after 1/25th sec as a function of 
target volts, illumination and output signal, it is 
possible to draw families of curves such as 
shown for a typical tube in Fig. 10. It can be 
seen, when plotting the first lag signal after 
1 / 25th sec against target voltage, that the curves 
have a minimum, followed by a maximum. 

Each of these curves applies to a different, 
constant illumination which we have chosen to 
represent typical applications such as film 
scanning, studio and low brightness subjects. 
The first decrease in lag for increasing target 
volts is, of course, to be expected, because the 
signal increases and, with it, the voltage swing 
on the target. Hence the discharge lag decreases 

till it is so small that it becomes negligible com-
pared with the photo-conductive lag. The sur-
prising fact is the subsequent maximum. One 
might expect the lag to rise for signal currents 
so high that the beam is insufficient to discharge 
the target. However, the observed rise is 
certainly not due to this effect, because the lag 
actually decreases again for still larger signals. 
Also, the signal amplitudes in the rising parts 
of the curves are quite moderate and the target 
should be easily discharged by the beam. The 
minimum lag occurs for signal currents between 
0.25 and 0.3 µA over a range of target illumina-
tions from 30 ft.-candles down to about 2 ft.-
candles. At lower illuminations the minimum 
tends to shift to lower signal currents and is less 
pronounced. For example, for the tube shown 
in the figure, it occurs at about 0.08 FLA of signal 
current for a target illumination as low as 0.4 
ft.-candles. The authors are still unable to 
explain the occurrence of the minimum or of 
the following maximum, but from the point of 
view of the user it appears preferable to operate 
the tubes with signal currents between 0.25 and 
0.3 RA when aiming at minimum lag. It has 
been proposed9 to operate tubes at rather high 
dark currents of the order of 0.2 RA. This is 
possible without excessive shading for very uni-
form target layers in tubes of the so called "pip-
less" type. As has been seen earlier, this is 
certainly the condition for obtaining high 
sensitivity. A limit is set, however, by the fact 
that the photo-currents saturate. These satura-
tion points coincide with the maxima of the 
lag curves in Fig. 10 where also the y of the tube 
rises steeply towards unity. If the overall y is 
then reduced by means of a correction circuit, 
the effect is to raise the low signal amplitudes 
in relation to the high ones and thus the low 
amplitude lag signals can sometimes become 
more visible. 

When measuring the photo-conductive lag, it 
is found that the signal amplitude drops very 
rapidly at first, followed by a long, low-level 
tail. This tail may extend over many frames. 
At first it was thought to be most essential to 
reduce the first lag signal as much as possible. 
Soon it became clear, that the tail can be at 
least as troublesome, depending on the picture 
content. If an object of some shade of grey 
moves across a background of fixed scenery such 
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as furniture, windows, etc., the long-term lag 
makes the stationary signal appear super-
imposed on the moving one. A moving person, 
for example, becomes semi-transparent. This 
effect has been called "print-through." The visi-
bility of this kind of lag is enhanced by an 
increase in gamma because the contrast with the 
surrounding field is increased, and these signals 
are compared with their surroundings by the 
eye of the observer. Here, one must be on one's 
guard again, however. The lag was measured 
with an oscilloscope. A number of observers 
were then asked to assess the visibility of this 
lag when viewing a test scene consisting of a 
fixed geometric white and grey pattern, covered 
up by a moving black square. It was found that 
the visibility varied at random between 
observers and from one test to the next. The 
cause of this was traced to the way in which the 
lag was observed. When the eye of the observer 
was fixed on the stationary pattern, the lag was 
much less visible than when the eye followed 
the leading edge of the moving black square 
covering up that pattern. 

Another way of reducing lag is the applica-
tion of bias light'. If a uniform bias illumina-
tion is superimposed upon the picture illumina-
tion the surface potential on the target is 
increased and the discharge lag is thereby 
reduced. Moreover, the increased total illumi-
nation causes a reduction in photo-conductive 
lag. At a target illumination of 5 ft.-candles 
and for a bias illumination which causes a signal 
of about 0-05 µA, the first lag signal was found 
to be reduced by one third and the amplitudes 
of the signals in the tail of the lag curve by 
nearly half. No substantial further improve-
ment was found for light bias values causing 
signal currents of more than 0.05 FiA. These 
figures were measured objectively and are cer-
tainly correct, but subjectively the difference 
in a studio pictpre with and without bias light 
was hardly noticeable. The main reason was 
found to be that most scenes carry their own 
bias light, because the general scene illumination 
produces, in most cases, a signal of the order 
of 0.05 µA or more, beyond which further bias 
light has little effect. 

Under special circumstances, such as white 
figures against a black background, bias lighting 
can give a substantial improvement. We may 

say therefore, that an increase in y will improve 
the subjective lag of a white object moving 
across a black background while it will increase 
the visibility of lag from an object moving across 
a patterned grey background. No completely 
satisfactory solution of the problem of lag has 
yet been found. 

5. Resolution 
The resolution of a vidicon is limited mainly 

by the finite size of the focused scanning beam. 
In considering lag it was shown that the beam 
is just over two lines wide. It is known that the 
beam electrons are not homogeneous in velocity, 
but have varying lateral components due to their 
thermal emission energies and the imperfections 
in the electron optics of the tube. 
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Fig. 11. Frequency response curve of E.M.I. vidicon 
10667. 

The part of the beam actually used in dis-
charging a picture element. will depend on the 
instantaneous potential of that element. For 
small signals and, therefore, small potential 
changes on the target, only the fine tip of the 
beam is effective, whilst larger signals will 
require the whole of the beam for discharge. 
Hence one expects, and finds, that the modula-
tion decreases with increasing signal current. 
The discharge of an element as the beam moves 
in the line direction will be by the leading edge 
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of the beam, and the subsequent frequency 
response will be a complex function of the 
above-mentioned factors. The frequency 
response for a typical tube under varying 
operating conditions is given in Fig. 11. 

The resolution can be improved by increasing 
the field between the mesh and the target. This   
could be achieved by reducing the mesh-to-
target spacing but the mesh would come into 
focus and be seen in the picture. Instead, the 
first anode voltage can be raised from 300 to 
500 V, the wall anode voltage to about 490 V, 
and the axial magnetic field increased suffi-
ciently to focus the beam. Then at 3 Mc/ s or 
530 lines across the target, there is an improve-
ment of 2-5 db in modulation at a signal current 
of 0-2 A. 

As the beam is wider than one line, there is 
an added complication due to interlaced 
scanning. While the beam scans one field it will 
also discharge some of the signal on the inter-
laced field that it overlaps. By sampling the 
signals along a vertical line in the picture'° one 
can measure the width of a horizontal black-to-
white transition. Using this method, it has been 
confirmed that the focused spot is between two 
and three lines wide as deduced from measure-
ments of capacitance lag. Under normal operat-
ing conditions two to three lines are necessary 
for such a transition, whilst under high field 
condition it takes only two lines. Of course, 
such high field operation requires about 70 per 
cent. more scan power and about 30 per cent. 
more focus current. At present, tubes are 
operated at maximum voltages of 300 V, mainly 
from circuit considerations. 

The y of the pick-up tube has a consider-
able influence on the measured modulation. 
Consider a pattern of vertical black and white 
bars projected optically on to the tube face. 
Let the peak white illumination for a large area 
be h, and the intensity for a white bar be 12. 
There will be some illumination in- the black 
bars due to optical aberrations and scatter and 
the intensity there may be equal to I. The trans-
fer characteristic is S= kP, therefore, the 
modulation 

12"-11"  
Al ==  -3;0 10"' • 

Taking a practical example of h --,- 100 units, 
/2 = 90 units and I = 10 units of illumination, 
the modulation can be seen to vary with y as 
given in Table 1. 

Y 

Table 1 

% Modulation 
Amplitude 
Loss db 

1-0 

0-85 

65 

0.50 

O'35 

80 

68 

64 

58 

48 

- 1-9 

- 3.4 

- 3-9 

- 4-8 

- 6.4 

6. Geometry 

The picture geometry produced by a vidicon 
is governed by the electron optics of the tube 
itself, and the action of the scanning and focus 
fields on the electron beam. Correct geometry 
can be attained by mutually matching tube and 
scanning and focus coils. It can happen that a 
tube may give a geometrically accurate picture 
in one set of coils, but be quite unsatisfactory 
in those of a different design. 

It has been shown" that the optimum dimen-
sions for a low-velocity scanning system are 
achieved when the length of the deflecting field 
is made equal to an integral number of focus 
loops of the electron beam in the axial magnetic 
field. 

In these circumstances, deflection of the 
beam does not introduce any further lateral 
components into the beam. Unfortunately, the 
vidicon has only one loop between gun and tar-
get. The scanning field must, therefore, be 
shorter than this in order to leave sufficient 
room for alignment coils. Thereby some errors 
are introduced. The most common geometrical 
error is that of pin-cushion distortion in the 
displayed picture; this corresponds to barrel dis-
tortion of the scanned raster on the target of the 
pick-up tube. Another error is the difference in 
focusing voltage between the centre of the tar-
get and the corners. The deflection of the beam 
causes an inevitable increase in path length and 
this causes the corner focus to be in front of the 
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target whilst in the centre of the picture the 
electrons are in focus at the target. 

SCANNED AREA 

50V ,,,,,, ov ',if 50V  

-60 

-1804 

240V 

 .300V  
ION TRAP MESH 

a 

Fig. 12. Electrostatic field in front of target without 
and with "geometry" ring. 

Some correction of the pin-cushion error and 
the differential focus can be made by modifying 
the planar electrostatic field between the ion 
trap mesh and the target. By keeping the 
average velocity of the deflected beam higher 
than that of the undeflected beam after passing 
through the mesh it will then be in focus nearer 
the target. The potential and therefore the 
velocity of the deflected beam can be kept 
higher by means of a ring electrode extending 
forward from the ion trap mesh and at the same 
potential. The change in equipotentials can be 
seen in the two halves of Fig. 12. It is found 
that, with a suitable depth of this "geometry" 
ring, substantial correction can be made both 
for differential focus and the pin-cushion distor-
tion. A considerable improvement in geometry 
and overall focus can be made by increasing the 
diameter of the scanning coils themselves. This 
is due to the electron beam in its extreme 
deflected position not being too close to the 
distorted magnetic field associated with the end 
turns of the scanning coils. By making the two 
sets of deflection coils separate and mutually 
adjustable for both relative angle and longi-
tudinal position, it is possible to realize an 
accuracy in picture geometry better than three 
picture points. This has been achieved in the 
E.M.I. three-vidicon colour cameran where it is 
necessary to register accurately three such 
vidicon assemblies. 

It has been found that tubes made with com-
pletely non-magnetic electrodes and signal plate 
rings are no better in performance than those 
of normal construction employing magnetic 
materials. 

7. Spectral Response 

The response of the antimony trisulphide 
layer is substantially panchromatic and quite 
adequate for normal broadcast applications. In 
the ultra-violet, the glass window limits the 
response and by replacing it with a quartz win-
dow, the tube is still quite sensitive at 2350 
angstroms. 

For the infra-red region a different photo-
conductive layer is necessary. Unfortunately, 

infra-red sensitive photo-conductors have low 
resistivity, and the choice of a material used for 
such a target is necessarily a compromise be-
tween sensitivity and adequate resistivity for 
full storage. It has been possible to develop 
layers", giving a response out to 1 micron. 

8. Other Effects 

The target of the vidicon can be permanently 
damaged by passing grossly excessive currents. 
It appears to be inevitable that a faint burnt-in 
image of the scanned raster will appear after 
several hundred hours' use. However, if the 
tube is always scanned with the correct size 
raster, properly orientated, no trouble arises. 

Scanning failures do not burn the target, 
unless the dark current is excessive. In fact, it 
has been found with E.M.I. tubes that burning 
only occurs when the dark current exceeds 0-8 
¡at, which is far above the normal operating 
value. Burning does not occur when the total 
signal exceeds 0-8 RA, providing that the dark 
current component itself does not exceed 0-8 
A. Of course, a focused image of the sun or 

any other intense source will cause permanent 
damage due to its heating effect alone. 

Vidicon tubes also exhibit fatigue effects 
initially, i.e. the sensitivity is lower temporarily 
after exposure to light. The tendency to 
fatigue is not persistent and disappears after 
10 or 20 hours' normal use of the tube. 

9. Conclusion 

We may say, therefore, that vidicons are still 
not able to perform all the functions fulfilled by 
the ideal pick-up tube. On the other hand, by 
choosing the optimum operating conditions 
suited to a particular application, very good 
performance can be achieved. 
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MEDICAL ELECTRONICS GROUP ACTIVITIES 

The Medical Electronics Group of the 
Institution has made valuable contributions to 
the Institution's proceeding since it was 
officially formed in February 1959. Many mem-
bers of the Institution who are not profes-
sionally engaged in medical electronics have 
found that meetings of this Group offer a wide 
range of interests in the application of elec-
tronics. Techniques employed in practice are 
often unconventional from the engineer's view-
point, a situation which has been created by 
slender budgets and the unusual requirements of 
medical practitioners. 

The meetings of the Group have always 
attracted enthusiastic attendance. A very 
diverse series of subjects has been covered, as 
extracts from the Group's proceedings show. 

"Aviation in Medicine and Electronics"—G. H. 
Byford. This paper reviewed the work of the 
R.A.F. Institute of Aviation Medicine, making 
particular reference to electronic techniques 
employed. It will shortly be published in the 
Journal. 

"Physiological and Acoustical Aspects of Hear-
ing"—Dr. R. P. Gannon of the Charing Cross 
Hospital Medical School. The especial interest 
of this paper was the way in which it showed 
the part played by electronics in discovering 
the mechanism of hearing. 

"Measurement of Signals in the Presence of 
Noise"—D. A. Bell, Ph.D. and Dr. G. D. 
Dawson. At this very well attended meeting a 
number of new techniques of cross correlation 
were described, including storage tubes. 

"The Unification of Electronic Clinical Instru-
ments"—Dr. F. D. Stott. This paper empha-
sized the need for drawing up accepted tech-
nical specifications on instruments in common 
use so that they were interchangeable and the 
results obtained were comparable. During the 
discussion the importance of laying down 
safety requirements was raised, and the Group 
Committee is considering a programme of 
work on this subject. 

"Continuous Recording of Heart Activity"— 
Dr. I. Boyd and W. R. Eadie (Associate Mem-
ber). The problems dealt with in this lecture 
were the recording of cardiac output, rate and 
volume, involving the development of a sensi-
tive venous pressure meter and a servo 
assisted pen recorder. 

"Nerve Impulses from Stretch Receptors in 
Muscle"—Dr. J. G. Nicholls of University 
College, London. The paper discussed the 
highly sensitive biological transducers asso-
ciated with nerves in which a stretch gives 
rise to potentials in the nerve endings. 

Bibliography on Medical Electronics.—The 
Institution has, in co-operation with the Rocke-
feller Institute for Medical Research, provided 
data for the compilation of the second edition 
of the Bibliography on Medical Electronics. 
This is being published by the Professional 
Group on Medical Electronics of the Institute 
of Radio Engineers of America. Arrangements 
are being made for the Brit.I.R.E. to distribute 
the Bibliography to members of the Inter-
national Federation for Medical Electronics. 

International Health Study by the United 
States Senate.—A Sub-Committee of the United 
States Senate on international organizations has 
been set up as part of an international research 
review. The Institution has co-operated in the 
completion of a survey on the use of medical 
electronics in the United Kingdom, and the 
Committee was congratulated by Senator H. H. 
Humphrey for its assistance and other impor-
tant work in this field. 

A Descriptive Title.--In view of this month's 
editorial on the naming of a Specialized Group, 
it is worthy of note that the Council has asked 
the Medical Electronics Group Committee to 
consider the suggestion made by Professor 
A. V. Hill in his Inaugural Address. Professor 
Hill pointed out that "Biological Electronics 
Group" was a more appropriate name, and the 
Group Committee is considering the incorpora-
tion of this phrase in its title. 

The J. Langham Thompson Premium.—The 
Group Committee has been much encouraged 
by the endowment by a Vice-President of the 
Institution of a Premium for outstanding papers 
published in the Journal on medical electronics. 
It should be emphasized, that all papers on 
medical electronics may also be eligible for 
consideration for other Institution awards, for 
example, the Clerk Maxwell or Heinrich 
Hertz Premiums or the Rutherford Award. 
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CHAIRMEN OF LOCAL SECTIONS 

The present Chairman of the North Eastern Section, Jack Bilbrough, 
has held office since 1958. Before that he had served the Committee for 
a number of years as Programme Secretary, and he continued to look after 
this important aspect of the Committee's work until the end of the 
1959-60 session. 
Born near Sheffield in 1915, Mr. Bilbrough received his technical 

education at Barnsley Technical College and at the beginning of the war 
he joined the Ministry of Aircraft Production as Technical Officer. He 
worked for seven years at the Telecommunications Research Establish-
ment in Swanage and Malvern on airborne centimetric radar and air 
transportable equipment. 

In 1946 he joined Scanners Limited of Pelaw-on-Tyne as engineer in 
charge of the development of the Company's products; in 1950 he left to form Microwave Instru-
ments Limited of North Shields, and became director and general manager. He was initially 
responsible for all technical aspects of the Company's work, particularly in the design of micro-
wave test equipment and since 1956 he has been managing director. He continues to take a 
leading part in the Company's technical developments. 

Mr. Bilbrough was elected an Associate of the Institution in 1952 and in 1958 he was trans-
ferred to Associate Member. 

Frank Christopher Potts was elected Chairman of the Merseyside Sec-
tion in 1958 having previously served the Section in the offices of Vice-
Chairman and of Treasurer. 
Born in Wallasey, Cheshire, in 1914, Mr. Potts was educated at Birken-

head School and Liverpool University, where in 1935 he received a 
B.Sc. degree with honours in physical chemistry; in 1937 he was awarded 
an M.Sc. for a thesis on spectroscopic determination of copper. 
With the exception of war service, first with the Air Ministry and later 

as a serving officer with the R.A.F., Mr. Potts has been exclusively 
engaged in the patent profession. He joined the Liverpool firm of W. P. 
Thompson & Co. as a Technical Assistant in 1938 and in 1946 became 
a Chartered Patent Agent; he was a partner in this firm from 1946 until 
1957, when he became sole proprietor of the practice of A. J. Davies in which he had been a 
partner since 1952. He now divides his time between his practices in London and on Merseyside. 
Mr. Potts was elected an Associate Member of the Institution in 1943. 

Joseph Cotterell, Chairman of the South Wales Section since 1958, is 
Principal of Llandaff Technical College, Cardiff. He has served on the 
Committee since the Section was formed in 1954. 

Mr. Cotterell was born in Wednesbury, Staffordshire, in 1914 and 
received his technical education at the Wednesbury County Technical 
College, obtaining the Higher National Certificate in 1937. Before becom-
ing a lecturer in radio engineering at Birmingham Central Technical 
College in 1940, he held engineering appointments with the Midland 
Electric Corporation. From 1942 to 1946 Mr. Cotterell lectured in radio 
and electrical engineering subjects at Walsall Technical College, latterly 
as senior lecturer, and in 1946 he was appointed to take charge of the 
Engineering Department at Burton-on-Trent Technical College. He 

became Principal of Llandaff Technical College in 1954. 
Mr. Cotterell was elected an Associate of the Institution in 1943 and in 1948 he was transferred 

to Associate Membership. 
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A Proposed Space-Charge-Limited Dielectric Triodei-

by 

G. T. WRIGHT, PH.D. 

A paper read before a meeting of the Institution in London on 13th January 1960 

In the Chair: Dr. T. B. Tomlinson (Associate Member) 

Sununary: Recent experiments have shown that large, controllable, space-charge-
limited (s.c.1.) current can be obtained in insulating crystals of cadmium sulphide 
if these are grown sufficiently free from lattice defects and provided with a suitable 
cathode contact. A dielectric diode made in this way is analogous to the 
thermionic vacuum diode; in particular there is the possibility of adding a control 
electrode to form the dielectric triode which, together with the vacuum triode and 
the semi-conductor transistor will complete the basic trio of charge-control devices. 
This paper anticipates the construction of this triode and deduces the characteristics 
which it should possess. 

The basic equations of the triode are derived and it is shown that its d.c. charac-
teristics should be very similar in form to those of the vacuum triode. Frequency 
characteristics are determined by electron trapping effects and equations are 
derived describing the response of the triode to time-varying signals. These equa-
tions are solved for the case of a sinusoidal signal voltage and the frequency 
dependence of mutual conductance and anode resistance calculated. It is shown 
that a triode relatively free from electron traps should have quite uniform 
characteristics up to frequencies at which transit times of the order of lmpsec 
become significant and should therefore be useful as a wide-band video amplifier. 
However, if the triode possesses a high density of shallow traps its parameters 
are markedly dependent on frequency. It is shown that in this case the mutual 
conductance should rise and the anode resistance should fall, possibly by very 
many times, as the operating frequency increases. The high frequency values 
should be maintained up to frequencies at which transit times of the order of 
0. Imp.sec become significant; the device should thus be a useful v.h.f. amplifier. 

Because of its necessarily small size there are many technological problems 
involved in the construction of a practical triode. The development of the device 
is a worthwhile proposition, however, because it should possess a high input 
resistance, be relatively insensitive to temperature changes, and in its applications 
should be able to utilize the vast amount of circuit design accumulated for the 
vacuum triode. 

1. Introduction 

It has recently been shown that large and 
controllable space-charge-limited (s.c.1.) current 
can be obtained in insulating crystals of cad-
mium sulphide if these are grown sufficiently 
free from lattice defects and provided with a 
suitable cathode contact'. A new class of s.c.l. 
dielectric devices is now being developed which 
is expected to complement semi-conductor 

t Manuscript received 9th October 1959. (Paper 
No. 555.) 

Materials Group, Electrical Engineering Depart-
ment, University of Birmingham. 

U.D.C. No. 621.315.61 

devices in applications at moderately high 
impedance or voltage levels, where insensitivity 
to temperature changes is required or where 
operation at very high frequencies is required. 

One of the most attractive of the new devices 
which can be envisaged is an amplifying s.c.l. 
dielectric triode. This device would have the 
usual advantages of crystal valves as regards 
small physical size, mechanical robustness, and 
freedom from heater supplies, should have a 
gain-bandwidth product at least comparable 
with that of the vacuum triode or the transistor, 
and should possess the high input impedance 
which is characteristic of the vacuum triode. 
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This paper anticipates the development of 
this device and presents a simplified theory of 
its operation. It is shown that by using a crystal 
relatively free from electron trapping levels it 
should be possible to make a wide-band video 
amplifier. Alternatively, by using a crystal con-
taining a high density of shallow electron 
trapping levels it should be possible to make an 
amplifier in which the mutual conductance rises 
many times as the operating frequency rises; 
such a device would be particularly suitable 
for high frequency applications. 

Much of the theory of the dielectric triode 
and particularly any assessment of its potential 
value is based on the results of research with 
s.c.l. dielectric diodes 2' 3. It is therefore appro-
priate to discuss briefly the mechanisms of 
diode operation, and summarize experimental 
diode characteristics before considering the 
design and operative mechanisms of the triode. 

2. Space-Charge-Limited Dielectric Diodes 

The whole possibility of achieving current in 
insulators rests on the central fact that electrons 
can travel freely through an electric potential 
field which is periodic in space. The interior of 
a perfect crystal represents such a periodic 
potential field, consequently an electron should 
be able to travel through it without difficulty. 
The only condition to be met is that the energy 
of the electron must be within certain well-
defined ranges; these allowed ranges are 
characteristic of the crystal and form the 
"allowed energy bands" of the crystal. 

• However, under normal circumstances 
current does not flow in insulating crystals; 
there are two main reasons for this. Firstly, the 
allowed bands of insulators seem to be above 
the energy levels occupied by electrons in 
metals. Thus at the contact between a metal 
and an insulator there is a step in electron 
potential which forms a contact potential 
barrier preventing the large scale introduction 
of electrons into the crystal from an external 
source. Secondly, all real crystals contain lattice 
defects some of which are able to act as electron 
traps. Thus even if small numbers of electrons 
do manage to enter the crystal most fall into 
electron traps and are unable to contribute to 
current. 

2.1. Construction of Experimental Diodes 

Experiments have shown that for the case of 
insulating crystals of cadmium sulphide at least, 
it is possible to eliminate these various obstacles 
to electron movement and obtain s.c.l. current. 
Thin, flat, transparent, yellow, crystal plates of 
this material can be grown quite readily by con-
densing thé vapour in nitrogen at a temperature 
of about 900°C. Diodes are made by soldering 
the crystal plates with indium on to brass or 
nickel stubs which act as heat sinks. During 
this process, which forms the electron injecting 
cathode, temperature control is rather critical; a 
temperature of about 340°C maintained for a 
few seconds has been found most suitable. The 
anode is formed by any convenient means such 
as using colloidal graphite or silver paste 
cement or vacuum evaporated metal layers. 
Diodes made in this way have electrode areas 
typically of the order of 1 mm2. Reverse resis-
tances in the dark are typically of the order of 
10'° to 1012 ohms; forward currents in the dark 
are typically in the range of a fraction of a 
microampere to hundreds of milliamperes 
depending on trap content and thickness of the 
crystal and the applied voltage. 

2.2. Diode Operation and Characteristics 

The basic equations which describe current 
flow in insulators are mathematically intract-
able and probably impossible to solve in their 
general form. However, approximate solu-
tions4-8 have been found for various restricted 
ranges of interest and by combining these 
a fairly representative overall picture of 
theoretical characteristics can be obtained. 
These calculations are illustrated in Fig. 1 which 
shows on one diagram the various types of 
current characteristics to be expected. This 
overall picture is well supported by the experi-
ments which have been made with cadmium 
sulphide diodes. 

2.2.1. Deep-trap limited current 

At small applied voltages the charge injected 
into the crystal is small. Most of this charge 
falls into deep-lying traps and does not con-
tribute to current.° Thus currents are very small 
and non-linear; this is region (a) in the diagram. 

The density of conduction electrons is given 
by n(x) = No exp ( - W I kT) and the density of 
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trapped electrons is given by 
nt(x) = Nt +exp [(WI - W g)I kn. 

In these expressions N, is the total effective 
integrated density of conduction levels (N0 = 
2[2m kT I h2]312); N0 is the density of trapping 
levels; Wt is the position of the Fermi level 
measured downwards from the conduction band 
of the crystal, and 1310 is the position of the 
trapping levels measured in the same way. 
Under practical conditions n(x) will always be 
very much smaller than N, so that classical 
statistics can always be applied to the 
occupation of the conduction levels. 
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Fig. 1. Illustrating current/voltage relations for 
s.c.l. current in insulators. 

(a) deep-trap limited region, 
(b) trap-filled transition region: Vr = eNtd2I2E, 
(c) modified square-law region: i = 9EROA V2/8d3, 
(d) proportional current region: V.= 9eNtd2I8E, 
(e) ideal square-law relation: I = 9ERAV2I8d3. 

To estimate the order of magnitudes involved 
we may evaluate the trapping factor 

O = n(x)I [n(x)+ nt(x)] 
for a crystal containing 10'5 traps/cm' at a 
depth of 0.8 eV; this is approximately one trap 
in every 108 lattice sites and is a typical figure. 
The quantity O is a measure of the fraction of 
charge in the crystal which is free to contribute 
to current; in this case O 10-8 so that the 
current is very much smaller than if the traps 
were absent. 

As the applied voltage rises more charge is 
injected into the crystal and eventually the 
traps-filled voltage limit Vr is reached at which 
all deep-lying traps are filled. At this point the 
current rises steeply towards its s.c.l. value for 
the deep-trap free crystal; this is region (b) in 
the diagram. The traps-filled voltage limit is 
given approximately by VT = eNt (1212s where 
d is the thickness and a is the absolute permit-
tivity of the crystal. For a crystal 25 microns 
thick with a trap density of 10'5/cm3 the traps-
filled voltage limit occurs at about 800 volts. 

In order to obtain useful current at low 
voltages so that practical devices can be 
developed it is evident that traps as deep as 
this must be reduced in number. Using very 
careful crystal growing techniques diodes can 
be made with traps-filled transition voltages of 
the order of one volt and less 2' 3. This shows 
that effective deep-trap densities in the crystals 
are of the order of 1012 - 10'3/cm3. 

2.2.2. Square-law response 
When the density of deep traps has been 

reduced to effectively negligible proportions the 
s.c.l. current follows a square-law dependence 
upon applied voltage 4' 6; this is region (c) in 
the diagram. This square-law has been experi-
mentally observed in a large number of diodes 
both for steady current conditions and for 
microsecond pulses; it is, of course, the solid 
state analogue of the three-halves law for 
vacuum. 

Even though. deep-traps may have been 
effectively eliminated the crystal may contain 
large numbers of shallow traps; these are traps 
which lie above the Fermi level while deep 
traps are those which lie below it. For shallow 
traps the trapping factor O = n(x)l[n(x)+nt(x)] 
becomes O = No/[No+Nt exp (WtIkT)]; it now 
has the same value at all points in the crystal 
and is independent of applied voltage. To 
illustrate the order of magnitude involved we 
may take once again the case of a crystal con-
taining 10's traps/cm3 but this time at a depth 
of 0.2 eV. For this case O 0.9 and the current 
obeys a square-law dependence upon voltage 
but has only 0.9 of its value for the trap free 
crystal. More precisely i = P(V - Tie where P, 
the permeance of the crystal, is given by 
P = 9E0,418d'. In this expression µ is the 
mobility of electrons in the crystal and A is the 
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area of the electrodes applied to the crystal. 
The voltage threshold V, is basically of work 
function origin and can, if desired, be absorbed 
into the definition of anode voltage V. Taking 
representative values of ar = 11, p. = 0-050/ 
volt sec, and d = 25 microns as before, gives 
PIA = 0.032 amp/cm2 V'. Thus for 10 volts 
applied the current density is 3.2 amp/cnf. 

Diodes which operate under s.c.l. conditions 
should be relatively little affected by moderate 
temperature changes. Measurements made with 
cadmium sulphide diodes over the temperature 
range from + 120°C to - 190°C show that in 
general there is little variation in diode charac-
teristics above room temperature but that the 
current at constant voltage increases slowly as 
the temperature falls and at - 190°C may be 
about double its room temperature value. Most 
of this increase occurs below about - 50°C and 
is attributed to mobility changes.3 

In addition, the "switch-on" and "switch-off" 
response should be extremely rapid. Measure-
ments have shown that after switching steady 
state conditions are reached in a time less than 
3 millimicrosec, the response time of the 
sampling oscilloscope used, and that there is no 
detectable charge storage.' 

2.2.3. Proportional current 

If the applied voltage is high enough the 
whole cathode space-charge is moved across the 
crystal and the current is no longer space-
charge-limited4. This occurs *hen the applied 
voltage is equal, approximately, to V, 
8e N. d2/9e. In this expression N, is the density 
of electrons in the crystal at the cathode contact; 
N. = N, exp ( - W,IkT) where N, is the effec-
tive height of the contact potential step at the 
cathode contact. If W. could be made as small 
as 0.1 eV which is certainly possible in principle 
then V, would be of the order of 1,000 volts and 
it could be assumed that the square-law would 
be obeyed under all practical voltages. 

Above the voltage V, the current is propor-
tional to applied voltage because the electron 
velocity is proportional to the applied field; 
this is region (d) in the diagram. This region 
has not yet been observed experimentally be-
cause power dissipation in the crystal limits the 
voltage which can be applied. 
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From this very brief account of the mecha-
nisms of s.c.l. current in insulators it is evident 
that if a practical triode is to be developed thin 
crystals must be used in which effective deep-
trap densities are at least as low as about 
1012 _ 10'3 traps/cm'. Currents will then be of 
useful magnitudes at low applied voltages and 
will follow a square-law dependence upon 
applied voltage. Accordingly, in this paper we 
shall consider only the practical situation in 
which deep-trap densities have been reduced to 
effectively negligible numbers. 

Under these conditions there is a marked 
resemblance between s.c.l. dielectric devices and 
s.c.l. vacuum devices 4' 6; this is demonstrated 
by a comparison of the dielectric diode and the 
vacuum diode. 

2.3. Comparison of the Dielectric Diode and 
the Vacuum Diode 

Like the thermionic vacuum diode the 
dielectric diode is basically a capacitor in which 
the negative plate can emit electrons into the 
normally insulating region between the plates. 
The charge stored on the capacitor is thus con-
tinuously in transit between the plates and 
current is obtained. The situation is illustrated 
in Fig. 2 which compares the vacuum diode and 
the dielectric diode on this basis. It should be 

CAPACITOR 

+0 

+ + + 

EA 
C = 

d 

Q = CV 

¡ = 

VACUUM DIODE 

4EA 
= 3d — 
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4V x ) 1/3 
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3d d 

(9md2\ 1/2 
te = 2ev ) 

4EA ( 2e \1/2 v3/2 
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I + +  

3EA 
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2d 
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G • = 3V x ) 1/2 — 
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4d2 
= 
' 3ti.V 

9ett0A V2  
8d3 

Fig. 2. Comparison of the thermionic vacuum diode 
and the dielectric diode. 
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remembered, however, that there are two funda-
mental differences between the two cases. 
Firstly, in the vacuum diode electrons move 
with an acceleration which is everywhere pro-
portional to electric field strength; in the 
dielectric diode electrons move with a velocity 
which is everywhere proportional to electric 
field strength. This is basically the reason for 
the square-law dependence of current upon 
voltage for the solid compared with the three-
halves law for s.c.I. current in vacuum. 
Secondly, in the dielectric diode some of the 
charge in the crystal is trapped. However, since 
the ratio of free to trapped charge is the same 
at all points in the crystal the electric field dis-
tribution and the total charge distribution in the 
crystal is not affected. Thus trapping only 
reduces the magnitude of the current and does 
not affect the form of the current/voltage rela-
tions. Bearing this in mind the current is given 
in each case by the ratio of free charge to tran-
sit time. 

Most of the basic features of s.c.l. dielec-
tric diodes have now been experimentally 
observed 1. 2. 3 and it is therefore pertinent to 
enquire whether a s.c.l. dielectric triode can be 
developed. The possibility of such a device has, 
of course, been discussed previously but the 
absence of any practical demonstrations of s.c.I. 
current in insulators has precluded its considera-
tion as a useful device. However, the develop-
ment of s.c.l. dielectric devices now seems 
realizable and it therefore seems worthwhile to 
consider what sorts of properties a dielectric 
triode would have and to make some assessment 
of its potential value in complementing the 
transistor and the vacuum triode. 

3. The Space-Charge-Limited Dielectric Triode: 

Static Characteristics 
The dielectric triode is derived from the diode 

by inserting a third electrode between cathode 
and anode to act as a control "gate." Ideally, 
the gate should consist of a conducting layer 
parallel to the cathode, thin enough to be com-
pletely permeable to electrons in transit but 
thick enough to be sufficiently conducting that 
the charging time of the input capacitance of 
the device should not be greater than the tran-
sit time of electrons between cathode and gate. 
Such a device would have a high input resistance 

and the very desirable pentode type charac-
teristics. Unfortunately, even if a suitable com-
promise between the two basic and conflicting 
requirements for the gate could be achieved the 
insertion of a control electrode into the solid 
crystal would be a very difficult technological 
problem. Accordingly, for an initial practical 
device it seems more feasible to think in terms 
of a grid structure for the gate as in the vacuum 
triode. Such a control grid could possibly be 
made by etching slots in the cathode surface of 
the crystal to take the grid conductors deposited 
by some means such as vacuum evaporation. A 
further difficulty in this connection is that to 
make a useful device the spacing of the grid 
conductors would have to be very small, pos-
sibly of the order of a few microns. It will thus 
be necessary to develop micro-techniques for 
carrying out the rather intricate crystal shaping 
and precise electrode placing required. In this 

CATHODE 

_ GRID 

CRYSTAL--

ANOrIF 

Fig. 3. Schematic illustration of a proposed design 
for a dielectric triode. The diagram shows a type of 

electrode arrangement which might be used. 

connection it is relevant to note that techniques 
of fabrication of solid-state devices and their 
associated circuitry are already tending towards 
micro-miniaturization. Thus, although the con-
struction of a practical dielectric triode at 
present is possible but difficult, there is little 
doubt that this tendency towards micro-
miniaturization already existing will make the 
device a much more practical proposition with-
in a relatively short time. 

A possible form which a practical device 
might take is illustrated in Fig. 3. This diagram 
shows a rather idealized arrangement in which 
the grid conductors lie in narrow slots etched in 
the cathode surface of the crystal; this arrange-
ment does have the advantage that the crystal 
itself provides support for the electrodes. This 
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design is not aesthetically pleasing and will 
probably not be simple to achieve in practice 
but it would seem that an electrode arrange-
ment of this sort will be necessary if voltage 
amplification is to be achieved. 

3.1. Theoretical Steady- current I Voltage 
Relations 

The mechanisms of operation of the dielectric 
triode will be very similar to those of the 
thermionic vacuum triode. In both devices 
s.c.l. current flows through what is normally an 
insulating region and in both devices current is 
controlled by the electrostatic field produced by 
a grid placed between anode and cathode. Be-
cause of these basic similarities it is considered 
justified to apply to the dielectric triode the 
same type of semi-empirical analysis which has 
been used successfully for the vacuum triode; 
the theory developed in this and the next Sec-
tion is based on this premise. There are 
differences between the two devices of course 
but these are essentially of degree and not of 
kind. Some of these differences are discussed in 
Section 5.1 and it is concluded that this 
theoretical approach is acceptable provided it is 
realized that it can only be regarded as 
approximate. 

In the dielectric diode the current obeys a 
square-law dependence upon applied voltage. 
Thus: 

i  (1) 

where the work function threshold voltage V. 
has now been absorbed into the definition of 
applied voltage. 

For the triode the current will depend on grid 
voltage V, as well as upon anode voltage Va. 
In this case, by analogy with the vacuum triode 
we would expect the current/voltage relation to 
be of the form 

i = PK (V 0 + 1±-'3)2  (2) 
G 

The amplification factor, G, is calculated in 
the usual way from the relative contributions of 
grid and anode potentials to the electrostatic 
field at the cathode under space-charge free con-
ditions. By referring to calculations of this sort 
for vacuum triodes9 it is found that in a dielec-
tric triode in which the grid conductor spacing 
is roughly equal to the grid-cathode spacing, 

amplification factors in the range from about 10 
to about 50 should be realizable. The actual 
value would depend on the screening factor of 
the grid; for the numerical calculations given in 
this paper an amplification factor of G = 20 
has been taken as representing what should be 
a typical value. For the purposes of these 
calculations an idealized triode is assumed in 
which the influence of the grid is uniform along 
the cathode surface. The constant K can be 
determined in the usual way by giving the grid 
the potential that would exist in the diode at the 
position occupied by the grid. In this way we 
find 

= P r 1+ ( 61° -ad' )21 d  x 

x Vo + y  (3) 

In this expression da denotes the cathode-anode 
spacing and d, denotes the cathode-grid spacing. 

If we write 

_ do [ 1 da-d„\ 31212/3 
da 

V, = Va+VaIG 

then 
i = 9eite AV,2184.' = PeVe2  (6) 

The mutual conductance, gm, and anode resis-
tance, ra, of the triode are then given respec-
tively by 

aia\ 
gm = 

= 
(av 

Using these various expressions the expected 
steady-current/voltage characteristics of the 
ideal dielectric triode can be calculated. These 
are illustrated in Fig. 4 for two different triodes; 
Fig. 4(a) refers to a triode "A" constructed from 
a crystal 25 microns thick and Fig. 4(b) refers 
to a triode "B" constructed from a crystal 10 
microns thick. The similarity of these charac-
teristics to those of the vacuum triode is evident. 

The working parameters of the triode .such 
as mutual conductance and anode resistance do 
of course depend on the operating point chosen; 
the characteristics illustrated are therefore best 

=2 P0 Ve  (7) 

= GI2P,V,  (8) 

Note.—A list of symbols is given in .an Appendix. 
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Fig. 4. Theoretical d.c. anode characteristics of idealized dielectric triodes having trapping factors near unity. 

The broken line indicates an operating power level of 1 watt. 

A = lmm2, G = 20, Er = 11, = 0.05m2/ volt. sec, O = 0.9. 

compared by selecting an operating point in 
each case to give the same mean power dissipa-
tion. For triode "A" an operating point of 
V, = — 1.0V and V, = 55V results in a mean 
anode current of 17-7mA and a mean power 
dissipation of about 1W. Under these con-
ditions the mutual conductance is 20mA / V and 
the anode resistance is l000n. For triode "B" 
an operating point of V, = — 0-25V and V. = 
20V results in a mean anode current of 51.3mA 
and a mean power dissipation of about 1W. 
Under these conditions the mutual conductance 
is 136mA /V and the anode resistance is 14712. 

In each case the mutual conductance is pro-
portional to the effective applied voltage and 
the anode resistance is inversely proportional 
to the effective applied voltage. 

4. The Space-Charge-Limited Dielectric Triode: 

Frequency Characteristics 

The dependence of the triode characteristics 
upon frequency of operation will be determined 
by the effects of electron transit times and the 
effects of electron trapping. The basic equations 
which describe the time and space dependence 
of the free electron density in the crystal upon 
both of these effects can be derived quite readily 
but unfortunately the general solution of these 
equations appears extremely difficult and prob-
ably impossible2. However, transit times are 
extremely short and for a discussion of trapping 

effects they may be neglected. Under these cir-
cumstances the general equations become much 
simpler. This Section, therefore, will be 
restricted to a discussion of frequency charac-
teristics dependent only on electron trapping 
effects. 

4.1. Derivation of Equations 

The total number of conduction electrons in 
the crystal at time t will be denoted by n and 
variations in n can arise from three causes. 
Firstly, if the grid voltage increases by dV0 the 
charge held in the space between anode and 
cathode increases by edn = CdV, = Cd V. 
The capacitance C = 3EA /2d, and is equal to 
the space-charge capacitance of a diode with a 
cathode-anode spacing slightly greater than the 
cathode-grid spacing of the triode. Initially this 
charge is injected into the conduction band of 
the crystal; it then becomes distributed between 
conduction and trapping levels. Secondly, if tit 
is the total number of trapped electrons in the 
crystal and if the mean lifetime of a filled trap 
is ; then in a time interval dt a number nt clt/; 
of electrons are ejected from traps into the 
conduction levels. Thirdly, if the mean lifetime 
of an electron in the conduction band is re then 
in the same interval of time a number ndt IT, of 
electrons are captured by traps. The net rate of 
change of the number of conduction electrons 
with time is therefore 
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dn C dV, nt n 
 (9) dt e dt te tc 

Similarly the net rate of change of trapped elec-
trons with time is 

dn, _ nt n _ 
dt Te tc 

Eliminating ne and writing 1 / t = 1 /te + 1 /; we 
have 

d'n 1 dn C (d2V, 1 d ) = _ 

 (10) 

(11) 
dt2 dt e dt2 t, dt 

This equation can be integrated immediately 
and the constant of integration found to te 
zero by considering steady conditions. This 
gives 

dn = n C (dV, Ve 
dt ) z e dt 

Now the current at any instant is given by the 
ratio of free charge to transit time. Thus 

= 3e tilt V el 4d,2  (13) 

Eliminating n between eqns. (12) and ( 13) we 
have 

1f i,\ (dV, V,\ 
dt t + dt r, 

 (12) 

 (14) 
From this equation the current/voltage 

characteristics of the dielectric triode can be 
derived for any time dependent voltage V,. For 
our present purposes we shall consider the case 
of a sinusoidal signal voltage impressed on a 
steady voltage bias. Thus 

V, = Vo+V,IG + v sin wt = 17, + t, sin (0t 
 (15) 

Substituting this expression for V, in eqn. ( 14) 
and integrating gives 

i„ = P, (17, + v sin 04) [0 V. + zi, sin (04 + 01/0 
 (16) 

The initial transient term of the form constant 
exp ( — t/t) has been dropped. In this equation 

Z2 = R(02+ lit tey + ten' ((.02 + 1 RI 
tan cr, = (0)1 (0)2 + Rt.) 

O = -0(4+ •re) = n1 (n+ nt) 

4.2. Frequency Dependence of Triode Para-
meters 

Under small signal conditions eqn. ( 16) 
reduces to 
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= P, V,' + v V, ( 1 + Z10) sin (04 + 9)) 
 (17) 

Linear operation is obtained and parameters 
of the triode such as mutual conductance and 
anode resistance may therefore be derived. 

The mutual conductance of the triode is given 
by g„, = (aitjavg)Va. Using this relation and 
neglecting phase differences between the current 
modulation and the applied signal voltage we 
have 
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Now if shallow electron traps are present a 
proportion (1 — 8) of the total charge in the 
crystal is immobilized by trapping; if O is small 
this effectively eliminates most of the steady 
component of the anode current as shown in the 
diagram and the mean anode current is now 
= 0/„. If O is small the signal voltage on the 

grid now causes variations in the free charge 
content of the crystal which are much greater 
proportionately than the variations caused in 
transit time; thus modulation of the anode 
current is now caused mostly by variations in 
the free charge content of the crystal rather than 
being due equally to this and transit time varia-
tions. We have, therefore, that 

= (9ERA Vel8d,3) AV, 

as indicated by eqn. ( 19). Thus Ai, = A/a/2 
and the mutual conductance of the device 
has been halved by the presence of traps. 

ANODE CURRENT 

Fig. 5. Illustrating the high-frequency action of a 
dielectric triode containing a high density of shallow 
electron traps. I. = 941,4Ve2/8de3 and is the anode 
current for the idealized trap-free triode. ia = 0 1. 
is the anode current for the practical triode with 
trapping. The component (l — 0) /a of the anode 
current for the trap-free triode is eliminated by 
trapping in the practical triode. Thus unnecessary 
anode current and wasteful power dissipation is 

avoided yet high mutual conductance is retained. 

However, this reduction is more than compen-
sated by the increase which can be achieved by 
re-adjusting the operating point of the device. 
This re-adjustment is made possible by the tact 
that trapping has now eliminated most of the 
steady component of anode current which plays 
no useful part in the amplification process and 
only causes wasteful power dissipation in the 
device. Thus it is now possible to operate the 
device under conditions which would, without 
trapping, lead to excessive anode currents and 

excessive power dissipation. Trapping reduces 
the current and power dissipation to tolerable 
values and yet allows the high mutual conduc-
tance pertaining to these conditions of opera-
tion to be mostly retained. In fact, to achieve the 
highest possible g„, for a given power dissipa-
tion it is necessary for trapping to be present. 
From the diagram it is evident that these 

considerations only apply to small signal con-
ditions. If the signal becomes large and negative 
all of the conduction electrons may be swept 
out of the crystal and the current would become 
zero. Under these conditions the relation ed„ = 
CdVe which is used in the derivatioti of the 
basic equation (9) is not true and the analysis 
given here is not valid. What this means in 
practice is that the analysis is applicable only 
to Class A operation of the triode. 

If O is nearly unity as for the triodes whose 
theoretical characteristics are shown in Fig. 4 
the increase in gm with frequency is not 
very much. Similarly the phase difference q> by 
which the current leads the voltage is never very 
considerable. For triode A the low frequency 
en rises from 20mA /V to a high frequency value 
of 21mA /V; the maximum value of tan 01 is 
0.05. For triode B the low frequency gn, rises 
from 136mA /V to a value of 143mA /V at high 
frequencies; as before the maximum value of 
tan cp is 0.05. 

An estimate of the upper limit of operating 
frequency can be obtained from the magnitude 
of the ratio gm/C. At high frequencies we have 

3it (1+0) Ve .1+0 
C = 442 te 

where t,. is the electron transit time between 
approximately cathode and grid planes. For the 
cases considered so far e is nearly unity so the 
gain-bandwidth product of the device may be 
taken approximately as 1/ert,.. For triode A this 
has the value 300 Mc /s and for triode B it has 
the value 800 Mc/ s. These triodes would be 
very suitable for use as wide-band video 
amplifiers. 
The discussion of triodes A and B above and 

in Section 3 has considered the effects of 
trapping to be small. However, we have seen 
that if trapping is present the high frequency 
operation of the triode is more efficient and the 
high frequency mutual conductance attains its 
greatest value. Consequently it is of consider-
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able practical interest to consider the case in 
which O is much smaller than unity. If Ois small 
as in a crystal containing a large number of 

shallow traps the high-frequency en is Pe Ve/0 
and is a factor 1/20 greater than the low-
frequency gm. Thus by constructing a triode 
from a crystal containing a high density of 
shallow traps a many-fold increase in gn, should 
be obtained as the operating frequency rises. 
For example, a triode made from a crystal con-
taining a trap density Nt = 1016/cm3 at a depth 
of 0.27eV has a trapping factor O = 0.05. 
Accordingly this device which we may term 
triode "C" should have a high-frequency gm 
approximately ten times greater than its low-
frequency gm. The anode resistance would fall 
in the same ratio since the relation gmr„ = G 
is valid over the whole frequency range. 

3-0 30 

2-0 

I -0 

o 

2 

gm 

1 

_ 
- 

tan 0 A 
_ 

_ r, A _ 

_ - 

gm mA /V 

103 
FREQUENCY 

• 0 

P.O 

o 

= 0 and Va = 44V has been selected; this 
results in a mean anode current of 23mA and 
a mean power dissipation of about 1W. 

Under these conditions at low frequencies the 
device should have a mutual conductance of 
21mA /V and an anode resistance of 950 n; at 
high frequencies, however, it should have a 
mutual conductance of 220 mA/V and an anode 
resistance of 90 9.. As before, an estimate of the 
upper limit of operating frequency can be 
obtained from the magnitude of the ratio 
gmIC = (1 + 0)/t,. In this case O is small and 
the gain-bandwidth product is given approxi-
mately by 1/2;rtr; for this triode we have there-
fore a theoretical gain-bandwidth product of 
1200 Mc/s. 

As at low frequencies the actual values of 
mutual conductance and anode resistance 
depend on the operating point chosen. This is 
illustrated in Fig. 7 which shows the variation 
of these parameters with anode voltage. 

5. Discussion and Remarks 

5.1. Basic Theory 
The theory outlined above for the dielectric 

oOo triode can be criticized on a number of points. l  

500 

10 109 

CYCLES/ SEC 

Fig. 6. Frequency dependence of the operating para-
meters of an idealized high-frequency dielectric triode: 

triode C. 

The variation of mutual conductance, anode 
resistance, and phase angle with frequency for 
triode "C" should have a high frequency gm 
calculations the same physical parameters have 
been taken as previously used for triode B. A 
value of T = 0.24 microsec has been used as 
the relaxation time for trap equilibrium to be 
reached. This has been calculated from the 
relation 1/z = 1/; + 1/ Tc where the trap life-
time has been obtained from the relation 1/ t = 

exp( — WtlicT) with an assumed value of 
10'° sec- for the escape frequency y, and ; 
has been obtained from the relation 
/(; + ;) = O = 0-05. An operating point of 

In particular it is assumed that because of the 
qualitative similarity between the mechanisms 
of operation of the crystal triode and the 
vacuum triode the same type of quantitative 
analysis will be applicable in both cases. There 
would be no objection to this were it not for the 
fact that, in a crystal, electron trapping and 
electron scattering take place which do not 
occur in vacuum. 

As regards electron trapping we have seen 
that the equilibrium ratio of free to trapped 
charge is the same at all points in the crystal. 
Further the charge and field distributions in the 
crystal respond to changes in applied voltages 
in a time of the order of the electron transit 
time whether traps are present or not. Thus, 
as for the diode, trapping affects only the scale 
of the current/voltage relations without affect-
ing their form and therefore does not affect the 
type of analysis which may be applied. 

Scattering of electrons by the lattice while 
these are in transit between anode and cathode 
does modify the form of the current characteris-
tics from the vacuum case. As pointed out pre-
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viously, it is because of electron scattering that 
the s.c.l. current obeys a square-law dependence 
on applied voltage instead of a three-halves law 
as for vacuum. As before, however, this does 
not affect the type of analysis which can be 
applied. 

An additional minor difference between the 
two devices is that in the vacuum triode elec-
trons move freely in space with high velocities; 
they do not therefore necessarily everywhere 
follow the lines of electric field intensity. This 
will cause the device to have characteristics 
slightly different from those predicted by the 
basic theory. The effect will be less for the 
dielectric triode than for the vacuum triode be-
cause of the smaller velocities in the crystal. 

300 

200 

100 

ra 

gm 

300 

200 

ra 

100 

0 10 20 30 40 50 
ANODE VOLTAGE, Vo 

Fig. 7. Dependence of high frequency parameters of 
an idealized dielectric triode upon mean operating 

voltage: triode C. 

In both cases it is true that the current is con-
trolled by the joint electrostatic field of anode 
and grid; the concept of amplification factor is 
therefore valid in both cases. In the crystal, 
however, space-charge densities are much 
higher than in vacuum because of the lower 
electron velocities. This means that when 
current is flowing field distributions are further 
from their geometrical values, used for calcula-
tions of amplification factor, than in the vacuum 
triode. Nevertheless it is still permissible to 
describe the operation of the device in terms of 
an amplification factor even though this may 
in fact differ from the calculated value. A fur-
ther point to notice in connection with the use 
of the amplification factor is that this has been 
considered to be a constant of the device. This 
is not strictly true even for the vacuum triode 
although for small signal operation as con-
sidered here it may be assumed constant. For 

large signal operation on the other hand the 
possible variation of amplification factor with 
grid and anode voltage should be kept in mind. 

In the analysis given it has been tacitly 
implied that the electron mobility is constant 
for all applied voltages. The electron velocity 
at any point in the crystal is given by 11E. 
The average field in the cathode-grid space is 
given approximately by Veld, and in the 
examples given has its highest value at 7 x 105 
V/m for triode C. For field strengths of this 
order the electron mobility may differ from its 
low field value; it may fall because.drift veloci-
ties are approaching the magnitude of the 
thermal velocities upon which they are super-
posed or it may possibly even become zero if a 
limiting carrier drift velocity is reached. For 
small-signal operation as considered here the 
mobility may be taken as constant although 
possibly different from its low field value; 
for large-signal operation on the other hand 
a possible dependence of electron mobility 
upon signal voltagp should be kept in mind. 
The average field in the grid-anode space 
is several times larger than in the cathode-grid 
space. Electron mobilities in this region of the 
device may be significantly different from in the 
cathode-grid region. However, this will not 
affect the working of the device which is deter-
mined by the mechanisms operating in the 
cathode-grid space. 

While discussing electron mobilities it may 
be noted that in cadmium sulphide these are 
relatively low. Electron mobilities are roughly 
an order of magnitude less than in the more 
common semiconductor materials so that 
although initial experimental success with s.c.l. 
current has been achieved with cadmium sul-
phide it is not necessarily the best material that 
may eventually be available. The use of 
materials with higher mobilities would enable 
operation at higher frequencies to be achieved 
or would enable thicker crystals to be used with 
a consequent easing of fabrication problems or 
would permit operation at lower applied volt-
ages. To achieve a higher electron mobility will 
almost certainly require the use of a material 
with a smaller forbidden band gap and therefore 
unfortunately a lower intrinsic resistivity. How-
ever, it should be possible in principle to find 
a material in which electrons have a much 
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higher mobility than in cadmium sulphide yet 
possessing a band gap sufficiently large for the 
intrinsic resistivity to be great enough for it to 
be used in s.c.I. devices. 

Changes in crystal permittivity may occur at 
the higher operating frequencies due to the 
ionic component of the dielectric polarization 
being unable to follow variations in the signal 
voltage. An effect of this sort will manifest it-
self in two ways. Firstly, it will effect the extent 
to which the signal voltage modulates the free 
charge content of the crystal and so affect the 
high-frequency mutual conductance of the 
device. Secondly, the dispersion which would 
accompany the changes in permittivity would 
introduce dielectric loss into the device. This 
loss would result in power absorption from the 
signal source. In practice these effects may not 
be important. However, permittivity changes 
due to ionic inertia may be expected at frequen-
cies approaching 1000 Mc/s and may be signifi-
cant before transit time effects set the working 
limit to the upper operating frequency. 

As stated previously the differences between 
the dielectric triode and the vacuum triode are 
of degree rather than of kind; their electrical 
characteristics will certainly be of the same 
general form. Accordingly it is felt that the 
theory outlined can be accepted provided it is 
taken no more seriously than as a semi-
quantitative account; this applies particularly 
to numerical values quoted. 

5.2. Triode Operation 

On the basis of the theory outlined in this 
paper it is expected that the dielectric triode 
will have anode and grid characteristics similar 
to those of the vacuum triode. In addition its 
input resistance will be very high. In its 
applications therefore the dielectric triode 
should be able to use circuit techniques similar 
to those already developed over many years for 
the vacuum triode; it will not be necessary to 
develop a new circuit philosophy for its use. 

In this connection, however, it may be noted 
that it is possible in principle to construct a 
dielectric triode in which the current is carried 
by "holes" and not by electrons. In this case 
current would flow with a negative anode volt-
age and would be controlled by a positive grid 
voltage; in this sense the device would be an 
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inverse triode in the same way that an n-p-n 
transistor may be regarded as the inverse of 
the p-n-p transistor. 

A point of notice in connection with the grid 
bias voltage V, is that this contains in its 
definition a quantity V', which is equal to the 
difference between the work function of the grid 
conductors and the electron affinity of the 
crystal; this is analogous to the quantity V. 
which appears in the definition of anode voltage 
and has its origin in the same mechanisms. 
Thus if the applied external bias voltage is zero 
the grid has a "built-in" bias of V'.. Measure-
ments of the anode threshold voltage V, for cad-
mium sulphide diodes indicate that V'0 could be 
about 1.5 to 2V. Consequently in many applica-
tions an external arrangement for supplying 
negative grid bias would probably be unneces-
sary; the "built-in" bias should be sufficient. 

When considering operation of the triode as 
a practical device it is necessary to enquire what 
limitations are placed on the applied voltages 
by the necessity to avoid breakdown of the 
crystal. Intrinsic electric strengths of insulators 
in single crystal form are of the order of a few 
hundred megavolts per metre. Allowing a safety 
factor of approximately ten times sets a rather 
arbitrary limit of about 2 x RP V /m as a maxi-
mum safe working stress. The maximum aver-
age field in the cases treated occurs in triode C 
and is about 6 x 106 V/ in which is several times 
below this limit. Thus the possibility of electric 
breakdown would probably not be a serious 
limitation on operating conditions. These 
figures refer, of course, to operation under con-
ditions such that the mean power dissipation is 
I watt. At lower power levels working field 
strengths will be much smaller; it is quite pos-
sible, especially for very high frequency opera-
tion, that when working at similar power levels 
the dielectric triode will be electrically more 
robust than the transistor. 

One most useful property which the device 
should have is insensitivity to moderate 
temperature changes. This is expected because 
under s.c.I. conditions the number of carriers 
available for current flow is independent of 
temperature. The experiments with diodes 
mentioned previously have shown that varia-
tions in current caused by temperature changes 
are relatively small so that under normal operat-
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ing conditions it would probably be possible to 
ignore temperature variations. 

Solid-state devices in general have noise 
figures considerably greater than those of s.c.l. 
vacuum devices. This is basically because of 
space-charge reduction of charge fluctuations 
in vacuum devices. Since this same mechanism 
should also operate in the dielectric triode it 
may be anticipated that this device will have a 
noise figure lower than those of semi-conductor 
devices. However, it is not possible to estimate 
readily the extent to which lattice scattering of 
electrons and trapping of electrons will increase 
the overall noise figure and, in addition, it may 
not be possible to make a noise-free contact to 
the crystal. Nevertheless it seems reasonable 
to expect that s.c.l. dielectric devices should 
have relatively low noise figures. 

A very interesting feature anticipated for the 
dielectric triode is that by using a crystal con-
taining a large number of shallow traps it should 
be possible to obtain a mutual conductance 
which rises with operating frequency. A large 
gain-bandwidth product is obtained in this way 
indicating particular usefulness at very high 
frequencies. However, the same gain-bandwidth 
product would be obtained by constructing a 
smaller area device from a trap-free crystal and 
it might be argued that there is therefore no 
advantage in using a crystal in which trapping 
takes place. Apart from the fact that in practice 
it might not be possible to obtain crystals free 
from trapping effects the advantage is that while 
trapping does not affect the gain-bandwidth pro-
duct of the device it does allow this to be 
accompanied by a very high mutual conduc-
tance. This is extremely useful at high operating 
frequencies since the triode has to charge 
up circuit capacitances as well as its own 
shunt capacitances. For this reason the com-
bination of high mutual conductance and high 
gain-bandwidth product is more attractive than 
high gain-bandwidth product alone. 

The basic principle underlying the action of 
the dielectric triode is that s.c.l. current in 
insulating crystals can be controlled electro-
statically just as in vacuum. There is no reason 
to suppose that this is not true but it is relevant 
to this discussion to note that direct experi-
mental evidence of this control action is 
available"). 

Using crystals of cadmium sulphide provided 
with a split-anode it has been shown that 
current to one half of the anode was modulated 
by a reverse voltage applied to the other half 
anode. This arrangement was extremely ineffi-
cient and no voltage gain was obtained. How-
ever, the essential feature of these experiments 
was that considerable current gain was 
obtained. There seems little reason to doubt 
that in some of the experiments made this was 
obtained through the negative field of the 
reverse biased half-anode repelling charge from 
the forward-biased half-anode thus verifying the 
principle of electrostatic charge control. Unfor-
tunately it is not clear from the account given 
whether this interpretation was made at the 
time and these particular experiments do not 
seem to have been followed up. 

6. Conclusions 
The design calculations described in this 

paper indicate that the development of a 
dielectric triode is a worthwhile proposition. 
The device would have a high gain-bandwidth 
product, a high mutual conductance, a high 
input resistance, and the considerable advant-
age among solid state devices of being relatively 
insensitive to temperature changes. It should 
therefore complement semi-conductor devices 
particularly in applications where voltage ampli-
fication is required, where insensitivity to 
temperature changes is required, or where 
operation at high frequencies is required. 

Now that the fundamental fact of steady 
space-charge-limited current in dielectric cry-
stals has been experimentally demonstrated the 
remaining problems involved in the fabrication 
of a practical dielectric triode are mostly tech-
nological in nature. The main source of diffi-
culties is that crystal thicknesses must neces-
sarily be small in order to obtain usefully large 
current at a few volts applied. So far as can 
be estimated, however, the problems outstand-
ing do not seem to be as difficult as those 
successfully overcome in the development of 
existing semi-conductor devices; if the resources 
of modern semi-conductor laboratories could 
be made available the dielectric triode should 
be a practical device. Together with the vacuum 
triode and the semi-conductor transistor the 
dielectric triode would then complete the basic 
trio of charge-control devices. 
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of Symbols 

A electrode area 
C capacitance 
d crystal thickness 
do cathode—anode spacing 
d, cathode—grid spacing 
d, effective triode spacing 
e electron charge 
E electric field intensity 
G amplification factor 
gm mutual conductance 
h Planck's constant 

current 
ie anode current in practical triode with 

traps 
la anode current in ideal trap-free triode 

Boltzmann's constant 
m electron mass 
n(x) density of conduction electrons 
nt(x) density of trapped electrons 
• total content of free electrons 
flt total content of trapped electrons 
N. density of electron space-Charge at 

cathode 
No effective integrated density of conduction 

levels 
N, density of electron traps 
P permeance of diode 

t, 

V 
V 
Vo 

V, 
V, 
Ve 

Ve 
V, 

effective permeance of triode 
anode resistance 
electron transit time 
absolute temperature 
signal voltage 
applied voltage 
anode threshold voltage 
grid threshold voltage 
anode voltage 
grid voltage 
effective voltage 
mean effective voltage 
transition voltage between s.c.l. and 

proportional current 
traps-filled limit voltage 
Fermi energy level 
energy level of electron traps 
distance 
crystal permittivity 
trapping factor 
electron mobility 
trap escape frequency 
time constant for trapping 
mean lifetime of conduction electrons 
mean lifetime of filled traps 
phase angle 
angular frequency 

The term "ideal triode" used in this paper assumes that G is constant. 
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Dr. T. B. Tomlinson (Associate Member) : Dr. 
Wright has stated that the input impedance of this 
device will be very high. I venture to suggest that 
a more correct statement would be that the input 
resistance may be high. The input capacitance is 
likely to be by no means negligible since the elec-
trode spacing is to be very small and the permit-
tivity of cadmium sulphide (which has been quoted 
as a suitable crystal) is in the region of 10. 
The effects of such capacitance should be evi-

dent in the dielectric diodes which have already 
been constructed. Has the author carried out pulse 
tests on these diodes and estimated the capaci-
tance? If so, I should also like to know if any 
carrier storage effects were discernible. 

Dr. G. T. Wright (in reply): The input resis-
tance should be high provided that surface leakage 
currents between the various electrodes can be 
kept small; internal electron current to the grid 
should be negligible. 

The input capacitance will certainly be signifi-
cant. A useful figure to remember in this connec-
tion is that a cadmium sulphide crystal 10 microns 
thick, fitted with electrodes 1 mm2, forms a capaci-
tor of very nearly 10 pF. However, the input 
capacitance of the transistor is also high; it is 
worth noting that for the same values of input 
capacitance and transit time of carriers across the 
active region the dielectric triode should have twice 
the mutual conductance of the transistor. 
A small number of diodes have been tested using 

very fast voltage waveforms derived from a 
mercury-relay cable-discharge pulse generator. 
The resulting current waveforms were viewed with 
a travelling wave oscilloscope and for both switch-
on and switch-off operation a transient current 
peak was observed lasting for rather less than one 
millimicrosecond. This peak was attributed to the 
charge or discharge current of the shunt electrode 
capacitance of the diode and was compatible with 
the shunt capacitance of a few micromicrofarads 
measured with a low frequency bridge on the 
reverse biased diode. For both switch-on and 
switch-off operation, however, the steady state was 
reached within one millimicrosecond; there was 
no evidence of carrier storage effects. 

L. W. D. Pittendrigh (Member) : In considering 
the application of a dielectric diode or triode as a 
replacement for their thermionic equivalent, does 
Dr. Wright consider that, since the source of elec-
tron flow in the first case would not arise from a 
hot cathode but from some purer source in the 
external circuit, a higher signal/noise ratio might 
be obtained? 

Secondly, since the dielectric triode appears to 
give a stage gain which was a function of fre-
quency, does he expect that in pulse operation 
some distortion of the pulse shape might occur 
additional to any imposed upon pulses by the 
external circuit? 

Dr. Wright (in reply): It has not yet been pos-
sible to make any quantitative study of noise in the 
dielectric diode or the dielectric triode. However, 
one feels that owing mainly to space-charge reduc-
tion mechanisms these devices should have 
inherently low noise figures and should be better 
in this respect than semi-conductor diodes and 
transistors. 
A triode containing appreciable numbers of 

shallow traps will certainly distort pulses which 
have a duration comparable with the time required 
for trap equilibrium to be reached. The distortion 
will take the form of a fall-off in the amplitude of 
the output pulse to a value equal at long times to 
O times the initial amplitude. However, it is not 
suggested that a triode of this type would be useful 
as a wide-band device; for this one requires a 
triode effectively free from trapping effects. For 
operation at the very highest frequencies, however, 
it will be desirable to introduce shallow traps since 
this enables the highest possible mutual conduc-
tance to be obtained at very high frequencies. 
K. Thaker (Associate Member): How are 

cadmium sulphide crystals grown? What is the 
effect of moisture on the crystals and what pre-
cautions, if any, are taken to gain stability against 
moisture? 
As the crystals pass heavy current densities they 

must dissipate very heavy power. Taking into 
account the cooling arrangements, is there any 
reduction in size compared to transistors giving 
corresponding performance? 

It might be possible to construct space-charge-
controlled dielectric triodes much smaller than 
transistors; the cooling system might be meagre if 
such a triode can be used in Class D condition in 
which case the voltage waveform on the anode is 
of very small amplitude and consequently the valve 
dissipation is very small. 

Dr. Wright (in reply): Cadmium sulphide cry-
stals are grown by the standard technique of sub-
liming the powder in a tubular furnace at about 
1000°C and carrying the vapours to cooler con-
densing surfaces in a stream of inert gas. By suit-
ably adjusting the temperatures, temperature 
gradients, and rate of gas flow thin plate-like 
crystals are obtained. Our experiments suggest 
that the necessary compensation of unfilled 
trapping levels is obtained by the introduction of 
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shallow donor levels. 

Moisture does not seem to affect the storage of 
the crystals at least over a number of years. 
Diodes and presumably triodes can be quite well 
protected after construction by coating with an 
epoxy cement. 

Any solid-state device working at a fairly high 
power dissipation will have similar physical dimen-
sions to any other because the cooling arrange-
ments such as heat sinks required to lead away the 
power dissipated in the crystal are so much larger 
than the basic device itself. 

J. A. Sargrove (Member) : As a suggestion to 
the production of the control electrode in the 
dielectric triode, does not Dr. Wright think that 
this is a similar problem to making the trans-
parent top electrode to photo-voltaic cells. Here 
originally one sputtered gold onto the partially 
oxidized selenium layer. Later cells of this type 
have sputtered cadmium onto selenium. The 
makers state that these photocells are more infra-
red sensitive than the purely gold sputtered ones. 
Have we not here a phenomenon in the cadmium 
selenide barrier-layer similar in some respects to 
the cadmium sulphide layers of Dr. Wright's 
device? 
Does he not think that one might make a control 

electrode in a triode by sputtering cadmium onto a 
cadmium sulphide crystal and then burying it in a 
further crystal and thus create a triode as a 
sandwich? 

Dr. Wright (in reply): The basic problem in 
forming the control electrode is how to insert it in 
such a way that it is more effective than the anode 
in controlling the electrostatic field at the cathode. 
One possible way, although admittedly inelegant, 
has been suggested in this paper. An alternative 
would be, as suggested here, to attempt to bury the 
grid in the crystal by growing more crystal over an 
evaporated grid structure. This method should 
certainly be tried but will probably run into diffi-
culties caused by diffusion of the grid structure 
into the crystal at the high temperatures used for 
crystal growing. Another techniquet worth trying 
is to form conducting threads, possibly by metallic 
diffusion, from one side of the crystal down the 
centre of the crystal along the crystallographic 
axis which lies parallel to the crystal surfaces 
(the c-axis for cadmium sulphide). These con-
ducting threads would form a most effective grid 
but like the other two suggestions the method 
involves many problems. However, with the 
unsupported facilities of a university laboratory it 

t I am pleased to acknowledge this suggestion by 
Professor G. F. J. Garlick. 
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has not yet proved possible to make an experi-
mental approach towards the construction of a 
practical device. 

As indicated in this paper it is felt that interest 
in solid state s.c.I. devices should be revived follow-
ing recent experimental demonstrations that s.c.I. 
current of theoretical magnitude can be achieved 
in insulators. This paper is an attempt to discuss 
quantitatively the electrical characteristics of a 
solid state s.c.I. triode and in particular to show 
that trapping levels, which on first thoughts would 
appear to be detrimental, are in fact advantageous 
for operation at very high frequencies. 

Professor M. H. N. Potok (Associate Member) : 
The gm of the proposed triode is. inversely propor-
tional to the cube of grid to emitter separation. 
This separation is very small ( 10 microns or less). 
This would appear to lead to a great variation in 
characteristics from one triode to another quite 
apart from such variations as will be due to 
materials and contacts. Can Dr. Wright comment 
on this? 

Have any measurements been made with the 
anode split into narrow strips, the alternate strips 
being kept at positive and negative potential and 
the negative strips being used as grid? 

Dr. Wright (in reply): The electrical charac-
teristics of the device will be very sensitive to the 
dimensions of the device, particularly the grid to 
cathode separation. This may make it difficult to 
produce accurately reproducible devices although 
some control of characteristics may be achieved 
by adjusting crystal thickness by etching and by 
controlling electrode areas. 

Measurements of the type suggested using strip 
electrodes connected alternately positive and nega-
tive have been considered. Such an arrangement 
would demonstrate current gain but owing to the 
unfavourable geometry would not demonstrate 
voltage gain. In this connection the experiments 
of Broser and Warminskylo using geometries of 
this sort show that current gain is indeed obtained. 
In view of the limited facilities available for this 
research it was decided not to repeat these experi-
ments but to focus attention, experimentally at 
least, on the more fundamental aspects such as 
mechanisms of crystal growth, mechanisms of s.c.l. 
current in solids, and fabrication, performance and 
applications of diodes which are more suited to 
university type research. 
However, I would like to refer to the recent 

work of Ruppel and Smithi2 who have followed 
up the preliminary experiments of Broser and 
Warminsky and have shown very clearly that 
current gain is obtained in a triode structure hay-
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ing essentially the geometry of a diode with a split 
anode. If an appropriate geometry can be 
achieved in a structure of appropriate dimensions 
as discussed in this paper there seems little doubt 
that a useful voltage amplification will be obtained. 

D. D. Jones: Dr. Wright has said that he would 
like to have the facilities of a semi-conductor 
laboratory to develop his triode. Such facilities 
are very expensive and before an industrial 
organization can be expected to provide them it is 
likely that it will have to be convinced that the 
new device offers some advantages over the ther-
mionic valve and the transistor. 

When the transistor appeared it was clear that 
here was a significant development in electronics. 
At the time that it appeared people were contem-
plating extensions of electronics to communica-
tions and computing. Its efficiency, coupled with 
the feeling that being a solid-state device it should 
have a high degree of reliability, indicated that it 
might play an important part in these develop-
ments and these were sufficient incentives to bring 
about its intensive development and exploitation. 

Although Dr. Wright has not actually con-
structed a triode I should like to hear him state, in 
the most optimistic way, the real advantages that 
this device might have (e.g. frequency range, cost) 
over the other two alternatives which are now well-
established. 

Transistors to cover the frequency range up to 
and including the v.h.f. f.m. broadcast band are 
in production and one can see the possibility of 
fairly cheap transistors to cover the requirements 
of television receivers appearing with the next 
three years or so. These devices will have their 
counterparts for the communications and data-
handling industries. If the proposed triode is going 
to make an impact on these mass markets it must 
offer some advantages over the transistor. At fre-
quencies beyond 300 Mc/s, say, the future is not 
as clear and I wonder whether Dr. Wright thinks 
that his proposed triode would be attractive here. 
At the same time we must not lose sight of the 
fact that the semi-conductor industry, through 
such devices as variable-capacitance diodes, for 
parametric amplification and harmonic generation, 
and tunnel (Esaki) diodes for negative-resistance 
amplification, is already forging ahead to provide 
new solutions in the higher frequency ranges. 
Superficially at any rate it appears that these new 
devices can be made cheaply. 

The semi-conductor industry has also made 
devices having fairly high values of input resis-
tance, the main example being the field-effect tran-
sistor. Unfortunately they usually have a sub-
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stantial input capacitance and it would be interest-
ing to know what Dr. Wright thinks about the 
relative input impedances of his proposed triode 
and these devices at high frequencies. 

Dr. Wright states that the circuit engineer using 
the proposed triode would be able to look to ther-
mionic valve circuits for his design information. 
Although it is true that a very large part of our 
university teaching still revolves around the ther-
mionic valve, in industry transistor circuits are now 
a matter of routine; indeed a very large propor-
tion of electronics engineers are far more familiar 
with transistor circuits than with valve circuits and 
I have come across few people who experience 
real difficulty in adapting themselves to transistors. 
We should not lose sight either of the fact that 
the circuits that they design are well able to cater 
for the variations with temperature of the 
characteristic of transistors. 

Turning now to the proposed triode itself, the 
real difficulty is with the insertion of the grid. 
Although this is a formidable proposition I do not 
think that we need be dejected about it; if the 
triode can be shown to have real advantages I have 
no doubt that grids can be placed where they are 
wanted. Five years ago the design of an alloy 
transistor for use in a.m. broadcast receivers 
appeared to be fraught with difficulties, many of 
them connected with the very small electrode and 
yet today those devices are made cheaply by mass-
production techniques and the laboratory difficul-
ties have shifted to transistors working at frequen-
cies of the order of 1000 Mc/s. Given the right 
incentive solutions are usually found to most 
problems. 

I should like to ask Dr. Wright whether he has 
considered using silicon for this triode. Silicon of 
very high resistivity is now available and if this 
were a possible material it would enable him to 
take some advantage of the facilities of the semi-
conductor industry. 

Finally, a word about the diode. Can it be 
switched on and off very quickly? If so, it is 
attractive in that it offers the possibility of very 
high switching speeds with high reverse resistance, 
and it may be that it is with exploring the possi-
bilities here that we should first concern ourselves. 

Dr. Wright (in reply): On theoretical principles 
the dielectric triode is superior to the transistor in 
having greater stability against temperature 
changes, having greater power amplification, being 
able to operate at higher frequencies, and possess-
ing a lower noise figure. One can add that for high 
frequency use the dielectric triode should be elec-
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trically more robust than the high frequency tran-
sistor. Further, it should be able to operate at 
temperatures both higher and lower than can be 
attained with semi-conductor devices. 

However, it is not anticipated that the dielectric 
triode could ever attain the high current and low 
resistance levels of the low-frequency power 
transistor. 

The main advantages of the device over the 
thermionic vacuum triode are of course basically 
those of smaller dimensions, greater mechanical 
ruggedness, freedom from heater supplies and, one 
hopes, long life. 

The field-effect transistor has a large input 
capacitance because the input electrode is a reverse 
biased p-n junction. Further, although designed as 
a high frequency device, it does have a relatively 
long carrier transit time because the length of the 
conducting channel cannot be made too small; this 
results in relatively small values of mutual conduc-
tance. Because of its different geometry and 
operating principle the transit time of the carriers 
in the dielectric triode is extremely short and this 
device can therefore operate with an inherently 
much smaller input capacitance than the field effect 
transistor. 

The point about looking to thermionic valve 
circuits for design data is that like the vacuum 
triode the dielectric triode is a voltage-operated 
and not a current-operated device and should not 
require stabilisation against temperature changes. 
The circuitry should therefore be inherently sim-
pler than that of the transistor and this is a good 
thing. 

In principle there would appear to be a large 
number of materials suitable for use in s.c.l. 
devices. As high a value of mobility as possible is 
required together with a high resistivity in order 
that the injected charge should not leak away by 
ohmic conduction while traversing the active 
regions of the device. This latter requirement 
means that the dielectric relaxation time of the 
material should be much larger than the electron 
transit time, i.e. pE tr. More stringent require-
ments on the resistivity may be needed, however, 
if for example high reverse resistances for diodes 
or high input resistances for triodes are needed. 
Intrinsic silicon just about satisfies the require-
ment that pE tr but in a s.c.l. device would 
not satisfy the latter requirement. 

The diode can be switched on and off very 
rapidly indeed because it relies for its action on 
the fast process of majority carrier drift and be-
cause it is free from minority carrier storage. A 
thin crystal diode would thus be very fast, have 
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a high reverse resistance and have a low forward 
resistance. In our laboratories attention has in 
fact been confined mostly to the diode so far be-
cause this device can be constructed with simple 
equipment. 

Dr. J. R. Tillman: What basic properties deter-
mine the figure of merit of a semi-conductor (or 
dielectric) for use in these triodes, i.e. what deter-
mines the gain-bandwidth product? It seems that, 
if 8 - 1 is neglected, ,g,„IC = (0 -1 which is pro-
portional to µ, and s is unimportant (cf. materials 
for unipolar transistor for which µ/E is important). 

Several times this evening we have heard that 
the transistor depends for its action on the com-
paratively slow process of carrier diffusion; but 
modern diffused-base transistors make use of drift, 
caused by built-in fields, to reduce transit times 
considerably. 

Presumably µ for cadmium sulphide has been 
deduced from Hall and resistivity measurements. 
Is there any evidence for a dependence on field 
strength, up to those suggested here; if the elec-
trons become sufficiently out-of-thermal-equili-
brium with the lattice, can any effects detrimental 
to the triode be produced, e.g. secondary emission 
at the anode? If the anode is so made as to 
cause some hole injection, could the net result be 
beneficial (the neutralization of space charge 
would make current flow easier, but presumably 
would lower the impedances of the control and 
outpiit electrodes)? Is, on the other hand, some 
different geometry or system of control required 
with two-carrier devices? 

The author seems to hope that a more suitable 
semi-conductor (or dielectric) can be developed; 
what substances, if any and no matter how back-
ward their preparation, combine a much higher 
mobility with energy gaps of say not less than 
2 eV? Does zinc oxide hold out any hope? 

Materials with high electron mobility and energy 
gaps of about 1 eV are potential materials for 
unipolar transistors, no matter what their hole 
mobilities may be. For the same key physical 
dimensions (or equal difficulty of manufacture) 
what advantages can be claimed for the space-
charge-limited triode over the unipolar transistor? 

I should not like to see a programme of work 
on space-charge-limited current flow in dielectric 
stand or fall by the ability to make triodes or by 
their worthwffileness when made. Perhaps some 
electronic device of novel purpose is more likely 
to emerge and for that reason alone further studies 
of the effect should be encouraged. 
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Dr. Wright (in reply): For all charge control 
devices the gain-bandwidth product is inversely 
proportional to the carrier transit time and there-
fore a high value of mobility is desirable; the 
dielectric triode is no exception. However, in 
general there are circuit capacitances which have 
to be charged up and for high frequency use there-
fore a high value of gn, is desirable as well as a 
high value of gm /C. This implies that a suitable 
figure of merit for a material to be used for s.c.l. 
devices is the magnitude of the product pe. 

Measurements have been made on diodes using 
field strengths up to a few times 104 V /cm and the 
square-law dependence of current has been 
followed over this range. This implies that the 
mobility remains proportional to field strength up 
to carrier velocities of ,--,107 cm/sec. At very high 
field strengths electron avalanching might occur 
and in a material with a reasonably high hole 
mobility this could lead to electrical breakdown. 
If hole injection at the anode took place space-
charge neutralization could increase the current 
flow by several orders of magnitude." However, 
a device using neutralized s.c.l. flow would require 
separate grids to control cathode and anode emis-
sion and would be considerably more complicated 
than the single carrier device described here. 

In principle, the range of materials which could 
be used for s.c.l. devices is so vast that all one can 
say at present is that more suitable materials than 
cadmium sulphide will almost certainly be found. 
For example a number of the III—V compounds 
currently being studied for their semi-conducting 
properties in the impure state, such as gallium 
phosphide, combine wide band gaps with quite 
high mobilities, Unfortunately the achievement of 
high resistivity material is an exceedingly difficult 
technological problem. Alternatively a number of 
the II—VI compounds, of which cadmium sul-
phide is a member, offer higher mobilities with 
sufficiently wide band gaps. 

The unipolar transistor is a generic term cover-
ing a number of devices but is normally used to 
refer to the field-effect transistor; this point has 
been discussed in the previous reply. 

Major J. K. Lee (Associate) : I would like to 
refer to Dr. Wright's statement that "the device 
should by comparison with other solid state devices 
be relatively insensitive to temperature changes." 
Bearing in mind the very wide temperature change 
requirements of equipment for the armed forces, 
can he give any figures of performance versus 
ambient temperature, so that comparisons can be 
made with germanium or silicon transistors? 

Dr. Wright (in reply): Under s.c.l. conditions 
the number of carriers available for current flow 
is independent of temperature. In a semi-conduc-
tor, on the other hand, the number of carriers able 
to pass over a potential step such as a forward 
biased p-n junction depends exponentially upon 
temperature. Compared with the transistor, there-
fore, the electrical characteristics of the dielectric 
triode will be insensitive to temperature changes. 

J. A. Sargrove (Member): I feel that we have 
been privileged to hear a most significant paper as 
it deals in a rather prophetic manner with a device 
in advance of its existence, since only the diode 
exists at present. 1 believe we can find a historic 
parallel to this in the work of O. W. Richardson 
only a few years after Ambrose Fleming had 
demonstrated his thermionic diode. Richardson 
worked out from basic principles the laws of 
the thermionic triode, for two special theoretical 
cases: the case of a triode with infinitely large 
plane cathode, grid and anode; and the case of a 
triode with an infinitely long cylindrical system 
with a filamentary cathode having a very small 
diameter. 

We know, and so did he, that one cannot make 
a practical triode in either of these theoretical 
forms. Nonetheless, the two Richardson formulae 
are the classic start for all thermionic valve 
engineers when they work out a new range of 
valves and the actual valves sit nicely in between 
Richardson's two extreme calculations. In any 
case he was, so far as I know, the first to recognize 
the existence of a space-charge-limited current in 
a vacuum. Construction of actual triodes by Lee 
de Forest, Wehnelt, and later by von Lieben and 
Reisz, followed. I think we have in Dr. Wright's 
paper such a historic first! I believe we have here 
the rules of the solid-state dielectric triode and 
the recognition that it is also a space-charge limited 
device. 

If the future proof will be forthcoming, as I sin-
cerely hope it will, we shall be able to use a device 
of significantly greater utility than the more con-
ventional transistor. A lot of effort and money 
will have to be put into this development, however, 
and I hope that the N.R.D.C., or the Minister for 
Science, or perhaps better still private enterprise, 
will grasp this new device in its pre-embryonic 
state and turn it into reality. I think the rewards 
would be very great. As the Americans and no 
doubt the Russians are also working on it we 
must hope the United Kingdom will not be lagging 
behind in supporting Dr. Wright in his work. 
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Television Field Scan Linearizationt 

by 

H. D. KITCHIN, ASSOCIATE MEMBERS 

A paper read on 2nd July 1959 during the Institution's Convention in Cambridge. 

Summary: Although the design of a field timebase is based on well established 
principles and theory, there are many points at which there is considerable divergency 
between the theoretical and practical results. Foremost of these is that of calculating 
the parameters of linearizing networks, particularly of the feedback type. The present 
paper examines conventional linearizing methods and it is shown that the deflection 
current produced is S-shaped under certain conditions. The deflection current 
demanded by modern wide-angle cathode-ray tubes is of this form and it is shown 
that by the correct choice of operating conditions conventional linearizing methods 
can approximate sufficiently close to the desired shape for normal domestic receiver 
requirements. 

1. Introduction 

In recent years, the increase in scanning angles 
used in domestic television receivers has 
emphasized the well-known problems in time-
base design. On account of the greater scanning 
angle in the horizontal direction with the present 
4: 3 aspect ratio, the line timebase has been the 
subject of intensive work which has somewhat 
eclipsed that on the field timebase. Neverthe-
less, there are many difficulties associated with 
wide-angle field scanning and foremost of these 
is that of producing a linear scan. The three 
factors which determine the linearity of the scan 
are (i) the shape of the deflection coil current, 
(ii) the deflector coil field distribution, and 
(iii) the geometry of the cathode-ray tube. 

In a theoretical treatment of linearization 
methods it is customary to ignore the second 
two factors and assume that a deflection coil 
current of linear sawtooth waveform is required. 
On this basis, it can be shown that the use of 
transformer coupling between the valve and 
deflection coils (which is universal to-day) 
requires the primary current to be of parabolic 
form" 2, 3. This can be provided by the valve 
characteristic curvature and the first of the 

-I. Manuscript first received 20th February 1959 and in 
final form on 9th May 1959. (Paper No. 556) 

I Mains Radio Gramophones Ltd., Research and 
Development Department, 359 Manchester Road, 
Bradford 5. 

U.D.C. No. 621.397.331.2 

linearizing methods considered deals with the 
conditions under which this is possible. The 
succeeding sections are concerned with lineariza-
tion by means of shaping networks and negative 
feedback systems. The treatment is essentially 
analytic and differs from that generally known 
in the quantitative examination of the residual 
non-linearity of conventional linearizing net-
works. It is shown that by suitably propor-
tioning the circuit elements the deflection coil 
current can be made S-shaped. Such a shape is 
required in practice to provide a linear scan on 
wide-angle tubes, and the present analysis shows 
that the feedback method for linearization 
produces the most symmetrical shape of 
deflection coil waveform. 

The amount of non-linearity necessary to 
produce a linear scan on wide-angle tubes is 
considered in the final section and it is shown 
that satisfactory linearization is possible using 
existing methods for cathode-ray tubes having 
diagonal angles of 110 degrees. 

2. The Measurement and Specification 
of Non-linearity 

The measurement of non-linearity is usually 
carried out by displaying a bar or line pattern 
on the c.r.t. face and measuring the width or 
separation of the bars or lines. It is desirable 
for the distances to be measured along a line 
normal to the tube axis and in the direction of 
the scan, as shown in Fig. 1 where P represents 
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Fig. 1. Diagram showing the principle of measuring the 
linearity of a line pattern on a curved surface by projection 

onto the plane P. 

the plane along which the distances are measured. 
This method is preferable to measurements made 
on the cathode-ray tube face itself because the 
convexity of the tube face introduces an apparent 
cramping at the top and bottom of the picture. 
This is an optical effect and should not be 
confused with the deflection distortion discussed 
in Section 4. The situation is represented in 
Fig. 2, from which the distortion can be shown 
to be a function of cos 1). For a typical 90 deg 
cathode-ray tube the non-linearity due to this 
effect is about 31- per cent. By measuring the 
non-linearity as suggested above this factor is 
included and the result more representative of 
the appearance to a viewer. A travelling micro-
scope or telescope (depending on the distance 
away from the tube face) facilitates the measure-
ments, and the bars should be sufficiently narrow 
to reveal any local region of cramping. 

There are many ways in which the results of 
such measurements can be expressed of which 
the most commonly used is 

Wm ax — Wmin 
+ , X 100% 

ry max+ Wmin 

where Wmax is the width of the widest bar 
and Wmin is the width of the narrowest bar. 

Some workers avoid the use of positive and 
negative deviations by using a figure twice the 
above. 

In circuit analysis non-linearity is often of a 
simple exponential form, the maximum and 
minimum slopes occurring at the start and 
finish of the scan. It is then convenient 
mathethatically to express the non-linearity as 

% non-linearity= ( 1— mill) x 100% 
SM aX 

358 

Fig. 2. Representing an observer situated at 0 viewing a 
spherical surface S upon which are equally spaced lines 

of spacing Sy. 

where Sm ax and Smin are the maximum and 
minimum slopes. Non-linearity expressed by 
this method is hereafter termed the "slope" 
non-linearity. 

Non-linearity of not more than + 5 per cent 
is usually considered satisfactory in a mass-
produced television receiver. For more exacting 
requirements, such as studio monitors, non-
linearity not exceeding + 1 per cent is desirable. 
The corresponding figures for the slope non-
linearity are approximately 10 per cent and 
2 per cent. 

3. Linearization Methods 
The widespread use of low impedance 

deflection coils has made the field output 
transformer mandatory and the practical and 
equivalent circuits of the anode circuit of the 
output stage are shown in Figs. 3(a) and (b). 
Analysis of the equivalent circuit of Fig. 3(b) 
reveals that the primary current necessary to 
produce a linear scanning current is of parabolic 
form, the degree of curvature being determined 
by the ratio R277(4-1-L2), which will be denoted 
by in. The normal range of m is from 1 to 5. 
A commonly used design criterion is that 
giving an anode current with zero slope at the 
start of scan (often termed the "zero initial 
slope" or z.i.s. condition) and for which m=2. 
A more recent tendency is to employ trans-
formers requiring rather more curvature than 
this, as it is then possible to improve the overall 
efficiency somewhat and reduce the transformer 
size. The anode current waveform in this case 
is characterized by a minimum value somewhere 
along the scan (often between 10 and 20 per cent). 
The time at which the minimum value of the 

anode current occurs, expressed as a fraction of 
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the scan period T is given by 

1 

(it•)min = --rn • 

The primary voltage developed across the 
transformer terminals also has a parabolic 
component caused by the flow of parabolic 
anode current through the primary resistance. 
The magnitude of this component is, however, 
appreciably less than the linear component 
developed across the reflected secondary circuit 
resistance R2, and the primary voltage waveform 
is, in consequence, much less curved than the 
primary current waveform. The waveform to 
be delivered during scan by the valve feeding 
the transformer is therefore dependent on the 
valve impedance; a low-impedance valve, 
approximating to a constant-voltage generator, 
must deliver an almost linear voltage sawtooth, 
whereas a high-impedance valve, approximating 
to a constant-current generator, must deliver 
a much more curved current sawtooth. These 
different output requirements are reflected in 
different grid input waveforms for the two types 
of valve, and this effect of the valve internal 
impedance on the grid input waveform is 
illustrated in Fig. 4. It will be seen that the 

Vb 

i c 

LP 

la Va 

Rp 

Lc 

Rc 
(a) 

(b) 

Fig. 3. (a) Anode load circuit of the field output valve 
when transformer coupling to the deflection coils is 

employed. 

(b) Equivalent circuit of (a), where 

Ls ---- Lj)(1—e)/k2-1- inelk2 

122=n2(128-FRale, and 

la 

la 

Ram 0 

v. 
Flo = 

Ro finite 

o It 

(a) 

(b) 

(el 

Fig. 4. The effect of the valve internal impedance on the 
required grid drive waveform. Conditions during fly-

back shown dotted. 
(a) Ideal linear triode of zero impedance. 

(b) Ideal linear triode having finite anode impedance. 

(c) Ideal linear pentode having infinite anode impedance. 

curvature of the grid input waveform during 
scan increases *with valve internal impedance. 

" It should be noted that a positively-increasing 
sawtooth grid input to the valve is assumed, 
producing an anode current increasing during 
scan. This mode of operation is universal on 
account of the difficulties encountered during 
flyback with a negatively-increasing sawtooth 
input.4 

The grid input is obtained from the sawtooth 
generator. This is nearly always of the R—C 
type, which develops a voltage sawtooth of 
exponential form. The curvature of such a 
waveform is opposite to that required by the 
anode circuit and the shaping of this sawtooth 
to produce the correct parabolic anode current 
is the object of linearization methods. These 
various methods will now be considered. 
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3.1. Linearization by Valve Curvature 

To achieve good efficiency the frame output 
valve must be operated over a large part of its 
characteristics and it is essential to consider, in 
the treatment of linearization methods, the 
effect of valve characteristic curvature on the 
waveforms involved. It, is fortunate that the 
curvature is in the correct sense to assist in 
the shaping of the exponential wave from the 
sawtooth generator to produce the correct anode 
current waveform, and it is possible by suitable 
design of the transformer and choice of valve to 
achieve a sufficiently good approximation to the 
correct anode current waveform with the valve 
grid input taken directly from the sawtooth 
generator. This mode of operation provides the 
simplest method for linearization, having been 
widely used in the past and still finding favour in 
some quarters. The performance possible by 
this method is considerably influenced by the 
choice of valve, particularly so concerning its 
impedance, and it is desirable to consider 
pentode and triode valves separately. 

3.1.1. Pentode valves 

If we assume the valve impedance to be 
infinite then the anode current will be a function 
of the grid voltage only, as given by the 4-17„ 
curve for the particular valve and screen grid 

l 

Fig. 5. The use of the Id-Vg characteristic of a 
valve to provide the correct anode curent waveform from 

a linear sawtooth grid voltage. 

voltage used. A typical 4-11„ èurve is shown 
in Fig. 5, and upon this the anode current 
waveform produced by a given grid waveform 
can be easily constructed. The anode current 
waveform produced by a linear sawtooth grid 
voltage will obviously be a replica of that 
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Fig. 6. Diagram showing how valve characteristic curva-
ture assists in providing the correct parabolic shape of 
anode current from an exponential grid voltage when the 
waveforms exhibit minimum values along the scan. 

section of the curve covered by the grid voltage 
excursion, as shown in Fig. 5. This case 
represents the maximum parabolic curvature 
that can be obtained by this method 
when using direct drive from the sawtooth 
generator, since any exponential curvature of 
the grid input waveform will subtract from the 
curvature of the anode current. The curvature 
of the anode current produced will also depend 
on the operating region on the curve and can 
be conveniently varied by the bias, thereby 
providing a method for the control of linearity. 
When this form of control is used, care should 
be taken to ensure that variations between valves 
do not necessitate bias settings for correct 
linearity such that valve limits are exceeded. 
Maximum curvature of the anode current 
waveform will be obtained when one limit of the 
voltage swing takes the valve to cut off, giving 
an anode current waveform with approximately 
zero initial slope. 

It is not possible by valve curvature alone to 
produce an anode current having a minimum 
value along the scan, and transformers requiring 
greater curvature than the z.i.s. condition are 
inadmissible (i.e. m:1- 2). Nevertheless, the valve 
curvature still contributes towards providing the 
correct anode current waveform, even when the 
latter exceeds that of the z.i.s. condition, and 
the manner in which it operates to do this is 
illustrated in Fig. 6. At (a) is shown the correct 
parabolic shape of the anode current waveform 
along with the general shape of the waveform 
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produced by a typical R—C shaping network 
(such as that to be considered in Section 3.2). 
It will be noticed that the latter curve has a 
sharper minimum than the true parabolic shape. 
When this waveform is applied to the grid of a 
valve with a curved characteristic the effect of the 
curvature at low 'a is to flatten the minimum, 
thereby bringing it nearer to the true parabolic 
shape and reducing the non-linearity, as shown 
at (b). 

3.1.2. Triode valves 

The situation in this case is more complex 
than the preceding one because the anode 
current is dependent not only upon the grid 
voltage, but also upon the anode voltage. The 
relationship between the grid voltage, anode 
voltage and anode current is given approxi-
mately by the three halves power law: 

)3/2 
la=K(1/.1- 

where K and 14, are almost constant for a 
particular valve. The anode current and the 
anode voltage variations with time are fixed 
by the transformer and coil design, so that the 
required grid voltage can be calculated. How-
ever, it is difficult to arrive at general results of 
much assistance in design by this method, and 
recourse to plotting the loadline on the valve 
characteristic is invariably more revealing. 

The potentialities of using the curved 
characteristic of a triode valve for linearization 
can be roughly assessed graphically by reference 
to Fig. 7. In this figure are drawn idealized 
triode /a—Va curves along with loadlines having 
different degrees of primary current curvature, 
and it will be seen that it is possible to generate 
an anode current having a minimum value during 
the scan period without a corresponding 
minimum being necessary for the sawtooth grid 
waveform. In this respect it differs from the 
pentode, as the latter can only provide an anode 
current waveform having a minimum value 
'during •scan if this is also present in the grid 
input. 

Consideration of Figs. 7(b) and (c) suggests 
the limiting condition for the maximum curvature 
of the anode current that is possible to generate 
without requiring the grid waveform to have a 
minimum value during scan. This will be when 
the loadline at the start of scan has a common 

tangent with one of the grid voltage lines. Such 
a limiting case is shown in Fig. 7(b). It is shown 
in Appendix 1 that the limiting condition is 

(1 Ls+Le)  
L,,,=T(Rad-R2,) 

2 T(R.+Ra) 

where Ra is the valve's Valla slope at the point 
tIT=0 on the loadline, the other parameters 
being as defined in Fig. 3(b), 

On account of the exponential nature of the 
input sawtooth and the variability of valve 
characteristics it will normally be necessary to 
make L. considerably greater than this limiting 
value if complete linearization by valve curvature 
alone is desired. The inherent superiority of the 
triode over the pentode valve in delivering the 
necessary curved anode current has led to 
linearization by valve curvature being nearly 
always associated with a triode output valve. 

(a) 

(c) 

(6) 

Fig. 7. Illustrating the possibility of generating and 
anode current having a minimum value along the scan 
by use of triode characteristic curvature. (a), (b) and 
(c) show load lines having successively greater curvature 

of the anode current waveform. 

When complete valve curvature linearization 
is undesirable or impracticable it is necessary to 
employ alternative means, and the methods 
available can be divided into two categories; 
those using passive shaping networks only and 
those employing the negative feedback principle. 

To keep the mathematical expressions simple 
and thereby permit easy application of the theory 
to design work, it is assumed that the valve and 
transformer characteristics are linear, and that 
the sawtooth available from the sawtooth 
generator is linear. Of these assumptions, that 
of a linear transformer characteristic is reason-
ably realistic as transformer distortion is usually 
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low. The other two are, however, more 
questionable and it is considered later how they 
may best be taken into account. 

Furthermore, the analysis will be restricted to 
the cake of a single pentode stage as this is by 
far the most common and as shown above, 
requires the greatest amount of linearity 
correction. 

3.2. Linearization by Shaping Networks 

The networks employed can be, theoretically, 
either RC or RL combinations, but the practical 
difficulties associated with inductors (exaggerated 
in the field timebase because of the long time-
constants necessary) have led to the exclusive 
use of the RC type. A network often employed 
(and from which many other networks can be 
derived5) is that shown in Fig. 8. The waveform 

(i-o)R o R 

 f\AA/ 

Vin 

r 

Vo 

Fig. 8. Circuit of a commonly used passive shaping 
network used to provide an approximately parabolic 

output voltage from a linear input sawtooth voltage. 

developed across the capacitor is approximately 
the integral of the input waveform and the 
tapping on the resistor serves to combine these 
together in any desired proportions. The 
integrating action obtained from this RC section 
can differ considerably from ideal mathematical 
integration and it is desirable to employ actual 
circuit analysis to assess its performance. 
The voltage waveform across the capacitor 

depends upon its initial charge at the commence 
ment of each scan, and two modes of operation 
can be distinguished. 
The first is that in which the capacitor is 

discharged before the commencement of each 
successive scan period. This mode suffers from 
two basic defects: its inability to generate a 
parabolic wave having a minimum during scan, 
and the practical difficulty of discharging the 
integrating capacitor before the commencement 
of the scan period (which would be in addition 
to the normal discharge of the sawtooth 
generating capacitor). 
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The second mode of operation avoids the 
latter defect by not discharging the capacitor 
before the commencement of each scan period, 
in which case its charge can only change by 
current flow through the resistor. The expression 
for the output voltage Vo, produced by a linear 
sawtooth input, V. tIT, can be shown to be 
given by 

Vo 
" — 

V 

= (I -a) CTR (;)] I t CR 
- — 

1 exp[ - T 
‘. —a) 

CRj 

 (1) 

where a is the fraction of the total resistance 
between the integrating capacitor and the tap. 
The shape of the waveform defined by this 

equation, varies from a linear sawtooth identical 
with the input sawtooth, when a=1, to that 
shown in Fig. 9, when a=0. The latter wave-
form has a minimum value which occurs at a 
point along the scan determined by the ratio 
of the network time-constant, RC, to the 
repetition period, • T, of the input sawtooth. 

When TIRC is sufficiently small this minimum 
value tends to occur halfway along the scan 
period. Thus, by varying the position of the 
resistor tapping point a the minimum value of 
the output waveform can be chosen to occur 
anywhere up to halfway along the scan. The 
point at which the minimum of the output wave 
occurs can be shown to be given by 

(t/T)min= —CR log (1-a)TICR 
T 1 _e-T/CR • 

The peak-to-peak value of the wave is given by 

Vo(_„) (1 -a)e- TICR  
1 _e-TICR 

+ 1 - T x 
CI,Z  [ l +loge (l -a)TICR 

1 _e- TIC R 

when (tIT)min >. 0, or 

Vo_. (p)  -a, e 
when (t/T)minO. The relationship between a 
and TICR necessary to give (tIT)inin=0 (i.e. 
zero initial slope) is 

CR 
a,__ _ _e-TICR ). 

T 

exp [ - — 
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Now these results are well known, the usual 
treatment from this point being to assume that 
the exponent T CR is sufficiently small to allow 
the first few terms of the series expansion for 
the exponentials to be substituted in the 
equations. The necessary relationships betweer 
the component values of the shaping network 
and the parameters of the output anode circuit 
are then easily derived. However, this procedure 
implies considerable attenuation in the shaping 
network which is rarely permissible in practice, 
and calculations based on these premises 
invariably require considerable modification 
during circuit development. 

ve 

t 

Fig. 9. General shape of the voltage developed across 
the capacitor of Fig. 8 when the input is a linear repetitive 
sawtooth and the charge on the capacitor is determined 

solely by current flow through the resistor. 

This approximation can be avoided by starting 
from the expression for the output voltage of the 
shaping network (eqn. ( 1)) and deriving the 
resulting deflection current. 

It is shown in Appendix 2 that the output 
waveform from the shaping network of Fig. 8 
and given by eqn. (1), applied to the grid of a 
linear pentode results in a deflection current 
given by 

ii r me-"4  

2 gine* n L1 1- e-mj 
1—a [me- "'' pe-P xi} 

where 

m—p 1 —e 1 —e-P 

L„  
'7= 4+4' 

R2T 
in=   

(2) 

p=TICR and x=tIT. When m=p the second 
term is indefinite, but by series expansion of 
the exponentials it can be shown that the 
expression for 12 becomes 

1 , me-me ) 
i 2 =gm ( I 

M 1 —e-m 
m(1 —a)e- ni x 

(1 —e-m)2 (x+e-nli — 4)}  (3) 

By choosing 

i.e. 

If we specify the departure of the waveform 
according to eqn. (2) above in terms of the slope 
non-linearity we obtain 

slope non-linearity 

in -( 1 - -a)(m 
in (I -a) I m2 p 2 \ 

e m -e -"I I e 

(4) 

(5) 

m —( 1 —a)(m +p) 

a = pl(p +m) or p =am1(1 —a) 

the slope non-linearity becomes zero and the 
waveform has the same slope at the start and 
the finish of scan. This does not mean, of 
course, that the slope over the rest of the scan 
is constant and in general it is S-shaped. It is 
shown in Section 4 that this shape is desirable 
to compensate for distortion caused by the 
cathode-ray tube screen radius exceeding the 
deflection radius, and this choice of parameters 
to give equal initial and final slopes will now be 
assumed. 

The non-linearity of this waveform may be 
expressed as the ratio of the difference between 
the maximum slope and the initial slope (or 
final slope, as these are equal) to the initial slope. 
Non-linearity according to this definition will 
be termed the "maximum" non-linearity. 

It is shown in Appendix 2 that the maximum 
slope of eqn. (2) occurs when 

1 (1 —e-P)m 
\i7 max m—P loge (1 — e-m)P  (6) 

and that the maximum non-linearity is given by 
am e-m(tIT)MaX 

[  m  (1—a) /  m2 p 2 \ 

(1 —e-m) 1 - -e -"' (m -p)1 1 

—1  (7) 
Curves of (t/T)max according to eqn. (6) are 

plotted in Fig. 10 with m as abscissa for various 
values of a. In Fig. 11 are shown similar curves 
for the maximum non-linearity. The curves 
(t/nmax give some idea of the degree of 
asymmetry of the S-shaped deflection current. 
When the curve is symmetrical the point 
of maximum slope occurs at midscan, i.e. 
(t/nm ax =I, and it will be seen that this can 
only be approached with small values of m 
and a. 
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Fig. 10. Curves of eqn. (6), giving the point at which the 
maximum slope of the deflection current occurs as a 
function of a and m, when the shaping network time-

constant satisfies eqn. (5). 
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Fig. 11. Curves of eqn. 7, giving the maximum non-
linearity as a function of a and m, when the shaping 

network time-constant satisfies eqn. (5). 

An alternative shaping network, often more 
convenient in practice than that of Fig. 8, 
is shown in Fig. 12. The foregoing analysis 
also applies to this network when p and a are 
defined as shown in the figure. 

57 in!1 

Cr 

 Il 
.1 

Vont 

Fig. 12. Shaping network of different configuration to 
that of Fig. 8 but having an identical transfer charac-

teristic. For this network a and p are given by 
a—C,I(Ci+ C2) and p= MCI+ C,) 

3.3. Linearization by Negative Feedback 

The theory of negative feedback amplifiers 
has -received considerable attention over the last 
few decades and extensive literature is available. 
The well-known benefits resulting from the 
application of negative feedback to an amplifier 
are particularly advantageous in the field time-
base amplifier and this has led to widespread 
use of this method for linearization in recent 
years. However, much that has been written 
on negative feedback amplifiers is of general 
nature and largely concerned with sinusoidal 
waveforms; many of the design procedures are, 
therefore, not directly applicable to timebase 
design. It is the purpose in this sub-section to 
examine theoretically such negative feedback 
systems as are commonly used in field timebase 
amplifiers. 

The basic principle behind all the methods 
used is to feedback to the input an opposing 
voltage proportional to the deflection current. 
If the loop gain is sufficiently high the deflection 
current becomes proportional to the input 
voltage, so that a linear input sawtooth produces 
a linear deflection current. As it is impossible 
to achieve an infinite loop gain, any practical 
circuit must fall short of this ideal and there 
will be some residual non-linearity. It can be 
shown that the effect of feedback strictly 
proportional to deflection current is to reduce 
the gain and the effective value of m for the 
anode circuit by a factor r given by 

r=1 +(mid-frequency loop gain) 

and that the slope non-linearity of the deflection 
current produced by a linear sawtooth input is 

100(1—e-in %. 

(The curve of Fig. 24 applies directly to the 
evaluation of the non-linearity if nilr is sub-
stituted for TIC'R'). 

A feedback voltage proportional to the 
deflection current may be produced in various 
ways. The simplest and most obvious of these 
is by inserting a resistor in series with the 
deflection coils, but this suffers from two 
disadvantages. The first is the reduction in the 
power efficiency cf the output circuit, and it is 
necessary to use resistance values small compared 
with the deflection coil resistance. This leads to 
the second disadvantage of a low loop gain. 
An additional stage of amplification is usually 
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necessary if feedback is to be worthwhile and 
the system becomes uneconomical for a normal 
domestic receiver. Nevertheless, when the best 
performance is desired regardless of cost, it can 
be considered a good method, as it includes the 
whole output circuit within the feedback loop. 

An improvement in loop gain could be 
obtained by using the voltage developed across 
the resistance of the deflector coils. Although 
this cannot be done directly, on account of the 
deflector coil resistive and inductive components 
being inseparable, it is possible to develop the 
desired voltage by means of the resistance-
capacitance dual fed from the deflector coils. 
This arrangement is illustrated in Fig. 13, where 
the necessary relationships are also given. This 
mèthod avoids wastage of power and will 
occasionally be satisfactory over a single stage 
with high resistance deflection coils. However, 
the tendency during the last few years towards 
exclusive use of low impedance coils (dictated 
mainly by production methods) has resulted in 
the loop gain being insufficient over a single 
stage and additional amplification is still 
necessary. 

V in 

Lc 

- 

vo.t (a) 

C  vout (b) 

V in 

Fig. 13. (a) Equivalent circuit of the deflection coils and 
(b) its R—C equivalent, having identical transfer 

characteristic, when RC = LC/RC 

To enable sufficient loop gain to be obtained 
over a single stage it is necessary to derive the 
feedback voltage from the primary of the output 
transformer. The R—C dual of the equivalent 
circuit for the transformer and deflector coils 
enables a voltage to be developed identical with 
that across the fictitious reflected secondary 
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Fig. 14. (a) Equivalent circuit of the field output trans-
former and the field deflection coils, as in Fig. 3(b) and 
(b) its R—C equivalent, having identical transfer 
characteristic, when C,R,= L,R5. CAI= LvIRp and 

Ci/Cd = Ri,//22. 

circuit resistance (R2 of Fig. 3(b)). This network 
is shown in Fig. 14(b) along with the necessary 
relationships between the constants of the anode 
circuit and the component values. These 
relationships are usually cited for design 
purposes, but it should be remembered that 
a linear deflection current is only obtained from 
a linear sawtooth when the gain is infinite. 
Although feeding back a voltage proportional 
to the deflection current, derived in one of the 
ways just described, will reduce the non-linearity 
of the deflection current due to the transformer 
shunt inductance, it is invariably the case that 
the degree of non-linearity is still intolerable 
because of insufficient loop gain. The non-
linearity of the input sawtooth also contributes 
to the total non-linearity of the deflection 
current and the resulting effect is manifest as a 
gradual cramping towards the bottom of the 
picture. 

To reduce the non-linearity without increasing 
the loop gain it is necessary to introduce some 
form of shaping network. This may be positioned 
so as to modify either the input, the grid or the 
feedback waveforms and thus provide the correct 
grid drive waveform from the approximately 
linear input and deflection current waveforms. 
These three possible circuit arrangements are 
shown diagrammatically in Fig. 15 where p 
represents the network used to develop a 
feedback voltage proportional to the deflection 
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current (and duplicating, as shown in the Figure, 
that section of the transformer—deflection coil 
equivalent circuit following the point from 
which the feedback is taken). 

To simplify the expressions the feedback 
voltage, denoted by V1, is assumed equal to 
zi2R„ that is, a fraction, z, of the voltage developed 
across the hypothetical reflected deflector coil 
and transformer secondary resistance, R, 
(Fig. 3(b)). 

The form taken by the shaping network in 
each of the three possibilities represented in 
Fig. 15 will now be considered and the 
capabilities of each system examined. 

3.3.1. Shaping network modifying the input 
waveform (Fig. 15(a)) 

It has been stated in the preceding paragraphs 
that the effect of feedback directly proportional 
to the deflection current is to divide the gain and 
the effective value of m for the anode circuit 
by the factor r, which in the case of a single 
pentode stage is given by 

r=-1+znI22,g„, 

where n--,/,I(L,+L2). 

From the point of view of linearity correction, 
therefore, the stage can be treated as if it were 
an amplifier without feedback having values of 
m and gain, l/rth of the actual no-feedback 
values. The shaping network of Section 3.2 
is therefore the appropriate choice for linearity 
correction and the analysis of that section 
applies directly. 

The condition for zero slope non-linearity 
(i.e. equal initial and final slopes) is in this case 

mIr=(1—a)(mIr+p); a=p1(mIr+p) 
or p=amIr(1—a). 

Thus the required value of p is likewise 
divided by the same factor r and the waveform 
of Vin is less curved than when feedback is 
absent. This is counterbalanced, however, by 
the necessity for its amplitude to be r times 
greater. 

3.3.2. Shaping network modifying the grid input 
waveform (Fig. 15(b)) 

The shaping network is now positioned 
immediately before the grid of the valve and 
its input is made up of the difference between 
Vin and Vf, being approximately linear. The 

V In Shaping 
Network 

V in Vg 

in 

Shaping 
Network 

A 

(a) 

V in Vg 

Vt 

_Shapin 
Network 

A 

(b) 

(c) 

Fig. 15. (a) Block diagrammatic representation of a 
feedback amplifier with an appropriate network 
providing a feedback voltage Vf proportional to the 
deflection current, and an auxiliary shaping network in 

the input path. 
(b) As at (a), but with the shaping network in the 

amplifier input circuit. 
(c) As at (a), but with the shaping network in the 

feedback path. 

shaping network of Fig. 15 is again an appro-
priate choice to provide the necessary shape of 
grid input waveform. 

It can be shown that the value of p for this 
network necessary for zero slope non-linearity 
of the deflection current waveform is am/(1—ar). 
If ar> 1 the condition requires a negative value 
for p which is, of course, physically impossible. 

The performance of this method of lineariza-
tion is inferior to that next to be described and 
it will not therefore be considered in detail. 

3.3.3. Shaping network modifying the feedback 
waveform (Fig. 15(c)) 

The shaping network is now positioned in the 
feedback circuit and it is assumed to be placed 
after the f3 circuit, modifying V1 te V1,, as 
shown in Fig. 15 (c). It is further assumed that 
it does not load the fl circuit and thereby affect 
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Vf directly. The requirements to be met by 
the shaping network can now be examined. 

The shaping circuit must modify Vf to Vf' 
in such a way that when this is subtracted from 
Vin, V „ is of the correct parabolic shape. 

Algebraically, we have 

V9=-

i.e. 

Now Vin is assumed to be linear. Therefore Vg, 
being parabolic, must be proportional to the 
integral of Vin, i.e. 

V1' Vis—A f Vin. dt (A --const.). 

Furthermore, when Vg is parabolic Vf is also 
linear, so that we may write Vf----BVin, where B 
is a constant, and the equation above becomes 

VfIB—(AIB) . f Vf. di' 

=1V1— Y. f Vfdt 

where X and Y are constants. The shaping 
network in the feedback line must therefore 
subtract the integral of the input voltage instead 
of add it as in the case of the non-feedback 
amplifier. 

This can easily be done by altering the 
connections to the basic integrating network 
which is shown in Fig. 16. Referring to this 
figure, the output voltage V0 is approximately 
the integral of the input voltage VI. when 
TICR is small. The voltage across R, V,., will 
be, therefore 

VT= Vin—U. f Vin dt, 

where U is a constant. To maintain the common 
earth point for the input and output terminals, 

T-- Veld 

Fig. 16. The basic resistance-capacitance "integrator" 
shaping network. The output voltage is approximately 
the integral of the input waveform when TICR is small. 

May 196') 

the network is inverted, becoming as shown in 
Fig. 17. This is generally known as a "differen-
tiator" network on account of its output being 
approximately the first derivative of the input 
voltage when TICR is large. The term "sub-
tractive integrator" would be more appropriate 
in the present application but the description 
"differentiator" is so well established that it will 
be adhered to. 

Vft 

Fig. 17. Alteration of the output connections to integrator 
circuit of Fig. 16 produces the circuit shown, and from 
which the output is made up of the integral of the input 
waveform subtracted from the input waveform. When 
TICR is large the output is approximately the first 
derivative of the input waveform. It is generally known 
as a "differentiator" network on account of this property. 

It is shown in the Appendix 2 that when such 
a network is used for shaping, the reflected 
deflection current i2 is given by 

i2=g. . «{ r m (AiLAIA2)+P()e l I_eAexi) 

(x2+p)eA2x 

(À 1—A2)(1—eA2)f 
(8) 

where A1 and À2 are the roots of the auxiliary 
equation 

À2+ (M- ) A+ -17- ) =0. 

The condition for equal initial and final slopes 
of i2 is 

p=m/(r-1)  (9) 

the deflector coil current then being S-shaped. 
When the condition of eqn. (9) is satisfied the 
roots A1 and A2 are complex if (r-1)> 1/3. The 
expression for i2 then assumes a sine and 
cosine form when expressed in real terms. In 
this case the time at which the maximum slope 
occurs is given by 

tan u sin v—v cos v±ve-u 
T max sin vi-u cos v—ue-u 

(10) 
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Fig. 18. Curves of eqn. (10) giving the point at which the 
maximum slope of the deflection current occurs, as a 
function of r and m, when the shaping network satisfies 

eqn. (9). 
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Fig. 19. Curves of eqn. ( 11) giving the maximum non-
linearity of the deflection current as a function of r 
and m when the shaping network satisfies eqn. (9). 

where u and y are the real and imaginary parts 
of the conjugate complex roots, A, and A2, i.e. 

=u +jv, A2=14 — fr. 

Also the expression for the maximum non-
linearity is given by 

max. non-lin.—euum max {COS V 
(7) max -I-

(e—u —COS V 

sin  v) sin v(7,-.1) 1. • max 
 (I1) 

Curves of (tIT)ma, and the maximum non-
linearity against m for various values of r 
according to these eqns. ( 10) and (11) are shown 
in Figs. 18 and 19 respectively. 

The use of a separate network of the differen-
tiator type in series with the feedback line for 
linearity correction is normal practice when 
feedback is taken from the secondary circuit 

1 
'Shaping Network 

of the field output transformer, and the above 
theory enables the performance to be predicted. 
However, when the feedback is taken from the • 
anode of the output valve it is found in practice 
that this extra network is usually unnecessary 
and acceptable results can be obtained by 
merely altering the constants of the 18 network 
of Fig. 14(b). It has often been pointed out in 
connection with this "dual" circuit that com-
ponent values predicted by the design formulae 
usually quoted (and given in the figure) require 
adjustment in practice, and the discrepancy is 
often considerable. The preceding analysis has 
shown why this is so and also indicates how a 
more accurate design procedure can be derived. 

If an additional differentiator section were to 
be used, then providing that the loading effects 
of succeeding networks can be ignored, it can 
be positioned to either precede or follow the 
network. If the extra differentiating section is 
inserted before the network the circuit of 
Fig. 20(a) is obtained. There are now two 
cascade differentiating sections, RC and RaCd, 
and it will usually be found that the calculated 

Cd Ri 

Rd 

a Network 

Co' R 

Ro' ciT 

 -à 

Fig. 20. (a) Complete form of the feedback network when 
the feedback is taken from the anode, comprising the 

networks of Figs. 14(b) and 17. 
(b) Approximate equivalent to the complete network 
at (a), in which the two cascade differentiator sections 
have been replaced by a single section according to 
the relationship 

Ca'Re= CR:. CdReCRI-CdRd) 
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R Cd" 

o"— (a) 

Ri" Cd" 

F  

in Cr" 

Ri" Cd”. 

i 
Cl" 

out 
(b) 

—out (c) 

Fig. 21. (a) and (b) Alternative form for the network of 
Fig. 14(b), having an identical transfer characteristic 
when the components are related to those of Fig. 14(b) by 

Cd"Re—CtiR Cj"R=CRi and RrIR,r,---CilC,1 

(c) Approximate equivalent to the complete network 
of ( b), in which the two cascade differentiating sections 
have been replaced by a single section having the 
relationships 

Ce'Re= Cd"Ra" . CRI(CVIV+CR) 

time-constant of RdCd is very much greater 
than that of RC. Under these conditions it can 
be shown that the combined effect of these two 
sections can be closely approximated by a single 
section having a time-constant equal to the two 
time-constants combined "in parallel," i.e. 
TiT2/(T,±T2). The complete network of Fig. 
20(a) can therefore be approximated by the 
simpler network shown in Fig. 20(b), where the 
components are related to those of Fig. 20(a) 
as shown. It will be obvious that this simpler 
configuration will lead to somewhat increased 
non-linearity compared with the more complex 
circuit, the increase depending on the ratio of 
the time constants of the two differentiating 
sections of Fig. 20(a). 

An alternative arrangement for the 13 network, 
occasionally more convenient in practice, is that 
of Fig. 21(a) which has a transfer characteristic 
identical with that of Fig. 20(a) when the 
components are related as shown. Using this 
form of the network we can position the shaping 
network following it to give the configuration 
of Fig. 21(b). The two cascade differentiating 
sections can then be combined as before to give 
the feedback network of Fig. 21(c). 

The use of a feedback network which is the 
R—C complement of the equivalent anode load 
circuit to provide a feedback voltage propor-
tional to the deflection current is generally 
attributed to Blumlein°, and has been referred 
to by many writers (e.g. refs. 7, 8 and 9). This 
method of linearization has become very popular 
in recent years because it enables a useful 
feedback factor to be obtained over a single 
stage. 

A practical problem with this type of feedback 
circuit is that of adding the feedback voltage to 
the input sawtooth. The simplest method is to 
use a resistive adder as shown in Fig. 22. This 
can often take the form of a potentiometer and 
thereby serve also as height control. The main 
disadvantage of this simple system is the 
attenuation of the input sawtooth. The feedback 
voltage is also attenuated, but this is not 
necessarily a disadvantage. It is shown in 
Section 4.1 that the non-linearity associated with 
the exponential input normally obtained from 
simple sawtooth generators leads to an optimum 
value for the gain reduction factor r. This 
optimum value is usually less than that obtained 
with 100 per cent feedback, and some attenuation 
in the feedback path is necessary if it is to be 
realized. The optimum value for r, ropt, is 

v, Lk; 

DR 

Fig. 22. Simple resistive adder for combining input saw-
tooth and feedback voltages. 
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dependent on the degree of attenuation of the 
input sawtooth, and to arrive at the exact 
values for ropt and the tapping ratio involves 
a tedious process of successive approximation. 
However, it is rarely necessary to take this past 
the second stage of approximation to obtain 
satisfactory practical values, and the following 
procedure is usually satisfactory. 

First, ropt is obtained, as described in 
Section 4.1, assuming that the input sawtooth 
is not attenuated. Referring to Fig. 22, the 
grid input voltage is bVin—(1—b)Vf, that is, 
the feedback voltage is attenuated by the factor 
(1—b). The loop gain, if feedback is taken from 
the anode becomes (1—b)ge2 and 

r=1+(1—b)gnR2. 

Now g7R2 (=G) is fixed and we obtain the 
value of b necessary to give the optimum value 
of r, ropt, as 

b=1—(ropt-1)IG.  (12) 

This gives the first approximation for tapping 
ratio b of the resistive adder. To compensate 
for the attenuation of the input sawtooth its 
amplitude must be increased by the factor lib 
which will increase its slope non-linearity. 
If b approaches unity this increase can be 
ignored, but if b is much less than unity it 
will be possible to reduce the total non-linearity 
by altering the feedback factor r. To obtain 
the second approximation for b, ropt is obtained 
as before using eqn. ( 17) but with the first 
term of this equation divided by the first value 
of b. This second value of ropt is then 
to obtain the second value of b. If required, 
successive further approximations follow the 
same procedure. 
An alternative to the resistive adder for 

combining feedback and input voltages is by 
using a "split" charging capacitor for the 
sawtooth generator, as shown in Fig. 23. The 
feedback voltage is developed across the bottom 
capacitor C,', and the sawtooth voltage across 
the top capacitor C,. The bottom capacitor 
C,', forms with R. the integrating section of 
the feedback network, the top capacitor often 
being considered as effectively in parallel with 
C,' for the integrating process. This is, however, 
only strictly true when the loop gain is infinite, 
and analysis shows that when the loop gain is 
low the effect of R, and C, during scan on the 

integrating action of C,' and Ri is mainly 
dependent on the ratio R,,/R, their effect 
decreasing as this ratio increases. The converse 
effect of Ri and C,' on the sawtooth generation 
process is to add to the sawtooth voltage 
developed across C„ a sawtooth voltage 
approximately given by 

V, . Ri (1 _e— 
R0 

which can again be reduced by a high value 
of RJR,. 

Difficulties arise during flyback when the 
discharging valve is connected across both 
capacitors, as shown in Fig. 23. The mechanism 
during flyback is mainly to re-distribute the 
charges on C, and Cc', instead of to discharge 
C„ This greatly complicates analysis of the 
circuit and resort is invariably made to experi-
ment for determination of the circuit values. 

Discharging 
Va Iva 

Fig. 23. Circuit showing the use of a "split" sawtooth 
generating capacitor for combining the feedback voltage 

with the generated sawtooth. 

This method of combining the sawtooth and 
feedback voltages suffers from the disadvantage 
of being inherently less stable at low frequencies 
than the resistive adder. Its inferior stability 
arises because it possesses two more differen-
tiator networks in the feedback loop than the 
resistive adder. One of these networks is 
necessary to provide a grid return for the valve 
and the other is formed by the components Rc 
and Co. For this reason it is particularly 
important to investigate the stability of the 
feedback loop with this type of adder, and a 
Nyquist plot in the low frequency region is 
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desirable. An advantage of the capacitive adder 
is the low impedance of the combined output. 

Many other feedback and combining circuit 
arrangements can be devised but for purposes 
of design they can be usually reduced to one of 
the cases discussed and treated accordingly. 

3.4. Comparison of Linearization Methods 

The preceding sections have shown that the 
two most important linearization methods are 
(i) that using the shaping network of Fig. 8 
(or Fig. 12) in conjunction with a non-feedback 
amplifier and (ii) that using negative feedback 
proportional to the deflection current with an 
R—C differentiator network in the feedback path. 

The pérformance of both these types is rather 
similar in that the deflection current can be given 
equal initial and final slopes when the linearizing 
network time-constant p, is chosen to satisfy 
either eqn. (5) or eqn. (9), as appropriate. The 
deflection current in this case is S-shaped and 
the point along the scan at which the maximum 
slope occurs is given by the curves of Figs. 10 
and 18. The maximum non-linearity, defined by 

max. slope  

initial slope 

is given in Figs. 11 and 19. Before these curves 
can be compared directly it is necessary to relate 
the parameter a used in connection with method 
(i) to that r used in the analysis of method (ii). 
This can be done by reference to the overall gain 
of the amplifier and including the shaping 
network. The overall gain can be expressed in 
terms of the ratio of the peak-to-peak voltage 
across R 2 of Fig. 3(b) to the peak-to-peak input 
sawtooth, that is i2(_„)R2/17. We then obtain 
for the non-feedback amplifier (method (i)) 

R, . a  (13) 

and for the feedback amplifier method (method 

(ii)) 

i2(3,_„)R2/e=gm . . R2I r  (14) 

when a single pentode stage is assumed. 
Provided that the anode load circuit and the 
valve are identical in each case the overall 
gain is proportional to a and 1/r respectively. 
Thus a feedback amplifier having a gain 
reduction factor r of, for example 3.0 (corre-
sponding to loop gain of 2.0) has the same 
overall gain as a non-feedback amplifier using 

a shaping network having a=1/3. It is 
interesting to note that the presence of the 
additional differentiating network in the feed-
back loop for linearization does not affect the 
overall 'gain of the amplifier as defined by 
eqn. (14). 

Comparing now the curves of Figs. 11 and 19 
we see that the feedback amplifier has sub-
stantially less non-linearity for equal values of a 
and 1/r. Also, comparison of Figs. 10 and 18 
reveals that the value of (t/T)max is much 
nearer to for the feedback amplifier, indicating 
better symmetry of the S-shaped deflection 
current. The superiority of the feedback 
amplifier is particularly marked for the higher 
values of r. 

The feedback method also has the advantage 
of reducing 

(a) the influence of valve variability on 
performance, 

(b) the susceptibility to valve microphony, 

(c) the effect of hum generated within the 
feedback loop, and 

(d) the non-linearity due to the cathode bias 
and the grid coupling networks. 

When feedback is taken from the anode some 
disadvantages are present and which are, 

(e) greater susceptibility to hum from the h.t. 
supply, 

deflection current is dependent on the 
deflection coil resistance and, therefore, 
on their operating temperature, 

the possibility of feeding line timebase 
pulses, picked up by the field deflection 
coils, back into the field sawtooth 
generator. This may impair the interlace. 

Disadvantage (e) is most serious when it is 
necessary to operate the complete receiver from 
a mains supply unsynchronized to the trans-
mitter. In such cases it is almost essential to 
include extra smoothing for the field timebase 
amplifier. 

Due to the gradual reduction in cabinet size 
permitted by increased scanning angles, the 
temperature rise of the deflection coils is now 
often sufficient to cause a serious reduction in 
height during operation, and disadvantage (f) 
then assumes some importance. Compensation 
for this effect is possible by means of a 

(0 

(g) 
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temperature-sensitive resistor. A popular method 
is to connect such an element in series with the 
deflection coils, and by the correct choice of 
initial resistance, material and mounting position 
the total resistance of the deflection circuit can 
be maintained substantially constant over the 
operating temperature range. However, some 
degradation in the power of efficiency of the 
output circuit is involved. An alternative method 
avoiding this defect and favoured some years 
ago, is to arrange for the input sawtooth drive • 
to increase with temperature by using a 
temperature-sensitive resistor in the sawtooth 
input circuit. 

4. Design Aspects 

4.1. Non-linearity of the Input Sawtooth 

The foregoing analysis has examined the 
performance of both feedback and non-feedback 
amplifiers on the basis of a linear input waveform 
and linear valve characteristics. In practice 
neither of these are strictly linear and their 
non-linearity can considerably modify the 
various effects previously discussed. First, 
consider the input wave. 

Lope 
bbn.l.mecnry 

Vihpj 

V b 

ib 
_I _ .  

60r-

50 _ 

40 

20 

10 

0 
CI 02 0.3 04 06 03 0.1 y .2 .3 .4 .5 4 .7 130 6 

• 

Fig. 24. Curve of the function 100(1—e- nuR')%, giving 
the slope non-linearity and the peak-to-peak output 
voltage as a fraction of the supply voltage for a simple 
resistance capacitance sawtooth generator of time 

constant C'R'. 

As mentioned previously at the beginning of 
section 3, the input waveform is normally 
exponential, being obtained from the charging 
of a capacitor through a resistor with a steady 
applied potential. The slope of such a wave 
gradually decreases during the scan period and 
the non-linearity caused by this has been 
examined by many writers (e.g. refs. 10, 11, 

and 12). It can be shown that the slope non-
linearity is given by 

100(1_e—reir) per cent 

where R'C' is the time-constant of the charging 
resistor and capacitor. Furthermore, the peak-
to-peak output voltage (assuming that the 
capacitor is completely discharged before the 
commencement of each charging period), ex-
pressed as a percentage of the steady applied 
potential, is also given by the same function. 
A curve of this is shown in Fig. 24. The slope 
non-linearity is thus directly related to the peak-
to-peak output voltage (for a given supply 
potential) and any improvement in one aspect 
must be at the expense of the othent 

The non-linearity of the input sawtooth is a 
decisive factor in the overall non-linearity and 
it largely determines the choice of parameters for 
the linearization networks. In order to arrive 
at simple formulae for design purposes it will be 
assumed that the total non-linearity of the 
deflection current can be obtained by summing 
the individual contributions of the various 
sources of non-linearity. 

The two main sources of non-linearity are, 

(a) the non-linearity of the input sawtooth 
and 

(b) the residual non-linearity of conventional 
shaping networks. 

The non-linearity due to (a) can only be reduced 
at the expense of the peak-to-peak amplitude 
which will in turn demand more amplifier gain 
for a given output. Now the overall gain of a 
single pentode stage, in terms of the ratio of the 
peak-to-peak output to the peak-to-peak input 
is given by eqns. ( 13) and ( 14), and for given 
values of g„„ n and R 2, can only be increased 
by either increasing a or reducing r for the 
relevant method of linearization. For a fixed 
value of m the curves of Figs. 11 and 19 show 
that this will increase the non-linearity of 
source (b). The converse also applies and it 
would be expected, in view of the shape of the 
curves that an optimum value of a or r will exist 

t It is, of course, possible to incorporate an additional 
shaping network in the sawtooth generator itself and 
thereby secure an appreciable reduction in the non-
linearity of the sawtooth output for a given peak-to-peak 
amplitude. This expedient is seldom used though. 
because it not only increases the circuit complexity, but 
also involves difficulties due to the loading effects of suc-
cessive networks, which tends to reduce their effectiveness. 
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giving the least total non-linearity of the 
deflection current, for a given value of basic 
gain (g„,.n. 122), peak-to-peak output current 
and the supply voltage to the sawtooth charging 
network. The optimum value can be arrived 
at as follows, in the case of a feedback amplifier 
(the results apply equally well to the non-
feedback amplifier if 1/a is substituted for r). 

Rearranging eqn. ( 14) 

. n=a constant.  (15) 

Now, as shown above, for a simple R-C 
sawtooth generator we may write 

slope non-linearity=s=P/ 

where e is the peak-to-peak sawtooth voltage 
developed and V, the steady applied potential, 
so that eqn. ( 15) becomes after substituting 
for 17 

. V,= constant  (16) 

Furthermore, the residual non-linearity of the 
feedback amplifier is a function of in and r, 
but as m will be already fixed by the transformer 
and deflector coil design, it is, for the present 
purpose, a function of r only. We will 
accordingly express the residual non-linearity 
as f(r). The total non-linearity is approximately, 
therefore, 

total non-linearity = s-Ff(r). 

Substituting for s from eqn. ( 16) we obtain 

i2(p-p)  total non-linearity — . r+f(r). 
gm .n. V, 

 (17) 

The function f(r) can be conveniently obtained 
from the curves of Fig. 19 for any particular 
value of m. The variation in the total non-
linearity with r may be calculated from eqn. ( 17) 
and the optimum value for r deduced. Equation 
(15) may then be used to obtain the necessary 
peak-to-peak sawtooth input voltage. 

4.2. The Effect of Valve Curvature 

It is shown in Section 3.1 that the curvature 
of the valve characteristics contributes towards 
providing the correct anode current waveform. 

This effect is beneficial in any amplifier regard-
less of the method used for linearization, and 
reduces the amount of shaping required; 
slightly modifying the theoretical values for 
the shaping network. However, in the case of 
a feedback amplifier some of its effect is lost 
because the feedback action tends to linearize 
the valve characteristic. This is advantageous 
in so far as it makes the assumption of a linear 
valve characteristic in the preceding theory more 
realistic. 

4.3. Flat Face Distortion with Wide-angle 
Cathode-ray Tubes 

It has been shown elsewhereu that the 
deflection of the spot on a cathode-ray tube 
having a flat screen is not directly proportional 
to .the deflection coil current. The resulting 
raster when the deflection current is linear 
exhibits progressive stretching towards the edges 
of the picture and the effect increases rapidly 
with the scanning angle. This non-linearity 
can be expressed in terms of the spot velocity 
produced by a linear deflection current as 

maximum velocity 
max. non-linearity— 1. 

minimum velocity 

The way in which this varies with the total 
deflection angle is given in Table 1. 

Fortunately, the tube face is not quite flat 
and this reduces these figures somewhat. Also 
the deflection coils often compensate to some 
degree for the distortion, so that in practice the 
non-linearity is only about half that indicated 
in the table. The vertical deflection angles for 
the cathode-ray tubes in use at the present time 
are approximately 

45° for a 70° diagonal angle, 
62° for a 90° diagonal angle, 
87° for a 110° diagonal angle. 

It can be seen therefore that the effect is 
unlikely to be troublesome with a 70 deg tube 
but becomes increasingly important with 90 deg 
and 110 deg tubes. To counter this distortion 

Table 

Total deflection angle (degrees) 

Max. non-linearity (%) 

20 30 40 50 60 70 80 90 100 

4.7 11 20 37 54 82.4 122 183 276 
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it is necessary for the deflection current to be 
S-shaped. The residual non-linearity of the two 
main linearizing methods has been shown to be 
of this form when the equal initial and final slope 
condition is satisfied. There is no guarantee 
that the precise shape of the curve is the same as 
that required, but, if the curve can be made 
reasonably symmetrical and has the necessary 
amount of non-linearity, it is to be expected 
that the discrepancy in shape will be a second-
order effect, and can be ignored in an approximate 
treatment. 

The performance of the two main linearizing 
methods discussed in Section 3.4. is given 
directly by the curves of Figs. 11 and 19 for the 
case of a linear sawtooth input, and from which 
we may estimate their potentialities in providing 
the necessary amount of non-linearity. Of equal 
importance is the symmetry of the deflection 
waveform and it is apparent that perfect' 
symmetry only occurs as a limiting condition. 
For the purpose of comparing the amount and 
symmetry of the non-linearity using the curves 
it will be assumed that m=2 (i.e. the z.i.s. 
condition) for the anode circuit. Table 2 is 
then obtained. 

It is clear from this Table that the non-
linearity of the feedback amplifier is much less 
than that of the non-feedback type having an 
equivalent gain. In fact, alone it is insufficient 
to provide the required amount of non-linearity 
to compensate for the flat face distortion 
occurring with any diagonal deflection angle 
exceeding 70 deg, even with a feedback factor 
as low as 2. On the other hand, the non-
feedback amplifier has inherently more dis-
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tortion and would appear to be. capable of 
providing sufficient correction alone for up to 
90 deg tubes, although the symmetry becomes 
rather poor. 

However, the non-linearity of the input 
sawtooth has been ignored and the time-
constant of the sawtooth generator charging 
network can usually be chosen to supply the 
additional non-linearity that may be required 
with either method of linearization. It then 
becomes necessary to readjust the time-constant 
of the shaping network within the amplifier to 
restore the equal initial and final slope condition. 
This has the effect of moving the point of 
maximum slope slightly towards the end of 
scan, which is a desirable result, as the non-
linearity of both types of amplifier otherwise 
occurs somewhat before halfway along the scan 
when the input sawtooth is linear. It is normally 
possible to introduce up to 50 per cent slope non-
linearity in the input sawtooth before the 
asymmetry of the deflection current becomes 
serious. This corresponds to 100 per cent 
maximum non-linearity as defined above, and 
in conjunction with the residual non-linearity 
of the linearizing networks and that from other 
sources, should permit satisfactory correction 
for the flat face distortion of conventional 
cathode-ray tubes having diagonal deflection 
angles of up to, and somewhat beyond, 110 deg. 

Should the linearity prove insufficient in a 
particular design it is possible to employ a 
non-linear resistor". This also offers the 
advantage of rather more flexibility, although it 
does, of course, increase the circuit complexity. 

Table 2 

Non-feedback amplifier using the shaping network of Fig. 8. m=2 

a 

max. non-lin. % 

(t/T)min 

0.05 

2.5 

0.425 

0-1 

5.2 

0.41 

0.2 0-3 

13 23 

0.40 0.38 

0-4 0.5 

38 60 

0.37 0.34 

Feedback amplifier using differentiator network for linearization. m=2 

max. non-lin. % 

(tInmin 

20 10 

0-5 0.5 

0.497 0 -492 

5 

3.0 

0.482 

3.33 2.5 2.0 

8.0 17 29 

0.466 0.44 0.42 
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5. Conclusion 

An analysis has been made of conventional 
linearization methods which includes a quanti-
tative treatment of their imperfections. In the 
case of those methods using some form of 
shaping network it has been shown that the 
deflection current becomes S-shaped under 
certain conditions, and the necessary relation-
ships between the parameters has been derived. 

The non-linearity of the sawtooth input to the 
amplifier is of exponential form when a simple 
sawtooth generator is used and the effect of this 
on the overall linearity has been considered. 
It has been shown that the presence of this 
non-linearity leads to an optimum value for the 
attenuation introduced by the linearization 
process and a design procedure to achieve the 
least possible overall non-linearity has been 
suggested. 

The practicability of using the inherent non-
linearity of the time base to correct for deflection 
distortion occurring with conventional wide-
angle cathode-ray tubes has been considered, 
and it appears that this should be possible for 
total deflection angles of up to at least 110 deg. 
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8. Appendix 1: 

Limiting case for linearization by valve curvature 
alone with triode valve. 

The condition for the grid voltage not to 
require a negative slope (i.e. having a minimum 
along the scan) will be when the load-line at 
start of scan has a common tangent with the 
valve /a— V. characteristic. 

The slope of the load line on the valve 4 Va 
characteristic is 

d  / dia 
d(tIT)1 d(tIT) 

Now, referring to Fig. 3(b), V. Vb—Vi 

d V. 
Therefore, dt = — d VI/dt 

The equation to the anode current necessary to 
produce a linear deflection current, defined by 

f2(2-t— 1) , when referred to the primary is, 

r2 R2TiL+ 4,1-L2 1\ 2 + I 
 (18) 

L, R2T m 

where 4, is the minimum value of the anode 
current. 

Also the equation for the primary voltage Vi is 

= R„. 4-Ff2.R2(2.-T 2 . R2T —L2 —  (19) 

Differentiating these two equations and dividing 
we obtain 
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L,  
dVi I dia 
d(11T) d(tIT) — Rp+T (t1T-ELP-FL2 1\ 

R2 T 2/ 

dvi d Va 
Putting (IIT) = 0 and — 

d(tIT) = d(t IT) 

we finally obtain 

dVa 

d(t IT)  
(14 (0) = —[ Lp Rp+T (LP+L2 1\...(21) 

d(tIT) R2 T 2) 

In this equation we have three cases: 

when LP+L2 < 4, the second term is 
R2T 

negative. 

(ii) when L+L2 — 4, the second term is 
R2 T 

infinite and the loadline at the start of scan 
is parallel to the Va axis, touching the 
line la -= la, 

and 

(iii) when L 7)+1.2 > 4, the second term is 
R2 T 

positive. 

The second term will always exceed the first (RD) 
so that the sign of eqn.(20) is determined by the 
second term. 

Thus, for the preceding three cases at the start 
of scan, 

(i) Lp+L2 < dliald(tIn(0 ispositive and 
R2 T clIald(tIT) ' the load line 

curves back, 
presenting a 
negative re-
sistance to 
the valve. 

dVa/d(t/T)(0) is infinite and 
dIald(tIT) the loadline is 

parallel to Va 
axis. 

, d Va/d(t/T) isnegativeand 
dIald(tIT) (0) the load line 

presents a 
positive re-
sistance to 
the valve. 

(ii) Lp+L2 
R2 T 

L H-L2 
(m)  " > 

R2 T 

The required limiting condition for the grid 
voltage not to have a minimum along scan is 
when 

or 

L, 
—(R„+ Le+2 L \) — Ra 

R27, 

L, 
— Ra+R„ (22) 

T il Lp+L2  

R2 T j 

The factor (4+L2)1R2T when expressed in 
terms of the secondary circuit constants becomes 
(Ls+Lc)IT(Rs+R,), giving the limiting condition 
as 

L, = T(Ra+Rp) 4+4 ...(23) 
T(R8+12,) 

9. Appendix 2: 

Deflector coil waveform resulting from an input 
derived from the shaping network of Fig. 8. 

Referring to Fig. 3(b), the relationship 
between la and i2 is given by the differential 
equation. 

dia d 
L,. —dt = R2 . i2 +(L2+4) .d—it2 ...(34) 

Changing the variable to tIT we have 

dia di2  
— R2T. i2 + (L2 +-1-,e) • doll.) 

Putting tIT = x, R2IT(L2+4) = m and 41 
(L2+L„) = .1, the equation becomes 

di2 , día 
--rm • /2 =• — 
dx dx 

We will assume that la = gm V,.. 

From eqn.(1) we have the expression for the 
input waveform as 

e-Pe  + x— (1—a) 
(1—e-P) 

where p = TI CR 

The differential equation (25) now becomes 

—di2+m.i2 = gm . 7). 
dx  

Using integrating factor erne we obtain 

[1 (1—a) pe—Px 
i2 gm .'n. V 

M (1 — e-P) (m— P) 

(25) 
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This solution is the particular integral; the com-
plementary function is i2 = Ae-'nx, giving the 
complete solution as . 

i2 = g„,.7). P [m1 (1 — e-P)(m—p)+ B . e-mx] 
(1 —a)pe-Pz  

Using the condition that fi i2 dx = 0 we obtain 
o 

11 

(1—e-m)L(m—p) ml 
and the complete solution is then, 

/• 2 --- gm •-n • e [i- i 
m 1—e-m 
1 me-me ]+ 

+ 1—a  rme-me pe-Pe  11. - 

m—p Li -e-m 1 —e-P] ) 

When m = p, this becomes 

/2 = gm..n.e { I [1 me me ]+ 

B — 

-i-m(1—a)e-mx (x+e-m . [ 1-4)   

The slope of i2 according to eqn.(26) is 

di2 - 1me-mx  
— = gm • 11 • r7, [ 
dx 1 —e-m 

(1 — a) im2e-mx pe-px 

(m — p)‘l —em 1 —e-P 

When x = 0, this becomes 

(26) 

The point of maximum slope of i2 (eqn.26) is 
obtained by equating the second differential to 
zero. 

Denoting the time at which the maximum slope 
occurs by xmax we obtain 

(1 — e-P \ m2 ip —am\ ...(29) 
dm-P)xmax 

1 —e-m) . .k 192 1—a j 

If the condition for zero slope non-linearity 
above is satisfied, then eqn.(29) yields 

Xmax = () max (m—p) . 

1 (1—e-P)m 
  , loge 

(1 e-n )P 
Substituting this condition back in eqn.(28) gives 
the maximum slope as 

gm .11. P.ame-mxmax —di2(max) — 
dx 1 —e-m 

and the initial and final slopes as 
di2 
x(0) = —di2 dx(I) = gm . 7).P [  m 

1—e-m 

1 —a )(  m2  

m—p 1—e-m 1 —e-P)] 

The non-linearity expressed as the difference 
between the maximum and initial slopes relative 

(27) to the initial slope, here termed the maximum 
non-linearity', is given by 

max. non-linearity = 

ame-mxmax 

(28) 

di2 
dx(0) =  m [i —e-m 

( —a)(  m2 p2 \ -1 

(m—p)1 — e-m 1 — e-P) 

and when x = 1, it becomes 

di2(I) I me-m  

dx 1 —e-m 

(1—a) p2e-p 

(m—p) 1 e-"' 1 —e-P 

The difference in slope between di2/dx(0) and 
di2/dx( I) may be shown to be zero when 

m = (1 —a)(m+p) 

i.e. when a = — or p —  am  
P+ni 1—a) 

...(30) 

p2 

(1 —e-.)[  m —a \ m2 P2 )1 

‘m ‘1—e-m 1 —e-P 

—1 

This equation does not readily lend itself for 
computation by slide rule, but it can be brought 
into the following form, which is more suitable 
for this purpose: 

max. non-linearity 

(1 — 2a)(1 —e-P)e-mxmax 
1 

a(e-P—e-m) 

10. Appendix 3: 
Deflector coil waveform produced by a feedback 
amplifier incorporating a differentiator network 
in the feedback path. 

Referring to Fig. 15(c) we have 

= Via— 

The differential equation for the circuit is 

di2 
dx+ m . / d/a 2 —  

dx 

(31) 

(32) 
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Substituting 12 = VfizR2, = g„,V, and 
g„,R211= G, and for V, from (31) we have 

d VI 1 - r  d1(  in O f f')  

M f = 

dx dx 
(33) 

The differential equation for the shaping net-
work of Fig. 17, is, using the notation of Figs. 
15(c) and 17, 

dVf' , , , 
-t-pr f = — 

dx dx 
(34) 

Putting eqns.(33) and (34) into operational 
form and substituting Vin = x.e we obtain 

(D+m)11/±z.G.D = z.G.e  (35) 

and 

D V —(D+p)i = 0  (36) 

Eliminating between these two equations 
yields 

[D2+ (P4.-/n) .D+Prni zpGe 
r 

where r = l+zG. 

The solution of this equation is 

zGe 
V = (1+Aeliz-I-Be2z)   

where A1 and A2 are the roots of the auxiliary 
equation 

(37) 

Az P+m) PA2+ o   
r 

(38) 

(39) 

Similarly by eliminating V, between eqns.(35) 
and (36) we obtain 

[D2+ (P---tn)D+1 V,' = 0  (40) 

The solution of which is 

V, ' = E • e l lZ  +Fee  (41) 

where Ai and A2 are again the roots of eqn (39). 

The constants E and F are related to A and B, 
substitution for V, and V, ' in eqn.(36) yielding 

E ). A  and ZGe( A2 B 
m 4.+P m Az +p 

so that eqn (41) becomes 

= zGlA( ) ete-I-B( A2 ) 

m +P Aa+P 
 (42) 
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The constants A and B in the solutions for Vf 
and V,' are determined from the known condi-
tions within the nextwork, which are: 

that the charge upon C cannot change during 
flyback; 

and: that the anode current during flyback 
divides between IL„ and L2 in inverse proportion 
to their inductances. 

These two conditions can be expressed as 

11/(1)— V7(0) = iff(1)— Vt(0) , and 

V,(1)— V,(0) = zGe—zG[V/(1)-11/(0)] 

From these two conditions we obtain 

A —  m(Al+P)  
r(Ai—A2)(1—exi) 

m(A2+p)  
B — r(Al — A2)(1 — e2) 

vf _ zGer,  « AI ±p)ei. x.  m r(Ai—A2)(1—ei)+ 

m(A21-p)eze  1 

r(Ai— A2)( I — e2).1 
and 

(43) 

V,' =zGe[1   
(Ai—A2)(1—exi) —4)(1 — e?`2)] 

By differentiating eqn.(4) with respect to x and 
setting Ed Vildx](1) = [dVf/dx](0) we obtain the 
condition for zero slope non-linearity as 

Aleix 

P = r-1 

Azel2e 

(44) 

This condition will be assumed to be satisfied in 
all the following treatment. The auxiliary 
equation (39) thus becomes 

m  ) m 2 
X2+ A+ _o   

r-1 r-1 
(45) 

The roots Ai and A2 of this equation are 

p p 
Ai; A2 = 2+-2 7-3  (46) 

From this it will be seen that the roots are 
complex if r> 4/3. This inequality is always 
satisfied in practice so that we shall express the 
roots as 

Ai=u-Ejv and A2 = —iv  (47) 
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where from (46) 

P and 2 =2- ,j3--r ...(48) 
4 

both u and y being real. 

The coefficients A and B now assume conjugate 
complex forms and the solution for V, may be 
written as 

—zG12.{1 ± eue[P cos vx+ Q sin vx]} ...(49) 

—  

where 

P= 

— 
ry (1 — eu cos Vr+e2u sin2 

mr(u+p)(1-eu cos v)- veu sin vl 

rvt o —eu cos vr+e2x.sin2 
By setting the initial and final slopes equal we 
obtain 

m [v(1-eu cos v)-Feu(u+p) sin vi 

Qu—Pv 1 — e14 cos V 

Pu+ Qv eu sin 

The point, (tInmax, of maximum slope for 
is found by equating the second differential of 
V, to zero, when we obtain 

tan v (-tT) max u(Pu+ Qv)-kv(Qu—Pv) 
u(Qu—Pv)—v(Pu+ Qv) 

 (51) 

Using eqn.(50) to eliminate terms containing P 
and Q yields 

v n 

u sin v- v cos v+ve-u 
tan v si v+ u cos v-ue-u  (52) 

d V 
The maximum slope dxf(nax) is found to be 

(50) 

d Vi zG17 
(max)=_eu(tIT)max {[Pu+ Qv] cosv(t/T) 

dx 

+[Qu-Pv] sin v(tinmax 

d V 
and the initial slope-AO) (also equal to the final 

dx 

slope when eqn.(44) is satisfied), 

d V z 
f(0) = Ge— (Pu+ Qv) 

dx 

The maximum non-linearity is 

d Vf(0) diff 
-(max) dx --(max) clac dx 

d Vf(0) 
  1 
d Vf(0) 

dx dx 

which becomes, using the expressions above for 

ditf 
dx (max) and — (0) and using eqn.(50) 

dx 

I max 

max. non-lin eu(t/T)max cos v 

(e  1) -u-cos . ( 
sin v - ) - 1 ...(53) 

sin y  

When u and y are small we may use the first few 
terms of the series for sine, cosine, tangent and 
the exponential in expression (52) which, after 
neglecting the higher powers, becomes 

1 p — u\ 1 (1—u13 

3 ‘2-uf 2 ‘1-u/2f 

This shows that, as u tends to zero, (t/T)max 
tends to and the waveform of V, becomes 
symmetrical. 
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NEW BRITISH STANDARDS 

The following is a selection of the new and revised British Standards on subjects of interest to 
members which have been issued during recent months. The Brit.I.R.E. has been represented on the 
Technical Committees concerned with preparation of those Standards marked with an asterisk(*). Copies 
of the Standards may be obtained from B.S.I., Sales Branch, 2 Park Street, London, W.I., at the prices 

indicated. 

B.S. 397:1960. Primary cells and batteries. Price 15s. 

The latest revision of B.S. 397: 1946, "Leclanché 
type primary cells and batteries," has been expanded 
to include also revisions of B.S. 966: 1951, "Batteries 
for valve-type hearing aids" and B.S. 1766: 1951, 
"Dry batteries for domestic radio receivers," which 
have now been withdrawn. The new standard differs 
from the previous editions in that it specifies discharge 
tests for hearing-aid batteries and introduces mercury 
cells. A change which will be noticed by almost all 
the users of batteries for cycles, pocket lamps, etc., 
is that the familiar numbering system by which the 
cells are identified has been changed to bring it into 
line with an internationally agreed system. 

B.S. 397 deals with primary cells and batteries for 
general industrial and domestic applications. Perfor-
mance tests, dimensions, nominal voltages and designa-
tions for dry batteries and cells are specified, together 
with requirements for wet cells. Also included in the 
56 pp. illustrated publication are appendices giving 
guidance on the allocation of sockets for new designs 
of batteries (not yet standardized) and approximate 
British and American equivalents of cells and 
batteries which have been standardized internationally. 

B.S. 448: 1959. Electronic-valve bases, caps and 
holders. Section B5B/F.* Price 2s. 

This document specifies the dimensions of the 
B5B/F valve base and outline. It replaces Section 
B5B of B.S. 448: 1953. 

B.S. 1568:1960. Magnetic tape sound recording and 
reproduction. Price 4.s. 6d. 

This 16-page publication incorporates two revised 
specifications: B.S. 1568, "Magnetic tape sound 
recording and reproduction," and B.S. 2478 (the 
standard for tapes and spools for commercial and 
domestic magnetic tape sound recording and repro-
duction—issued in 1954, and now withdrawn). 

The new standard deals with the essential features 
of recording on magnetic tape coated on one side 
only. It also specifies features of the *tape itself and 
of the associated recording and reproduction equip-
ment which are necessary to ensure satisfactory inter-
changeability. It applies to single-track and two-track 
recordings, the latter being either single-channel or 
stereophonic. 

The specification clauses deal with: dimensions of 
tape; tape-winding; identification of recorded side of 
tape and of recorded tapes; colour codes for leaders; 
tape speed; spools; position and dimensions of mag-
netic sound tracks; recording characteristic; tolerances 
on recorded levels; tolerances for reproducing equip-
ment. There are four diagrams. 

B.S. 2133A : 1960. Fixed ceramic-dielectric capacitors 
Grade 1 for use in telecommunication and allied 
electronic equipment. Grade 1 : General require-
ments and tests.* Price 12s. 6d. 

This new standard deals with capacitors which are 
suitable for use in tuned circuits or in any other 
application where low loss and stability of capacitance 
are essential. They are for radio-frequency currents 
not exceeding 1 ampere or a reactive power not 
exceeding 200VAr and having a nominaL temperature 
co-efficient not exceeding 1,500 parts per million. 
They are not intended for radio interference suppres-
sion nor for isolation purposes in telecommunication 
equipment. (Dealt with in B.S. 613 and B.S. 415.) 

Part 1 includes a series of mechanical robustness 
and climatic and durability tests for the capacitors 
together with colour codes for indicating capacitance 
value, tolerance and temperature co-efficient. Part 2 
of B.S. 2133A, comprising a list of standard sizes, 
ratings, etc., will be published in due course. 

B.S. 3146: Part 1: 1959. Investment castings in metal. 
Part 1: Carbon and low allow steels. Price 6s. 

The facility with which complex shapes can be 
accurately produced without expensive or difficult 
machining is the reason for the rapid growth in 
popularity of investment casting. The first part of a 
new British Standard for investment castings in metal 
has now been produced to fulfil the needs of industry 
in this expanding field. 

Castings made from carbon and low alloy steels 
are the subject of the first part; further parts to be 
published later will deal with higher alloy steels and 
special temperature steels. Castings of the type 
specified in this new publication are those whose 
manufacture involves the investment of an expendable 
pattern by refractory slurry; castings by the shell 
moulding process are thus excluded. 

B.S. 3234: 1960. Polythene insulation and sheath of 
electric cables. Price 4s. 

This new British Standard is the third in the series 
dealing with various kinds of insulation and sheath 
for electric cables (the other two were B.S. 2746, deal-
ing with PVC, and B.S. 2899, dealing with rubber). 
Three main kinds of polythene compound are recog-
nized, and these are sub-divided into ten types, distin-
guished by the presence or absence of polyisobutylene 
(or butyl rubber) and carbon black. Tests are specified 
for melt flow index, tensile stress and elongation at 
break, power factor and permittivity, carbon black 
content and dispersion, residual antioxidant, polyiso-
butylene or butyl rubber content, and colour stability. 
The requirements of the new standard relate to 
samples taken from the finished cable. 
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Video-Frequency Equipment for Television Centres 

of the Soviet Uniont 

B. A. BERLIN 

A paper presented on 1st July 1959 during the Institution's Convention in Cambridge. 

Slummy: Details are given of the present state of the television broadcasting 
network and the proposals for its extension over the next seven years. A brief classi-
fication of the equipment for television centres is given in accordance with its 
programme potentialities. A new television equipment designed for mass produc-
tion is briefly described. Technical performances of television cameras are 
discussed and the reasons for certain principles adopted in their design are outlined. 

1. The Present Equipment 

The past five years have been marked by a 
rapid growth of the television broadcasting 
network in the U.S.S.R. Whereas in 1953 there 
were only three television centres in the Soviet 
Union (in Moscow, Leningrad and Kiev) their 
number had increased to sixty by the end of 
1958. 

equipment rooms (depending on the number of 
channels). Fig. 1 shows part of the video 
equipment at a typical television operating 
centre having eight camera channels. 

Two camera channels with super-iconoscope 
television cameras are used for motion-picture 
transmission as well as for the transmission of 
captions and slides (stationary pictures) from a 

Fig. 1. Equipment room of a television operating centre. The equipment shown is now in dperation at the 
majority of television centres of the Soviet Union. 

All these centres (except those in Moscow and 
Leningrad) have standard equipment comprising 
two to eight camera channels with one or two 

t Manuscript received 1st July, 1959 (Paper No. 
557.) 

State Committee for Radio Electronics, Moscow. 
U.D.C. No. 621.397.712(47) 

slide projector. The other channels with similar 
cameras are used for transmissions from one or 
two studios depending on the number of avail-
able channels and studio dimensions. 

Telefilm projectors with pulse brightening 
during the frame fly-back time are used for 
motion-picture projection. 
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Most of the programme centres are provided 
with mobile transmitter units for outside broad-
casts. These units are equipped with television 
camera tubes of the image orthicon type, one of 
which is shown in Fig. 2. 

Fig. 2. An image orthicon camera for outside broad-
casts. The controls placed below in the rear part of 
the camera serve for Wting and lowering the mount 
(when the camera is installed on a special mount) and 
for optical focusing. The position of controls facilitates 

the operator's work during panning shots. 

2. New Construction Techniques 

The network of existing programme television 
centres constitutes the basis for the further 
extension of television over the vast territory 
of the Soviet Union. New transmitting equip-
ment has now been manufactured which is 
being installed at all newly-built television 
centres as well as at centres which are being 
reconstructed and extended. 

The distinguishing feature of this new equip-
ment is a new basic construction which provides 
a technological versatility and cheapness in mass 
production. It also incorporates a number of 
circuit improvements which tend to raise the 
quality of transmitted images and to widen the 
programme potentialities. The basic elements 
of this construction are an assembly rack or 
container shown in Fig. 3 and a light metal cast 

carcase of the unit shown in Fig. 4. The inter-
unit wiring is built into the carcase and termi-
nating plugs or sockets are provided. The 
necessary electrical units are installed in the 
rack and connected by means of flexible con-
nectors. A typical unit is shown in Fig. 5. 

The new construction enables the television 
centres of our cities to be supplied with equip-
ment for different numbers of camera channels 
(from two to eighteen channels) depending on 
the local requirements. The number of theatres 
and other places of entertainment in every city 
is such that local programmes differing in com-
position are possible. These considerations were 
taken into account in designing the equipment. 

3. Extending the Network of Television 
Centres 

The equipment supplied to television centres 
may be classified according to its programme 
potentialities. 

A multi-programme television centre may be 
defined as one that is equipped for simultaneous 
transmission of two or more programmes, one 

construction of an assembly 
one unit withdrawn. 

Fig. 3. Basic rack with 
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of which is a colour television programme from 
a studio, as well as for the recording of pro-
grammes by means of filming from a kinescope 
screen. Such centres have several studios and 
film projection rooms, a network of permanent 
outside broadcast points located in theatres or 
at stadiums, and a group of mobile camera 
channels and radio link equipment. 

40_ 

Fig. 4. Light metal cast carcase of a typical unit. 
Dimensions are in millimetres. 

There is an inter-city (trunk) transmission 
equipment room at a multi-programme tele-
vision centre in which demodulation and 
preliminary switching of signals coming from 
microwave radio links and cable communica-
tion links is accomplished. If necessary, the 
number of such communication links may 
amount to eighteen. 

Multi - programme television centres are 
designed for such cities as Moscow and 
Leningrad and for certain capitals of the Union 
republics. 

As follows from its name, a single programme 
television centre ensures the transmission of no 
more than one programme. Provision is also 
made at single programme television centres for 
switching in film equipment, for the transmission 
of outside broadcasts, etc. 

Finally, there are relay (repeating) television 
stations designed for the re-transmission of 
programmes coming from a microwave radio 
link or a cable link. The equipment of a 

repeating station is arranged to be suitable for 
the inclusion of news from a local studio or a 
programme of telecasts from an outside broad-
cast unit. 

Over the next seven years a hundred television 
operating centres will be built in the Soviet 
Union. These will be mainly repeating centres, 
since all the capitals of the Union republics as 
well as the majority of . large cities of the 
country . already have their own television 
operating centres. During the same period 
many existing operating centres will be 
reconstructed to enable them to handle more 
ambitious programmes. 

4. Studio Centre Equipment 

New television transmitting equipment which 
has been produced by the industry since 1958 
is suitable for simultaneously handling signals 
coming from a studio, from an outside broad-
cast unit, or from an inter-city transmission 
equipment room. This is provided for both by 
the switching system and by means of a new 
synchronizing generator designed for opera- • 
ation in a centralized synchronization system. 

Fig. 5. Display monitor unit. 

A general idea of the new equipment may be 
obtained from Fig. 6 and Fig. 7 which show 
respectively the equipment room and motion-
picture projection room of a four channel tele-
vision centre. In designing the equipment, 
special attention has been paid to the provision 
of accommodation and facilities for the work of 
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the programme and technical personnel of the 
television operating centre. This was achieved 
by reducing to a minimum the number of units 
in the director's and sound mixer's control 
board as can be seen from Fig. 8. The director's 
board is located in a separate room adjacent to 
the studio and contains all necessary switching 
controls. No valves are used in the control and 

Fig. 6. General view of a four-channel television 
centre equipment room with new equipment. 

signalling devices and the switched signals as 
such do not enter the director's compartment. 
The transmitted programme and video-
frequency signals are viewed on the display 
monitors. 

An additional feature of the new equipment 
is its versatility of application. Based on the 
units previously developed for the so-called 
small television centre for four camera channels, 
a whole complex of equipment for different 
applications has been created. These basic 
units constitute in fact as much as forty per 
cent of the total equipment for colour television 

projection room of 
television centre. 

Fig. 7. Film a four-channel 

Fig. 8. Director's and sound mixers' control board. 

centres and about ninety per cent of the com-
plete equipment for outside broadcast units. An 
outside broadcast vehicle fitted with the new 
equipment is shown in Fig. 9. The same units 
are used in fixed radio links employed for 
communication between the studio and the 
transmitter, and in test and measuring devices 
designed for the manufacturers of colour and 
monochrome television receivers, etc. 

Because of the versatility of the new equip-
ment the camera channel rack can be used with 
any of the new cameras irrespective of whether 
they employ a super-iconoscope, an image 
orthicon or a vidicon tube. No modifications 
are needed and the same control knobs may be 
used for remote control of the camera tube 
operating conditions. 

5. Camera Techniques 

New television cameras using super-icono-
scopes with an additional photo-cathode and 
studio or outside broadcast image orthicons 
have the same standard construction but 
different circuits for the units peculiar to the 
different types of camera tubes. Figure 10 
illustrates a new image orthicon television 
camera designed for use in outside broadcasts 
and in studios. The cameras are equipped with 
the objectives specially designed for use in tele-
vision which have focal lengths ranging from 
29 mm to 1000 mm (relative apertures 2.8 to 8 
respectively). In designing these objectives 
special attention has been paid to lens power 
and resolving power over the entire image field. 
These objectives have a resolving power of at 
least forty lines per mm in the centre of the 
image field and eighteen to twenty lines per mm 
at the edges. 
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Fig. 9. Outside broadcast vehicle fitted with new 
equipment. 

To obtain effective optical focusing of the 
image under the conditions of rapid changes of 
the distance of the object, it was found neces-
sary to retain the identical number of revolu-
tions of focusing control when objectives with 
different focal lengths are set in the operating 
position on the turret. Moreover, it is desirable 
to have the optical image on the television 
camera tube photo-cathode kept in focus with 
the objectives with different focal lengths, that 
is, to have automatic focus adjustment. In the 
cameras which were formerly produced for 
studios, this problem was solved by a system 
of mechanical pushers and eccentrics. However, 
owing to the increasing number of objectives 
included in the complete television camera set 
and the great range of focal lengths, an electro-
mechanical drive with a selsyn follow-up system 
is used for optical focusing in new cameras. In 
these focusing is effected by rotating a potentio-
meter control brought out to the side wall of the 
camera casing. 

The cameras also have additional controls 
for camera mount adjustment and for optical 
focusing adjustment; these controls may be used 
at the operator's will when the cameras are 
installed on portable or automotive camera 
mounts. Additional controls are placed on the 
bottom and on the rear end of the camera. 
Thus a better manoeuvrability of mounted tele-
vision cameras may be obtained. To save time 
in replacing an operating objective and to reduce 
camera weight a manual drive for the objective 
replacing gear is provided. 

The adjustment of camera illuminating 
conditions is accomplished remotely from the 

camera channel control board. This is achieved 
by means of a disc placed between the photo-
cathode and the objective which enables a 
continuous variation of the light transmission 
coefficient. This method has an advantage over 
the previously used method of diaphragming 
the objective in which the operator could not 
stress the most important detail in a transmitted 
field (image) by means of defocusing the back-
ground. 

To provide high quality checking of the 
transmitted image a video-signal from the i.f. 
amplifier output is applied to the camera view-
finders. For example, the operator may observe 
the mixer output signal on the camera view-
finder when transmissions are made with mixing 
video signals from two or more sources and use 
is made of the electric effect unit. This is 
necessary to enable the operator to secure and 
maintain the correct matching of mixed images. 

Fig. 10. A new image orthicon camera designed for 
use in outside broadcasts and studios. A super-
iconoscope camera with additional photo-cathode 
designed for transmissions from studios is produced 

in the same constructional form. 

An electronic scaling device is used in the 
image orthicon camera which allows the 
operator to make instant changes in the trans-
mitted image scale in proportion of 1-4: 1 and 
1.8: 1 by pressing a button. The scaling is 
effected by changing the image transition ratio 
from the photo-cathode to the image orthicon 
target, i.e. by switching in an additional coil and 
corresponding change of voltages on the camera 
tube electrodes. 
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A vidicon camera unit is used for the trans-
mission of motion pictures and stationary 
pictures from a slide projector. This camera 
unit is shown in Fig. 11. Film projection is 
made by means of a film projector with forty 
per cent illumination. 

Fig. 11. A vidicon camera for motion-picture 
transmission. 

The following equipment is installed in the 
film projection room: two 35-mm film projec-
tors (as a minimum), one 16-mm film projector, 
a slide projector and two vidicon cameras. The 
transmission of full-length films is accomplished 
by means of one camera and the transition from 
one part of the film to another is effected by 
automatic switching in an optical switch which 
provides the image projection from any of the 
above sources to any of the two cameras. 

Fig. 12. A vidicon camera with view-finder and turret 
designed for use in small studios. 
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A modification of a vidicon camera with 
electronic view-finder and a turret having a set 
of objectives is also produced, shown in Fig. 
12, which is suitable for use in small studios. 

The camera may be removed from the rest 
of the equipment to a distance of up to 700 
metres. Therefore, an adjustable pulse-delay 
circuit for timing the pulses entering the camera 
unit as well as mixing the line synchronizing-
pulses with the signal applied to the camera 
view-finder from the equipment room are pro-
vided in the camera channel for compensating 
signal time delays in the connecting cable. 
Furthermore, compensation for fall in amplitude 
of the higher frequency signal components and 
for voltage drop in the camera supply cable is 
provided in the camera and the camera channel. 

Among other features of the electric circuits 
is the application of adjustable aperture correc-
tion for the compensation of phase distortion. 
Moreover, an adjustable gamma correction is 
introduced which is used mainly during motion-
picture transmissions and studio transmissions 
made with image orthicon cameras. A complex 
anti-noise correction is employed in studio 
super-iconoscope cameras. All these innovations 
have contributed to the improvement of the 
transmitted picture quality. 

6. Conclusions 

In addition to the considerably extended 
programme potentialities, the greater con-
veniences in service, and the improvement of 
the transmitted picture quality as compared to 
the equipment produced previously, the cost of 
the new equipment has been reduced by a factor 
of 1-5 and the required space by as much as 
forty per cent in the case, for instance, of 
television centres for four camera channels. 
This is because the construction and circuitry 
of this equipment is designed with a view to 
its application in television centres of all classes, 
in checking and measuring sets and in other 
television devices. Greater possibilities for mass 
production were thus achieved since the way 
was open to a wide application of casting in 
which special production instruments and tools 
were justified. 
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The Application of Phase-Locking Techniques to the Design of 

Apparatus for Measuring Complex Transfer Functions t 
by 

G. THIRUP 

Sunnnary: The theory of phase-lock synchronization is given briefly. Two devices 
for measuring complex voltage ratios are described. In the first, which has a 
frequency range 1-110 Mc/s, the voltage ratio to be measured is converted to a 
constant intermediate frequency of 450 kc/s. The frequency difference between 
the signal generator and the local oscillator is kept constant by coupling the tuning 
shafts mechanically and by a phase-lock synchronizing device; special means for 
extending the pull-in range, making use of a coarse and fine electronic adjustment, 
are described. The second instrument has a frequency range of 30-700 Mc/s, and 
here the local and signal generators are free-running and are separately tuned 
manually. A double frequency conversion system is used. The frequency of the 
second local oscillator, by means of a phase-lock device, is kept 450 kc/s below the 
frequency difference of the signal and first local oscillator. A description is also 
given of how the complex measuring results can be displayed on a cathode-ray tube. 

1. Introduction 

By means of phase-lock synchronization it is 
possible to lock the frequency of an oscillator 
to the sum of a number of frequencies. This 
principle is used in communications technique 
for keeping a-transmitter frequency equal to the 
sum of a number of crystal-controlled frequen-
cies and a low continuously variable frequency. 

In the present paper arrangements will be 
considered where the emphasis is not so much 
on the accuracy of the frequency itself as on the 
difference between the frequencies of two volt-
ages. One of the voltages is used as a measuring 
voltage, the other as a local oscillator voltage. 
In this way the intermediate frequency is always 
the same, so that a highly selective i.f. amplifier, 
the noise figure of which is tow, can be used. 
With this system it is possible to carry out 
measurements with extremely low voltages. 
Such a device, having a frequency range of 
20-1040 kc/s and an intermediate frequency of 
3 kc/s, has been described by Kersten'. In sec-
tion three we shall consider an instrument using 
the same principle for the range 1-110 Mc/s and 
having a intermediate frequency of 450 kc/s. 
This instrument has special means for varying 

t Manuscript received 25th May 1959. (Paper No. 
558.) 

Formerly with Philips Research Laboratories, 
Eindhoven, Netherlands; now with Thomas B. Thrige, 
Odense, Denmark. 

U.D.C. No. 621.373.42:621.317.77 

the frequency over a wide range if the synchro-
nization is lost. 

In section four we consider another instru-
ment, where the difference between the frequen-
cies of the two oscillators is not kept constant, 
but the intermediate frequency follows, by 
means of a double frequency conversion system, 
the difference of the frequencies of the two 
oscillators. One i.f. lies between 10.6-10.8 Mc/s 
while the second i.f. is 450 kc/s. The second 
local oscillator frequency, lying between 10.15 
and 10.35 Mc / s, is kept to its correct value by 
means of phase-lock synchronization. The two 
high frequency oscillators, which may have fre-
quencies from 30 Mc/s up to several hundred 
Mc/s, are not synchronized. They are tuned by 
hand, and as soon as their frequency difference 
approaches 10.7 Mc/s, the phase-lock synchro-
nization of the 10.25 Mc/s oscillator comes into 
action and its frequency follows the frequency 
difference of the high frequency oscillators, 
provided this remains within certain limits. 

2. Theory of Phase-lock Synchronization 

2.1. The Holding Range 
Figure 1 shows a block diagram of a simple 

phase-lock system. The oscillator A is the syn-
chronizing oscillator and is considered as a local 
oscillator supplying voltage to the mixing circuit 
M. The oscillator B is to be synchronized. A 
part of its voltage is applied as a signal voltage 
to the mixing circuit M. In the case of synchro-
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nization, the two oscillator frequencies are 
equal, and we get a d.c. output current which is 
applied via the filter F to an electronic tuning 
device of the oscillator B. The d.c. output 
current i is given by 

= SV cos p  (1) 

where S is the conversion transconductance of 
the mixer M, V is the voltage from oscillator B 
and y is the phase difference between the volt-
ages of the two oscillators. The filter F is 

Fig. 1. 
Simple phase-lock system. 
A: synchronizing oscilla-
tor. B: sychronized oscil-
lator. M: mixing circuit. 

F: filter. 

assumed to have no attenuation at d.c. The 
current i has changed the oscillator frequency 
by I3 =- a i, where a is a proportionality factor 
depending on the electronic tuning device of the 
oscillator B. We then obtain 

= uSVcOs p  (2) 

from which it will be seen that /3 reaches its 
maximum value $o and minimum value -130 at 
= 0 and a respectively. Synchronization can 

thus only be 'achieved in a range of 200. This 
range, called the holding range, can be increased 
by increasing one or more of the factors a, S 
or V. It is, however, not possible to increase 
Oa beyond certain limits, because the filter F 
introduces a shift of phase in the closed loop 
B, M and F of Fig. 1 and tends to make the 
system unstable. 

2.2. Stability in the Holding Range 

We can examine the stability of the phase-
regulating loop B. M and F of Fig. 1, as has 
been done by Salmet2. Suppose that the system 
is synchronized and then opened between M 
and F, and assume that a d.c. current from an 
external source is applied to the filter in order 
to keep the frequency of the oscillator B at its 
proper value. Furthermore a small current of 
complex amplitude 11 and angular frequency oo 
is applied to the filter. The filter output current 
has the complex amplitude 12 = F(jw)ii where 
F(jco) is the filter transfer junction. The angular 
frequency of the oscillator is then p = po+ 4 21 
cos (04+ w) where w = arg /2 and po is the 

angular frequency for 12 = O. The high fre-
quency voltage then becomes 

V cos [f (po+ al i21 cos (031+10) citl 

= V cos[pot+—  sin (wt + IV) 

which for small values of al id RO gives 

V [ cos pot - sin pot sin (wt+ w) • 
«141 

 (3) 

This voltage is mixed in M which gives an out-
put current component of angular frequency w 
and complex amplitude 

VStt. . 
• is sin 

Op 
0:1) = --r—  sin p 

soF(jw)ii • 
. sin p. 
Jo) 

We originally introduced a current having the 
complex amplitude 12 into the system, so the 
loop return ratio T then becomes for p = 90' 

0, F(j(0) 
T — 

.lw 

If the function T encircles the 'point - 1+ j0 
of the T-plane in counterclockwise direction 
when co moves from - to + az, then the 
system is unstable. If F(j(0) contains at least 
one pole, which is always the case in practice, 
an increase of SVa = 130 will make the curve 
cross the critical point. We are thus not able to 
increase infinitely the holding range of the 
synchronization without making the system 
unstable. 

2.3. The Pull-in Range 

The range within which the oscillators can be 
brought into synchronization, called the pull-in 
range, is much more difficult to calculate than 
the holding range. For the case of an RC-filter, 
an analysis has been carried out by Jelonek, 
Celinski and Syski3. It is difficult to say any-
thing about the pull-in range in the case of a 
general filter function, but below we will derive 
one necessary condition for pulling-in. 

Let the synchronizing oscillator have the 
frequency pl and the oscillator which is to be 
synchronized the frequency po, the difference 
being CO =  po - pl. Synchronization can then 
be assumed to take place in the following way: 
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The oscillator to be synchronized is frequency 
modulated with the frequency w, giving side-
bands of the frequencies po± w. As po and p, 
are brought nearer to each other, the pi = Po — (0 
component will increase in amplitude, and at a 
certain value the oscillator jumps into synchro-
nization. It is evident that if w is so high that 
it is beyond the cut-off frequency of the low-
pass filter, we will not get any frequency modu-
lation and thus no synchronization. 

It is possible to study this problem in more 
detail. Let the alternating voltage at the output 
of the filter be i2 cos wt. A phase-modulated h.f. 
voltage is then excited and is, for small phase 
deviations, given by expression (3). This volt-
age is mixed in M with the local oscillator volt-
age from A having the frequency pl = Po — (0 

and the phase cp. We get an additional d.c. 
current from the mixing circuit given by 

SVai. 
Ido  - cos q)  (5) 

and a component of frequency w 

VS cos (wt + 0. 

This current is sent through the filter giving an 
amplitude attenuation with a factor IF I and 
phase shift — 1p; the output current of the filter 
is then IFI VS cos (wt+ (i) — (P), which must be 
equal to the a.c. current i2 we originally intro-
duced into the circuit, thus cp=ip and i, = FVS. 
Introducing these conditions into eqn. (5) we 
obtain 

(SV)21Flu cos = IFIF1o2 
2a. cos ¡dc =-- 2w 

We see that when ‘p exceeds 90 deg, the sign of 
id& changes and the frequency is pushed away 
from synchronization. The pull-in range must 
thus always be less than twice the frequency at 
which the filter has a phase shift of 90 deg. 

2.4. Locking at the Difference between Two 
Frequencies 

Up till now we have only considered simple 
phase-lock systems as shown in Fig. 1. If we 
want to lock the oscillator frequency to the 
difference of two frequencies, a circuit as shown 
in Fig. 2 can be used. In the mixing circuit M 
the voltages from the two oscillators A and B 
are mixed giving an output of the difference 
frequency ÍA - IB. This output is filtered in F, 
and then mixed in M, with a voltage from 

oscillator C having a frequency fc. The output 
of M, is filtered in F; in the case of synchro-
nization this output is a direct current which 

re  

?A  r 
1111. 

Fig. 2. Phase-lock system which synchronizes the fre-
quency of the oscillator B to the sum of the frequen-
cies of the oscillators A and C. M and M 1: mixing 

circuits. F1 and F: filters. 

keeps the frequency of oscillator B at its right 
value and we have fR = IA- fc. The difference 
between the frequencies of the oscillators A 
ançl B are thus kept constant, and we will make 
use of this property in the apparatus to be 
described in sections 3 and 4. The investigations 
of this system can be carried out as in the case 
of Fig. 1, the only difference being that the filter 
function of F, must now also be taken into 
account. 

3. An Instrument for Complex Measurements 
in the Range 1-110 Mc/s 

3.1. Principle of the Instrument 

The principle explained above has been used 
in the instrument shown in block diagram form 
in Fig. 3. This instrument is intended for 
measuring the complex transmission function of 

Fig. 3. Block diagram of a device for measuring com-
plex voltage ratios in the frequency range 1-110 Mc/s 
of the circuit S. B: signal generator. M, and M 2 : 

mixing circuits driven by the local oscillator A. 
F, and F,: filters, q): adjustable phase-shifter. 
r: adjustable attenuator. I: selective zero indicator. 
The frequency of B is kept equal to the sum of the 
frequencies of oscillators A and C by means of a 
synchronizing loop similar to Fig. 2, and consisting of 
a mixing circuit M3, a filter F3, a mixing circuit M, 

and a filter F4. 
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the circuit S, which is excited by the oscillator B, 
having the frequency fi. The input and output 
voltages of S are applied to the two identical 
mixing circuits M, and Nt, which are excited 
by the common local oscillator A having the 
frequency fA. The output components having 
the frequency fA are filtered out in the 
identical filters F, and F2. We now make use 
of the fact that the complex ratio of two com-
ponents having the frequency IA - fB is the same 
as the complex ratio of the h.f. input voltages of 
M1 and M2. The two i.f. voltages are made 
equal by adjusting the phase-shifter cp and the 
attenuator r, the readings of which give the 
phase and attenuation of the circuit S. The 
equality of the two if. voltages is indicated by 
the selective zero indicator I. 

The frequency difference fA - IB must be with-
in narrow limits, because the phase-shifter is 
accurate only in a small frequency range, and 
in order to take advantage of a selective zero 
indicator tuned to a fixed frequency. The 
frequency difference is kept constant by means 
of a phase-lock synchronizing loop similar to 
that of Fig. 2. In Fig. 3 the synchronizing loop 
is formed by the mixing circuit M3, the filter F3, 
the mixing circuit M4 and the filter F. the out-
put of which controls the frequency of the 
oscillator B. The oscillator C oscillates on the 
frequency to which the selective indicator I is 
tuned. 

3.2. Construction of the Oscillators 

In the actual instrument the oscillators A and 
B cover the frequency range 1-110 Mc/ s in six 
ranges. The intermediate frequency is 450 kc/s. 
The oscillator A is a balanced oscillator using a 
2 x 150 pF tuning capacitor. The oscillator B is 
made in the same way, but its inductances are 
wound on ferrite cores which can be more or 
less saturated by a magnetizing coil excited by 
the output from the filter F4. The two tuning 
capacitors are mechanically coupled. The 
2 x 6 inductances of the oscillators are mounted 
in two television channel selectors, where one 
coil occupies the place of two television circuits. 
The construction of such a coil is shown in 
Fig. 4 where W, is the magnetizing winding 
wound on a ferroxcube 3A4 core F1. The high 
frequency winding W2 is wound on a plate F2 
of magnetic material. The kind of material and 
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the number of turns for the various frequency 
ranges are given in Table 1. In order to 
improve the stability of the phase-synchro-
nizing loop an inductance of 5 mH in series with 
a resistance of 1500f/ have been inserted in 
parallel to the magnetizing coil. 

3.3. Influence of Parasitic Couplings 

Parasitic couplings inside the apparatus will 
cause erroneous measuring results and must 
therefore be reduced to a sufficiently low level. 
The parasitic couplings may be due to the 
following four causes: (a) direct coupling be-
tween the oscillators A and B, (b) coupling via 
the common local oscillator A. (c) coupling via 
the circuit S caused by voltage components 
excited by the mixing circuits M, and M2, and 
(d) coupling by modulation of the voltage of 
oscillator B caused by an alternating voltage 
component penetrating the filter F4. The 
coupling mentioned in point (a) can be avoided 
by a proper screening of the oscillators; the 

Fig. 4. Coil for the electronic tuning of oscillators. 
W, is the magnetizing winding wound on a Ferrox-
cube 3A core Fr The oscillator coil W2 is wound on 
a plate F2 of magnetic material. Number of turns 
and data regarding the material are given in Table 1. 

Table 1 

Data for the oscillator coils. 

Number of 
Frequency turns of 
range M/s magnetizing 

coil 

Material of 
oscillator coil 

Number of 
turns of 

the oscillator 
coil 

0-9— 2.2 2500 
2.1— 6-0 1200 
5.8-43.5 1200 
12.5-27 2500 
24.5-53 2500 
49 —110 3000 

ferroxcube 4A4 
ferroxcube 4C4 
ferroxcube 4C4 
ferroxplana9 
ferroxplana9 
ferroxplana9 

2 x 150 
2x 45 
2 x 17 
2 x 17 
2 x 6 
2 x 3 
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coupling mentioned in (b) can be prevented by 
introducing buffer stages between A and Mi and 
M2; and that of point (c) by introducing buffer 
stages between S and M1 and M2. The coupling 
referred to in point (d) is closely related 
to the phase-lock synchronization. At the out-
put of F4 we have a.ç. components of the 
frequencies nf, = n (IA- fe). These components 
modulate the voltage of oscillator B in fre-
quency and the oscillator voltage contains com-
ponents having the frequencies B f f13 • -1-(f f .. . . 13), 
fa+2(ti - fe). These compounds are mixed in 
M1 and M,. The fa-component causes the right 
i.f. component, the [IR +(fA - f)]-component 
a d.c. component, and the [IB + 2(1.4 - fB)]-com-
ponent a spurious i.f. component. The last com-
ponent will thus falsify the measurements. This 
spurious component can be suppressed by suffi-
cient attenuation of the filter F5 at twice the 
correct i.f. Mixing products of other frequencies 
than 450 kc/s in the output of Mi and M, will 
not influence the measurements because a 
selective zero indicator is used. 

3.4. Coarse Frequency Adjustment 

The oscillators A and B can only be pulled 
into synchronization if the difference between 
their free-running frequencies is lower than half 
the pull-in range. It will thus be an advantage 
to have a broad pull-in range, because the 
accuracy of the free-running frequency 
difference then does not need to be so high. A 
broad pull-in range requires a broad holding 
range, which again requires a high value of the 
factor aSV of eqn. (2). This factor cannot be 
increased indefinitely without disturbing the 
stability of the phase-lock loop. These difficul-
ties can be overcome by increasing the pull-in 
range artificially, which can be achieved in the 
following way: As soon as the synchronization 
is broken, a device is started, which applies an 
extra current to the frequency regulating device 
of the oscillator B. This current makes the 
frequency of B vary over a range which is 
several times the normal pull-in range. At a 
certain value of the current the system jumps 
into synchronization. The additional current is 
by some means kept at the value which caused 
the synchronization and provides for a coarse 
adjustment of the frequency of B, while the 
normal synchronizing loop takes over the fine 
adjustment. 

Fig. 5. Searching device for increasing the pull-in 
range of a phase-lock system. The part to the side of 
the broken line is the same as in Fig. 3. F5: selective 
amplifier. D: rectifier. PG: pulse generator. E: pulse 

counting device. 

A detailed description of the coarse adjust-
ment system will now be given. A block dia-
gram is shown in Fig. 5. The part of the dia-
gram to the right of the broken lin'  is the 
coarse frequency adjustment system, while the 
part to the left is the real synchronizing circuit 
and is taken from Fig. 3. When the circuit is 
synchronized, the filter F3 supplies a 450-kc/s 
voltage to the selective amplifier F5 tuned to 
450 kc/s. The output of F5 is converted in the 
detector D into a negative d.c. voltage which 
prevents the pulse generator PG from generat-
ing pulses. As soon as the synchronization is 
broken, the output frequency from M3 differs 
from 450 kc/s and is not passed by the ampli-
fier Fs, the d.c. voltage from D disappears and 
the pulse generator makes pulses at a rate of 
50 pulses per second and with a pulse-width of 
2 millisec. These pulses are counted in a single 
decade counter valve Mr and cause a current 
to flow through the tuning device of oscillator 
B as shown in Fig. 6. Before the synchroniza-
tion was broken the current was ia, the breaking 
of the synchronization makes the current 
decrease stepwise till the oscillator is synchro-
nized, the pulse-generator stops and the counter 
valve current remains at its new level. If the 
current should be increased instead of being 

Fig. 6. Coarse-adjustment current in the frequency 
regulating device. 
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Fig. 7. Detailed diagram of the pulse generator and counting device of Fig. 5. 

Note.—The resistor symbols in this diagram follow Continental practice; they do not have the British Standard 
significance of non-inductive properties. 

decreased, the counter valve counts to its bottom 
level ib, jumps then to ic and counts till synchro-
nization is achieved. It is, however, a neces-
sary condition that the pull-in range of the 
synchronizing system be broader than the fre-
quency jump caused by a counter valve current-
step. The total pull-in range when using a 
coarse and a fine adjustment is then determined 
by the difference between the top and bottom 
current shown in Fig. 6. The whole synchro-
nizing process is carried out in a fraction of a 
second. Figure 7 shows a detailed diagram of 
the pulse counting circuit. The valve E9OCC at 
the left generates pulses and starts as soon as 
the d.c. voltage from the detector disappears. 
The pulses are counted in the counter valve ElT 
and the E9OCC at the right provides for re-
setting of the counter valve when it has reached 
its minimum current. The valve ECC82 is used 
as a cathode follower and d.c. amplifier. By 
means of the 50-ke potentiometer the quiescent 
current through the magnetizing coil can be 
adjusted. 

3.5. Comparison with an Older Instrument 

The rest of the instrument is very similar to 
an instrument described previously6, in which 
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the two voltages of constant frequency difference 
were excited by mixing a voltage having a vari-
able frequency in the range 200-300 Mc/ s with 
two voltages having frequencies of about 200 
Mc/ s and differing by the required amount. The 
advantage of the present instrument over this 
other one is its much simpler construction, as 
the highest frequency occurring in the new 
instrument is only about 100 Mc / s while in 
the previous one it was about three times higher. 
A further advantage is that the noise level in 
the new instrument is lower. In the old instru-
ment the voltage acting as a local oscillator had 
first to be amplified and the amplifier introduced 
noise into the signal channel because balanced 
mixing circuits were not used. The new instru-
ment, though not using balanced mixing circuits, 
has less noise because no amplifier is used for 
the local oscillator voltage. 

4. Instrument for Complex Measurements or 
Display at Higher Frequencies 

4.1. Introduction 

The apparatus described in the preceding 
section has an upper frequency limit of 
110 Mc / s and for practical reasons the fre-
quency range could not be extended much be-
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yond this limit. The same principle could, of 
course, be used at higher frequencies, but 
several practical difficulties would have to be 
expected. So it was decided to change the 
principle and not to synchronize the two oscilla-
tors A and B of Fig. 3 at a constant frequency 
difference, but to keep them free-running. By 
means of a double frequency conversion system 
in the if. part, the tuning of the i.f. system 
follows the frequency difference of the oscilla-
tors A and B. This principle has the advantages 
that commercially available high-frequency 
generators can be used and that the frequency 
regulating takes place at a rather low frequency. 
The upper frequency limit is then determined 
mainly by the performance of the high fre-
quency mixing circuits and the frequency of 
the available generators. 

4.2. Principle of the Measuring Instrument 
The instrument, a block diagram of which is 

shown in Fig. 8, works in the following manner. 
The generator B supplies a voltage to the cir-

cuit S to be measured. In this set-up the fre-
quency of this voltage may be between 30 and 
700 Mc/ s. The input and output voltages of 
the fourpole S are applied to two identical mix-
ing circuits Mi and M2, which are driven by a 
common local oscillator A. This local oscillator 
has a frequency which is 10.6-10.8 Mc/ s lower 
than the frequency of B, so that we get two 
intermediate frequency outputs having a fre-
quency between 10.6 and 10-8 Mc / s, which are 
amplified in two identical, selective i.f. ampli-
fiers F1 and F2. The complex ratio of the output 
voltages of the amplifiers is the same as the 
complex ratio of the two h.f. input voltages. 
This ratio can be measured by adjusting the 
adjustable phase-shifter (p and attenuator F of 
Fig. 8 till the i.f. voltages cancel each other. 

The performance of the phase shifter and 
attenuator depends on the value of the inter-
mediate frequency, but within the range of 10.6-
10.8 Mc / s we may assume that the performance 
is independent of the frequency. The compensa-
tion of the two i.f. voltages is indicated by a zero 
indicator. If this indicator had a bandwidth of 
10.6-10.8 Mc / s we would get too much noise. 
We can get a narrow bandwidth by using a 
phase-lock device which always keeps a narrow 
band zero indicator tuned to the proper fre-
quency. This indicator consists of a mixing cir-

• 

cuit M, excited by the local oscillator C and a 
selective amplifier F.,. The frequency of C, by 
means of the mixing circuit M3, filter F3, mixing 
circuit M, and filter F,, is synchronized at a 
frequency which is 450 kc/s lower than the i.f. 
frequency. The mixer M3 gets its synchronizing 
voltage before compensation takes place, other-
wise the synchronization would disappear when 
compensation was obtained. 

The output of the amplifier F5 can be mixed 
with a beat oscillator giving a beat of 1 kc/s, 
which again can be amplified in a selective 
amplifier having a bandwidth of 50 c/s. We 

Fig. 8. Block diagram of an apparatus for measuring 
complex voltage ratios of the circuit S at frequencies 
of 30-700 Mc/s. B: signal generator. M, and M5: 
mixing circuits. A: local oscillator. F, and F,: selec-
tive amplifiers. M,: mixing circuit driven by the local 
oscillator C. F5: selective i.f. amplifier. I: zero indi-
cator. The loop, consisting of mixing circuit M5, filter 
F5, mixing circuit M5 and filter F5, keeps the frequency 
of C at such a value that the output frequency of M, 

is always that of the oscillator D. 

are thus able to measure at frequencies up to 
700 Mc / s with a bandwidth of 50 c/s, which 
gives a low noise level. A 50-1LV high frequency 
voltage at the input of the mixing circuits Mi 
and M2 is sufficient for a good adjustment of cp 
and r. 

In the apparatus described, the facility of 
one-knob tuning is not provided, as in the 
instrument described in Section 3. The oscilla-
tor B is first set to the measuring frequency, 
then A is tuned to a frequency which is about 
10-7 Mc/s lower. The generator C then jumps 
into synchronization and the output voltage of 
mixer M, then has the precise frequency 
450 kc/s. 
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4.3. Parasitic Effects 

Because of the high frequencies used, the 
mixing circuits M1 and M2 of Fig. 8 are equipped 
with germanium diodes. The mixing circuits are 
thus not unidirectional as in the case of mixing 
valves, and there are some parasitic couplings 
between the two signal channels. The parasitic 
coupling has two causes, namely coupling via 
the common local oscillator A, and coupling by 
various mixing products via the measured 
object S. 

IF output 

Fig. 9. Diagram of a balanced mixing circuit. A: 
local oscillator input. T, and "1-2: toroidal current 
transformers. G, and G2: diodes IN2ID. F: inter-

mediate frequency output circuit. 

The coupling via the local oscillator can be 
diminished by using balanced mixing circuits. 
Figure 9 shows a diagram of one of the mixing 
circuits. The local oscillator voltage enters at 
A. The diodes G1 and G2 are excited via the 
toroidal transformers T1 and T2, each having six 
primary turns and a single secondary turn. The 
circuit F1 consisting of two çapacitances and an 
inductance, is tuned to 10.7 Mc/ s. The coupling 
between the two channels via the common local 
oscillator can be kept below — 40 db, at some 
frequencies even below — 70 db. 

The coupling between the two channels 
caused by various mixing products takes place 
at the frequencies q+np where q is the signal 
frequency, p the local oscillator frequency and 
n an integer. This coupling can be diminished 
by inserting attenuators between the circuit to 
be measured and the mixing circuit Let the 
attenuator have an attenuation factor of y and 
let the voltage at the circuit to be measured be 
VI, then the voltage at the mixing circuit is y 171. 
The voltage of an excited higher order mix-
ing product is SyVi, where 8 depends on the mix-
ing circuit and the order of the mixing product. 
This higher order mixing product causes a volt-
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age of y28V1 at the circuit to be measured, while 
in the case without attenuators we had W 1, so 
we get an improvement of y2. Experience has 
shown that by inserting 12 db attenuation the 
effect of the mixing products becomes suffi-
ciently low. 

It is required that the 10-7 Mc / s twin ampli-
fiers of Fig. 8 have equal transmission functions 
in the range 10.6-10.8 Mc/ s. This can be 
achieved by stabilizing the d.c. supply voltage, 
and the effect of filament voltage variations is 
diminished by stabilizing the anode current with 
a 1000-n cathode resistor and by giving the grid 
a positive voltage with respect to the chassis. 
The anode impedances consist of tuned circuits, 
the coils of which are wound with constantan 
wire in order to reduce the temperature effects. 

When tuning the oscillators A and B it may 
happen that their frequency difference becomes 
9.8 Mc / S instead of 10.7 Mc / s, because 
9.8 Mc/ s will also give 450 kc/s with a local 
oscillator frequency of 10-25 Mc / s. This can be 
avoided by always moving the dials of one of 
the generators A or B towards the frequency 
of the other, then the first response will be the 
correct one. 

It is also possible to obtain lock-in of the 
oscillator C at 10.25 Mc/ s when the frequency 
of B is 10.7 Mc /s higher than the frequency of 
A. In this case all the measuring results will 
turn out as complex conjugate of what they 
should be. One can always be sure of measuring 
the correct value by first tuning the oscillator B 
to the measuring frequency and then setting A 
to a frequency which is more than 101 Mc / s 
below the frequency of B. When increasing the 
frequency of A, the first lock-in of C is the 
right one. 

4.4. Display Unit 

Both the apparatus which have been 
described make use of a compensating method, 
which requires adjustments of a phase and an 
amplitude dial. It would save work if we could 
avoid the compensation and get the results dis-
played directly on the screen of a cathode-ray 
tube. Such devices, working at much lower 
frequencies, are known". A description will 
now be given of how, instead of adjusting q' and 

of Fig. 8, a complex quantity can be made 
visible as a bright spot on a screen. 
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The block diagram of the apparatus is shown 
in Fig. 10. The first part is the same as in the 
case of Fig. 8. The two identical 10.7 Mc/s 
amplifiers F1 and F, are followed by the two 
mixing circuits M3 and M, excited by the local 
oscillator C. The signals are transposed to 
450 kc/s and filtered in the two selective ampli-
fiers F3 and F,. The frequency of the local 
oscillator C is kept to its right value by the 
synchronizing loop M3 — F3 — M7 — F7. The out-
put voltages from F3 and F, are again mixed in 
the mixing circuits M, and M6 with a voltage 
from the generator E, having a frequency of 
445 kc/s. The signals are thus transposed to 
5 kc/s and are filtered in filters F, and F6. The 
5-kc/s output voltages of F, and F6 have the 

generator B to the input terminals of M1 and 
M,. The dot must then appear at the point 
1 + j0 on the complex plane. 

The display unit has means for adjusting the 
phase and amplitude till the dot appears lt 
1 + j0 if this is not already the case. If the 
high frequency is changed, the dot will only 
remain at 1 + j0 if the voltage delivered by the 
generator B and the magnitude of the trans-
ductance of M2 are independent of the frequency 
and if Mi and M, have equal phase-shifts. 
Experience has shown that for a carefully 
designed circuit the phase deviation will not 
exceed + 3 deg. 

Generally the amplitude deviation will be 

B: signal generator. A: local oscillator. 
M, and M2: mixing circuits. F, and F2: 
selective amplifiers. Is4, and N46: mixing 
circuits excited by the local oscillator C. 
F, and F6: selective amplifiers. M5 and M 6 : 

mixing circuits driven by the local oscillator 
E. F5 and F6: filters. The frequency of C is 
kept to its right value by the output of F 7, 

which obtains its input from the mixing 
circuit M, driven by the local oscillator D. 
R is a rectifier and F8 a d.c. amplifier, the 
output of which regulates the amplitude of B. 

Fig. 10. Block diagram of an apparatus for displaying the complex voltage ratio of the circuit S on a cathode-
ray tube. 

same complex ratio as the high frequency volt-
ages at the circuit S, provided that the two 
channels, each consisting of three mixing circuits 
and three filters, are identical. The two 5-kc/s 
voltages are then used for displaying the com-
plex voltage ratio on a television screen in the 
manner described by Van Schagens. The 5-kc/s 
signal having its origin in the output voltage of 
the circuit S is used for writing a circle on the 
tube, the radius of the circle being proportional 
to the high frequency output voltage of S. The 
circle is suppressed, and it is rendered visible 
only for a short time in each 5 kc/s period by a 
pulse derived from the 5 kc/s voltage having its 
origin in the high frequency input voltage of S. 
The dot on the screen then shows the complex 
voltage ratio of the circuit S. 

The fulfilment of the condition that the two 
channels of Fig. 10 must be equal, is easily 
checked by applying a common voltage from the 

too high, but by means of a regulating circuit 
the influence can be reduced. This regulating 
circuit works in the following way: The output 
from F3 of Fig. 10 is amplified and rectified in 
the device R, the output of which is compared 
with a constant d.c. voltage. The difference be-
tween the two d.c. voltages is amplified in a 
d.c. amplifier, the output of which is used as 
anode voltage for the generator B. If the 
amplitude of the transfer conductance of the 
two mixing circuits M, and M, depends in the 
same way on the frequency the regulating cir-
cuit will take care that the dot remains at 1 + j0 
when the frequency is changed. Experience has 
shown that it is possible to keep the variations 
of the dot within + 5 per cent., while without a 
regulating circuit the ratio of maximum and 
minimum amplitudes would be about three. 

A device similar to that described above can 
also be applied to the circuit of Fig. 3. In this 
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case we can take advantage of single knob tun-
ing of the signal and local oscillator frequencies. 

5. Other Applications of the Equipments 

The instruments described in Sections 3 and 4 
are designed for measuring complex voltage 
ratios, but they are also well suited as generators 
and zero-indicators for h.f. bridges. The genera-
tor B is used for exciting the bridge. The zero 
indicator terminal of the bridge is connected, 
for example to M2. and part of the voltage of 
generator B is applied to MI. The latter voltage 
provides for the right frequency difference be-
tween oscillators A and B. We thus have the 
advantage of using a narrow band zero indicator 
which is always tuned to the right frequency. 
When using the instrument described in Sec-
tion 3 we further have the advantage of single 
knob tuning of both oscillators. 
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News from the Sections . . . 

Karachi Section 

The Annual Dinner of the Section was held 
on 31st March at the Beach Luxury Hotel, 
Karachi, when the Section Officers entertained 
as chief guest, Dr. Salimuzzaman Sidiqui, direc-
tor of Pakistan Council of Scientific and Indus-
trial Research. Other guests included Mr. S. M. 
Hussain, member of the Federal Public Service 
Commission, Al Haj Abdul Hamid, chief 
engineer, Posts and Telegraphs, Dr. M. R. 
Chowdhury, director of the Pakistan Standards 
Institution, Mr. M. A. Satter, principal of 
Karachi Polytechnic and Mr. A. F. C. Gibson. 

In his speech Dr. Sidiqui paid tribute to the 
work of the Institution in broadening human 
knowledge and establishing international co-
operation. He regarded the local meetings as 
being a particularly valuable source of informa-
tion on the latest advances and developments in 
the fields of radio and electronics. 

M. A. 

West Midlands Section 

The second Birmingham meeting of the Sec-
tion was held at the Matthew Boulton Technical 
College on March 8th; a paper on "Transistor 
Power Amplifiers" was read by Mr. F. Butler, 
0.B.E., B.Sc. (Member). 

As a preliminary to the paper, a short film 
on the manufacture of transistors was shown. 
Mr. Butler then reviewed the standard forms of 
transistor circuitry, explaining their charac-
teristics as applied to the low-power stages of 
audio amplifiers. This theme was further 
extended to a number of more complex circuits, 
some novel and recently developed from their 
counterparts in thermionic circuitry. These 
included the "super-alpha pair," various forms 
of the cascode amplifier and some direct-
coupled high linearity phase-splitters, together 
with various feedback arrangements of conven-
tional design and methods of obtaining high 
input impedance. The importance of stabiliz-
ing the d.c. operating conditions of a transistor 
was stressed and several schemes to achieve this 
stability were explained. 

Next, the speaker dealt with driver circuits 
and power output stages. The basic principles 
of Class B operation were explained, considera-

tion being given to the linearity problems 
presented by currently available power transis-
tors. The importance of good heat sink design 
and factors affecting choice of operating con-
ditions were discussed, and several complete 
power amplifier circuits involving these design 
points were presented. 

Finally, Mr. Butler compared the perfor-
mance of transistor audio amplifiers with 
thermionic circuitry of equivalent power rating, 
and drew the conclusion that for circuits of up 
to four watts output, transistor equipment was 
competitive with the best high-fidelity ther-
mionic equipment, providing that all due 
attention was given to its design. 

F. D. 

South Midlands Section 

At the Section's Malvern meeting on March 
29th, Mr. M. W. Gough, M.A., had an audience 
of 40 to hear his paper "Microwave Propagation 
—some characteristics and curiosities." 

Considering post-war developments, Mr. 
Gough gave a wide survey of microwave 
systems and their problems, beginning with the 
influence of ground reflections on line-of-sight 
paths. The effect of polarization was then dis-
cussed and it was shown that at the angles con-
sidered, vertical polarization has a poor reflec-
tion co-efficient which causes less signal 
variation. 

Gain-height was then considered and it was 
shown how heavy losses can occur on point-to-
point links if the height/frequency relationship 
is not correct. One interesting possibility was 
the use of radio mirrors and Mr. Gough pointed 
out that although they were expensive to install 
they were cheap to maintain. The surface 
smoothness of the mirrors was considered and 
then symmetrical and unsymmetrical systems 
were illustrated. As an example, a link in 
Northern Italy was described which provides 
120 circuits using two-mirror systems along 
with active repeaters. 

Mr. Gough's next subject was the troposphere. 
He dealt with inversion layers and total internal 
reflection and showed the effects of nocturnal 
layering on a link in the Persian Gulf area. The 
last topic was microwave diversity systems. 

P. W. G. 
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of current interest . . . 
Mr. P. C. Saggar 

The Honorary Local Secretary of the Bom-
bay Section of the Institution, Mr. Prem Chand 
Saggar (Associate Member) is at present on visit 
to the United Kingdom. Mr. Saggar who is 
senior lecturer in radio and electronics at St.• 
Xavier's Technical Institute, is visiting various 
manufacturing organizations over the next two 
or three months. 

1960 Battery Symposium 

Following the success of the 1958 Battery 
Symposium held at the Signals Research and 
Development Establishment, Christchurch, the 
Inter-Departmental Committee on Batteries has 
undertaken to sponsor a similar Symposium at 
two-yearly intervals. Arrangements are now in 
hand to hold the second Symposium at The 
Pavilion, Bournemouth, on 18th, 19th and 20th 
October, 1960. 

It is expected that 25 papers will be presented 
covering a wide field of subjects concerned with 
research, development and application of 
battery systems. Further information may be 
obtained from Mr. F. C. Wells, S.R.D.E., 
Somerford, Christchurch, Hants. 

Radio Communication using "Passive" 
Satellites 

Two teen-age amateur radio operators—one a 
freshman at the Massachusetts Institute of 
Technology, the other still at school in Mary-
land—have reported what was probably the 
world's first successful two-way radio com-
munication with the aid of artificial satellites. 
During the early morning hours of February 
6th, 1960, coded signals were sent and received 
over a distance of 200 miles between New York 
City and Bethesda, Md. At the time of their 
contact, America's Explorer VII satellite and 
Russia's Sputnik /// were in low orbit and 
passed almost simultaneously off the Atlantic 
coast about 150 miles east of Atlantic City, N.J. 

Although the exact nature of the aid fur-
nished by the satellites must be determined by 
further experiments, the report leaves little 
doubt that radio contact was made possible by 
the nearby passage of either one or both "pas-
sive" satellites. In the opinion of Dr. Jerome B. 
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Wiesner, Director of the M.I.T. Research 
Laboratory of Electronics, the two-way com-
munication probably involved only one satellite, 
or its ionized trail. Two possible methods have 
been set forth by the M.I.T. student to explain 
his achievement. One is known as "CW reflec-
tion" or the "Kraus effect" whereby the wake 
of ionization from the satellite provides an 
ionospheric scatter source; the other is re-
radiation of signals from the antennas of pass-
ing satellites due to the closeness of radio 
frequencies used. Contact was made on 21.011 
Mc / s and both sets were operating at about 300 
watts power with no directional antennas. 

British Scientific Instruments Exhibition 
in Russia 

As a result of the report of the recent delega-
tion of the Scientific Instrument Manufacturers' 
Association of Great Briain, which went to 
Moscow at the beginning of November, an 
exhibition of British scientific instruments will 
be held in Moscow from the 16th to 26th June, 
1960. This exhibition will be the first to be put 
on in Russia by a British organization of manu-
facturers in a specialized field. 

The Autonomies Division of N.P.L. 
The name of the Control Mechanisms and 

Electronics Division of the National Physical 
Laboratory has been changed to the "Auto-
nomies Division." The word "Autonomics," 
meaning "self-governing," is considered to be 
particularly apt as a description of the new 
types of device that the Division aims to 
develop. 

The Division has carried out much work in 
the field of automatic control and in pioneering 
digital computers, but now that industry has 
adopted these techniques, research has moved 
forward into new fields. By working closely 
with biologists in studying the methods which 
living physical systems use to achieve control, 
the Division hopes to discover underlying 
principles on which machines which can 
improve their own performance can be built. 
The autonomic devices of the future will be 
self-governing machines which discover for 
themselves how to recognize, how to translate 
and how to control. 
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Radio Engineering Overseas . . . 
The following abstracts are taken from European and Commonwealth journals received in the 
Library of the Institution. Members who wish to borrow any of these journals should apply to 
the Librarian, stating full bibliographical details, i.e. title, author, journal and date, of the paper 
required. All papers are in the language of the country of origin of the journal unless otherwise 
stated. The Institution regrets that translations cannot be supplied. 

HEAT SENSITIVE RESISTORS 
Refractory heat sensitive resistors which 

permit the measurement and control of tempera-
tures up to 1100°C have up to now found only 
limited use because of their relatively high price. 
A new type of "wide diffusion" refractory heat 
sensitive resistor has been developed and produced 
in quantity in France, and is claimed to have many 
applications, particularly in the field of control. 
A recent paper describes the resistors and suggests 
applications in the fields of thermometry and 
temperature control, relay timing and alarm 
equipment. 

"Refractory heat sensitive resistances." J. Vergnolle 
and J. Tsoca. L'Onde Electrique, 40, pp. 252-4, March, 
1960. 

WAVEGUIDE SWITCHES 
The construction and electrical performance of 

two broadband Ku-band waveguide switches are 
described in a paper from the National Research 
Council of Canada. They are operated by rotary 
solenoids and are suitable for low power applica-
tions as disconnecting devices. Both switches have 
a minimum attenuation of 40 db and a maximum 
insertion loss of 0.5 db. The v.s.w.r. is less than 
1-2 across the band. Details are given for casting 
associated lossy material. 

"Broadband isolation switches operate in Ku-band 
waveguides." A. Staniforth and K. Steele. Canadian 
Electronics Engineering, 4, pp. 35-38, January 1960. 

RING MODULATORS 
A new quasi-linear method for explaining the 

design of ring modulators has been derived experi-
mentally in a recent German paper. The design 
of the differential transformer and the diode ring 
circuit (including linearization) and ;he choice of 
the carrier level (modulation depth) takes into 
consideration conversion loss, matching (complex 
load impedances, loss due to reflections) and har-
monic distortion. The matching ratios are shown 
in a geometrical matching plane from which the 
transformation ratios of the differential transfor-
mers can be derived. The complex load impedance 
for both sides are taken into consideration in an 
equivalent circuit. 

"The performance and the design of ring modula-
tors." H. Bley. Nachrichtentechnische Zeitschrift, 13, 
pp. 129-36, 196-201, March and April 1960. 

CIRCUITS FOR PHOTO-MULTIPLIERS 
Circuits for the operation of a photo-multiplier 

to be used in investigations of upper atmosphere 
phenomena are described in a paper presented at 
the 1959 Australian I.R.E. Convention. The paper 
gives details of a high-voltage regulated power 
supply, a chopping oscillator and a narrow band-
width tuned amplifier, all of which make use of 
transistors and semi-conductor diodes. The equip-
ment which is designed for operation in the field 
or the laboratory, has low power consumption and 
stable characteristics. It is claimed to work satis-
factorily in normal ambient temperatures. 

"Transistor circuitry for a very sensitive photo-
multiplier." J. R. Groves. Proceedings of the Institu-
tion of Radio Engineers, Australia, 21, pp. 142-7, 
March 1960. 

CERAMIC VALVES 
The development of electronic tubes displays a 

certain fundamental and permanent character— 
improvement in mechanical stability and in the 
ratio of power to volume, and an increase in the 
perveance per unit area of the cathode. A study 
of this development by a French engineer permits 
limits to be set to the use of traditional dielectrics 
in the manufacture of tubes, namely, the various 
types of glass, and shows the necessity on more 
and more occasions of replacing it by one of the 
new substances. Ceramics is a wide category from 
which a choice may be made and the most favour-
able of these substances is briefly described. 

"The application of ceramics to electronic trans-
mitting valves." G. Gallet. Onde Electrique, 40, 
pp. 201-206, February 1960. 

SPIRAL ANTENNA 
A spiral antenna is a radiator consisting of one 

or two spiral conductors and a reflector, and a 
device of this type was described in a paper read 
at the 1959 I.R.E. Canadian Convention in 
Toronto. The aerial is broad-band and circularly 
polarized, but because of its relatively low effi-
ciency it is most satisfactory as a receiving aerial. 
It has been found that its usefulness for this 
application can be increased by the addition of a 
resistive termination. 

"Resistive termination improves spiral antenna 
characteristics." F. V. Cairns. Canadian Electronics 
Engineering, 4, pp. 32-6, 40, January 1960. 
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WIDE-BAND PARABOLOID AERIALS 

A paraboloid reflector can be illuminated by a 
helical radiator in such a way that a high gain is 
produced for circular polarization. However, 
helical radiators are not point radiators, their 
apparent phase centre, which should lie in the focal 
point of the paraboloid in order to produce a 
maximum gain, moves in position depending on 
frequency. An optimum mean distance between 
the vertex of the paraboloid and the helix can be 
found which produces reasonable gain figures and 
reasonable radiation patterns over a relatively large 
frequency band of up to approx. 1.6:1. A circu-
larly bent, compact coaxial line with a tape-like 
inner conductor is used in a recent German 
development for matching the input impedance 
of the helix with the characteristic impedance of 
the feeder. It is shown that a paraboloid reflector 
with a diameter of 2 metres can produce gain 
figures of 19.5 db at 610 Mc/s, 22 db at 800 Mc/s 
and 23.5 db at 960 Mc/s. For a 3-m reflector the 
gain figures at these frequencies are respectively 
21 db, 25.5 db and 27 db. All gain figures are 
based on a circularly polarized isotropic radiator. 
The axis ratio of the polarization ellipse is reduced 
from 6 db at 610 Mc/s to 2.3 db at 700 Mc/s and 
remains below this value at frequencies up to 960 
Mc/s. The reflection coefficient remains below 
15 per cent. over the whole frequency range from 
610 to 960 Mc/s. 

"Wide-band paraboloid antennas using helices as 
radiators for decimetric waves." R. Hertz. Nachrich-
tentechnische Zeitschrift, 13, pp. 109-14, March 1960. 

PUSH-PULL AUDIO AMPLIFIER 

A new type of power output stage is described 
in a paper read at last year's Australian I.R.E. 
Convention in which the normal limitations of 
conventional push-pull amplifiers are absent. The 
circuit is of the single-ended push-pull class with 
no output transformer, and the valves are con-
nected in series for d.c. The improved behaviour 
is due to the system of driving one of the output 
valves with a signal derived from the departure 
of the output waveform from the undistorted 
input. Extremely low harmonic distortion (0.02 
per cent, total) is obtained in class AB operation 
right up to the point of clipping, without the use 
of overall feedback and the output impedance is 
less than 0.01 of the load impedance, which is not 
critical. Very wide frequency response is also 
claimed. 

"A low distortion single-ended push-pull audio 
amplifier." C. T. Murray. Proceedings of the Institu-
tion of Radio Engineers, Australia, 21, pp. 134-7, 
March 1960. 

400 

TRANSISTORIZED FACSIMILE RECEPTION 

A recent paper by an engineer with the 
National Research Council of Canada describes an 
experimental all-electronic slow scan facsimile 
system. After first deriving the relationship be-
tween bandwidth frame rate and resolution in an 
image transmission system, a system is described 
in which a frame with a resolution of approxi-
mately 100 by 100 elements is transmitted in 3.5 
sec using a bandwidth of 2 kc/s. The transmitted 
signal is proportional to reflected rather man to 
transmitted light, so that it is not necessary to 
make photographic slides of the subject. 

"A narrow band image transmission system with 
transistorized receiver." J. S. Riordan. Transactions 
of the Engineering Institute of Canada, 3, pp. 113-8, 
December 1959. 

AN AUSTRALIAN ANALOGUE COMPUTER 
The University of New South Wales has 

recently developed an electronic analogue compu-
ter, UTAC, for university and industrial research. 
The first section of the computer has been in con-
tinuous use for over three years and it is intended 
to construct the second complete section which will 
essentially be identical with that already produced. 
There are at present 24 amplifiers in the computer 
and flexibility of operation is achieved by allowing 
any amplifier to perform any operation, either 
linear or non-linear. Plug-in computing com-
ponents are widely used and a method of amplifier 
control is employed which allows all normal modes 
of operation while using only one relay per ampli-
fier. Flexibility is enhanced by allowing a timing 
unit or variables in the computation to operate the 
control relays. A simple system of overall calibra-
tion making use of comparative measurements of 
voltage and time allows individual computing units 
to be calibrated to an accuracy of 01 per cent. A 
brief description is also given of a new type of 
generator for producing voltages which are 
arbitrary functions of time. 

"The analogue computer UTAC." C. P. Gilbert, 
R. M. Duffy and T. Glucharoff. Journal of the 
Institution of Engineers Australia, 32, pp. 11-7, 
January-February 1960. 

JAPANESE ELECTRONIC COMPUTERS 
The November 1959 issue of The Journal of the 

Institute of Electrical Communication Engineers 
of Japan is almost entirely devoted to descriptions 
of complete computers and circuits and the tech-
niques associated with them; these include a 
numerically controlled milling machine. Members 
of the Brit.I.R.E. may obtain abstracts of the 
papers in English from the Librarian. 
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