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INTERNATIONAL GEOPHYSICAL YEAR 

The third Polar Year will extend from July 
1957 to December 1958 and there is much 
scientific interest in the plans which are now 
being made by the International Council of 
Scientific Unions to arrange observations in all 
latitudes. 

The second Polar Year came at a time of 
minimum sunspot activity, and radio investi-
gation should be helped by the fact that in 
1957-58 sunspot activity should be nearer its 
maximum. 

The scope of the geophysical observations to 
be undertaken will be much wider and more 
comprehensive than during the two previous 
Polar Years. Ionospheric physics, meteorology, 
geomagnetism, and the airglow, are some of the 
subjects to be specially studied according to the 
plans now being made by the Comité Spécial de 
l'Année Géophysique Internationale. 

Three meridian chains of stations have been 
planned. The first of these extends along 
approximately the meridian of 80° W. from the 
Arctic, through North America, down the west 
coast of South America, and into the Antarctic. 
The second is along the meridian of 10° E., 
through Western Europe, Tunisia, the Sahara, 
and along the west coast of Africa to the 
Antarctic. The third is along the meridian of 
140° E., through Soviet territory, Japan, New 
Guinea and Australia. 

These meridian chains are of special import-
ance for the investigation of the general circula-
tion of the atmosphere. The close association 
between solar activity and terrestrial phenomena, 
such as geomagnetic disturbances, ionospheric 
storms and the vagaries of radio propagation, is 
well established. Little is known, however, about 
the physical processes involved and in the 
observations which are to be made in 1957-58 

radio methods will form an essential part of the 
research programme. 

Balloons will be widely used to obtain 
information about the density, pressure and 
temperature of the atmosphere, of wind velocities 
and of cosmic ray intensities up to heights of 
about 20 miles. Aircraft specially fitted with 
radio equipment will be used for special sound-
ings of the ionosphere. The most important new 
technical developments to be used in this enter-
prise will be rockets, and the measuring devices 
which they carry. Guided missiles capable of 
reaching heights up to 125 miles, and smaller 
rockets for launching from balloons or aircraft 
and capable of reaching heights up to 50 miles, 
will be equipped with a variety of recording or 
telemetering instruments. These will enable the 
atmosphere to be explored to a much greater 
height. 

Some radio observatories will explore the 
auroral regions by short-wave beams, and the 
electrical current systems in the atmosphere, 
which cause some of the observed variations in 
the Earth's magnetic field, will be investigated. 

Intensive observations are desirable during 
periods of outstanding solar activity, but such 
times cannot be predicted with any certainty long 
in advance. A plan has been formulated, 
therefore, whereby an alert will be transmitted 
through communication networks whenever 
unusual solar activity seems likely to occur. 

Present indications are that the International 
Geophysical Year in 1957-58 will be one of the 
outstanding examples of international co-opera-
tion. Much of the means of observation will be 
of considerable interest to radio and electronic 
engineers and the results may be of tremendous 
value, internationally, to communication 
engineers. 
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NOTICES 

Institution Dinner 
The date now agreed for the Institution dinner, 

postponed from the date of the General Election, 
will be on Wednesday, June 15th, 1955, at the Savoy 
Hotel, London, W.C.2 (Abraham Lincoln and 
Manhattan Rooms). 

The Immediate Past-President and Mrs. Miller 
will be the guests of honour and the reception by 
Rear-Admiral Sir Philip and Lady Clarke will be 
from 7 p.m. to 7.30 p.m. It is hoped that members 
who are attending will be accompanied by their 
ladies. Tickets, which cost £2 5s. each, cover dinner 
and cocktails, and may be obtained from the 
General Secretary. Early application is advised. 

The Building Appeal 
Since the last Annual Report further donations 

have been received from firms in the industry who 
are supporting the appeal for £50,000 toward the 
purchase of a freehold building for the Institution. 

The President sent to the membership on 
March 12th a personal letter appealing to every 
member to support the Council in this project, 
and a list of all subscribers will be published .in 
the near future. 

Insignia Award in Technology 
At a recent meeting of the Council of the City 

and Guilds of London Institute, the Insignia 
Award in Technology was conferred upon nine 
candidates. These included two in the Tele-
communications group; Mr. Arthur Horace 
Watkins (Associate Member) receives the award for 
his thesis entitled "The Setting-up and Testing of a 
Wideband Coaxial Telephony Line Link." 

This was the second series of such awards based 
on thesis and interview and brings the total of 
C.G.I.A.'s in this category to 19. A number of 
Special Awards have also been conferred on 
persons of distinction in various industries. 

The Insignia Award in Technology was instituted 
by the City and Guilds of London Institute in 
November 1952,* and it is stated by the Council 
that the development of the scheme has been both 
steady and encouraging. The standard of the award 
has been maintained at the high level envisaged by 
the Institute, and of 43 theses so far received from 
candidates 15 failed to satisfy the assessors and of 
the remainder nine failed at the interview. 

• See J. Brit.I.R.E., 12, p. 550. November 1952. 
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The Caesium Atomic Frequency Standard 
Development of an atomic "clock," the Caesium 

Atomic Frequency Standard, which is of excep-
tional accuracy, has recently been announced by 
the Director of the Laboratory for Nuclear Science 
at Massachusetts Institute of Technology. Manu-
facture of a commercial model of the clock has 
been started and will be available by next year. 

The primary purpose in developing the apparatus 
was to build a tool for scientific research, for 
example, in work on the General Theory of 
Relativity. Other possible uses for such a precise 
timing device would include: Navigation—present 
methods enable a ship to locate its position within 
only five or ten miles; the caesium device will give 
a very precise location. Astronomy—very minute 
changes in the movement of the earth, moon, stars 
and other bodies can now be measured. Com-
munication—synchronization of events in different 
places can be attained with remarkable accuracy. 

Time-keeping in the device is controlled by the 
oscillation of electrons in the caesium atom, just 
as a penduluni controls a clock or a balance wheel 
controls a watch. As an electron revolves around 
the nucleus of an atom, it "wobbles" very slightly 
but at a constant rate. This unvarying rate of 
oscillation is reflected in the frequency of waves 
that are emitted. 

Caesium has a frequency of approximately 
9192.632 Mc/s which is the unit of time in the 
clock. A piece of the metal, about the size of a 
pinhead and weighing about 0.01 gm, is enclosed 
in a crucible kept at about 100°C. A stream of 
atoms shoot through a hole in the crucible and 
strike a detector screen, their frequency being 
measured electronically. The caesium emits atoms 
at a rate of the order of 106 per sec, but the loss 
is only about 10 6 gm per day. 

While for scientific work clock hands would not 
provide sufficiently precise timing, the device can 
be connected with a conventional but finely 
calibrated clock face for use in such operations as 
navigation. 

Standard time, with one second equal to 
1/86,400th of the mean solar day and generally 
measured by the frequency of the oscillations of a 
crystal, is accurate to one part in le The Atomic 
Frequency Standard is accurate to one part in 1010; 
through further development it is expected to 
obtain accuracy of one part in 10 12. 

May 195.5 



JOURNAL OF THE BRITISH INSTITUTION OF RADIO ENGINEERS 

A VERSATILE ELECTRONIC ENGINE INDICATOR* 

by 

R. K. Vinycomb, B.Sc. (Associate Member)t 

Read before the institution in London on February 23rd, 1955. Chairman: Mr. E. D. Hart, M.A. 

SUMMARY 

Knowledge of the working pressures within the cylinder of an internal combustion engine is of great 
importance in engine development work. An outline of the history of devices for obtaining this information 
is given, followed by the requirements for a satisfactory indicator. The principles of operation, con-
struction and temperature sensitivity of a number of different types of transducers are discussed and 
examples described. A trolley-mounted cathode-ray engine indicator is described which is arranged in 
a novel layout for use with several types of transducers. Details are supplied of the pre-amplifiers and 
pre-circuits employed and special consideration is given to facilities for time or crank-angle sweep, 
crank-angle marking, beam blanking and photography. The practical operation of the indicator is outlined 
in order to illustrate how a wide range of measurements can be made. 

1. Introduction 

1 . 1. Historical 

Early in the history of heat engines, it was 
realized that a knowledge of the cyclic pressures 
within the working cylinder would provide in-
valuable data on the performance of the engine. 
The first mechanism to fulfil this purpose is 
usually ascribed to James Watt, h appears, 
however, that the invention of a device which 
plotted the cylinder pressure on paper is due to 
John Southern, one of Watt's associates, about 
1796,1 and this has become known as "The 
Steam Engine Indicator." In principle it com-
prised a small cylinder connected to the engine 
cylinder by a passage. The steam pressure was 
allowed to act on a spring-loaded piston whose 
displacement therefore was proportional to the 
applied pressure. A link mechanism connected 
the piston to a pencil which moved up and down 
on a paper chart. At the same time the chart 
was moved at right angles to the direction of 
pencil travel. A two-dimensional diagram was 
thus obtained. The necessity of knowing the 
phase relationship between the movement of 
the card and the position of the engine piston was 
clear to Southern, for, in 1796, he wrote to a 
colleague: 

"Great accuracy should be observed at the 
moment the piston is at the top or bottom, and 

* Manuscript first received August 23rd, 1954, and 
in final form on December 22nd, 1954. (Paper No. 311.) 
t Southern Instruments, Ltd., Camberley, Surrey. 
U.D.C. No. 536.8 : 621.37/8 : 621.43. 

a person should be stationed opposite the 
connecting rod to call out the instant it passes 
the centre of the sun wheel, another person 
being stationed to observe the indicator pencil 
at the same moment." 

Although it may nowadays be amusing to 
contemplate the phasing of an indicator by 
shouts between the operator of the apparatus 
and an assistant observing the crankshaft, 
diagrams obtained by this method enabled the 
working of steam engines to be visualized and 
much valuable data was collected in this way. 

In due coufse, the advent of higher speeds 
and, in particular, of the internal combustion 
engine, necessitated similar cylinder-pressure 
measurements and, in addition, information 
regarding the timing and rates of pressure rise 
during the combustion period was required. 
All kinds of slow- and medium-speed machines, 
including spark-ignition and compression-
ignition engines and gas compressors have been, 
and still are being, indicated by the simple 
mechanical devices of the kind depicted in Fig. 1. 
In this the drum carrying the paper chart is 
rotated by means of a cord attached to the 
engine piston rod, so that a pressure-volume 
diagram is obtained. By graphical integration 
of the diagram the "indicated horse-power" of 
the cylinder can be computed. 

The mechanical indicator has the inevitable 
disadvantage of its inertia, which limits the rate 
at which it can respond to pressure changes. 
Even with the latest types, there comes a point 
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beyond which the accuracy of measurement 
decreases rapidly as the engine speed increases. 
The need for instruments capable of indicating 
faithfully the cylinder pressure fluctuations in . 
high-speed internal combustion engines has led 
to the development of a number of extremely 
useful types.2 One approach to this problem 
was the design of an indicator in which the 
engine cylinder pressure is measured by balancing 

CLIP FOR 
CHART PAPER 

RECORDING 
DRUM 

DRUM 
ACTUATING 
CORD 

CYLINDER 

PISTON  

TAPER FITTING 
FOR INDICATOR COCK 

GAS PRESSURE 

Fig. 1.--Part-sectional drawing of modern mechanical 
diesel engine indicator. ( With acknowledgments to 

Messrs. Dobbie, McInnes, Ltd., Glasgow.) 

it against a known steady air pressure in a 
transducer which detects this point of balance 
by interrupting an electric circuit.3 In this case, 
the recording drum is driven from the engine 
crankshaft and the indicator card appears as 
a series of minute holes sparked through black 
recording paper. 
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Probably the most versatile indicators use a 
cathode-ray tube as the display element4 because 
of its virtually inertialess response, and the 
remainder of this paper is confined to this type, 
which is supplanting all others to an increasing 
extent. 

1.2. Requirements 

In the early stages of internal combustion 
engine development, attention was almost 
wholly centred on measuring the pressure cycle 
in the cylinder and, in particular, the peak 
pressures and rates of pressure rise during the 
combustion period. More recently, it has 
become evident that a really useful instrument 
must be able to display, not only cylinder-
pressure diagrams, but also many related 
phenomena. A modern indicator must therefore 
be capable also of measuring the pressures at 
different points in the induction and exhaust 
manifolds and in the fuel-injection system of a 
diesel engine. Only a further short step is 
required to the measurement of mechanical 
events such as the timing and extent of the 
needle lift in a fuel-injection valve, the vibration 
of the engine bed and components and the 
torsional oscillation of the crankshaft. A truly 
versatile indicator is thus an indispensable tool 
by means of which the engine designer or fuel 
technologist can investigate every aspect of an 
engine's performance. 

Although a cathode-ray tube may be used as 
the display element for all these requirements, 
a number of different transducers must be 
employed. 

2. Transducers 

2.1. Principles 

There are a number of different types of 
transducer available for making the same 
measurement5 and a number of different 
measurements to be made. The choice for any 
particular application must depend on a 
number of factors, which include the accuracy 
needed, the temperature, the engine speed, the 
pressure range, the ease of installation and 
operation and, not least, the cost. Most known 
mechano-electric effects have been used in the 
past as the basis of pressure transducers suitable 
for electronic engine indication. Before it was 
possible to design stable high-gain amplifiers, 
the chief requirement for the transducer was 
that it should have a high sensitivity, which may 
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be defined as the output voltage for a change of 
pressure equal to the maximum for which the 
particular pick-up was designed. Piezo-electric 
crystals6 or a carbon resistive element7 satisfied 
this demand, but neither has continued in use 
because of poor stability under operating 
conditions. They have been largely superseded 
by transducers of the electro-magnetic,8,6 
variable-capacitance 10, 11, 12, 13 and variable-
inductance" types. 

All transducers and their associated equip-
ment must contain a number of basic units, 
although the function of more than one may be 
combined in a single component. These are 
analogous to the parts of the mechanical 
indicator and may be conveniently termed: 

(I) The seal, which prevents the gases from 
escaping to atmosphere or to other parts 
of the transducer. 

(2) The summing member (e.g., the indicator 
piston) on which the gas pressure acts to 
produce a resultant thrust. 

The measuring element (e.g., the piston 
spring) which measures this thrust. 

(4) The coupling linkage, which conducts, 
and possibly amplifies, the output of the 
measuring element to— 

The display. This may be graphical, as 
in the case of the mechanical indicator, 
or visual. 

(3) 

(5) 
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Fig. 2.— Theoretical performance of a .flat circular 
diaphragm, 1 in. in diameter, clamped at its periphery. 

It is highly desirable that the relation between 
applied pressure and resulting output should be 
linear. This can be met by making the measuring 
element a linear compliance so that: 

pa  
k 

where: 8 deflexion of the measuring element, 

k stiffness of the measuring element, 

p intensity of gas pressure, 

a effective area of summing member. 

In a given transducer, therefore, 8 is pro-
portional to p. 

A further requirement is that faithful response 
to high rates of pressure rise shall be achieved. 
This means that the natural frequencies asso-
ciated with the system must be high. The 
mechanical natural frequency fit of the relevant 
parts of the transducer is given by: 

1 k 

27r M.. fu " 

where mis the effective mass of the moving parts. 
This must therefore be kept as small as possible 
while the stiffness is high. A satisfactory trans-
ducer thus demands an electrical detecting 
element which gives as large as possible an out-
put linearly related to the very small mechanical 
deflexions which are obtained. 

2.2. Practical Systems 

Many transducers employ a metal diaphragm 
clamped at its periphery and housed within a 
robust body. The diaphragm thus combines the 
functions of seal, summing member and 
measuring elenient since pressure is applied to 
one side of it while an electrical sensing element 
on the other side detects the resulting deflection. 
Fig. 2 shows the relations between natural 
frequency, deflexion and thickness of a 4-in 
diameter clamped steel diaphragm. In a typical 
case, a diaphragm of 0-050 in thick might be 
used for a maximum pressure of 500 lb/in. 2 
The maximum deflexion would therefore be 
100 microinches and the natural frequency about 
80 kc s. 

In electromagnetic transducers, the diaphragm 
is made part of a magnetic circuit in which there 
is a permanent magnet and a fixed coil. For 
small movements of the diaphragm, the flux 
density in the coil is proportional to the 
diaphragm deflexion 8. 

Thus: 4, = cp. 
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Hence: e 

where: ch — 
C 

p - 

e - 

t 

c dp  
dt ' 

flux, 

a constant depending on the 
construction of the transducer, 

intensity of gas pressure, 

generated e.m.f., 

time. 

It is thus apparent that this type of transducer 
produces an output proportional to the rate of 
change of pressure with time. 15 

The simplest form of variable-reactance 
detecting element consists of an insulated elec-
trode mounted in close proximity to the 
diaphragm so that the electrical capacitance 
changes in accordance with the deflexion of the 
diaphragm. The capacitance of a parallel-plate 
capacitor is given by: 

aK 
C - 

4irS 

where C - capacitance, 

K == permittivity of dielectric, 

S - separation of plates. 
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Fig. 3.--Cutaway view of a variable-capacitance pressure 
transducer. 
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In a simple system in which one plate moved 
parallel to the axis of the capacitor, the capaci-
tance would thus be inversely proportional to 
the spacing. However, a clamped diaphragm 
becomes curved when subjected to pressure. 

)40 

Fig. 4.—Flush-diaphragm pressure transducer employing 
a variable resistance element. The overall diameter of the 

diaphragm is approximately f, in. 

By curving the fixed electrode also and using a 
composite dielectric of mica and air," it has 
been found possible, by empirical means, to 
produce a transducer in which the pressure-
capacitance relationship is linear to within 
I per cent for a capacitance change of 20 pF. 
This type of transducer is illustrated in Fig. 3. 

Another way of detecting the movement of 
the diaphragm employs a photo-emissive cell." 
A small shutter fixed to the centre of the dia-
phragm controls the light falling on the photocell 
from a miniature electric lamp. The arrange-
ment is such that, within its working limits, 
the output from the cell is directly proportional 
to the pressure applied to the diaphragm. 

A transducer in which a wire resistance strain 
gauge is used as the sensing element is shown in 
Fig. 4. In this case, the diaphragm acts only as 
the seal, while the restraining force is supplied 
by a small load cell comprising a hollow tube 
with one end in contact with the diaphragm 
and the other fixed in the body of the unit. Two 
strain gauge windings are bonded to the surface 
of the tube. In one, the wires run parallel to 
the axis of the tube while the other consists of a 
bifilar winding wound circumferentially. The 
construction of this "strain tube" is shown in 
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Fig. 5. The two windings are usually connected 
in adjacent arms of a simple Wheatstone's 
bridge. When the strain tube becomes loaded in 
compression, the axial gauge decreases in 
resistance, while the circumferential gauge 
resistance increases due to the effect of Poisson's 
ratio. These resistance changes thus have an 
additive effect in causing unbalance of the bridge. 

2.3. Temperature Effects 

The effects of temperature upon transducers 
may be divided into two classes; those due to 
temperature alone and those due to temperature 
gradients. Heat alone causes changes in the 
physical constants of the materials of the pickup. 
If inconsistency of the temperature coefficient 
of expansion is neglected, it can be shown that: 18 

kr1 _ 1 + 1.7,2 
k12 1 + Tr1) E72 

where kr1, kr2 = diaphragm stiffness at tem-
peratures 7'1 and T2, 

rn, 1.72 = Poisson's ratio at the same 
temperatures, 

E71, E72 = Young's modulus at the 
same temperatures. 
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Fig. 5.—The sensing element of the transducer shown in 
Fig. 4. 

The output of the transducer is proportional 
to the stiffness, k, of the measuring element, so 
when the latter becomes heated it will need 
application of a lower pressure to reach the 

designed deflexion. In practice, a temperature 
rise of 300°F can cause an increase of 25 per 
cent in sensitivity. Steps are therefore taken 
to keep the measuring element from being 
exposeed directly to combustion flames by mount-
ing it at the end of a short passage, by water-
cooling the transducer or by direct cooling of 
the measuring element itself. 

Temperature gradients may be transient ones 
due to the intermittent application of com-
bustion gases to the unit, or stable ones due to 
the continuous conduction of heat away from 
the engine by the transducer. These gradients 
cause the parts of the transducer to distort due 
to unequal expansions; momentary distortion is 
caused by an intermittent gradient and sustained 
distortion by a steady gradient. The former 
results in an electrical signal being produced 
(due to displacement of the summing member 
and measuring element) which is superimposed 
upon, and indistinguishable from, the signal due 
to the application of dynamic engine pressures. 
The latter effect is of importance in transducers 
of the "non-generating" type (i.e., those such 
as the variable-impedance or photoelectric 
types which have to be supplied with some 
external form of power) which generally produce 
an output for a sustained pressure input. This 
type of pickup is of particular advantage 
because it enables the steady component of a 
fluctuating pressure to be measured and, further-
more, the transducer can be calibrated by 
applying known steady pressures to it. Flat 
clamped diaphragms are thus particularly liable 
to distortion if the diaphragm is not kept 
sufficiently cool. The high sensitivity of trans-
ducers employing variable capacitance systems 
tends to emphasize this trouble, which manifests 
itself as a slow shifting of the zero-pressure or 
base line of the diagram on the cathode-ray tube 
screen. If the zero can be set when the trans-
ducer is at working temperature, the inaccuracy 
is obviated. 

In the case of the variable-resistance trans-
ducer shown in Fig. 4, severe changes in 
temperature of the relatively compliant dia-
phragm affect neither the sensitivity nor the 
"zero" of the measuring element. Cooling air 
is used to reduce the temperature of the strain 
tube. When the two strain-gauge windings are 
connected in a simple bridge circuit as described 
previously, the effects of temperature change 
on the resistance of the windings tend to cancel. 
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3. A Complete Equipment 

3.1. Pre-circuits and Pre-amplifiers 

In spite of the large variety of transducers 
which are available not only for Kessure 
indication, but also for many other measure-
ments on an engine, only two kinds of amplifier 
are needed to meet nearly all eventualities. The 
first is a moderately high gain direct-coupled 
type and the second a modulated radio-frequency 
carrier type. Appropriate pre-circuits are 
required in each case between the transducer 
and the amplifier. Taken together, the pre-
circuit and pre-amplifier form the "coupling 
linkage" analogous to the mechanical levers of 
the steam engine indicator, and must therefore 
have a strictly linear input-output characteristic 
and a flat frequency response from d.c. to the 
highest frequencies to be encountered. 

Two of the most important features to the 
engineer are the ability of the amplifier systems 
to respond to sustained inputs, and high 
stability of the "zero" point when transducers 
which respond to static pressure are employed. 
The output from any pickup when a sustained 
pressure is applied to it then produces a sustained 
deflexion of the cathode-ray tube beam. Advan-
tages derived from this are that there can be no 
errors due to lack of response of the amplifier, 
however slowly the pressure is varying, and the 
overall system can be calibrated statically by 
simply applying known steady pressures to the 
transducer. 

When drift takes place, it inevitably introduces 
inaccuracy into the measurement of absolute 
pressures if the zero cannot be checked. The 
amplifiers and power supplies are thus designed 
to minimize drift. In choosing a suitable 
direct-coupled pre-amplifier, one having an 
amplified feedback circuit which compares 
input and output levels while the amplifier is 
operating, without affecting the signal," showed 
outstanding advantages. A two-stage fully-
balanced amplifier of this type provided a gain 
of 100 at a bandwidth of 50 kc/s which is more 
than ample for engine indicator applications. 
In the high-frequency carrier system which 
is employed," the oscillator may be placed close 
to the transducer and a frequency-modulated 
signal is conveyed to the amplifier and demodu-
lator by a long cable if necessary. This eliminates 
nearly all the disadvantages usually associated 
with carrier systems. The carrier frequency 
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is approximately 2 Mc/s and a limiter stage in 
the pre-amplifier ensures immunity from external 
interference and amplitude changes. The fre-
quency response of the oscillator-amplifier-
demodulator system is uniform from zero to 
about 30 kc/s. 

Associated with the drift-corrected direct-
coupled pre-amplifier there is a Wheatstone's 
bridge which enables up to four variable 
resistance transducers to be connected and 
balanced and their outputs instantaneously 
selected for display. A high-tension dry battery 
is used to energize the bridge. The circuit 
arrangement is shown in Fig. 6. The four inputs 
are each intended for pickups or strain gauges 
having matched pairs of windings. The four 

INPUTS 

FROM 
GAUGES 

OUTPUT TO 

Y-AMPLIFIER 
 o 

PICK-UP 
;ELECTOR 

Fig. 6.—Schematic diagram of the pre-circuit used with 
rariahle-resistance transducers. 

poles of the selector switch are ganged so that 
at the same time as the pickup is selected, the 
appropriate ten-turn helical balancing potentio-
meter (RI, R2, R3 or R4) and attenuator (R5, 
R6, R7 or R8) are brought into circuit. All four 
pickups and the ratio arms, R9 and RIO, are 
energized by the bridge battery at all settings of 
the selector. Attenuation is carried out at a 
relatively low-impedance point since the output 
from the pre-amplifier is taken from a cathode-
follower stage. 

In conjunction with the frequency-modulation 
amplifier-discriminator there is a panel con-
taining an oscillator and pre-circuits needed 
for up to three alternative transducers. This is 
shown in Fig. 7. The output of the discriminator 
may be passed through differentiating circuits 
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if required so that either true pressure or rate-of-
change of pressure diagrams can be obtained 
from variable capacitance transducers. The 
tuning controls Cl, C2, C3 enable the oscillator 
frequency to be adjusted to 2 Mc, s. The range 
controls SI, S2 and S3 alter the LIC ratio of the 
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PICKUP 
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Fig. 7.--Schematic diagram of the pre-circuit used with 
variable-reactance transducers. 

tuned circuit so that the required frequency 
deviation is obtained for incremental capaci-
tances of either 5 pF or 20 pF. 

3.2. Layout and Special Features 

Because of the considerable flexibility required, 
the equipment comprising the "coupling linkage" 
and the "display" is built in rack-and-panel 
form and mounted on a trolley base, as depicted 
in Fig. 8. Arrangements to meet special require-
ments can, if necessary, be made by substituting 
or adding panels. Fig. 9 is a schematic diagram 
of the apparatus. 

Either of the pre-amplifiers may be fed into 
a balanced, two-stage direct-coupled driver 
amplifier, having a gain of 800 times, which feeds 
the Y-plates of the cathode-ray tube. Each 
stage comprises a cathode-coupled pair of 
valves. Negative feedback is applied to the 
first-stage cathodes from each of the final-stage 
anodes. The cathode-ray tube itself has a 6-in 
diameter screen and is of the type having a 
post-deflection accelerator so that maximum 
brightness of the spot can be obtained when 
working in high ambient light. It is on a hinged 
panel which tilts forward for easy viewing. 

H.T. and e.h.t. power, valve stabilized in each 

case, is supplied to the equipment from built-in 
packs, operating from a.c. mains. The addi-
tional e.h.t. required for the post-deflection 
accelerator of thè cathode-ray tube is obtained 
from a voltage-doubling rectifier supplied from 
the secondary of the h.t. transformer. There is 
also a regulated d.c. supply for the heaters of 
the valves in the d.c. pre-amplifiers to assist in 
the elimination of drift and hum. 

3.2.1. Crank-angle marking 

As nearly all phenomena on an engine are 
related to the crank revolution, it has been 
found most useful to mark the diagram with a 
scale representing crank-angle degrees. This is 
achieved by fixing a non-magnetic disk to the 
end of the crankshaft and arranging for its 
periphery to pass close to a simple electro-
magnetic pickup. The disk has steel inserts at 
accurately-set intervals and these cause the 
pickup to generate voltage pulses as they pass. 

 ̂

Fig. 8.—The complete engine indicator equipment. 

These pulses are passed to a shaping amplifier 
which ultimately superimposes signals on the 
record. These may conveniently be at 20 deg 
intervals. 
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3.2.2. X-axis sweep 

The horizontal axis of the indicator diagram 
may be provided by a conventional electronic 
time-base with a push-pull cathode-coupled 
deflection amplifier in the same panel. The 
sweep can be synchronized to the engine speed, 
or a sub-multiple of it, if another simple electro-
magnetic pickup is used to generate a pulse from 
a stud in the engine flywheel, or by some other 
convenient method. To obviate the possibility 
of the time-base becoming out of synchronism 
when the engine speed changes, a pair of 
contacts, driven by the engine, may be used to 
discharge the time-base capacitor. This gives 
positive synchronization but has the dis-
advantage that the sweep length varies with 
engine speed. 

The best method of obtaining the horizontal 
sweep makes use of the photo-cell device shown 
in Fig. 10. In this case, a helical shutter, driven 
from the engine, controls the light falling on a 
photo-emissive cell. The latter is connected to 
a direct-coupled pre-amplifier whose output is 
fed to the time-base amplifier. The horizontal 
position of the spot on the cathode-ray tube 

VARIABLE 
CAPACITANCE 
OR INDUCTANCE 
TRANSDUCERS 

BRIDGE 
SUPPLY 

VARIABLE 
RESISTANCE 
TRANSDUCERS 

MAGNETIC 
DEGREE-MARKING ICÉ)I  MARKER 
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PHOTOCELL 
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MAGNETIC 
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screen thus bears a definite relationship to the 
angular position of the crankshaft under all 
conditions. In the photograph, a degree-
marking disk can also be seen, fitted within the 
sweep unit case. 

3.2.3. Camera 

It is often difficult to measure and analyse 
diagrams presented visually, especially under 
transient conditions, and so a multi-purpose 
recording camera has been built into this equip-
ment. This makes possible three kinds of 
permanent photographic record. "Still" photo-
graphs of the diagram on the cathode-ray tube 
screen may be taken with the film stationary. 
Alternatively, the horizontal sweep can be 
stopped and the recording film moved con-
tinuously past the camera lens. The "time-base" 
is thus provided by the movement of the film 
and this may be increased in speed to spread 
out the diagram. At the highest speeds, where 
the maximum temporal resolution is required, 
a 20 in length of film is wrapped round a drum 
which is rotated steadily at any desired speed. 
In this case, the length of record is necessarily 
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Fig. 9. —Block diagram of the engine indicator equipment. 
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limited to the circumference of the drum, but 
it does enable single diagrams of high resolution 
to be obtained. Contacts on the camera control 
the exposure by switching on the cathode-ray 
tube beam for exactly one revolution of the 
drum, or for the duration of the film movement 

Fig. la—Photo-cell sweep unit for coupling to the engine 
crankshaft. 

for a -continuous feed" record. The camera 
motor is normally supplied from a 6-volt 
automobile-type accumulator. 

3.2.4. Beam switching 

Since the cathode of the tube is nearly 2-kV 
negative with respect to the "earthy" anode, it 
is undesirable to switch the grid circuit directly. 
Carrier-current beam switches have been very 
recently discussed21 and their advantages pointed 
out when sustained beam-brightening or 
blanking is required. The particular arrange-
ment used in this indicator, while more complex 
than some, has the merit that coupling between 
high- and low-voltage parts of the circuit is by 
two small capacitors, so that no high-insulation-
resistance transformers are required. In addition, 
no appreciable power is drawn from the 
oscillator and the system may therefore be used 
to switch the beams of a number of cathode-ray 
tube-guns simultaneously. The basic circuit is 
shown in Fig. 11. One half of the double-triode 

VI oscillates at approximately 3 Mc/s, while the 
other half is normally cut off by a negative bias 
obtained from the network RI, R2, R3. Closing 
the contacts SI causes this triode to conduct, 
so cutting off the oscillator by the bias developed 
across the common cathode resistor R4. The 
oscillations are fed through capacitors Cl and 
C2 to a diode rectifier which forms part of the 
valve V2. The triode portion of this valve is 
thus held in a non-conducting condition by the 
rectified signal. No current then passes through 
the brilliancy control R5, and the tube grid is 
held negative with respect to its cathode by the 
potential across the neon valve NI. When 
oscillation ceases, the triode portion of V2 
conducts, and current passes through R5 until 
the separate diode also conducts and holds the 
triode cathode and the tube cathode at the same 
potential. The beams then come on at a brilliancy 
determined by the setting of R5. When SI is 
closed, the beam is on, but may be extinguished 
momentarily by applying a negative pulse to the 
MOD terminal. Conversely, the beam is nor-
mally off when SI is open, but may be brought 
on by the application of a positive pulse to the 
MOD input. 

3.3. Operation 

Pressure transducers of the variable-
capacitance-type are available, having a maxi-

MOD 
o—I 

BEAM R2 

o 

si 

-100V 0 .3000 -2 kV 

TO 
C R. TUBE 
ANODE 

CATHODE 

GRID 

Fig. 11.—Simplified arrangement of the r.f beam-
switching circuit. 

mum pressure range of a few inches of water-
gauge up to about 10,000 lb, in'. Variable 
resistance pickups having ranges from a few 
hundred lb/in2 up to many tons/in2 are made. 

Other types of pressure, vibration and 
movement transducers may be used. The pickups 
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PRESSURE 

T.D.C. 

B.D.C. 

100  

(a) GAS ENGINE, CYLINDER PRESSURE lb/in 2 

Obtained from a small gas engine with a variable-resistance transducer. Crank-
shaft angle marks are superimposed every 20° and at 10° each side of top dead-

centre. Calibration lines were superimposed photographically. 

(b) SUPERCHARGED DIESEL ENGINE, EXHAUST MANIFOLD PRESSURE 

This record was obtained with a variable-capacitance transducer, a stud on the 
flywheel being used to indicate the position of top dead-centre. The pressure 

scale was determined subsequently. 

PRESSURE Iblin2 

3,250 

2,200 

1,200 

hiT SY/1 

 0 

T.D.C. 

(c) DIESEL ENGINE, FUEL LINE 
PRESSURE 

I.D.C. 

(d) DIESEL ENGINE, FUEL 
INJECTOR NEEDLE LIFT 

T. D. C. 

(e) PETROL ENGINE, DIF-
FERENTIATED CYLINDER 

PRESSURE 

Record from a variable-capacitance trans- A variable-inductance transducer This record was obtained from a 
ducer fitted to the high-pressure piping between fitted to the fuel injector itself variable-capacitance transducer. The 
the fuel pump and injector of a diesel indicates the timing and extent of crank-angle marks are 20° intervals, 
engine. Calibration lines superimposed movement of the injector needle. with additional marks 10' each side 

photographically, of top dead-centre. 

Fig. 12.—Facsimiles of photographic records obtained from the equipment and reproduced at approximately x I. 

(a), (c) and (d)are part of "drum" records; (b) is part of a "continuous feed" record; (e) is a "single shot" photograph. 
( Diagrams (b), (c) and (d) by courtesy of Messrs. Davey, Paxman & Co., Ltd., Colchester.) 
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required for any particular investigation are 
selected and fitted to the engine, then connected 
to the appropriate inputs. The selector-switches 
on the pre-circuit panels are now set to each 
input in turn so that the bridge balance or 
tuning controls and the attenuators associated 
with each transducer may be adjusted. This 
enables the zero of each signal and its scale on 
the cathode-ray tube screen to be preset. After 
connecting up auxiliary devices such as syn-
chronizing and degree-marking pickups, the 
engine is started and conditions brought to 
those required. Any of the transducers may 
now be selected and the resulting diagram 
observed on the screen. If the electronic 
time-base is in use, the horizontal sweep may 
be expanded so that one-quarter of an engine 
revolution occupies the full diameter of the 
screen When using the photo-cell sweep unit, 
the same expansion is possible and, by means 
of a phasing control on the unit, any part of 
the diagram can be brought to the centre of the 
sweep. Degree marks can be superimposed on 
the diagram, either as sharp upward or down-
ward "spikes" or as beam blanking. Use of the 
direct-acting horizontal-shift control enables 
different parts of the diagram to be brought to 
a convenient part of the screen in order to 
measure the interval between related events in 
the cycle in terms of crank angle. 

Two methods of making measurements in the 
Y-direction are possible. In either case, it is 
assumed that the transducer has been previously 
calibrated statically so that its sensitivity is 
known in terms of the arbitrary divisions of the 
calibrating dials. The continuously variable 
sensitivity controls for each transducer may be 
set so that some convenient relationship exists 
between the divisions on the transparent graticule 
in front of the tube screen and pressure applied 
to the pickup. In this case, the height of the 
diagram on the screen may be readily converted 
to pressure. Alternatively, the pressure between 
any two points on the diagram may be read off 
by bringing these two points successively to the 
same line on the graticule by means of the 
calibrating dials. The change in reading of the 
dial may then be converted to pressure. 

When a photographic record is required, the 
cathode-ray tube mounting is swung on its 
hinges into the main panel, the tube beam 
switched off and the camera shutter opened. 
Pressing the appropriate trip button on the 

camera then brings on the beam for the exposure 
required for a "still" shot, a "continuous-feed" 
record or a "drum" diagram, as the case may be. 
70-mm wide unperforated film or paper is used 
in the camera which can be loaded or unloaded 
in daylight. Calibration lines may be super-
imposed on the record by switching off the signal 
and re-exposing the film with the cathode-ray 
tube spot shifted vertically known amounts by 
means of the calibrating dials. Typical indicator 
cards are shown in Fig. 12. 

4. Conclusion 

Some of the principles employed in this 
indicator are not new and details of several 
generally known circuits have therefore not 
been included in this paper. The equipment is, 
however, a serious attempt to provide electronic 
equipment which embodies the latest practice 
with regard to engine-indicating techniques and, 
in addition, to provide facilities for making 
many kinds of related measurements which have 
only received brief mention. 

The novel layout of the equipment has been 
adopted so as to make it as flexible as possible 
while keeping to logical grouping of controls 
and ease of operation. An example of the 
way in which this form of construction proves 
itself is in a version of the equipment in which 
a double-gun cathode-ray tube is used with 
two entirely separate amplifier channels. This 
enables two related phenomena to be displayed 
or photographed simultaneously. 
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RADIO COMPONENT SHOW 
This year's exhibition of components, valves and 

test gear, organized by the Radio and Electronic 
Components Manufacturers' Federation, and open 
from April 19th to 21st, was the twelfth of the 
series. The expansion in scope of this last exhibi-
tion compared with the previous ten post-war shows 
was well demonstrated in the exhibits which were 
described as the "raw materials" of electronic 
development. 

The number of exhibitors continues to increase, 
there being no fewer than 141 stands this year- 11 
more than.last year. The Federation has stated 
that it may be necessary to seek larger accommoda-
tion, since the capacity of the Great Hall at 
Grosvenor House is obviously limited. At the close 
of the exhibition, Mr. C. M. Benham, B.Sc., 
A.C.G.I. ( Member), chairman of the R.E.C.M.F., 
said that more than 20,000 persons had visited it, 
including engineers from 23 countries abroad. 

The ever-increasing export figures achieved by 
the Federation's members were referred to by its 
president, Sir Robert Renwick ( Member), when he 
formally opened the show, and he pointed out that 
direct exports had risen by 30 per cent. •during the 
year and in the first quarter of 1955 had attained 
the monthly value of £1 million. 

One of the more interesting features of this 
year's exhibition was the application of printed 
circuit technique to actual equipments. Previously, 
with one or two exceptions, only specimens of the 
circuit printer's art have been seen, but many 
manufacturers are now in a position to supply 
either the basic circuits or special components for 
use with the printed circuit, and, in some instances, 
complete prefabricated units; it seems likely that it 
will only be a short time before this technique is 
extended to domestic radio and television sets. 

In order to take advantage of the reduced 
operator-time involved in wiring up radio chassis, 
it is desirable to make the attachment of com-
ponents as straightforward as possible and con-
sequently the developments by two leading manu-
facturers, Multicore Solders and Enthoven Solders, 
of special materials, including cleaning agents, 
solders and fluxes, are particularly interesting. 

Examples of components intended for use with 
printed circuits were miniature potentiometers, 
shown by A.B. Metal Products and Morganite, 
capacitors by Dubilier, transformers by Parmeko, 
and strip-type plugs and valve-holders by McMurdo. 

The forthcoming extension of television broad-

casting to Band III was catered for by new types 
of aerials, both the adaptor type for use with 
existing Band I aerials by the addition of stubs, and 
special high-gain independent aerials for the shorter 
wavelength to be used in fringe areas. The higher 
frequency will naturally make necessary coaxial 
feeders of much lower transmission loss, and 
Aerialite and British Insulated Callender's Cables 
were among the manufacturers showing suitable 
examples. Both the Plessey Company and Sydney S. 
Bird featured multi-channel turret television tuners 
on their stands, enabling the selection of up to 12 
channels in the two bands and, in addition, N.S.F. 
showed a similar unit covering 13 channels; the 
usual method of selection is by the switching of 
incremental inductances. 

There is, of course, considerable interest 
currently within the radio industry in the B.B.C.'s 
introduction of frequency-modulated sound broad-
casting at very high frequencies, and components 
designed for sets receiving these broadcasts included 
a turret tuner by Sydney Bird and a special ganged 
variable capacitor by Wingrove and Rogers; the 
increased a.f. response now possible is being 
borne in mind by Reproducers and Amplifiers, who 
can supply alternative diaphragms for loudspeakers. 
The majority of valve manufacturers exhibiting at 
the show included in their ranges triodes suitable 
for operation as grounded grid amplifiers in both 
the v.h.f. bands as well as new output pentodes. 

Other advances in valves and tubes extended 
several manufacturers' ranges of valves for special 
duty, while the trend in cathode-ray tubes is 
towards the 21-in diagonal screen. Wide-angle 
scanning, up to 90 deg, is a feature of the new 
tubes introduced by Mullard and Edison Swan. 

There was evidence of the consolidation of 
production types of transistors by all the leading 
manufacturers, and Mullard stated that by next 
year the majority of British hearing aids for export 
and private purchase will use only transistors. 

The Services' research establishments sponsored 
a combined stand as usual and here again some of 
the future trends of the radio component industry 
could be seen. Glass dielectric capacitors have 
always been an attractive objective by virtue of the 
cheapness of glass as compared with mica, and 
S.R.D.E. showed that in some features it was much 
superior to the older pattern; the temperature 
coefficient of + 120 parts in 106 per deg C should 
be improved by further development. 
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PHYSICAL SOCIETY EXHIBITION 

This year's Physical Society Exhibition was 
the first to be held in the Royal Horticultural 
Society's New Hall, London, a change made 
necessary by the increasing pressure on space 
which had been experienced at Imperial College 
where the previous 38 exhibitions have been 
held. During the period from April 25th to 28th, 
over 18,000 persons visited the exhibition, and 
the easier accessibility of the Hall, as well as the 
advantage of having all the stands together, 
seemed to be generally appreciated. 

The increasing use of transistors in all fields 
of communications and allied engineering was to 
be seen in the exhibits of several manufacturers. 
The General Electric Company's Research 
Laboratories showed a number of arrangements 
for carrying out tests on semi-conductors 
generally; Standard Telephones & Cables 
demonstrated some of the more striking appli-
cations of this device in a two-wire telephony 
repeater, and in a "wire-less" telephone in 
which germanium diodes and triodes provided full 
facilities for picking up telephone conversations. 

As in the case of the new technique of printed 
circuits, transistor techniques call for special 
components, and a particularly interesting dis-
play was given by Fortiphone. This included 
transformers of 0.20 in and 0.25 in thickness, 
miniature volume controls and switches, and a 
two-way cable with an outside diameter of 
0.024 in including insulation and an outer layer 
of nylon. This same firm also showed a minia-
ture magnetic amplifier using transductors of 
about 7 cm3 in volume, and a sub-miniature 
torque motor. Transistor h.t. generators are a 
further potentially very useful application and 
production types were shown having, for 
instance, an output of 30 V at 100 ;IA for 1.5 V 
input, the efficiency being about 65 per cent. 

A number of firms showed electronic com-
puters of various types. These included the 
Ferranti packaged computer No. 1 (" Pegasus"), 
which is a medium-size general-purpose digital 
computer suitable for a wide variety of calcula-
tions in industry and research. It incorporates 
an immediate access store of 43 single-word 
registers consisting of nickel delay lines and a 
larger magnetic drum store of 4,096 words 
capacity. Elliott Brothers showed a small 
general-purpose analogue computer intended to 
be particularly suitable for the simulation of air-
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craft control system calculations, and based on 
standard units similar to those employed in the 
very large computer, TRIDAC, built for the 
Royal Aircraft Establishment. Saunders-Roe 
introduced the "Miniputer," which is a very 
compact "table top" analogue machine for 
solving linear simultaneous differential equa-
tions, having time as the independent variable. 

An increasing number of manufacturers are 
now building strain-gauge equipment for a 
variety of applications and there were several 
examples of multichannel bridges and display 
units. Boulton Paul Aircraft showed a six-
channel recording oscillograph incorporating a 
2-kc/s oscillator for energizing transducers and 
strain-gauge bridges,* while Elliott Bros. demon-
strated a three-channel automatic balancing 
bridge. t Accelerometers and pressure transducers 
were shown by several firms including J. Langham 
Thompson.t. 
Many of the Services' research establishments, 

as well as the establishments of the Department 
of Scientific and Industrial Research, were repre-
sented, and of particular interest was a spectrum 
analyser for the range 2,400 to 4,500 Mc/s with 
panoramic frequency display developed by the 
Admiralty Signals and Radar Establishment. The 
major interest in this equipment was that it uses 
a backward wave voltage-tuned oscillator called 
a Carcinatron, a voltage variation from about 
150 to 1,200 V tuning the valve over this 
range; alternatively this sweep can be provided 
by a sawtooth voltage and a maximum fre-
quency coverage on the oscilloscope of 1,000 Mcis 
can be obtained. Difficulties which might result 
from the confusion of image and signal fre-
quencies at the screen are obviated by the use of 
a low intermediate frequency so that the two 
signals appear almost superimposed. 

Items shown by the National Physical 
Laboratory included a magnetic digital storage 
drum of improved design, and a multiple-
position electrically-steered beam for ultrasonic 
flaw detection.§ 

This review was compiled immediately after the 
exhibition and a further report on other items of 
interest will be given in the June "Journal." 

• L. W. Buick, J. Brit.I.R.E., 14, p. 603. December 1954. 
t D. L. Johnston, J. Brit.I.R.E., 14, p. 613, December 1954. 

J. L. Thompson, J. Brit.I.R.E., 14, p. 583, December 1954. 
§ G. Bradfield, J. Brit.I.R.E., 14, p. 303, July 1954. 
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THE USE OF CORRELATION TECHNIQUES IN THE STUDY OF 
SERVOMECHANISMS* 

by 

T. M. Burford, M.S.,t Professor V. C. Rideout, M.S., $ and D. S. Sather, M.S. 

Read before a meeting of the Bangalore Section, on November 16th, 1954. 
Chairman: Gp. Capt. G. Thripp 

SUMMARY 

Methods of analysis and synthesis of linear servomechanisms in the past have largely been based 
upon the frequency-response approach. Analogue computer techniques have also been widely used, 
particularly for transient-input tests. Random inputs which statistically resemble the expected inputs 
may be more valuable than sine-wave or simple transient inputs for the testing of many servomechanisms. 
With such input functions the use of correlation functions and of devices for measuring auto- and 
cross-correlation becomes important. Random input functions and correlator measurement used 
together with analogue computer techniques are shown to be most valuable in the study of non-linear 
servomechanisms and other non-linear devices. 

1. Introduction 

The linear networks used in communication 
systems have long been studied by calculating or 
measuring their transfer functions, H(jco), for 
sinusoidal inputs. In early work the amplitude 
function, H(jco) 1, was emphasized more than 
the phase, arg H(jw), because audio signals were 
of greatest interest, and the ear is insensitive to 
phase distortion. During the 1930's the develop-
ment of feedback amplifiers, carrier telephony 
and the beginnings of television led to an in-
creased interest in the phase shift and correspond-
ing time delay of networks. During World 
War H, radar and servomechanism develop-
ménts intensified this interest and the specifica-
tion or measurement of both gain and phase 
response became routine among engineers. 

Because of the growing use of the Laplace 
transform operational calculus during the 1940's 
and because the new networks being used were 
often tested for their response to transients, some 
arguments arose as to the relative desirability of 
sinusoidal and transient testing. However, it was 
soon generally realized that the mathematical 

*Manuscript received January 8th, 1955. (Paper 
No. 312.) 
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expression for sinusoidal response, H(jcv), also 
gave the operational expression H(s) for impulse 
response, the inverse transform of which in turn 
would give the response c(t) to any input r(t) 
through the use of the convolution integral, 

co 

c(t) = fh(T) r (t — r) dr   
- 00 

(1) 

In the decade since the end of World War II, 
non-linear systems have assumed growing im-
portance, and a number of analytical methods 
have been proposed for dealing with such 
systems. At the same time there has been an 
ever-increasing interest in noise and information 
theory. The essential resemblance between noise 
and information-bearing signals has been recog-
nized, and the design of optimum linear networks 
for the separation of noise and signals has been 
studied. Also the concepts of auto- and cross-
correlation have been borrowed from the 
statistician and put to work. 

However, there has been no development of 
general methods for the analysis, and certainly 
not for the synthesis, of the great class of all 
networks, of which linear networks are only a 
small sub-class. Certain methods, such as 
phase-plane analysis, have been developed for 
the study of limited classes of non-linear net-
works, while the "describing-function" method 
of Kochenbergerl and others has proved useful 
for systems with single, non-essential non-
linearities. Significantly, however, Kochen-
berger's work has been extended by Booton2,3 
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to the study of non-linear systems with random 
inputs. 
Advances in analytical methods must be 

accompanied by corresponding advances in 
methods of measurement. Thus sinusoidal 
generators were generally available for ampli-
tude response tests in the 30's and phase-shift or 
time-delay tests began to be made towards the 
end of this period. In the next decade pulse 
generators and wide-band oscilloscopes became 
available, and were used for transient testing of 
linear networks. Some attempts have been made 
to use sinusoidal and transient test methods on 
non-linear networks, but have been generally 
unsuccessful because of the amplitude sensitivity 
of such networks. Random input test signals 
have been used with linear systems, particularly 
for noise figure measurements, and, because such 
inputs may be made to resemble signals statistic-
ally, they have been proposed for more 
general use.4 Correlators have also been de-
veloped5,6,7•8.9 and have been used to study the 
characteristics of signals as well as the response 
of networks. 
A simple example will illustrate the difficulties 

encountered if an attempt is made to extend 
methods of linear analysis to a system containing 
a non-linear element. If two linear resonant 
rotating shafts, each with inertia, damping and a 
spring connected to the frame of reference, are 
coupled together by a linear spring, then the 
motion of each for any torque function applied 
to one shaft may be solved by the methods of 
operational calculus. Now if the coupling has 
some backlash which is small compared to the 
total motion of either shaft, this backlash may be 
ignored and the same methods used to give a 
useful approximate solution. For larger amounts 
of backlash better results may be obtained, for 
sinusoidal inputs only, by the "describing-
function" method of Kochenberger, which takes 
into account the effect of the non-linearity on the 
fundamental frequency only. This method is 
approximate because it assumes that higher 
harmonics are filtered out, which is not always the 
case; also, it cannot readily be used for other 
than sinusoidal inputs. 

If the amount of backlash is relatively large it 
may be necessary to make an exact transient 
solution, taking advantage of the fact that this 
simple system is piecewise linear. Such a step-
by-step solution is extremely tedious, however. 

If we consider that in this system, as in most 
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communication and servo systems, our real 
interest lies in the resemblances between the 
input and output wave-forms, we are led to 
consider: 

(a) The use of random input signals which 
statistically resemble the expected input 
signals. 

(b) The measurement of the cross-correlation 
between input and output, as a measure of 
the resemblance between these quantities. 

In its simplest form the cross-correlation is 
merely the integrated product of the input and 
output time functions. This will be a maximum 
if they closely resemble one another, and will be 
reduced by anything (such as increasing back-
lash) which causes the input to less closely 
resemble the input. 

This paper will attempt to show that, by means 
of a combination of statistical inputs and corre-
lation measurements, the quantitative analysis 
and comparison of non-linear systems may be 
profitably undertaken. Synthesis, which must in 
any case follow analysis, will not be discussed in 
any detail. 

2. Correlation Functions 

The auto-correlation function'°,n of a con-
tinuous stationary process f(t) is given by 

(T) = 1111 f f(1).fft r) dt  (2) T. co r 
o 

The cross-correlation function of this con-
tinuous process f(t) and another, g(t), is given by 

(T) 'IM f(t) g(t T) dt   
r— co 

r 1 

o 

These correlation functions are actually 
measures of the mean relationship existing 
among the products of all pairs of points of the 
time series considered, where these points are 
separated in time by some delay T. It can be 
shown that the auto-correlation function <kW 
has a maximum at T = 0 and is asymptotic, in 
the absence of periodic components, to the mean 
square of the time function. Consequently, if the 
mean is zero, the auto-correlation function tends 
to zero as the delay r approaches infinity. 

Cross-correlation is a measure of the coherence 
between two random functions. For two random 

(3) 
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functions which are independently generated, 
cross-correlation produces a constant which is 
the product of the individual mean values of the 
functions. In this case the functions are said to 
be incoherent; and, in the particular and common 
case where one or both has a zero mean, the 
cross-correlation function is zero everywhere. 

It is often desirable to express correlation 
functions in normalized form. Thus, in the 
cross-correlation case, 

nifg(T) = lim 

1  f f(t)g(t + 7) dt 

o 

J f2dt • fedil 
o o 

(We) 

. (4) 

[k(0).(kg(0)P • 

The auto-correlation c¢ff(r) of a stationary time 
series and its power spectrum Oj(r) are Fourier 
transforms of one another (Weiner-Kintchine 
theorem), 

Off , (1 „ 0.) = f 
27T  (5) 

Ckff(T) = f Off(W) efr»Tdto  6) 

Similar relations may be obtained for cross-
correlation functions.3 

3. Relation between Cross-correlation and Impulse 
Response in Linear Networks 

In a linear system the input r(t) and output 
c(t) are related by the convolution integral (1) 
which may be rewritten as 

ao 

c(t) = f h(a) r(t — du,  (7) 

-co 

where h(t) is the time response of the network to 
a unit impulse, 8(t). 

The cross-correlation between input and out-
put, for a stationary random input, is 

Ore(T) = lim I co f r(t) c(t r) di.  (8) 

o 
T 

From (7) and (8), 
co 

. ,ç(r) = IIM — f r(t) f h(o)r(t T — o) dadt. (9) 
T 
o -co 

Inverting the order of integration, 

(krc(r) f h(a) da lim f r(t)r(t+ T — (r) di 

o 
co 

fh(a) ekr,(7 — a) da 

7) da,  (10) 

—co 

since 41fr is an even function. 

In the case where r(t) is "white" noise, y6r, is a 
unit impulse, so that ( 10) becomes 

OD 

#rt-(r) -= f h(a) 8(a — 7) da 

 (11) 

Thus the cross-correlation of the input and 
output of a linear network, for the case where the 
input is white noise, is equal to the impulse 
response of the network. Since the impulse 
response gives the response to any other input 
according to ( 1) or (7), the measurement of 
input-output cross-correlation with white noise 
input would be quite valuable if it were an easier 
measurement to perform. 

The more general case given by ( 10) is also 
valuable, for a random input r(t) may be limited 
to some spectrum corresponding to that occupied 
by expected input signal and the value of 9Spi may 
be determined by using (6). 

For an ideal servo one would expect ierc(T) to 
approach the form of an impulse at T = 0. In 
practical cases the peak response <brc(max) will 
be less than unity (after normalization) and this 
peak will occur at some time Tin after T = 0. The 
values of y6rc(max) and Ttn will give a measure of 
the "goodness" of the linear servo for the given 
input spectrum, while the whole response Orc will 
give a still more complete picture of affairs. A 
weighted average value of 4,,c may be used if 
signals with different spectra may be expected at 
different times. 
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This use of d)rc will be clearer if we relate it to 
the mean square error. This error is 

E2 = lim 1 f (r — 
T —› co T c)2 dt,  (12) 

o 
and has been used as a criterion in the design of 
predictors"," and servomechanisms.3 It can 
also be written 

E2 = him 
T 

1_ f(r2 e2 2rc) dt .. (13) 
T o' 

= (brr(0) (¢cc(0) — 24,rc(0). 

If r and c are normalized, then the normalized 
mean square error is 

claye(0)  
Efl 2 = 1 + 1 2 [ r,(0 ) . 

= 2 { 1 — ekrc(0))  (14) 
Thus, as would be expected, the normalized 

error is V2 if input and output are completely 
incoherent. 

In a more general case we may be interested in 
the delayed response c(t — T1) to an input r(t), 
in which case 

En2 = 2 { 1 — 4rc(ri)}  (15) 

Note that the error depends only upon the 
departure from unity of the normalized cross-
correlation at T = 0, or T = Ti. Thus it appears 
that the full cross-correlation curve is more 
meaningful than the r.m.s. error. 

Furthermore, we wish to propose the exten-
sion of the use of the cross-correlation function 
to non-linear servos. Such a suggestion requires 
that we consider the practical means for 
measurement of this function. 

4. Measurement of Correlation Functions 

As indicated by the basic equations (2) and (3) 
for auto- and cross-correlation, the operations 
which must be performed in a correlator are: 

(i) Delay of a function of time. 

(ii) Multiplication of a function by the same 
function delayed or, in the case of cross-
correlation, by another function delayed. 

(iii) Integration or averaging, over a long 
period of time. 

Some of the early digital and analogue cor-
relators,5,6 though capable of good precision, 
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were somewhat slow. Some newer analogue 
devices are more rapid,7,8 and in the Bell-
Rideout correlator3 a speed was attained which 
was shown to be close to the maximum theoret-
ically possible. This maximum speed, in a 
correlator of given band-width, depends upon the 
integration time T, which cannot of course 
approach infinity, but must be limited to some 
period which reduces error to the value of about 
1 or 2 per cent., usually permissible in an 
analogue device. Since operational amplifier 
integrators give increasing error as T increases, 
there is actually an optimum value of T for this 
correlator. 

The Bell-Rideout correlator was built using 
Philbrick computer units" and, because of its 
band-width ( 15 kcis), is well adapted to the study 
of electrical networks and filters set up on high-
speed or repetitive analogue computers such as 
the Philbrick computer. 

5. Correlation Studies, using Scatter-diagram 
Techniques with a High-speed Computer 

Although the correlator3 referred to above is 
satisfactory for the computer study of non-linear 
systems with random inputs, a scatter-diagram 
technique" has proved simpler for rapidly 
obtaining approximate results, and all studies to 
be reported on these have been made by means 
of this scheme. Early work on this method was 
done by Middleton" and Sugar." They have 
shown that the scatter diagrams of two random 
electrical variables may be oscilloscopically dis-
played, and that a simple relationship exists 
between the resultant pattern and the correlation 
coefficient, if a Gaussian amplitude distribution 
is assumed for the noise. In general, if a 
randomly varying voltage x(t) is applied to one 
pair of plates of a cathode-ray tube, and another 
such voltage y(t) to the other plates, the resulting 
trajectory will form a random two-dimensional 
pattern. This pattern, if integrated by photo-
graphy or by use of a long-persistence screen, will 
show some variations in density just as does an 
ordinary scatter graph. The light distribution 
will be governed by some joint probability 
density, W(x,y,T), where r represents a possible 
delay (or advance) of one random variable, 
x(t), with respect to the other, y(t). 

Middleton and Sugar have shown that for 
a pure Gaussian noise distribution the pattern is 
elliptical, with the intensity being greatest at the 
centre, and dropping off toward the edge. They 
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have also shown that in this case the correlation 
function is given by 

1 — (alb)2  
56xY(T)  (16) 1 ± (alb)2 ' 

if the r.m.s. voltage applied to each set of 
oscilloscope plates is equal, and a and b (func-
tions of 7") are the co-ordinates of the ellipse 
formed by following some fixed density level in 
the pattern. 

dt) 

R(3) £(o) 

Moto.. Ai/W.11.r 

. 
C(S) 

K K, 

I•TIA S(1• 7,3)1= 

Kh 

Feedboe element 
•ith buckle 

Fig. 1.—Block diagram of a non-linear servo. 

L  I_ <li) 

Fig. 2.—Computer set-up for the servo of Fig. I. Here 
A is an adder, C a scale-changer, and J an integrator. 
The L-units give the simple lags, and H is a hysteresis or 

backlash unit. 

By making use of a somewhat different 
interpretation of the quantities obtained from 
the scatter diagram, Burford" has recently 
shown that qualitative information concerning 
the correlation coefficient may be found from the 
scatter diagram, no matter what statistical 
distribution is assumed. Instead of considering 
the joint probability distribution W(x, y, 7-) to be 
a surface in x, y, W(x, y, r) space, he considers it 
to be a mass density over the x, y plane. He has 
shown that no matter what distribution is 
assumed the correlation function is described by 

1 — k 
(17) 

1 k'   

where the quantity k is defined as the ratio of the 
extreme values of inertia of the distribution, 
which occur at some angle O and at right angles 
to 0, that is, 

E(d2)J0,  
k —   E(d2) (18)le,+.1. • 

Thus, in the special case of a Gaussian distri-
bution the results of Burford are identical to the 
results of Middleton and Sugar. However, it has 
now been shown that for any distribution the 
correlation coefficient may be found from the 
ratio of the extreme values of inertia. Therefore 
a means is available for determining correlation 
coefficients for non-Gaussian distributions such 
as those resulting from non-linear networks. 
However, the scatter diagrams are at present only 
suited to giving a quick semi-quantitative picture 
of a correlation function, since no device has as 
yet been constructed to determine quickly the 
ratio of the extreme values of inertia of these 
diagrams. 

6. Some Experimental Results 

Consider the servo shown in block diagram 
form in Fig. 1. This is a type 1 position control 
servo with backlash in the feedback path. This 
servo may be set up on an analogue computer 
shown in Fig. 2, with a hysteresis unit used to 
introduce the backlash. 

0 el 

06 

04 

1 0 2 

o 

«OD 2 

t - 

Fig. 3.—Calculated response of the linear servo of Fig. 2 
(K6 = 0) to a unit impulse. 

If the hysteresis unit is set at zero (Kh = 0), 
the servo is linear, and if we assume Ta = Tm 
= 0.5, KaKm = 1, this servo has a loop gain 

1  
G(s)H(s) = s(1 0.5s)(1 0.5s)' .. (19) 

(20) 
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For a unit impulse, R(s) = 1, and the inverse 
Laplace transform of (20) then gives 

c(t) h(t) = 0.48e 31291 

1.33e 0.1355t sin(1 .041 t — 21.15°) 
 (21) 

This response is plotted in Fig. 3. 

NOISE 
GUI  1-SPECTRUM 

SHAPER 
SERVO 

DELAY 
LINE 

FT  

OSCILLO 
SCOPE 

Fig. 4.—Set-up for determining the scatter diagrams for 
the computer representation of a servo. 

The scatter diagrams discussed in the pre-
ceding section may easily be plotted for the 
computer set-up of Fig. 2 by the use of a cathode-
ray oscilloscope. Because of the time scale used 
here, (1 p sec = 1/2400th sec was the computer 
unit of time), photographs gave "integrated" 
pictures of the scatter diagrams with an exposure 
of only a few seconds. The parameter T in the 
cross-correlation formula (3) was introduced by 
using a high-quality delay line9 in the set-up of 
Fig. 4. The results are as shown in the photo-
graphs of Fig. 6. In this linear case the scatter 
diagrams are all ellipses and the cross-correlation 
may easily be determined from their major axes, 
to a fair degree of accuracy. The result is that 
of the uppermost curve of Fig. 5. Note that this is 
very nearly equal to the impulse response curve 
replotted from Fig. 3, as it should be from ( 11). 
If backlash is introduced the scatter diagrams 
are no longer elliptical, as may be seen from the 
results from Ki, = 15 in Fig. 7. The cross-
correlation can still be determined from these 
diagrams by the methods outlined in Section 5, 
but only with much more difficulty than in the 
linear case. The various curves obtained from 
the scatter diagrams for non-zero values of ¡Ch 
are also shown in Fig. 5, but are rather approxi-
mate. However, they show that the effect of 
increasing backlash, Kit, or decreasing input level, 
is to cause the peak cross-correlation to decrease, 
and to move out to larger values of T. 

It is not mathematically possible, in the non-
linear case, to speak of any simple relationship 
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between the impulse response and these cross-
correlation curves. The kind of linearization 
used by Kochenberger and Booton may be used, 
however, the equivalent linear servo for any given 
noise level-backlash relation being determined 
by changing servo gain, and by changing or 
adding to the lags in the system, so that a linear 
cross-correlation curve is obtained which agrees 
with the non-linear cross-correlation curve 
to a close approximation. Here some method 
of mechanizing the scatter-diagram technique 
would be desirable, or some of the faster 
correlators discussed above might be used.. 

The use of "white" noise (of a band-width 
which is at least considerably wider than the 
overall servo band-width), although meaningful 
in the linear case, and useful in the slightly non-
linear case, is somewhat less useful in extremely 
(or essentially) non-linear systems. If the 
random noise input is band-limited to correspond 
to the spectral content of the signals which may 
be applied to the system, the cross-correlation 

T p- SES 

Fig. 5.—Input-output cross-correlation curves for several 
values of Kh obtained from Figs. 6 and 7 and other data 

for K5 = 10 and 20. 

will be generally more meaningful, particularly 
if the system under consideration is a servo. 
Cross-correlation at T = 0 will no longer be 
zero (indicating a maximum value of error 
there) as it is in the case of "white" noise input. 
The designer's problem is to make (krc(max) as 
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near unity as possible, and to make it occur as 
small a value of i as possible. Since these 
quantities vary with input noise power level, we 
may choose to plot y6,c(max) and Tm against this 
power level, or, inversely, against backlash ¡Ch 
with a fixed input level. 

The data of Fig. 5 have been used to plot such 
a pair of curves, as shown in Fig. 8. From these 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 6.—Input-output cross-correlation 

(a) r 

(b) r = 0.50 p sec 

(c) r = 1.00 p sec 

(d) r = 1.25 p sec 

(e) T = I•50 p sec 

(f) 

(g) 

(h) 

(i) 

(i) 

curves it is possible to determine interpolated 
values of peak cross-correlation and time of 
occurrence, for any input noise level. This 
example is for the case of white noise input— 
a band-limited noise would give larger values of 
«max). The r.m.s. error may also be determined 
from these curves by use of the simple relation-
ships shown in ( 14) and ( 15). 

scatter diagrams for white noise input 

(f) r 2.00 p sec 

(g) r 2.25 p sec 

(h) T = 2.50 p sec 

(i) T = 300 p sec 
(j) r = 3.25 p sec 

(k) 

(m) 

(n) 

o) 

to the linear servo of Fig. 2 (K5=0). 

(k) r= 3-75 p sec 

(I) r = 4.25 p sec 

(m) r = 4.50 p sec 

(n) r = 4.75 p sec 

(o) T 5.00 p sec 
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(a) 

(b) 

(c) 

(a) r = 

(b) r— 0.75 p sec 

(c) r = I.00 p sec 

(d) 

(e) 

(f) 

(d) r = 1.50 p sec 

(e) r = 2.25 p sec 

(f) r = 3.00 p sec 

(g) 

(h) 

(i) 

(g) r = 3.75 p sec 

(h) r = 4.375 p sec 

(i) r = 5.00 p sec 

Fig. 7.—Input-output cross-correlation scatter diagrams for white noise input to the non-linear servo of Fig. 2 (Kh = 15). 

7. Conclusion 

A new method for testing and analysing both 
linear and non-linear systems has been described. 
This method is particularly well-suited to use in 
analogue computer studies of servomechanisms. 
Depending, as it does, upon the use of statistical 
inputs, and the use of correlator measuring 
devices, it is much more general than the 
sinusoidal and step-function testing methods of 
the past, which are only useful for the testing of 
linear systems, and a few restricted groups of 
non-linear systems. In this method a family of 
cross-correlation curves, or a single pair of 
curves obtained from such a family, replaces the 
gain and phase-versus-frequency curves which 
are used to describe linear systems. The effects 
of noise, whether originating within or without 
the system, may also be determined by this 
method. 
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MEASUREMENT OF THE RESOLVING TIME OF SCALING 

CIRCUITS* 

by 

P. K. Patwardhan, M.Sc., (Graduate)t 

SUMMARY 

An account of the double-pulse method of measurement of the resolving times of some common 
types of scaling circuits is introduced by an elementary statistical analysis of the random processes met 
in radiation counting. Other possible methods of measurement are also mentioned. The influence of 
circuit parameters on resolving time is pointed out, and the scope for further improvement is indicated. 

1. Introduction 

In nuclear physics, scale-of-n circuits are used 
for scaling down the high input rate of pulses, 
which are randomly distributed in time, in order 
to bring the rate within the range of a conven-
tional mechanical register. Scaling circuits, 
whether binary or decade, consist essentially of 
scale-of-two units so arranged as to give an over-
all scale-of-n circuit. 

2. The Resolving Time of Scaling Circuits 

The basic scale-of-two circuit has two distinct 
and reversible states of equilibrium. The trigger 
pulse generates transients which transfer the 
circuit from one state to the other. The cyclic 
operation consists of three parts: ( 1) equilibrium, 
(2) transient, and (3) reciprocal equilibrium. The 
usefulness of a scaling unit is judged by two 
factors: the stability of the electronic unit and its 
resolving time. The stability is defined as the 
probability of obtaining proper scaling action 
during a given interval, which must be indepen-
dent of normal variations in power supply 
voltage, valve characteristics, component values 
or in the triggering waveform. The resolving 
time is the interval between the start of the 
initial trigger pulse and the arrival in the 
reciprocal stable state, when the circuit is ready 
for re-triggering. The inherent "insensitive" or 
"dead" time is the contributory effect of the 
associated equipment (amplifier, discriminator, 
scaling unit, counting rate meter) as well as the 

* Accepted as a thesis in lieu of the Graduateship 
Examination on July 18th, 1952, and received in final 
form for publication on August 12th, 1954. (Paper 
No. 313.) 
t Tata Institute of Fundamental Research, Apollo 

Pier Road, Bombay. 
U.D.C. No. 621.374.32. 

detecting device (Geiger-Müller counter or 
ionization chamber). To minimize the resultant 
dead time, each should have a fast response. To 
apply accurate counting loss correction, the 
first-mentioned unit should have the longest 
dead time. 

As well as reducing the high input rate, a 
scale-of-n circuit regularizes the randomly 
distributed input pulses, the spacing of pulses in 
the output having only a relatively small varia-
tion. The higher the scaling factor, the smaller 
is this variation. 

3. Application of the Theory of Probability' 

Two problems are of interest, to find the 
fraction of the input pulses lost on account of 
the dead time (counting loss), and to find how the 
regularizing action of a scaler reduces counting 
losses of a mechanical register. 

In the first problem, let n be the "output" 
counting rate when r is the insensitive period 
after each count, and let N be the "input" rate. 
It is assumed that a second input pulse during 
the insensitive period t < T will neither produce 
an output pulse nor extend the insensitive time. 
It can be shown that n and N are related by 
(N — n) = nNr, this expression being the 
counting loss per second. Then follows 

N  
N = , and n (1) 

1 nr 1 ± nr  

The fraction lost is therefore proportional to the 
output rate, the maximum output rate as N--->oo 
being 7-1. For r — 10-* sec, an output rate of 
100 per sec gives 10 per cent. counting loss, and 
the rate must be not more than 10 per sec to give 
only 1 per cent. counting loss. 
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Let it now be assumed that a new input pulse 
arriving during the insensitive period will not 
give an output count, but will extend the 
insensitive time by an amount r after its arrival. 
This modifies the conditions underlying equation 
(1). If the input rate is high, always spaced less 
than r, the system will clearly remain perma-
nently blocked. It will give an output only when 
the spacing between two successive pulses is > T. 
Thus, 

n = N x (probability of no input pulse during 
time r after a given pulse). 

Since the mean number u of input pulses expected 
during the interval r is NT, the probability that 
no count be received in the interval r is, accord-
ing to the Appendix: 

Po(NT) = e-NT and n= Ne-NT (2) 

For (NT)2 < 1, equations ( 1) and (2) both give 
approximately 

n N(1 — NT) N(1 — nr)  (3) 

For NT > 1, the output blocks. The maximum 
of equation (2) occurs for NT = 1, which gives 
n = (Te)-1. 

Equations ( 1) and (2) are extreme cases of 
single recovery processes; what actually happens 
is something intermediate, depending upon the 
spacing between the input pulses. The usual way 
of obtaining counting losses is to assume that 
either equation ( 1) or (2) applies, and to restrict 
measurements to the region where they are given 
closely by equation (3). This requires that 
(NT)2 < 1. 

Application to the regularizing action' of a 
scaling unit is as follows. Let the scaling factor 
be m and let n be the output rate for a mean 
random input rate of mn per sec. Let the resolv-
ing time of the whole equipment be negligible, so 
that counting losses are due entirely to the 
mechanical register. The problem then is to 
find the probability qm (x) dx that the actual 
timing spacing between output pulses lies 
between x and x 4- dx, where x = nt is the 
timing in units of average spacing between out-
put pulses. Also the probability Qm(x) that the 
next output pulse will have arrived by t = xin 
is required to be found. 

During the time t = xln there are N input 
pulses, where N = 0, 1, 2, . . . The probability u 
that there is exactly a given number N is given 
by the Poisson distribution formula (see 
Appendix), and is the mean number of counts 
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expected during the interval 1 = xln, such that 
u = mnt = mx. The next output pulse will have 
been obtained if N > m. The probability Qm(x) 
that this will have happened is just the total 
probability that N > m. This is given by the 
Poisson distribution as: 

N co 

Qm(x) = Py(mx) 
N = rn 

— I 

IMMX)1 dx 
o 

in which Py(mx)= (mx)R e teleiN! 

(4) 

Fig. 1.—Probability curves.' 

Curve A shows the Gaussian or the "error" function 
e (t) (2n)-1 exp ( — 0/ 2). For a large count, this gives 
the probability that the count will deviate from its mean 
expected value by t to t+dt x the standard deviation 

of the count. 

Curve B shows the probability that the deviation exceeds 
t x the standard deviation. 

X — 

Fig. 2.—Regularizing curves.' 
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The probability that the next output pulse will 
arrive between x and x dx is qm(x)dx which 
is the increase in Qm(x) during dx. 

So: gm(x) = Qm(x) 

GO 

= [MPs - l(MX) — MP(MX)1 
Lo 

and qm(x)dx = mP„,_ 1(mx)dx 

m(mx)m- I e- nix 
. dx   

(m — 1)! 

It is easily shown that this distribution is 
normalized and has a mean spacing mx such 
that x = I. 

(5) 

The standard deviation of x is a, and of mx 
is //I*, so that for x 

= m-* (6) 

where a is the standard deviation of the output 
pulse spacing from the mean value. Thus for 
a scale-of-64 circuit, a is one-eighth of the value 
of the mean spacing. 

In Fig. 1, curve A shows the Gaussian error 
function «0 = (277)-i exp (— 12/2). For a large 
count, this gives the probability that the count 
will deviate from its mean expected value by 1 
to t di times the standard deviation of the 
count. Curve B shows the probability that the 
deviation exceeds t times the standard deviation. 
When the scaling factor m is not too small, the 
Gaussian distribution holds good, and Fig. 1 
may be used. Half the value from curve B is 
used to calculate counting losses, because only 
deviations in which the spacing is less than the 
mean give counting losses. 

In Fig. 2, mPm_1(mx) is plotted as a function 
of x for m = 1, 2, 4, 8 and 16. These curves 
show directly the shape of the regularizing 
curves for the scales of 1 (no scaling), 2, 4, 8 and 
16. They are normalized so that the probability 
of the next count arriving during x x1 is the 
area under the curve for x x1. Thus less than 
1 per cent. of the counts will have arrived by 
x = for a scale of 16, and about 10 per cent. 
for x = 8. From the curves of Fig. 2 it can be 
seen that even small scaling factors can be of 
great help, especially when the use of large 
scaling factors is considered too expensive. 

4. Methods and Apparatus for the Measurement 
of Resolving Time2.3 

The resolving time of a Higginbotham type 
of scaler (Fig. 3) is determined entirely by the 
time constant of the anode to grid-coupling 
components. However, this requires that the 
capacitances Cl, C2 be large compared with the 
stray capacitances, which is generally so. 

Fig. 3. - -Higginbotham scaling circuit.' 

If random pulses are passed through a 
switching circuit that is alternately conducting 
and non-conducting, the switching period can be 
adjusted so that one pulse only is gated, that is, 
occurs during a conducting period. Measure-
ment of this period gives the resolving time of 
the circuit. It should be noted that the resolving 
time is the same for regular or random pulses, 
as the scaling circuit can only regulate the 
average rate of random pulses to give an 
acceptable loss. 

When the resolving time of the circuit is not 
accurately known one employs counting rates 
which are sufficiently low to keep down the 
losses. If, however, the resolving time is known 
to an accuracy of, say, 10 per cent., then the 
counting losses up to 10 per cent. can be 
tolerated, if an accuracy of 1 per cent. is required. 
In any system where the rate of pulse production 
is high (e.g. an atomic pile), there is a greater 
probability that one pulse will be followed by 
another in a given short time following the first 
pulse. In such a case the counting system should 
have a fast response, i.e. a short resolving time. 
The counting circuit will have a single resolving 
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time if it comprises a long chain of identical 
scaling units or if the resolving time of each 
element in the chain is just sufficient for it to pass 
the pulses that occur when the input pulse rate 
is a maximum 1/T1, where T1 is the resolving 
time of the first element of the chain. 

4.1. Cascade Counting 

A variable-frequency oscillator is used as the 
pulse source. Two or three identical scale-of-two 
circuits are connected in series, to bring the high 
input rate within the range of the mechanical 
register. The oscillator frequency is increased 
until the oscillation period is smaller than the 
resolving time of the first stage. The system will 
become blocked at this stage as two successive 
pulses will not give separate counts. The 
resolving time is given by 1/f where f is the 
frequency at which the circuit begins to lose 
count. In the above procedure an oscilloscope is 
preferable to a mechanical register. 

4.2. Oscilloscopic Test 

This is a modification of the above method. 
Consider a ring-of-ten decade scaling circuit. If 
the output at the tenth stage is seen on the 
oscilloscope, it will appear as a square wave. 
Over the top of the square wave will be seen 
small pulses which will be equal to (n — 1) 
where n is the scaling factor, nine in this case. 
The input oscillator frequency is increased until 
some of the small pulses are seen to be missing, 
when this happens the circuit is not resolving. 
The resolving time is given again by 1 ff. 

4.3. Double-pulse Method 

The double-puise method will be found to be 
simpler and more accurate than the methods 
so far described. It works on the following 
principle. Two trigger pulses having fast rise 
times and suitable amplitudes are fed to the 
scaling circuit under test. The time delay 
between the two pulses can be varied. The 
scaling circuit output is normally a rectangular 
waveform and is displayed on an oscilloscope 
having a suitable sweep speed. The delay 
between the pulses is made shorter until, at one 
stage, the circuit fails to resolve, the rectangular 
waveform disappears, and the pulses are seen 
separately. The interval between the pulses, 
then displayed, will be the minimum separation 
allowable if the circuit is to resolve. This will, 
therefore, give the resolving time. 
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4.4. Experimental Apparatus 

The apparatus used for this experiment 
consists essentially of a multiple-trigger generator 
and the Du Mont Synchroscope 256D. 

The multiple-trigger generator3 supplies two 
pulses of variable amplitude and time delay. 
In use, the delay of one pulse is fixed and the 
other varied. The two pulses have a rise time 
of 0.2 ke.sec and length 1.3 p.sec, and their 
maximum amplitude is 175 V. The two outputs 
can be placed in parallel, if required. 

Time markers at 10 and 50 p.sec are available 
on the synchroscope, whose maximum writing 
speed is 1 in, per t.tsec. 

5. Measurement of Resolving Times of Scaling 
Circuits 

The positive trigger from the synchroscope is 
used for synchronizing the multiple-trigger 
generator. Both pulses from the generator are 
fed to the input of the scaling circuit and its 
output observed on the synchroscope. 

5.1. 6SN7—Scale-of-two3 

The conventional 6SN7 scaler (see Fig. 3) 
was tested first. The time interval between the 
pulses when the circuit just failed to trigger, 
was noted, and the resolving time was found to 
be 7.5 

Number lost  
Counting error = Number counted 

Nnr 
Nr 

For this 6SN7 circuit, assuming a 1 per cent. 
error, the maximum counting rate is 1,333 per sec 
for random pulses. It can, however, deal with 
continuous repetition rates up to 13,333 per sec. 

5.2. B. Ramchandra's Scale-of-two5 

This particular scale-of-two circuit does not 
require such a large trigger voltage, which is 
injected at the grid of a triode valve forming 
the common cathode impedance. The circuit 
was altered by the replacement of the original 
valves (6SN7 and 9002) by 6J6's, and the 
resolving time was found to be 8 1£sec. The 
circuit diagram of the modified circuit is shown 
in Fig. 4. 
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82K 

200pF 

o--I 

INPUT 

Fig. 4.—B. _Ramchandra's type modified scaling circuit.° 

5.3. 6J6—Scaling Circuit6 

This is the usual locking-trigger type of 
scaling circuit (Fig. 5). Replacing of 1N34 
germanium crystal diodes by 6AL5 diodes did 
not affect the performance appreciably, though 
the stability was better in the latter case. This 
circuit was thought to have a resolving time of 
less than 1 psec, which could not be. measured 
with the pulses available from the multiple-
trigger generator. 

Although the rise time of the pulses was short 
the decay time was long and when the pulses 
were separated by a time interval of 1.3 iLsec or 
less, the rising part of one overlapped with the 

+225V 

12K 
OUTPUT 

20pF 

INPUT 

47K 

RESET 

Fig. 5.-6J6 scaling circuit.° 

falling part of the other. It was, therefore, not 
possible to make measurements below 1.3 p.sec 
without first sharpening the pulses. 

5.3.1. Pulse-sharpening devices 

(a) One method of obtaining pulses having 
widths of the order of 01 [Lsec or so, would be 
to use blocking oscillators with suitable pulse 
transformers. For this purpose the Westing-
house 132-DW or 132-DW2 pulse transformers3 
would have been quite suitable, but were not 
available. Air-cored r.f. pulse transformers 
using 20 turns of 22 S.W.G., having a I : 1 ratio 
were tried, but the coupling was found to be 
too small and the efficiency poor. 

HFC 
+300V 

P 0000 \---0 
PULSE  

ON-OFF SWITCH 

2021 
100pF 1K 

o-11 

INPUT 

0251.1F 

0 011.iF 

220K =- " 

KF.C. 

SOpF 

470n 

0 0 1 pF 

Fig. 6.—Pulse-sharpening circuit.' 

-150V 

(b) A second approach was to use a delay 
line with a 1-psec delay. A single-trigger pulse 
from the trigger generator was injected at one 
end of the delay line and the first two reflections 
were used as trigger pulses for the scaling circuit. 
In this way the pulse width could be reduced to 
0.7 p.sec. Using this method, the 6J6 scaling 
circuit was found to have a resolving time of 
1.3 psec. The accuracy of this method was 
limited by multiple reflections and the pulse 
width of 0.7 

(c) In the circuit shown in Fig. 6,7 the pulses 
are produced by the discharge of a capacitor 
C through R and the thyratron, the output 
being taken from P. The thyratron is 2D21 
valve, having an ionization time between 
0.05 and 1 p.sec, and de-ionization time of 
130 ilsec. This xenon-filled tetrode is capable of 
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SYNCHRONIZING 
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POSITIVE TRIGGER 

SCALER 
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Fig. 9.—Block diagram of testing equipmet t. 

passing 500 mA peak current. The ionization 
time falls with increasing triggering voltage and 
is approximately 0-3 ilsec for a pulse of 60 V 
amplitude. The de-ionization time can be 
reduced by holding the grid highly negative 
between triggering pulses, a holding potential of 
approximately 95 V was found suitable. 
As the shape of the output pulse and its 

amplitude are dependent on the inductance of 
the leads forming the output network and on 
the stray capacitance between point X and 
earth, special care has to be taken in wiring, 
making it as compact as possible. 
Two such units were made and used to 

sharpen the multiple-trigger generator pulses. 
The output pulses obtained had an amplitude 
of 100 V and the R.0 time constant (Fig. 6) 
was adjusted to give a pulse width of 0-1 1.t.sec. 
The rise time of the sharpened pulses was very 
high, while the time delay between the two 
pulses could be made as short as 0-2 Ilsec, 
without mutual interference. The block diagram 
of the complete testing arrangement is given 
in Fig. 9. 
When these triggers were fed to the 6J6-scaling 

circuit it showed the resolving time to be 
1-3 isec in conformity with the previous result. 

5.4. Improved 6.16-Circuit 

The 6J6 circuit which gave a resolving time 
of 1-3 .asec was improved as follows. It was 
observed that the discharge portion of the 
output rectangular pulse was quite sharp, 
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though the charging portion showed a trailing 
edge. Germanium crystal diodes 1N34 were 
used from the grids to a tap on the cathode 
resistor to discharge the 20-pF cross-coupling 
capacitors, through the low-input impedance of 
the opposite valve. 

Furthermore, it was estimated, from the 
analysis2 of transient conditions during triggering, 
that the current required for charging the stray 
capacitance plus the coupling capacitance and 
the input capacitance of the scope (approxi-
mately 100 pF) must be large to shorten the 
charging time. This meant the use of smaller 
anode loads, which would necessitate higher 
gain valves, if the change-over action is to 
remain fast. This was achieved to a certain 
extent by reducing the anode loads from 12 la1 
to 3 ki2. The improved circuit gave a resolving 
time of 0-25 iLsec. 

5.5. 6AK5—Scaling Circuit 

It was felt at this stage that if higher gain 
valves like the 6AK5 were used, one could utilize 
higher currents for charging up the stray 
capacitances, as smaller anode loads of 1,000 
or less could be used without slowing down the 
change-over action. Such a circuit was tried, 
using 1 kû anode loads for the 6AK5 valves 
while the remainder of the circuit ( Fig. 7) was 
unaltered. The resolving time was the same as 
in the last case, except that the charging portion 
of the output pulse was much sharper. This 
condition is essential, particularly at higher 
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repetition rates. For example, in scintillation 
counter work or in electronic computers, very 
fast pulses and repetition rates of 4 Mc/s are 
quite common. A circuit having a resolving 
time of 0.25 psec, which produces a sharply 
defined rectangular output waveform, can easily 
handle such rates. 

5.6. Another tee of 6AK5—Sealing Cireuit8 

Another circuit using 6AK5 valves for work 
at 5 Mc/s ( Fig. 8) repetition rate was tried, and 
is described below. The essential feature of this 
circuit, as in the previous cases, which allows its 
operation at such high speeds is the use of 1N34 
germanium diodes between the grids and a 
tapping point on the cathode load. This permits 
use of large coupling capacitors which can be 
discharged quickly after each triggering to a 
voltage, from which the action can again be 
initiated. 

The higher gain and higher transconductance 
of the 6AK5 valve permits the use of plate loads 
as low as 670 0 with heavy charging currents. 
The resolving time was 0.25 Izsec, as in the last 
case, although the waveform was more sharply 
defined. 

+225V 

Fig. 7.- 6AK5 scaling circuit. 

OUTPUT 

E 

It was, however, not certain whether the 
resolving time of the circuit was better than this. 
The reason being that the trigger pulses them-
selves were 0.1 izsec wide and their separation 
could not be less than 0.2 psec to avoid over-
lapping. 

6. Results 

The results obtained with the various scaling 
circuits are given in Table 1. 

One thing becomes very obvious from these 
results, that although for continuously recurring 
pulses we do not need the resolving time to be 
very small, yet for random pulses it must be so, 
otherwise the counting loss is high. The theory 
behind this from a statistical point of view has 
already been discussed in earlier sections. 

5pF 

INPUT 

100f1 

RESET 
o  

51K 

 0+300V 

 0 +150V 

OUTPUT 
—0 

Fig. 8.—Scaling circuit using 6AK5 valves.° 

The effects of changes in the circuit parameters 
on the resolving time and other considerations 
for its improvement can be summarized as 
follows :—The resolving time depends ultimately 
on the equilibrium potentials and the values of 
the circuit components. The smallest interval 
time T in which the circuit resolves two successive 
pulses with similar characteristics is called the 
resolving time for pulse pairs. It depends 
principally upon the switching and transfer 
characteristics. The resolving power for 
periodically recurring pulses is determined by 
the recovery time; because, in this case, the 
recovery to equilibrium values has to be almost 
complete. The resolving time for random as 
well as for uniformly spaced pulses is the same. 

The initiation of the regenerative transfer 
cycle has a certain time delay which depends on 
the steepness of the rectangular switching 
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waveform, on the equilibrium values of the grid 
potentials, on the gain of the stages, on 
AEalAEg, on the intrinsic time constants of the 
unit (the fastest anode transient change) and in 
particular on such components as the plate 
loads and the grid-anode coupling capacitors. 
To decrease this time delay, tubes should have 
high transconductances, high àEaltiEg, the 
smallest possible circuit capacitances (except 
the anode-grid capacitors which would have 
values several times greater than the tube 
capacitances) and low AEg (grid voltage excur-
sions). The problem can be reduced to a great 
extent to the choice of the valves. 

In the design of scaling circuits with very 
short resolving times, all the above points must 
be considered; in addition, the transient response 
can be improved by series inductance com-
pensation, while attention must be paid to the 
characteristics of the triggering waveforms. 
Stabilized and well-filtered power supplies are 
also necessary. 

The important waveforms have been photo-
graphically recorded. Fig. 10 shows 1 -3-sec 
wide pulses directly from the multiple-trigger 
generator. The delay between them is variable. 
Fig. 11 shows the same pulses after being 
sharpened by the pulse-sharpening circuit. The 
pulse width is about 0-1 ¡Isec, the rise times are 
still smaller. So the time delay between them 
can be made as small as 0-2 12.sec without 
overlapping. They are here seen separated by 

about 1 p.sec. The minimum resolving time they 
can measure is 0-25 psec. Fig. 12 shows the 
rectangular output waveform of a scaler when 
it is just resolving. The total width of the 
waveform is about 1-5 psec. The resolving time 
is about 1-25 psec. This is the waveform at the 
output of the unimproved 6J6 scaler using 
sharpened pulses. 

7. Conclusion 

The double-pulse method of measuring the 
resolving time of scaling circuits has distinct 
advantages over the other methods mentioned 
in section 4. 

its advantages are: 
(1) Being an oscilloscopic method it is quicker 

to use, and permanent records of the waveforms 
can be made. 

(2) Due to the time markers measurements 
are accurate.2 

(3) Does not require much apparatus. 

The following suggestions on future develop-
ment are made: 

(1) The measurements depend upon the 
correct shape and sharpness of the triggering 
pulses. When scalers with resolving times of the 
order of 0-01 psec or less are to be tested one 
would require pulse widths of the order of 
0-001 psec or less, so that special circuits must 
be designed. Moreover, the screening problem 
then becomes acute. 

Table 1 

No. 

I 

Type of scaler 

1 

Sharpness 
of output 
waveform 

Resolving 
time 

measured 

Maximum 
continuous 
repetition 

rate 

Maximum 
number of 
random 

counts for 
1 per cent. 

counting loss 

1 

2 

3 

4 

5 

6 

I 
6SN7—Higginbotham .. 1 

B. Ramchandra's scaler 1 

6J6—lock-in type .. 

6J6—improved .. .. 

6AK5—in 6J6 circuit .. 

6AK5—other type .. 

, 

medium 

poor 

medium 

good 

good 

very good 

(sec) 
7-5 

8-0 

1-3 

0-25 

0-25 

0-25 
or less 

(per sec) 
133,333 

125,000 

769,230 

' 4,000,000 

4,000,000 

4,000,000 

(per sec) 
1,333 

1,250 

7,692 

40,000 

40,000 

40,000 
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(2) For observing such sharp pulse waveforms 
one must have an oscilloscope with very fast 
writing speeds. 

However, for the usual type of laboratory 
scaling circuits, the method described is quite 
efficient and adequate. 
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Fig. 10.—This figure shows the waveforms of the multiple-
trigger pulses? One is a variable-delay trigger and the 
other the fixed-delay trigger. The delay between them can 
be varied. The pulses have almost the same amplitude 

and are 1.3 ¿sec wide. 

Fig. II.—These are the sharpened pulses, coming from 
the thyratron pulse generator.' They have widths of the 
order of 0.1 ¿ sec. The rise tinzes are extremely small. 
The minimum time delay for which they can work is 

about 0.2 µsec. 

Fig. 12.—This shows the rectangular output waveform of 
the scaler when it is triggering properly but is barely 
resolving two closely spaced pulses. The resolving time 

corresponding to this position is about 1.25 µsec. 
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10. Appendix 

In our particular problem let A be the number 
of atoms present in a sample before the start of 
the counting period. Each atom has the 
probability p, say, of disintegrating and pro-
ducing a count which is detected during the 
counting interval; p will be very small, as it is the 
product of separate probabilities that a given atom 
will disintegrate multiplied by the probability that 
the given disintegration will be detected in the 
given time interval, and both of these factors 
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are very small. We want to find out the prob-
ability Pn that exactly "n" counts will be 
obtained during the counting period. 

This problem, which is known as the 
Bernoulli's problem, is very similar to the throws 
of a single die such that n sixes are obtained in 
A successive throws. The solution is, 

A!  
P = (1 /6)n (5/6).4.--" n! (A - n)!   (7) 

Here p replaces 1/6 and (1-p) replaces 5/6 so 
that, 

- p" ( 1 - p)A-" A! 
P n  

n! (A - n)! 
(8) 

If u indicates nav, or the average number of 
counts obtained, we get some interesting results. 

 (9) 
7)' 

The term Pn is the (n + 1)th term in the above-
mentioned binomial expansion. The mean value, 

A A 

u = nay. nPn nPn 
0 1 

p A -v Pm (1-P)m-m A 
zn-‘ (M -m)! m! M! n -- 

where M = A - 1 and m = n - 1, and using 
equation (9). 

Thus, 

u nay. - p A  (10) 

When p is very small and A is very large and 
n < A, equation (8) becomes simplified by 
substitutions, 

A (A - 1) (A - 2) . . . (A - n + 1) A", 

(1 - p)A -" e- P (A -") e - U , and 

= u" giving, 

u"e- u 
Pn   n! (11) 

This is the Poisson distribution. 

In the derivation of the above equation, it is 
assumed that "p" is the same for all the atoms, 
but it can be shown that the above distribution 
is much more general. The above equation 
can be alternatively derived by using the law of 
large numbers. 
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Inauguration of V.H.F.-F.M. Service in Great Britain 

The first of the B.B.C.'s very-high-frequency 
transmitting stations at Wrotham, Kent, was 
brought into full service on May 2nd, 1955. It 
transmits the Home Service, Light Programme 
and Third Programme in parallel with the 
existing long- and medium-wave stations and is 
intended to serve a potential audience of some 
13 millions in Greater London and the south-
east of England. Freedom from interference 
caused by other stations and electrical 
apparatus, an extension of the coverage of the 
programmes to certain areas at present poorly 
served, and improved quality because of inci eased 
bandwidth in the receiver, are some of the 
advantages expected. 

Members will know that the B.B.C. carried 
out long-term trials with an experimental 
installation at Wrotham to compare the relative 
advantages of amplitude and frequency modu-
lation. Details of the transmitters were published 
in the Journal four years ago.' Special com-
parator receivers used in connection with the 
subjective assessment of the two systems have 
been described in a paper by Beaumont2 and 
subsequently problems of v.h.f. broadcasting 
have been discussed in papers by Brinkley3 and 
Adorian.4 In the latter paper, presented during 
his tenure of office as President, Mr. Adorian 
disclosed details of the field strength contours 
of the experimental transmitters. On April 13th 
last, an Institution meeting was held in London 
under the chairmanship of Mr. Adorian to 
discuss the new service, and an account of 
the discussion will be published in the June issue 
of the Journal. 

On the basis of the experience gained from 
the prolonged tests from Wrotham, the B.B.C.'s 
Engineering Division put forward a scheme for 
providing a frequency-Modulation v.h.f. serv;ce 
which would cover some 98 per cent. of the 
population.4•6 This scheme was divided into 
two parts: 

Stage I, which will cover the main centres of 
population as quickly as possible and bring a 
v.h.f. service to about 83 per cent, of the popu-
lation, comprises five high- and five medium-
power stations; it was approved by H.M. 
Postmaster-General in July 1954, and work is in 
hand. A map giving the estimated coverage has 
been published by the B.B.C. Stage II, which 

will require about 16 further high-, medium-
and low-power stations, has not yet been 
approved; it is hoped that about nine more 
stations will be completed by the end of 1957, 
and that v.h.f. coverage of 98 per cent, of the 
population will be obtained within four years. 
The timetable for the opening of the Stage I 

stations allows for the Pontop Pike medium-
power transmitters to open during May, 
followed by the Northern Ireland and North-
East Scotland stations later in 1955. The 
remaining six will follow during 1956. 
Wavelengths for the three programmes at the 

first ten stations will be grouped in the frequency 
ranges 88.1-901 Mc/s, 90.3-92.3 Mc/s and 
92.5-94.5 Mc/s for the Light, Third and Home 
programmes respectively, the Wrotham fre-
quencies being 89.1, 91.3 and 93.5 Mc/s; 
channel spacings are 200 kcis. 

At Wrotham, the original transmitters were 
designed so that they could be adapted to work 
as either f.m. or a.m. transmitters depending 
upon the outcome of the tests. Since the cessa-
tion of the experimental transmissions in March 
1955, work has been in progress at Wrotham to 
install additional transmitters and carry out 
modifications to those already on site together 
with the associated aerial, drive, programme 
input and other auxiliary equipment. 
The two existing transmitters will normally 

carry the Light and Third programmes respec-
tively, two new 4-5 kW transmitters will act as 
spares. Two further new transmitters, each of 
10-kW output, will operate together and carry 
the Home Service. The layout and design of the 
equipment for the Home Service transmitters 
has been so arranged that they will, ultimately, 
be automatic in operation. Certain ancillary 
equipment common to all three services will also 
be automatic. 
The output and combining arrangements of 

these six transmitters are unusual and are of 
considerable interest. In the case of the first 
two pairs, the failure of the normal transmitter is 
covered by the reserve; manual switching of the 
outputs and application of power to the reserve 
being necessary. The outputs of whichever 
transmitters of these two pairs are operating are 
fed to a combining circuit, at the output of 
which the Light and Third programmes appear 
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Inauguration of V.H.F.-F.M. Service in Great Britain—(contd.) 

as a combined signal. This output is then split 
into two halves, each half being fed to one section 
of a further combining circuit. 

The output of each 10-kW Home Service 
transmitter is arranged to feed the other section 
of this combining circuit. Thus, at the outputs 
of the second combining circuit the signal 
appears as two half-power combinations of 
Home, Light and Third signals, and under 
normal conditions these two half-power com-
bined signals are taken over separate feeders to 
the two halves of the aerial system. By this 
means the effect of faults developing in the trans-
mitters is reduced to a minimum and the failure 
of any one transmitter or of one-half of the 
aerial would be almost undetected except by 
listeners on the fringe of the service area. It is 
intended that the other high-power stations will 
also use pairs of transmitters for each pro-
gramme. In addition, a very comprehensive 
emergency switching installation is provided to 
guard against the failure of the various com-
bining circuits and the aerial system. 

Duplicate FMQ drives are installed for each 
service and these are fed simultaneously with 
the programme. Automatic changeover arrange-
ments ensure that either drive may be selected, 
with the other acting as spare. The "FMQ" 
system of frequency modulation was developed 
by Marconi's Wireless Telegraph Co., Ltd., and 
comprises a quartz crystal oscillator connected 
through a quarter-wave network to a balanced 
modulator, the susceptance of which varies with 
the modulating signal, and in turn varies the 
frequency generated by the crystal oscillator. 
The crystal is specifically cut so that it does not 
produce spurious harmonics within the oper-
ating range. The chief advantage claimed for 
this system of frequency modulation is that the 
circuits are much simpler than those of other 
systems, and therefore easier to maintain. 

The output of the crystal oscillator is passed 
through three stages of frequency doubling and 
one tripling stage to produce the required carrier 
frequency. In the case of the two original 
transmitters, there then follow five stages of 
amplification. The first two are conventional 
push-pull stages while the remaining three are 
single-ended earthed-grid stages with coaxial-line 
tuning elements. The output stage consists of 
two BR128 valves in parallel, giving an output 
of 25 kW. Supplies at 6 kV and 3 kV for the 
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valve anodes are obtained from hot-cathode 
mercury-vapour rectifiers in the power conversion 
plant which is installed behind the transmitter. 

The 4.5 kW stand-by transmitters are 
generally similar in electrical design to the 
earlier ones; the first two stages are push-pull and 
these feed two single-ended earthed-grid stages 
provided with coaxial-line tuning elements, one 
of which forms the output stage. 

The new 10-kW transmitters for the Home 
Service also follow closely on the design of the 
earlier transmitters, having two push-pull stages 
followed by three single-ended earthed-grid 
stages and these three stages are again provided 
with coaxial-line tuning elements. The final stage 
has two BR.191B valves operating in parallel. 

The filaments of all the valves are a.c. heated 
and all six transmitters use air-cooled valves; 
the cooling system of the 25-kW transmitters 
can be re-circulated within the building for 
heating in cold weather. 

Since the transmissions are automatically 
monitored at Broadcasting House no master 
control position is installed at Wrotham. If 
a programme fault occurs, a signal will be given 
on the alarm and on the indication panel in the 
control room. Provision is included for the 
unattended operation of the Home Service 
transmitter in the early morning. 
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HEAVY-DUTY, HIGH-STABILITY D.C. POWER SUPPLIES* 

by 

D. M. Neale, B.Sc., A.C.G.1.t 

SUMMARY 

Series-valve stabilizers are considered as a simple step-by-step development of the cathode follower. 
By shunting a resistor or barretter across the series valve, substantially constant loads of several amperes 
can be stabilized to ±0•01 per cent. For operation from a.c. mains, a heavy-duty d.c. power unit comprises 
a medium-power series valve stabilizer complementing an unstabilized rectifier and filter circuit. This 
latter supplies up to 95 per cent, of the load current, preferably through barretters. If the barretters 
precede the rectifier, a variable-ratio current transformer can be used to adjust their effective regulating 
current. Practical details of heater supply stabilization, protective delay circuits, and rectifier and filter 
economics are discussed. Full circuits are given of two typical units providing outputs of 250 and 500 
watts with efficiencies of 35 and 65 per cent. respectively. The latter includes a device providing audible 
warning when supply-voltage variations exceed the range stabilized automatically. 

I. Introduction 

Much has been written already on the subject 
of d.c. voltage stabilizers and on the series valve 
stabilizer' in particular. This circuit is now 
available commercially in a variety of forms and 
so the majority of light-current engineers seldom 
have need to concern themselves with the finer 
points of stabilizer design. 2, 3 On the other 
hand, literature on the subject has tended to 
become increasingly specialized. Indeed, some of 
the mathematical treatments are so thorough as 
to be almost discouraging. Consequently, there 
is little inducement for engineers to familiarize 
themselves with the principles of stabilizer 
design and so to keep fully in view what can and 
cannot be readily achieved. 

It is hoped that this paper will prove useful to 
the engineer who is occasionally called upon to 
design stabilized d.c. power supplies. Practical 
details are given of the means by which 
conventional circuits can be adapted to provide 
power outputs of the order of 1 kW and it will 
be shown that even heavy-duty units of this kind 
may be considered as a simple step-by-step 
development of the cathode-follower circuit. 
Approximate expressions are developed to 
indicate the performance of each circuit, but the 
mathematics has been simplified intentionally by 
neglecting the effects of certain refinements. 

• Manuscript received January 12th, 1955. (Paper 
No. 314). 
t Physics Research Laboratory, Ilford Limited, 

Brentwood, Essex. 
U.D.C. No. 621.316.722.1. 

This means that in many cases the performance 
can be made better than indicated here. In 
particular, the output impedance can usually be 
made zero or even negative should this be 
required. 

2. Simple Degenerative Stabilizers 

A cathode follower can be used as a simple 
voltage stabilizer as shown in Fig. I. A reference 
potential, Eref, must be applied to the grid, but 
as no current is drawn from this source, a 
miniature h.t. battery of the hearing-aid type can 
be used and its working life is substantially the 
same as its shelf life. The output voltage is 
equal to the sum of Eref and the bias voltage at 
which VI operates. It can be seen on inspection 
that the output impedance is given by the well-
known expression, Zo = 1 Lgos. The circuit 
operates from zero current to the maximum 
permissible cathode current for the valve. The 
supply voltage must not exceed (Ea(max) -1-
Eref), where Ea(mqx) is the maximum anode-
cathode voltage permissible for the valve. The 
minimum supply voltage must usually exceed 
the output voltage by at least 100V if a useful 
current is to be supplied. Hence the total 
acceptable range of supply voltage is given by 

E(ma) — Ei(min) (En(max) ± Ere) — 

Ea(max) — 

A better performance can 
using a second valve, as in Fig. 
effective mutual conductance 

— (Eref + 100) 

100 

be obtained by 
2, to increase the 
of the cathode 
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Figs. 1-7.—Development of the series-valve stabilizer from the basic cathode-follower circuit. 

(For description see Table 1). 
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Table 1 

APPROXIMATE EXPRESSIONS RELATING TO CIRCUITS OF FIGS. 1-7 

Circuit 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Output Impedance 
.7„ 

ge.11 

A.g„, 

En 1 
E„f A . gm 

E,, 1  

En 
EnIR Efff A . n.g„, 

Rhof ± f A . n. 

E. 
Fig. 7 EJt 2 . Rho  Efff • A . n. g,„ 

Output Current Range 

0 to /,„ („,„O ,, 

to 

0 to 6(trior) 

0 to n . 

E, — co(E, — En -F , 
n • 4(nan.r)) 

Supply Voltage Range 

— 100 V) 

— 100 V) 

— 100 V) 

(E„(„,„,.) — 100 V) 

n.1,,(mm.R 

nirenaarl•Rhot•S E, E„ ( E, — E„ 
to n • 1.(».....)) or E plateau, 

Rhni Khot whichever is less 

E, — En to (E, — En 
n. 1.(„m,)) or 1.E plateau, 

eRhog t2 Rho! whichever is less 

(For key to symbols, see text) 

follower. The improvement is directly propor-
tional to the stage gain, A, of V2. Thus, the 
output impedance is reduced to 11A.gm whilst 
the current and voltage ranges remain unaffected. 
The output voltage is now equal to Eref less the 
bias voltage of the amplifier valve, V2. This 
bias is usually about 1 or 2 V and, if the value 
of A is large, it will change only by a few 
millivolts if the supply voltage, Ei, varies. 
Changes in the heater supply voltage of V2 
effectively change the bias on this valve, however, 
and this change in bias is added to, or subtracted 
from, the output voltage. Where the best 
performance is required, therefore, it is impor-
tant to stabilize the heater supply to V 2. This 
may be effected conveniently by means of a 
barretter4 or a constant-voltage transformer. 
Alternatively, the heater may be supplied 
through a series resistor from the stabilized 
output. If the load current is constant, the 
heater may often be supplied more efficiently by 
connecting it in seriess with the load. 

Stabilization of heater supply to VI is of less 
importance, as the effect of the equivalent bias 
shift in this valve is reduced at the output 

terminals in proportion to the amplification, A, 
of the degenerative feedback through V2. 

If the screen of V2 is connected to a potential 
divider across the supply, as suggested in Fig. 2, 
a proportion of the supply variation is applied 
to the screen of V2 and produces an excursion of 
the grid potential of VI in the opposite sense. 
By a judicious proportioning of RI and R2, 
perfect stabilization can be achieved for a given 
set of conditions and extending over a range 
limited by the curvature of the valve character-
istics. If the source impedance of the supply is 
sufficiently high, this technique can even be used 
to provide a stabilized supply with zero or 
negative output impedance. 
By the addition of screen grid compensation, 

all the circuits described hereafter can be made 
to show an improvement in performance. 

It will be appreciated that the degenerative 
nature of the basic ciicuit, and of the others to 
be discussed, makes the output impedance tend 
towards zero whether or not compensation is 
applied to the screen grid. The approximate 
expressions quoted for the output impedance 
remain useful, therefore, as an indication of the 
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order of magnitude to be expected, even though 
under some conditions the value may become 
negative or zero. 

3. Variable Output-voltage Stabilizers 

In many cases, a continuously variable 
adjustment of the output voltage is required. 
Since it is undesirable to draw current from the 
reference voltage battery, as would be done if a 
potentiometer were connected across it, the 
reference voltage cannot be changed contin-
uously. A potentiometer may, however, be 
connected across the stabilized supply, as in 
Fig. 3, and the circuit will then operate to 
maintain substantial equality between Eref and 
the proportion of E0 selected by the potentio-
meter. Consequently, movement of the slider of 
the potentiometer towards the negative out-
put rail results in an increase in the output 
voltage, Eo. 

Tapping down the potentiometer in this way 
clearly reduces the effective internal gain of the 
feedback loop in the proportion EolEref. Con-
sequently the output impedance increases to 
Eol(Eref.A.gm). 

If the output voltage is to be varied over a 
wide range, a constant value of Eref, equal to the 
minimum required value of E0, leads to a large 
ratio Eol Eref at the maximum output voltage. 
In consequence the output impedance rises and 
the stabilizing action deteriorates. This difficulty 
may be overcome by switching in additional 
reference batteries to increase the value of Eref 
when higher outputs are required. In this way, 
Eol Eref need never exceed 2. 

Hum ripple in the output can be reduced 
substantially by the addition of a feedback 
capacitor as suggested in Fig. 3. With this 
arrangement, the a.c. impedance of the output 
can at all times be kept as low as that of the 
circuit shown in Fig. 2. Where an output is 
required at 400-500V, it is usually uneconomic 
to increase the reference voltage beyond 
90-120V. The addition of the feedback capacitor 
then offers an improvement of 4 to 5 : 1 in the 
hum level which is readily attained in practice. 
It may; however, be necessary to decouple the 
grid of VI to avoid parasitic oscillations. 

The minimum output voltage which can be 
stabilized by this circuit is equal to the sum of the 
"bottoming voltage" of V2 and the grid base of 
VI. In general, this approximates to about 50V. 
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When the load current is to exceed the value 
conveniently handled by a single series valve, 
VI, other valves may be connected in parallel 
with it, as indicated in Fig. 4. All the power 
valves should have matched characteristics and 
individual decoupling of the grids becomes 
essential to prevent oscillation. Provided these 
precautions, are taken, however, the parallel 
arrangement of n valves performs as a single 
valve of proportionately increased current 
capacity and mutual conductance. Conse-
quently, the output impedance is reduced in 
proportion to n, and becomes E0/(Eref.A.n.gm) 
and the maximum output current is increased to 

• n./0 (max)• 

4. Heavy-current Stabilizers 

Load currents amounting to several amperes 
cannot be supplied conveniently by the type of 
circuit indicated in Fig. 4 since a dozen or more 
power valves would be required in parallel. 
Quite apart from the expense of this arrange-
ment, a practical limitation may be encountered 
in the difficulty of maintaining stability. 

If the load is to be substantially constant, the 
majority of the power valves may, however, be 
replaced by a resistor,4 as shown in Fig. 5. The 
resistance is chosen so that the greater part of 
the load current is supplied through R and the 
feedback circuit ensures that the series valves 
supply the remainder. Any variation of the 
supply voltage, E, produces a change in the 
current through R which will result in a comple-
mentary change in the current passed by the 
series valves. It follows, therefore, that if the 
value of Ei changes by more than n.1 a(max).R 
the stabilizer will run out of control unless the 
value of R is re-adjusted. In practice, R is 
adjusted manually to keep the anode current of 
the power valves at a mid-range value. Such 
adjustment can, of course, be made without 
affecting the stabilized output voltage. 

The power efficiency of a d.c. stabilizer is 
given approximately by E0/E. When large-
output currents are required, it becomes 
desirable to raise the efficiency as far as possible. 
This implies that EE0. Such a condition 
requires a low value of R, however, and conse-
quently a severe restriction of the acceptable 
range of E. 

Conversely, a high value of Ei may be used to 
increase the permissible percentage variation in 
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Ei, but in this case the efficiency soon becomes 
very poor. Practical circuits necessitate a 
compromise, the efficiency falling from 67 per 
cent. to 25 per cent. as Eel Er) is increased from 
1.5 to 4-0. 
With the circuit shown in Fig. 5, the choice of 

input voltage, E, may be influenced by a desire 
to obtain from the series valves the maximum 
cathode current permitted by the manufacturers' 
rating. This demands that the anode to cathode 
voltage (E—E0) shall be sufficiently high, yet 
not so high that the anode dissipation is exceeded. 
This consideration, therefore, determines the 
efficiency which may be realized and the range 
of supply voltages over which stabilization can 
be maintained, even with manual adjustment 
of R. 

Since it is desirable to keep the series valves 
working in the middle of their available range, 
it is clear that, with a constant load current, the 
manual adjustment of R serves to keep constant 
the current flowing through R. A logical 
development is to replace R by one or more 
barretters, as shown in Fig. 6. Slow changes in 
Ei are thus accommodated automatically as long 
as the barretter is working on the plateau of its 
current stabilization characteristic. The range 
of available output current is not changed by the 
use of a barretter, but the acceptable range of 
supply voltages may be extended by a factor S 
to n.la(max).R(ho().S where S is the stabilization 
ratio of the barretter and Rhot is its mid-range 
hot resistance. If S is very high, however, i.e. if 
the plateau in the barretter characteristic has 
virtually zero slope, then the range of Et becomes 
approximately equal to the voltage range over 
which the plateau extends. 

Theoretically, the range of acceptable supply 
voltages is not improved in respect of abrupt 
supply variations. As the barretter produces a 
substantial correction within a fraction of a 
second, however, it is permissible momentarily 
to exceed the anode dissipation of the series 
valves. When barretters are used, therefore, the 
circuit may be designed so that the series valves 
operate normally at about 75 per cent. of their 
rated anode dissipation. The anode to cathode 
voltage (E—E0), must then be chosen so that the 
cathode current can rise momentarily to an 
anode dissipation about 50 per cent, above the 
rated value. 

Although supply variations tend to occur as a 
progression of small changes, the importance of 

the transient response must not be under-
estimated. When barretters are used, the series 
valves are concerned solely with the stabilization 
of transients, since slow changes are accom-
modated by the barretters themselves. More-
over, the mean current passed by the series 
valves may represent only 4 per cent. of the load 
current. In this case, a 2 per cent, variation in 
(Ei-Eo) will momentarily produce a 50 per cent. 
variation in the series-valve current. In a 
stabilizer having an overall efficiency of 50 per 
cent., this transient will be produced by an 
abrupt supply variation of 1 per cent. It will be 
seen, therefore, that the barretter should have as 
rapid a response as possible so that the series 
valves may operate under conditions favourable 
to the stabilization of successive variations. 

5. Stabilizers with Extended Supply-voltage 
Range 

By using a number of small barretters, rather 
than a single large one, a satisfactory speed of 
response can be obtained. This procedure has 
also the merit of enabling cheap, mass-produced 
barretters to be used, spares for which can readily 
be obtained. Moreover, barretters may be 
switched in and out of circuit to adapt the 
stabilizer to different load currents. 

Unless the current capacity of the series 
valves is greatly in excess of the current passed 
by a single barretter, it is desirable to have some 
method of adjusting matters so that the series 
valves work in the middle of their current range. 
This can be done by shunting the barretters with 
a resistance variable over a range sufficient to 
bridge the steps in the total current output of the 
barretters. This has, however, the disadvantage 
of off-setting, to some extent, the automatic 
control provided by the barretters. The same 
objection applies to the use of a variable 
resistance connected in series with the barretters. 
At the expense of a reduction in efficiency, a 
better result can be obtained by connecting the 
variable resistance in parallel with the load. 

The ideal would, of course, be found in a 
barretter with a smoothly adjustable regulating 
current. In an a.c. circuit, this can be simulated 
by using a continuously variable transformer as 
a current transformer to change the effective 
barretter current by a factor l/t. If the stabilizer 
is operated from smoothed, rectified a.c., the 
barretter and variable current transformer can 
precede the rectifier, as shown in Fig. 7. In order 
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to maintain a reasonable plateau in the trans-
formed barretter characteristic, it is generally 
necessary to restrict to about 3 : 1 the total 
range of transformed current. Barretters may 
conveniently be switched into circuit to double 
the regulated current at each step, however, and 
these large steps are more than spanned by 
adjustment of the variable transformer. 

When the load current is varying continuously, 
the barretters may be replaced by a saturable 
reactor with feedback contro1.6 The reactor then 
provides low-speed current control over a wide 
range so that the series valves are required only 
to provide rapid control over a restricted range. 
Such a system makes it possible to increase still 
further the power efficiency of the unit. 

6. Rectifier and Filter Circuits 

In many cases, no d.c. mains supply is avail-
able and the stabilizer must operate from a.c. 
mains. The a.c. supply can, of course, be 
rectified and smoothed, but special problems 
arise. Since the stabilizer may be able to handle 
instantaneous supply variations of no more than 
5V, it is clearly essential to reduce to less than 
IV the ripple voltage in the unstabilized d.c. 
supply. 

When a 3-phase supply is available, polyphase 
rectification may be considered. This offers the 
apparent advantages of reduced ripple amplitude 
and higher ripple frequency. The resulting 
economies which may be effected in the filter 
circuit are, however, offset by the expense of the 
double-wound 3-phase transformer which is 
required. Moreover, unbalance in the 3-phase 
supply, or inequality of the rectifier resistances 
lead, respectively, to 100 cis and 50 cis ripple 
components. It is found that a filter adequate 
to cope with these components as well as the 
principal ripple at, say, 300 cis, costs almost as 
much as a filter for a bridge rectifier on a 
single-phase supply. 

Using a single-phase supply, one has the 
option of employing an auto-transformer or 
even of dispensing with an input transformer 
entirely. The reduction in weight may be useful, 
and in many cases there may be no inconvenience 
in the fact that the d.c. output cannot be earthed. 
A relatively small double-wound transformer is 
sufficient to provide h.t. for the series valves. 

The selenium bridge rectifier which supplies 
the greater part of the d.c. can, of course, be 
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obtained as a single unit. It has been found, 
however, that mass-produced selenium rectifiers, 
intended for use in radio receivers, offer an 
economic alternative when used in appropriate 
series-parallel arrangements. In the event of an 
accidental overloading of the rectifier bridge, 
only two of the component units are destroyed. 
This is because, in any arm of the bridge, failure 
of one of the rectifier units protects other units 
in the same arm by short-circuiting them. A 
short-circuit in one arm usually produces over-
loading and failure of the diametrically opposite 
arm. Here, too, however, the failure of one 
rectifier protects the others. With two arms 
short-circuited, the bridge presents a low 
impedance to the a.c. supply and the supply fuses 
are blown. 

Fig. 8.—Simple delay circuit using cold-cathode trigger 
tube. The capacitors of the filter circuit are used as the 
timing element and are charged slowly before application 

of the full voltage. 

Replacement costs with the multi-unit 
rectifier are measured in shillings rather than 
pounds. Also, because the units are readily 
obtainable, the apparatus can be returned to 
service within hours rather than months. 
Compared with a single bridge rectifier, the 
array of smaller units may occupy more space. 
On the other hand, the greater flexibility of 
mounting often outweighs this drawback. 

When the barretters are used in the a.c. supply, 
as shown in Fig. 7, the voltage ratings of the 
rectifier and electrolytic filter capacitors may be 
reduced. It must be remembered, however, that 
if the load current is interrupted, the full a.c. 
supply voltage is applied to the rectifier. Some 
form of automatic cut-out may, therefore, be 
desirable. 
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As the series valves usually heat up more 
rapidly than the amplifier, there is a danger that 
the output voltage will exceed the stabilized 
value until the amplifier becomes operative. 
When the amplifier valve obtains its heater 
supply from a low-impedance source, the heating 
time of the series valves is often extended 
sufficiently if these heaters are supplied from a 
substantially constant-current source. Thus, for 
example, the amplifier can be connected to a 
constant-voltage transformer which will produce 
a current surge through the cold heater and 
bring it rapidly to operating temperature. The 
series valves, on the other hand, can be connected 
through a series resistor to a transformer 
winding providing about twice the required 
heater voltage. In this way the current surge 
through the series-valve heaters is limited to 
about 1 .5 times the operating current. In 
consequence the heating time of the series valves 
is extended considerably. 

2.2.RM3 

240V 160V 

A C. 

MAINS 

When the amplifier valve derives its heater 
supply from the stabilized output, a separate 
delay circuit becomes necessary. Fig. 8 shows a 
simple cold-cathode valve circuit which can be 
used to provide this delay and at the same time 
provide gradual charging of the filter capacitor. 
By using this capacitor as the timing capacitor of 
the delay circuit, a 30-second delay is readily 
provided during which the electrolytic capacitor 
is charged slowly towards its working voltage. 
If the apparatus has been idle for several months, 
the delay is extended automatically until the 
filter capacitor has re-formed sufficiently to 
reduce the leakage current to a safe value. 

7. Reference Voltage 
All the circuits discussed above have used one 

or more hearing-aid-type h.t. batteries as a 
reference voltage. For some applications it is 
preferable to use a high-stability neon tube for 
this purpose. This neon tube usually has a 

3 TYPE CZ4 

THERMISTORS 

Fig. 9.—A high-stability d.c. supply providing an output of 
250 W at 80-100V. This is based on the circuit of Fig. 6. 
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Al 

RIA 3 
Ise, note 

Note.—Each arm of the voltage doubler com-

prises 3 parallel paths of 2 RM3 rectifiers in 

series. Each arm of the bridge comprises 10 

parallel paths, each path containing 2 RM3 

rectifiers in series. 

Fig. 10.—A heavy-duty stabilized d.c. supply providing up to 500 W at two alternative voltages between 150 and 230V. 
By basing the circuit on Fig. 7, the efficiency at maximum output has been raised to 65 per cent. 

longer working life than the battery but, unless 
it is operated at constant current, it remains 
sensitive to supply voltage variations. Where the 
best possible short-term stability is required, the 
dry battery is difficult to exce1.7 It requires 
replacement at 2-year intervals and has an 
appreciable temperature coefficient. On the 
other hand it eliminates the warming-up period 
needed before a neon stabilizer attains full 
stability and provided the battery is mounted 
under the chassis and away from hot components 
its stability is very good. 

8. Typical Circuits 
Figures 9 and 10 show circuits of stabilized 

power units embodying the principles outlined 
above. The circuit of Fig. 9 was designed to 
operate a 250-W lamp at voltages ranging from 
80 to 100V. With supply voltages ranging from 
235 to 245V, the output is held automatically 
within 10 mV of the pre-set value. Larger supply 
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variations can be accommodated by adjusting 
the variable resistor in series with the barretters 
so that the milliammeter is kept roughly at a 
mid-scale reading. The output ripple is about 
5 mV peak-peak and the power efficiency about 
35 per cent. 
There are several interesting points about this 

circuit. One of the pilot lamps is operated by 
ripple current from the filter circuit. This lamp 
is extinguished only if the delay circuit brings 
the filter capacitors into circuit correctly. By 
supplying one barretter from the junction of the 
two filter chokes, it has been possible to balance 
out part of the residual ripple at the filter output. 
The delay circuit initially short-circuits the 
output in order to over-run the barretters at first 
and so bring them rapidly up to operating 
temperature. To restrict the initial surge 
through the cold barretters, however, it is 
necessary to connect thermistors in series with 
them, as shown. 
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(a) 

Fig. 11.—(a) Upper chassis of the 500-W stabilized 
d.c. supply shown in Fig. 10. The bridge rectifier may 
be seen clearly, consisting of 80 radio-type selenium 
rectifiers. Also visible are the barretters, variable-ratio 
current transformer, booster transformer and filter 

chokes. 

(h) Lower chassis of the 500-W stabilized d.c. supply. 
With the exception of the delay circuit and the 
"rasper" loudspeaker ( visible on far side of chassis), this 
chassis differs little from a conventional 300-mA series-

valve stabilized power unit. 

(c) Complete 500-W stabilized d.c. power unit, indicat-
ing simplicity of controls. 

The circuit shown in Fig. 10 was designed to 
operate a 500-W lamp at two alternative pre-set 
voltages in the range 150-230V. In this case the 
barretters precede the bridge rectifier and, 
through a variable transformer, regulate the 
current passing through a booster transformer. 
This arrangement is largely responsible for the 
higher efficiency, up to 65 per cent., which is 
realized with this circuit. Since the regulating 
action of the barretters is not reduced by series 
resistors or thermistors, this circuit still controls 
automatically over a supply voltage range of 
more than + 5V. 

(b) 

(c) 

The alternative output voltages are selected 
by operation of the ganged switches, Si and S2. 
The 4042 resistor introduced when Si is opened 
ensures that the d.c. output required from the 
bridge rectifier shall be much the same on high-
and low-output settings. This eases considerably 
the design of the barretter-controlled boost 
circuit. The 500-cl variable resistor in, the 
feedback potentiometer allows small adjust-
ments to be made to the preset output voltages 
to allow for the effects of temperature changes 
on the reference batteries. 
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As the 500-W unit is used in total darkness, a 
device is included to give audible warning when 
the anode current of the series valves becomes 
too high or too low. As soon as the limit of 
stabilization is reached, the ripple in the output 
increases abruptly. This ripple appears, ampli-
fied, at the anode of the error-voltage amplifier 
and to this is coupled a second EF91 biased to 
operate as an anode bend detector. The detector 
delivers sufficient power to produce a dis-
agreeable noise in a miniature loudspeaker which 
has consequently been referred to as a "rasper." 
If necessary, the operator can readjust the 
variable transformer whilst still in complete 
darkness. By setting it midway between the two 
limits at which the audible warning is produced, 
he can thus maintain the stabilized output when 
supply variations exceed the range which is 
stabilized automatically. 

9. Conclusion 
The series-valve d.c. stabilizer circuit can 

readily be adapted to regulate outputs of the 
order of 1 kW with a short-term accuracy of 
better than +0.01 per cent. When the d.c. load 
is substantially constant, the stabilizer can be 
designed to operate from unstabilized single-
phase a.c. mains with an efficiency of over 
60 per cent. With the exception of the chokes 
and transformers, standard radio-type com-
ponents may be used throughout. 
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