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ONE of the ways in which the Institution

fulfils its object of “promoting the advance-
ment of radio and electronics and kindred
subjects by the exchange of information” is
through the publication of the Journal. Other
ways are, of course, through the holding of
meetings, but many of the subjects discussed
as papers or reports are eventually published
in the Journal.

Papers published in the Journal can be
classified under several main groups. First
and foremost is the important original contri-
bution, which may be a description of a new
circuit or component development or the
presentation of an original piece of theoretical
investigation.

The second group consists of review or
survey papers; these contributions, usually
written by an engineer with long experience in
the particular field, fulfil a particularly useful
purpose in bringing together information on the
widest aspects of a problem.

The third category of papers was discussed
in an article in the April 1955 Journal which
particularly described an “Engineering Develop-
ment” paper. This type of paper examines a
complete equipment or project, demonstrates
the application of familiar engineering prin-
ciples and shows the way in which “know how”
enters into the engineer’s work.

The preparation of a technical paper for
publication in the journal of a professional
Institution is never an easy task, and calls for
an appreciable amount of time and effort.
Accordingly much work which would be of
interest and of potential value to other
engineers is seldom available outside the
restricted field of an internal report: engineer-
ing knowledge is thereby the poorer. Such
gaps in technical literature can well lead to
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repetition of work which has already been
carried out.

With the object of helping the engineer who
does not have time to prepare a full paper, the
Council wishes to make more widely known
that short papers are accepted for publication
in the Journal. These may be of any length,
from two or three hundred words up to one or
two thousand words, and the subject may cover
almost any aspect of radio and electronic
engineering. An obvious example of material
suitable for presentation as a short paper is the
development of new circuits which, while not
a major advance on existing practice, does
represent useful ideas for other engineers.
There will also be interest in the description of
new types of instruments, with special reference
to any novel development, and brief notes on
investigations into such important aspects as
propagation, reliability and subjective testing, to
name only three. A particularly useful type of
short paper would be a description of produc-
tion techniques which have been evolved to
meet special problems.

A short contribution incorporating discussion
on papers already printed is another particu-
larly valuable way in which the implications of
published work can be brought out. It is the
Council’s view that such discussion between
authors and other engineers is best dealt with
in this form rather than as correspondence.

The Council hopes, therefore, that all
members will consider whether any of their
recent work can be described in the form of
a short paper, and the Papers Committee will
be pleased to consider and advise on any
suggestions.

In order to encourage the shorter paper the
Council has under consideration the establish-
ment of a special premium for such papers.
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TRANSISTOR NOISE
ITS ORIGIN, MEASUREMENT AND BEHAVIOUR?

by

B. L. H. Wilson, M.A.!

SUMMARY

The sources of noise in semi-conductors and the mathematical techniques needed in their
discussion are indicated in order to survey the theory of noise in transistor amplifiers and
to consider methods of measurement. The variation of transistor noise with operating point and
frequency is discussed and a comparison is made of noise levels in audio amplifiers using

transistors and valves respectively.

1. Introduction

When the transistor was introduced it
seemed that noise might seriously limit its
general application. The junction transistor
showed a marked improvement over the point-
contact type, but at first nearly all of these
units were 10-30 db noisier than the theoretical
limit at 1 kc/s—a frequency which is widely
adopted as a reference in this work. Moreover,
in many units the noise increased with time,
especially before good encapsulation techniques
were discovered. One or two of the early units
were reported to have noise only a few decibels
over the thermal noise in the input generator
resistance, as was predicted from consideration
of shot and thermal noise only. With the
improvement in lifetime and dislocation density
in germanium, and the development of
techniques of etching and aging the germanium
surface and of encapsulating the transistor, such
transistors are becoming available commercially.

Much of sections 2 and 3 may be omitted by
the reader principally interested in applications.

2. Mathematical Background

Suppose x,(f) represents a noise current or
voltage as a function of time. Then the Fourier
spectrum over a time T is

T
2\t
Xl(f):<_7:> J xi(t) exp( - j2aft)de

t Manuscript first received 7th February, 1957, and
in final form on Ist November, 1957. (Paper No.
447.)

i The Plessey Company Ltd., Caswell, Towcester,
Northants.

U.D.C. No. 621.382.3
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The interval T is taken so large that the
transients at the beginning and end of the
interval do not significantly affect the magnitude
of X\(f). The mean square value of X, is called
the power spectrum

W(f)"'Xl*Xl

where the bar denotes the average and the star
the complex conjugate. This is the power
dissipated if the noise current or voltage is
applied to one ohm.

The cross spectrum W), between currents 53
and x, is defined by

w g(f) Xl*X:z: Wzl*(f)

Unless x; and x, are coherent so that there
is a systematic phase difference between X,
and X,, W,, will be zero. A normalized cross
spectrum may be defined by

Wm’ - le/(wlwz)*

The correlation between two noise currents
y1i(z) and y.(f) is defined as

I —%’2/.712 F)}

If y and y. are the currents resulting from
passing x; and x, through identical narrow band
filters it may be shown that

re="9._ (le’)
where ¢ indicates the real part.
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We shall now show how these quantities may
be used in circuit analysis in a way analogous
to ordinary steady state methods. Suppose

X3= X1+ X2
Then from (1)
X3 = X1 + Xz

and multiplying (7) by its complex conjugate
Ws=Wi+ Wi+ Wpu+ Wy
= W1 + Wz + 26]{(W12)
=Wi+ W+ 2r(W Wot......... ()]

The Fourier spectrum of eqn. (1) may be
multiplied by impedance, admittance or transfer
operators. If x,(r) is passed through a linear
network having a transfer function A(f), and
Xx(?) is the resultant voltage or current,

XAf)=X.(NA

If a system of noise currents and/or voltages X
is related by

XA=A1X1+A2X2+...
XB=B1X1+B2X2+...

the corresponding power spectra follow from
the definitions and equation (10) in a similar
way to the special case given in equations (7),
(8) and (9):

A=| A, ]2W1+l A, 12W2+GR(A1*A2W12)

Wapg=A*B,W,+ A,*B;W,+
+A*BiWa+ A*B. Wy,
Where X; and X, are independent we have
simply
Wa=| A |'W+| A "W, .. (13)
Wap =A*BiW 1+ A" B.W,

We now suppose the quantity x to be

redefined so that x=0. With this restriction
we define the auto-correlation function,

x() x(t + u),

the average being taken over the variable ¢ so

that
T

x(t) x(t + w)=lim 1 x(t) x(t + w)dt
T

T
0

'~ o0

A normalized form of the auto-correlation
function,
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x() x(@t +u)

PR 03)
is often useful.
The power spectrum may be calculated by
means of the auto-correlation function by the
Wiener-Khitchine theorem

s~

W) =4f x() x(t+u)cos 2nfudu ......... (14)
0
The inverse theorem is

x(t) x(t +u)= f W (f) cos 2= fu df
0

In addition to the above, a theorem known
as Peterson’s equivalent generator theorem is
implicit in the development below.

“The noise of a linear active four-pole
requires four real parameters for its specifica-
tion in addition to the four complex parameters
describing its signal behaviour. These may
conveniently be voltage or current generators
at the input and output terminals according to
whether the open circuit or short circuit signal
parameters are used. The additional parameters
may be the power spectra of the two generators
and their (complex) cross spectrum.”

The theorem is proved by writing down the
mesh equations of the four-pole when four
additional parameters are required to determine
the statistical behaviour of the noise fully.

3. Types of Noise Encountered in
Semi-conductors
3.1. Johnson Noise
A voltage is generated as a result of
fluctuations from thermodynamic equilibrium
in series with any impedance Z in equilibruim
with its surroundings. The value of these
fluctuations may be calculated from thermo-
dynamic arguments alone, without considering
the detailed processes which produce the
fluctuations. The voltage is given by

B (DA =4kTRZAf e (16)
where k=Boltzmann’s constant (1:347 x 10-%
w/°C.)
T =temperature in degrees absolute
Af=bandwidth in which the fluctuations
are measured.
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Alternatively the fluctuations may be des-
cribed by a current generator in parallel with
the admittance Y such that the current [ is
given by

F(Haf=4 kTRY)Af ... a7

This noise is known as the thermal or John-
son noise. The formulae may be proved by
considering the equipartition of energy between
the impedance Z and an L-C resonant circuit
or a transmission line. This proof and much
other background work are given by van der
Ziel* and by Pierce’. It is found experimentally
that the formulae hold for wire resistances even
under bias.

3.2. Shot Noise
When a direct current / flows between the
electrodes of a thermionic diode, noise is
generated owing to the finite size of the
electronic charge, e. If the electrons flow
independently the noise current at frequencies
much less than the reciprocal of the transit time

is given by
P(Af = 2eif

The derivation of this result is fully treated
by Rice.!

The shot noise equation (18) is directly
applicable to the temperature-limited thermionic
diode with’a tungsten filament (down to about
10 ¢/s). In other cases the requirement that
the electrons should flow independently is not
fulfilled. In the space charge limited diode,
less noise is observed than that predicted, while
if an oxide coated cathode is used, increased
noise is observed at low frequencies. The same
analysis may be applied to noise in p-n
junctions at low frequencies. Shot noise in
semi-conductors is discussed in Section 3.4.

3.3 Partition Noise

A further consequence of the discreteness of
the electronic charge is partition noise, which
arises chiefly in multi-electrode devices
Suppose two independent courses are open tu
an assembly of n electrons and the probabilities
that an electron takes one or other of the two
courses are p and 1 - p. The statistics of such
an assembly are governed by the Poisson
distribution, for which it may be shown that
if m,; electrons take the first course and m,
take the second, the mean and variance of m,
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and m, are given by

m,=np
— T e, 19
i) | &
(m, - m_1)2=(mz _;ﬁ;)2=np(1 -Dp)
......... (20)
The calculation of the corresponding

partition noise current follows the iines of the
next section. Care must be taken in applying
the formula to ensure that there are only two
choices open to each electron and that all the
electrons are equivalent. We shall not use this
method to calculate the noise in transistors.

3.4. Shot and Partition Noise in Semi-con-
ductors

Specialized types of shot and partition noise
important in semi-conductors arise when the
carriers are trapped or when two carriers of
opposite sign recombine. The spectrum is most
easily obtained from the Wiener-Khitchine
theorem (14). Consider, for example, a uniform
prism of material of length / and constant
cross-section containing one type of carrier
decaying exponentially with a lifetime © and
suppose the time to drift under an applied field
E between two electrodes on opposite faces

is w. Let i(r) and / be the instantaneous and

mean current, n(t) and n the instantaneous and
mean number of carriers in the prism.

Suppose that the fluctuation n-n in the
number of carriers has a value An(f) at time
t. At a time ¢+ the fluctuation has on average
decreased to a value An(r) exp(- s/t) owing to
decay, and to An(t)(1 - s/1), if s<v, owing to
the sweeping out of carriers at an electrode.
The combination of these effects gives

An(t+5)=2n(1) exp(-s/7) (1 -s/vw), <%
=0, §>1,
...... 2D

The bar here indicates an average over values
of t.

The auto-correlation function for n is then

Ant + s)An(t)= (An¥exp( - s/7) (1 - s/1),5<%
=0 S>T

Now the current in an external circuit depends
instantaneously on the sum of the contributions
of every carrier in the material at each instant.
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Under a uniform field the current is given by
i=neEu/l,
where n is the mobility,
So we have analogously for the current fluc-
tuation Af
Ai(r +5)Ai1) = (A} exp (= s/7) (1 = 5/70).s <
=0 s>T1

The quantity Ar® is determined by the statistics
of recombination. For Poisson statistics, i.e.
where the probability of decay of each electron
is independent,

(Any=n
Under this restriction the problem has been
solved by Davydov and Gurevitch®. Two
special cases arise; when 137, and when <x,.
In the former case,

Ai(t+s) D)= (QiF(1 - 5/7), s<v, ...(22a)
. Then applying the Wiener-Khitchine theorom
and using (23 and 25),
- -sin‘wry/2
F(f)=2ei /2y
This reduces to the usual shot noise formula at
low frequencies; the high frequency variation
alone differs for different electrode geometries.
The application of (25) is justifiable here if the
electrons are removed independently at the
electrode. This is the case relevant to the
analysis of shot noise in transistors. For the
case 1<<v,, where

At + )ity = (A} exp(— s/7)...... (22b)
there is obtained

F(f)=(?)2(71)2

The variance, An?, depends on the type of
statistics applicable to the decay process. Its
value has been determined by Burgess’® for a
semi-conductor with N donor levels by two
methods: one, purely thermodynamic, involves
an expansion of the free energy in terms of the
fluctuations An, Ap in numbers of holes and
electrons; the other is based on the statistics
‘governing the generation and recombination of
holes and electrons and the ionization and con-
densation of electrons at impurity levels. For
the case of strongly extrinsic n-type material,

-
T

1 + o
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equivalent to the present case, he obtains

— 2 1 \!
2 _ . —
B7S (n+N - 71)
This is the formula applicable to n-type tran-
sistor and diode material in bulk. Earlier
analyses based on an immediate application of
Poisson statistics gave, as in eqn. (20),
n

"Ant=Np(l - p) where p= N

1 1\
- (7 + N—E)

More complicated cases may be analysed with
the aid of the expressions given by Burgess for
the variances (An), (Ap) and AnAp. The fre-
quency dependence in cases where a fluctuation
decays exponentially must however be that of
eqn. (27).

3.5. Flicker Noise

While frequency dependence governed by a
single relaxation time t as described above has
been detected, for example by Herzog and van
der Ziel° in single crystal filaments of ger-
manium, the experimental observations of fre-
quency dependent noise are dominated by noise
whose power spectrum varies as f~™ with
1<<m<C1'5, and frequently m==1. This is widely
referred to as “flicker” or “1/f noise”. Further-
more, the magnitude of the noise is often much
greater than would be predicted by the type of
mechanism suggested above whose statistics do
not allow (An)>n. Noise of the types dis-
cussed in section 3.4 is known as electronic
noise, being due to the generation, scattering
and decay of the current carriers themselves. It
is believed that the flicker component in noise
is due to the modulation of carrier flow by
charged centres at potential barriers. These
barriers occur at p —n junctions in the bulk
material or at the surface of the semi-conductor.
In single crystal germanium and silicon, flicker
noise has been found to be extremely dependent
on surface conditions, particularly on the
presence of water vapour. For example Pear-
son et al.'® found that no noise other than shot
noise was present in a silicon junction down
to 80 c¢/s under dry conditions, but that under
100 per cent relative humidity the noise showed
an f~' dependence and the current noise power
at 100 ¢/s was greater than that of the shot
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noise by a factor of 3x 10°. The change was
reversible and intermediate effects were
observed at lower humidities.

Flicker noise has been found in nearly all
semi-conductors and in metal films. The per-
sistence of an f~'* dependence in noise at low
frequencies has attracted interest as it implies
an infinite noise power at zero frequency.
Rollin and Templeton'*!? investigating the
range at 75 c/s to 2:5x10-4 ¢/s found an
f~! spectrum for noise from carbon resistors
and an f~'® spectrum with germanium fila-
ments. Hyde has fitted a composite spectrum
consisting of white, f~! and two discrete relaxa-
tion time components to the noise from a point
contact rectifier over the range 0117 c/s to
14 Mc/s, identifying an f-! component over
7 decades. He has also fitted a similar spec-
trum, with one discrete relaxation time, to noise
from a junction rectifier. At high frequencies
the 1/f component is eventually swamped by
the white noise or discrete relaxation time com-
ponents.

Many authors have discussed the problem of
deriving an f-' spectrum from theory. The
early workers were largely concerned with the
oxide-coated cathode. (For a review of the
carlier work with references, see van der ZielS.)
It seems necessary to postulate a spread g(r)
of relaxation times. If for each relaxation time
(22b) and (27) apply independently, integration
over 1 yields

g(vr=

e CUR (30)

F(J) « (A"’zf
Any sufficiently slow variation in the numerator
can be shown to give an f~! spectrum. The
spectrum in t has been attributed to a diffusion
mechanism, but detailed models based on dif-
fusion alone do not readily give an f-! spec-
trum. Van der Ziel'* and du Pré independently
gave a plausible origin of g(v) by referring the
distribution in t back to a distribution of acti-
vation energies E, such that

t=v exp EJkT

If E is uniformly distributed between the limits
E, and E,, that is
g(E)=dE/(E, - E;)
=0

Ex<E<E)
otherwise |

April 1958

then g(v)= <lt<lty

T

log.t./ 1, A

tan ~lor, - tan ~lor,
o log,t, /1,

which corresponds very nearly to an f-! vari-
ation in the range 1/u,<<w<<1/v;. The spectrum
is insensitive to small variations in g(E). Direct
evidence for such a distribution of traps on
semi-conductor surfaces has been found by
Kingston and McWhorter!'s, An analysis deriv-
ing a flicker noise spectrum for linear and
planar arrays of modulating traps such as might
occur at dislocations and surface barriers is
given by Morrison!”. No analysis of the pro-
cess on the lines of that by Burgess for a single
relaxation time has yet been given.

giving F(f) «

3.6. Surface and Leakage Noise

In transistors and diodes it is convenient to
distinguish between surface and leakage com-
ponents of flicker noise, as described by
Fonger'®. Surface noise is attributed to fluc-
tuations in barrier height at the surface of a
semi-conductor, which in turn give rise to fluc-
tations in the process of generation and recom-
bination of pairs of holes and electrons and
may be described by the equation

GH(P=(ApyiI(f)
where

G=rate of pair generation/unit
frequency/unit area
Ap=mean excess minority carrier
density
r(f)=parameter characteristic of the
surface.

This is the analogue of the equation describ-
ing the average rate of generation of pairs

r=@Ap)s .. (36)

where r=mean rate of pair generation

s=parameter characteristic of the surface
(surface recombination velocity).

Leakage noise is attributed to fluctuations in
barrier height at a junction, which are directly
responsible for fluctuations in leakage current
and may be described by a noise current gener-
ator in parallel with the junction.

Fluctuations of any sort will be increased by
any multiplication (avalanche) process at the
junction. McKay'" describes the noise pulses at
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a silicon junction diode near breakdown: the
noise consists of current pulses of constant
amplitude and variable lengths which give a
rather uniform spectrum.

Spontaneous fluctuations in temperature,
predictable thermodynamically, are a further
source of noise where the characteristics of a
device are controlled by the behaviour of a
small volume of material, as in point contact
diodes, for example. Noise also arises in faulty
devices owing to intermittent contact: it is then
usually erratic and large, especially at low fre-
quencies. In the absence of external power
sources, of course, neither these nor any other
noise sources give noise greater than the thermal
noise.

4. Noise in Transistor Amplifiers—Definitions
and Circuit Properties
4.1. Noise Figure
The noise figure or noise factor of an ampli-
fier may be defined by

o /N

(S/N),

where S/N is the ratio of the signal to noise

power available at the terminals and i, o refer

to the input and output. The quantity given by

this equation at a spot frequency defines the
spot noise figure at that frequency.

The noise figure at the input is determined

ideally by the thermal noise in the generator

resistance (see Fig. 1).

—o et
—o

Fig. 1.

AAAAA
0
=

If R, is the generator resistance
R, is the load,

E'*,, ) is the mean square noise voltage at out-
put in a bandwidth of one cycle per second,

A(f) is the voltage gain of transistor,

G(f) is the transducer power gain of transistor,

P(f)=E%/R,, is the noise power dissipated in
the load,

F is the noise figure at the frequency f,
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we have, from (37),
1 E} _1 P
A*4kTR,— G kT
Thus the noise figure may be equivalently
defined as the ratio of the noise power at the
output to that portion of it engendered by ther-
mal noise in the generator resistance. The
corresponding quantity defined for a two-ter-
minal device is usually known as the noise ratio.
It should be noted that, as the transistor out-
put impedance is the same for signal and noise,
the noise figure is independent of the load. It
is, however, a function of the generator resis-
tance.

In practice amplifiers of finite bandwidth
must be used. Suppose the transistor amplifier
is cascaded with a measuring amplifier and
square-law detector whose response is B(f).
An average noise figure can be defined by

F=

foETo(f)B’(f)df

F= .
4kTR, f AXPBHf)S
0

i.e. the ratio of the total noise output at the
detector to that portion of it engendered by
thermal noise in the generator resistance. In
terms of a reference frequency f,, often the
frequency of peak response, the denominator
may be rewritten

4kTR A f)B(f)Af ... (40)
where Af, the noise bandwidth is given by
(A ) B (f)
Af = JA‘(f) /) af . 1)

It frequently can be arranged that A(f)=
A(f)) where B(f)/ B(fo) is appreciable. For an
ideal singly-tuned amplifier the noise bandwidth
is #/2 times the bandwidth defined by the points
where the gain is reduced by 3db.

The most commonly quoted audio-frequency
noise figure is that at 1 kc/s which we call F,.
Audio-frequency noise in some transistors is
dominated by 1/f noise and for such transistors,
in a frequency band f,<<f<f, where the voltage
gain is constant, the output noise voltage is
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given by

2
EF= f 4kTR,AX f)F(f)df=4k TR, A*Flog. £, f:
f1

a useful formula in designing wide-band audio
amplifiers.

4.2. Relation of Noise Figure to the Equivalent
Noise Generators
An alternative to the use of the noise figure
as a parameter is the direct specification of the
noise sources. The noise sources may be for-
mally represented by two voltage or current
generators at the input and output of the tran-
sistor as discussed above. From these the noise
figure may be derived. For example we shall
consider a transistor whose signal parameters
are specified by its real impedance matrix so
that
V1=11R11+12R12
Ve=LRn+ R
where V,, I; are the input voltage and current,
V., I, are the output voltage and current.

Suppose that the noise voltage generators at
input and output are E(f), E.(f) and the gener-
ator resistance is R,. We arbitrarily let the load
be infinite and determine the open circut out-
put voltage V (see Fig. 2).

1 2
—o—@-‘—y--o o——r—-@—c }
Rg g | I E
v v, v
Eg : |
o Y 1, ol¥ O—

Fig. 2. Transistor with noise voltage generators.

With all the noise generators in circuit,
E‘ + E” = 11(R11 + Rg)
V=E,+ LR,

while with the thermal noise sources alone,

using dashed suffixes to indicate the new volt-

age and current,
E;=I'(Ry+Ry)
V'=E,+ IRy
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R21

e , _E,4+_ Ra_ E
Eliminating I, Iy V=E,+ Ro+iR, (E:+E)
" R2l
V'=RutR, &

Use eqn. (12), bearing in mind that E, is
independent of E;

V(o )P Bt g )P
"\ Ru+R, ot 5% Ru+R, ot
Run+R N
R T (N

E%,

SN R21 z
2 __
V= <R11+Rc )

where p;, is the normalized correlation between
E,and E,.

Putting  E,=4kTR, F=V?/V"? we obtain

— —/( R;+R,\?
{E~"+Eﬂ,<—“R ")
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1
F=1+ 7R,

— —  Ruy+R,
+pio(E?iE20)* R—}
21

A large number of similar cases may be
worked out using different noise generators—or
with the transistor specified by different para-
meters. The converse relation may, in theory,
also be used: from a knowledge of the value of
F as the (in general complex) generator impe-
dance is varied, the values of the noise gener-
ators may be obtained. An interesting approach
to the problem of the variation of F with source
impedance is given by Rothe and Dahlke?.
The noisy transistor four-pole is transformed
into a noise-free signal four-pole and a preced-
ing four-pole of two partially correlated noise
generators. This last four-pole may be further
transformed into an equivalent four-pole con-
sisting of a correlated pair of current and volt-
age generators described by their equivalent
noise conductance, G,, noise resistance, R,, and
a correlation admittance, Y,. The source admit-
tance for minimum noise figure is obtained in

terms of G,., R, and Y,

There are, however, great practical difficulties
in determining the equivalent noise generators
directly, especially with good junction tran-
sistors, owing to the low levels involved, and
a measurement of noise figure may be all that
is practicable.
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4.3. Use of Linear and Peak-reading Detectors

A square-law detector is not always used at
the output of the amplifier when measuring the
noise figure. If a linear detector is used, the
expressions (37) to (39) may be taken to refer to
a quantity Fuen When the mean square voltages
have been replaced by the square of the mean
full-wave rectified voltage.

As the thermal noise is obtained from cal-
culation it must be remembered that

2 —
7 =<V

v
for Gaussian noise. A quantity Fp..c may be
similarly defined if a peak-reading detector is
used, replacing the mean square voltage by the

Although the

precise ratio of V* to V* for thermal noise
depends on the frequency response of the
amplifier and the time-constant of the peak
detector, usually

square of the peak voltage, V.

17%3(7.2—)i

Of course, if transistor noise were Gaussian,
like thermal noise, we should expect Fpeak, Frmean
and F to be the same. In fact, it is found that
Fyeax tends to be larger than F when F is large.

In practice it is found that Fie. for a wide-
band amplifier is the best measure of the annoy-
ance to a listener in audio applications. As is
well known, white noise gives rise to a hiss,
while 1/f noise sounds rougher. Noise due to
intermittent contacts causes irregular crackle
which is extremely objectionable although the
power associated with it and hence the value
of F may be quite small.

The ratio of peak to r.m.s. noise has been
called the crest factor by Englund?'; this is
simply related to the ratio of Fyex to F. In
early transistors measured by him, he found
the crest factor was larger for noisy units, while
for a later design the crest factor was indepen-
dent of the noise. This appeared to be asso-
ciated with a decrease in leakage noise.

5. Noise in Junction Diodes and Transistors—
Theory
5.1. Noise in Junction Diodes
At low frequencies, that is frequencies low
compared with the time for a carrier to diffuse
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across a diode, the shot noise formula (18) may
be applied at once to junction diodes. The
diode current may be considered as the alge-
braic sum of two diffusion currents flowing in
opposite directions; thus if V is the applied
voltage, I,exp AV flows in the forward direc-
tion and I, the reverse saturation current, in
the reverse direction, where A =e/kT. Each
of these components is itself in general com-
posed of electron and hole currents in opposite
directions, though in practice the flow often con-
sists largely of the carrier which is in the
majority in the region of lower resistivity. The
net current is

I=1, exp(.\V)—l}

Applying the shot noise formula to each inde-
pendent current and adding

P(fy=2ellexp AV +1)=2e(I +21) ...... (50)

In this section we write the spectrum of noise
currents and voltage with a small letter and

direct currents with a large. Thus #(f) is the
power spectrum of noise current per cycle band-
width. The conductance derived from equation
(49) is

g=A(l+1,)
So the noise ratio
F=(+21)/2 +1,)

which is unity without bias, as required thermo-
dynamically, approaches the value 05 in the
forward direction and approaches zero in the
reverse. Allowance must in practice also be
made for thermal noise generated in the base
resistance of the diodes. Values consistent with
eqn. (52) after subtracting flicker noise have
been obtained in germanium junctions by
Anderson and van der Ziel?2. At higher fre-
quencies the noise ratio is higher than that
expected on this theory, as discussed below.

5.2. Noise in Junction Transistors

This theory, the emission theory of shot noise
in which no allowance is made for transit time,
can be applied to the junction transistor except
at high frequencies. If two shot noise sources in
the transistor are postulated it is necessary to
suppose some correlation between them and,
using the theory of partition noise, to deter-
mine the noise due to the partition of emitter
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current between base and collector?-24, We
shall follow an alternative approach due to
Giacoletto?®, who considers the diffusion cur-
rents between each pair of transistor terminals
separately and obtains three independent
sources of current noise.

The calculations below neglect two sources
of feedback, the variation in the width of the
space charge region with voltage and base to
collector leakage. Both of these can be shown
to be unimportant here. The derivation of the
noise current generators is at first made in terms
of the intrinsic transistor, that is the transistor
without extrinsic base resistance. The noise
figure is later calculated after allowance for
extrinsic base resistance.

The direct current through the intrinsic tran-
sistor obeys the equations

I¢= Iee(exp A Veb’ - 1) - Izc(exp A Vcb’ - 1)
I.=1.(exp AV — 1) =I.(exp AVy - 1)

where I, I. are the currents flowing in at the
emitter and out at the collector, and
V. = potential difference between
emitter and intrinsic base, etc.

These equations may be re-written as
I.=1.(expAV, = 1)+ Lexp AV —exp AVy)

I.= - L(expAVy —I)F+1.(exp AV —exp AVy)

where Ivs Icc Icc
Ics = Icc Icc

Here the emitter and collector currents are
split up into the three components flowing be-
tween emitter and (intrinsic) base, emitter and
collector, and collector and base. Each com-
ponent consists of two opposed portions as in
the diode treatment. For example, where in-
jection takes place from the emitter only, that
is the emitter has unit injection efficiency,
I.;exp AV, is injected by the emitter and
diffuses to the base and I., is generated in the
base and diffuses to the emitter. If phase shifts
due to finite transit times between the terminals
are negligible, each portion develops full shot
noise between the appropriate terminals

April 1958

2o =2gl.(exp AV, +1) l
,-T” =2¢l. (expAV . +expAV,)

1y =2gl.{exp AV +1) )
where g is the electronic charge

and /%, is the mean square noise current
per cycle per second generated between
emitter and base, etc.

As usually biased AV 4 <€1,exp V., ==0. Under
this condition the d.c. equations become

I.=1.(expAVep—1)+1.exp A V,b')
1c= Icc + I,cexp AV -eeinns (56)
L=I.-I.=L,(expAV. - 1)~ L,
and the noise equations become
P [2q =1y +20,+1.,
P 2 =1, 1.,

Frb’/zq ::Its

The current noise generators above may be used
in combination with any transistor equivalent
circuit, with or without the addition of feedback
elements, to obtain the noise figure in a given
circuit configuration. The calculation is again
simplified by remembering that the noise figure
is independent of the load.

5.3. Calculation of the Noise Figure for
Grounded Linitter Configuration

It seems worthwhile to calculate the noise
figure in terms of the commonly used transistor
parameters. We shall consider the white noise
sources in a simplified transistor with an ex-
trinsic base resistance r,.. For the grounded
emitter the well-known equivalent circuit is
shown in Fig. 3.

The usual symbols are used:

r,=generator resistance.

r./=emitter resistance in grounded emitter

configuration.

ry» =extrinsic base resistance.

o’ =short circuit current gain in this con-

figuration.

e, b’, b, ¢ denote emitter, base of the intrinsic
transistor, extrinsic base and collector
respectively.

ive, Ice, e, are the noise current generators
between the terminals given by the
subscripts.

e», ¢, are the thermal noise generators in

Fon Iy
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We have

“eo=4kTr,,
&,=4kTr,

For convenience we choose zero load, then,
as all the noise generators are independent, we
calculate the short-circuit output current for
each generator in turn. The total noise figure
is the sum of the increments in noise figure for
each separate noise generator, which are given
by the ratio of the mean short-circuit output
current due to the noise generator under con-
sideration to that due to the thermal noise
generator.

Fig. 3. Eqgivalent circuit for grounded emitter.

The short-circuit output current i, due to
ey, is ey [(ry +rd +rg)

The short-circuit output current i due to
ey, 1S oey[(ry +ree+1,)
so the increment in noise figure due to e, is

AF1=17’1/?0222,,/e_2‘,=rb,/r,

The short-circuit output current due to iy, is
a'lo(r,4ry)/ (ry + 1.’ +rg) so the increment AF,
due to iy, is given by the expression

AF2=i_zb'¢(r, '{"'b')2 z2,,=i2b’¢rg(1 +rey l',)2 ‘4kT

...... (60)
Similarly the increment due to /. is given by
_ Pulredr Ay
it 4kTr,a”

_ Py r, 1
= %T (1+ )( +r,+r,,> o

and that due to iy, by AF,=

i2b,‘rv{l rb,}2 : 1_< r, }2 -
4k T +r, {Jra' rb:+r,> """ (62)

Putting (1 +4-rs/r,=Z), the total noise figure is
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4
F,=I+EAF4
Z2 l r"> 2
Z+4kT[1b¢+1u{a, <1+Zf, } +

()]
¢ o Zr,

Using (56), if only white noise sources are
present,

F=Z+

(-5
2 [Ih+1a+21u+(1 Iu) CZ' l+Zr

()

If 1.,, 1., are neglected, putting r,=1/Al,,

P AI,er,I:l 1 { 1 }’:I
F=2+—— | v\ P aizs,
veer.(65)
With Alyr,=p
Z2 1 z 1
Fe=Z+po=|ll4+— |+—+7...... (66)
2 o o 2a'p
F. is a minimum when
p={22(1+a’)}—' ...... 67
At the minimum,
Fe= 2|14~ (14 TF)
~Z(1+1/y/&") L (68)
For example, where o’=50 and r,./r, is negli-
gible,

F.=1-16 or 0-64 db.

Where o’=50 and ry//r,=0-1
F,=1-28 or 1-60 db.

The condition (67) gives an optimum value of
I, for a given r,,

L=1/A(ro+r)v/ 1+«

The upper theoretical limit for », consistent
with low noise figures is imposed by the neg-
lected terms in I, and I., which give rise to
additional terms of the order of AZr,l.,. The
lower limit for r, is imposed by the desirability
of keeping Z small. So a smaller transistor
is desirable for matching into high resistance
sources if other noise sources can be reduced
to a sufficiently low level.
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5.4. Calculation of Noise Figure for Grounded
Base Configuration
A similar treatment may be given for the
grounded base configuration for which a simpli-
fied equivalent circuit is given in Fig. 4.

The symbols are those of the preceding sec-
tion. In addition
r.=emitter resistance in grounded base con-
figuration.

a=short circuit current gain in this con-
figuration.

Fig. 4. Equivalent circuit for grounded base.

The short-circuit output currents and incre-
ments in noise figure corresponding to the vari-
out noise generators are given in the table
below.

So the noise figure in the grounded base
configuration

s 2 B [ e )+
v=2Z+ akT e+ 1ce o 1+Zra J

Using (55), if only white noise sources are
present

AZ7r,
Fb=Z+ _2‘[1b+1c;+21u+ (Ic— Ic')

e b (e 2

............ 71
If I., and I, are neglected, putting r,=1/AlL,
- AIJ,,I: 1 )2+ o ]
v =2+ 5\ \Z* &1, ) T By

The minimum value of F,,

| .
F,,=Z{l+;7(l+~/l+a')}~=42(l+l/~/a')

occurs where
- M1+o
T A(ry+ry)
exactly as for the grounded emitter con-
figuration.

To this approximation the minimum noise
figure and the bias conditions required to
obtain it are the same in grounded base as in
grounded emitter.

Formulae for the noise factor in terms of the
intrinsic admittance parameters and extrinsic
base resistance are given by Giacoletto?>. These
are valid for white noise for any transistor up
to frequencies of the order of the transit time,
but are difficult to apply in practice without
simplification. At frequencies of the order of
the transit time account must be taken of ran-

1 re \\ 2
2, I — d !
e 1+ ZzZr, /) | (70) domness in the generation, recombination and
) g

Noise Generator Output Current AF

e, aey[(ry+ret+rye) 1

€y o‘eb/(ra+rc+rb’) rb/ra

iy iy Pydretretry)

‘ e 4kTr,a*
. , The (Fg + 1y )
i, aly e(roe +1,)[(rg+ret+ry) :“‘(—;,:-:2 v)
a
; R I (ry+rg)) — [re+(rg+ryXl-a))?
5 _ B Uy
- “ rotretry Fee 4kTr
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diffusion processes in different regions of the
diode and transistor. An analysis for a specially
simple case has ben given by van der Ziel?¢
using a transmission line analogue.

5.5. Surface and Leakage Noise
Giacoletto’s model has been extended by

Fonger'® to include flicker noise sources. If
G(fr) is the local surface pair generation
rate/unit area (compare eqn. (40)) and w,w,
are the probabilities of a minority carrier reach-
ing the emitter and collector, the noise currents
arising from pair generation in an area dS are
given by

dig, =G (rwe(r}dS )

diye =GO (r)dS [ eoa0009ce0s
so that the total surface noise generators are

Pre=gvf)f {Ap(0) Pwirds |

Pre=gv(f)f {2p(r) }wiwds |

For the evaluation of these integrals the
reader is referred to Fonger's paper. No
detailed model of leakage noise has been given;
it may be represented by a current generator
between the appropriate electrodes, e.g. col-
lector and base.

Fonger has measured the noise in germanium
alloy triodes in a number of different ways—
as forward and reverse biased diodes, as normal
triodes, and as triodes with emitter and col-
lector interchanged. After allowing for modula-
tion of the base resistance by injected carriers,
he shows that the above white surface and leak-
age noise generators are consistent with a wide
range of data. Some other plausible models of
transistor noise are excluded by the data. Some
transistors were found where surface noise was
the only source of flicker noise. This surface
noise increased with current roughly as /32, It
was almost independent of collector voltage; in
fact feedback through the widening of the space
charge with collector voltage led to a slight
decrease in noise figure with voltage.

6. Methods of Measurement

With the improvements in transistor noise,
considerably greater care must be exercised in
the design of amplifiers to measure it. Indeed,
the direct measurement of the equivalent noise
current and voltage generators is often virtually
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impossible. We shall consider here methods
for measuring the noise figure. Typically, we
require a battery-driven pre-amplifier, a wide-
band amplifier, a selective amplifier defining a
narrow band or bands, or a well-defined wide-
band, and a detector. Furthermore, some
method of determining gain and bandwidth, or
at least their product, is required. The ampli-
fiers should be linear for a sine wave input up
to three times full scale deflexion of the detector
in order to avoid clipping the noise peaks. Non-
linearity is particularly undesirable when noise
and sinusoids, or Gaussian and non-Gaussian
noise, are being compared.

Below are listed four different methods of
measuring noise figures, according to the
methods used for measuring the gain and band-
width.

6.1. Use of Stable Amplifier

Using a small, known input signal of variable
frequency the gain B(f) of the measuring ampli-
fier is determined directly. The gain of the
transistor (and where necessary, its variation
with frequency over the pass-band of the
amplifier) is determined at a conveniently high
signal level. The noise bandwidth may then
be calculated from eqn. (41). The output noise
of the transistor is measured and the noise
figure calculated from (39) and (40). Using this
method an amplifier of stabilized bandwidth is
essential, and stabilized gain is extremely desir-
able. However, as the lowest noise figures in
valve amplifiers are obtained without negative
feedback, long-term gain stability in the wide-
band pre-amplifier may not be attainable. The
method is most suitable for wide-band measure-
ments of noise, e.g. as a production check, when
the bandwidth is fairly easily defined and
accuracy in assessing very low noise figures may
not be needed.

6.2. Use of Noise Diode to Measure the Ampli-
fier Gain Bandwidth Product

This method differs from that in 6.1 in that
long-term stability of the amplifier is not
needed. To determine the gain and bandwidth
product, the current noise from a saturated
tungsten filament diode (noise diode) is injected
into a resistance R in the input of the measure-
ing amplifier. As the noise diode forms a high
impedance current source, the voltage V across
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the input of the amplifier is given from a7
and (18) by

VA =2qIR*+4kTR

where ¢ =electron charge.
[ =diode current.
V7= mean square voltage at the amplifier
input terminals.
R =net resistance across the input.

The additional mean square output voltage is
then 2¢/R*A*>f and hence AAf is determined.
It is also possible to calibrate the amplifier using
thermal noise alone; however, the noise diode
method allows a wider range of calibrated input
noise, though it is open to the objection that
flicker noise appears at very low frequencies,
even in tungsten filament diodes. The output
noise of the transistor and the transistor gain
are measured as in the method of 6.1.

6.3. Calibration by Injection of Diode Noise at
Transistor Input

This method is probably the most accurate
and is quite convenient in practice. It does not
require the stabilization of amplifier gain or
bandwidth. Noise from a noise diode is injected
into the input resistance R of the transistor.
Then eqn. (77) gives the value of the noise
voltage generator in series with the resistance.
The mean square output noise voltage in the
bandwidth f of the amplifier is

(2qu'-’A2+4kTRA'-’F)_\j
while without the noise diode it is 4kTR A*FAf.

The ratio, M, of thesc quantities with and with-
out the noise diode is

M=1+¢IR/2kKT ... (79)

_ 4R

S0 F= 57011
Typically, the transistor output noise is

measured in arbitrary units; then the amplifi-
cation is reduced by 3 db and the diode current
increased to give the same reading on the out-
put meter. Here M=2,

so F=20/R at T=290°K.

6.4. Calibration by Known Small Signal at
Transistor Input

If the noise diode of the preceding method

is replaced by a signal generator of known

output, the noise figure may be similarly deter-
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mined provided the amplifier bandwidth is
known. The output power is the sum of the
output noise and signal power, so if a square
law detector is used, the output reading is pro-
portional to (V4 4kTRP)AAf with the sine
wave input and to 4kTRF A*Af without it,
where V. is the equivalent sine wave input volt-
age referred to a generator in series with the
input resistance. Then, if M is the ratio of the
two output readings
12,
M=1+ Z4TRF3]
If a linear rectifier and d.c. meter is used
as a detector, graphs of the response of such
a detector to the sum of sine waves and Gaus-
sian noise may be used?.

6.5. Measurement of Noise Figures near Unity
When transistors are measured whose noise
level is low, particularly if the voltage gain is
also low, noise in the measuring amplifier and
thermal noise in the load become important.
If the output impedance of the transistor is high
compared with the load, the combined noise
power due to the amplifier and thermal noise
in the load may be subtracted from the tran-
sistor noise. If the output impedance is com-
parable with the load it shunts the noise
generator associated with thermal noise in the
load. In the limit when the output impedance
is much less than the load, the thermal noise
in the load is shunted by the transistor output
impedance and thus only the short-circuit
amplifier noise should be subtracted from the
measured transistor output noise. We shall con-
sider the accuracy of these approximations
using the method of Sect. 6.3.
Referring to Fig. 5,
Z.=the output impedance of the transistor
(supposed purely resistive).
e,=the open-circuit output voltage of the
transistor in one cycle bandwidth.
R, =the load (purely resistive).
e, =the thermal noise voltage in series with
the load per cycle.
e, = the output transistor noise voltage across
the load per cycle.
¢, =the amplifier noise voltage referred to the
grid per cycle.
¢,=the noise voltage at the grid per cycle.
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We suppose that the measuring amplifier has
infinite impedance.
Clearly eo=ez/(Z,+R;)
Now, using (13), (38) and (78),

— —f Z
ezu=ezL<

2
m) +é,+éey

Z, \? _
=4kTRL< > +2gIR,A? + 4kTR,A°F + &4

R, +2Z,

Fig. 5. Equivalent input circuit for noise
figure measurement.

If S is the reading on a square law output
detector such that

Sw—amplifier short circuited,

S, —amplifier with load R,, transistor
disconnected,

S, —amplifier with load R,, transistor
connected,

§; —amplifier with load R, transistor

connected, and current noise injected
from noise diode,

Sa-'So Sz‘"s

define M= 575, and N=I{SI - S:
A little manipulation gives
= R R AIZRYG o
2kT(M-1) R (R.+Z,\A?
Fe qIR, R, Z}

T 2kT(N=1)" R,R.+Z.y4*

The second term is negligible in (82) if
R, <Z, and in (83) if R,>Z,. The first con-
dition can often be obtained with transistors
under normal operation and the second with
hushed transistors. The noise figure may also
be determined without restricting or measuring
Z, by using two noise diodes, one at the input
of the transistor and the other at the input of
the measuring amplifier. The method is des-
cribed by van der Ziel* (p. 78).
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6.6. Choice of Bandwidth for Measuring
Amplifier

The choice of bandwidth Af is, of course,
bound up with the choice of a detector. The
error in a single reading of noise power with
an instrument of time-constant t is (2Afr)~4.
The bandwidth should be made as large as pos-
sible without distorting the noise frequency
spectrum.

If it is assumed that the noise frequency spec-
trum is of certain types commonly encountered,
certain filters distort the spectrum far less than
others of the same bandwidth; a useful filter
whose bandwidth is approximately the same as
the spot frequency at which the noise is required
is given by van der Ziel%. It is suitable for
noise with a f-" frequency dependence, with
0<f<C2. The only advantage of high Q filters
is that it is possible to reduce hum.

6.7. Square Law Detectors

Most accurate measurements require the use
of a square law detector. These may be divided
into two classes, thermal detectors and other
quadratic detectors. In thermal detectors, such
as the thermocouple and thermistor, the heating
effect of the input current is measured by some
temperature sensitive device. As the heating is
proportional to the square of the instantaneous
current, the output from a thermal detector is
practically always a function only of the mean
square current input, though not necessarily a
linear function. It is therefore insensitive to
changes in waveform. The thermocouple milli-
voltmeter is a convenient ready-made instru-
ment though its time-constant is short for accu-
rate measurement of spot noise figure at low
audio frequencies: it is also liable to burn out
if overloaded. The time-constant may be in-
creased by replacing the millivoltmeter by a
heavily damped galvanometer. The time-con-
stant of thermocouples is of the order of
seconds, as required at low audio frequencies.
An indirectly heated vacuum fitted thermistor
in a bridge circuit gave an output which was
quadratic within 3 per cent. up to 200 milli-
volts. Thermal drift was of the order of two
millivolts without special precautions; it can be
overcome by using a constant temperature bath.

A large power is needed to drive most ther-
mal detectors. This disadvantage is not pos-
sessed by the other quadratic detectors which
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depend on obtaining an output signal propor-
tional to the input signal from a non-linear
device. The chief forms are the thermionic
valve and the crystal detector; in both cases
care must be taken that the device is not driven
out of the quadratic region on peaks. The ther-
mionic valve is also liable to drift out of the
quadratic region if the operating point is not
stabilized. The response time of the quadratic
element itself is negligible here, so the time-
constant is determined by the linear measuring
instrument (e.g. rectifier and d.c. milliammeter).
It can, however, be increased by capacitance-
resistance smoothing.

7. Variation of Noise with Operating
Parameters
7.1. Frequency
The combination of a more or less constant
level of white noise with a quantity of flicker
noise which varies greatly from unit to unit
gives rise, under normal bias conditions to the
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Fig. 6. Variation of noise figure for three grades
of transistor.

variation in frequency sketched in Fig. 6. Curve
A, typical of most early transistors, is domi-
nated by flicker noise. Curve B shows the ordi-
nary modern transistor with a noise figure about
10 db at 1 ke/s. Curve C typifies the good, low-
noise transistor where the white noise region
extends down to the few hundred cycles. The
rise in noise figure at high frequencies is asso-
ciated with loss of gain and transit time effects,
and will not be discussed here.
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Fig. 7. Variation of noise figure with collector current.
(a) Transistor with leakage and surface noise.
(b) Transistor without surface noise.

7.2. Collector Voltage, V

The variation of noise with collector voltage
is quite different for transistors of these different
grades. The noisy transistor typified by curve
A usually shows a great increase in noise with
collector voltage: various sources give this
increase as between 5 and 10 db per octave of
voltage or again as 2 db/volt, superimposed on
a constant background of noise broadly asso-
ciated with the emitter. This noise is, however,
extremely erratic, being non-cyclic under
changes in voltage and temperature and not
constant with time. The transistor typified by
C, being dominated by white noise rather than
leakage noise, shows a level of noise nearly
independent of collector voltage. Transistors
with flicker noise at the level of curve B may
show some increase in noise with collector volt-
age, but more commonly surface noise is domi-
nant and the noise is nearly independent of col-
lector voltage. A slight decrease in the noise
figure with collector voltage is sometimes
observed; this can be associated with space
charge widening.
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7.3. Collector Current, I

The noise behaviour on varying the collector
current is exemplified by Fig. 7, which shows
the mean noise figure measured by an
amplifier of constant response in the range
200 ¢/s—10 kc/s, and virtually zero response
elsewhere. The noise from the transistor of
Fig. 7 (a) is virtually independent of current up
to 1 mA. Such a transistor exhibits both leak-
age and surface noise, the leakage noise pre-
dominating up to 1 mA. In the transistor of
Fig. 7(b) leakage noise is low or absent and
there is a broad minimum as predicted by (66).
The solid line is of the form

F=AU,+1/1)+B

predicted by that equation. The deviations at
low bias currents are expected owing to the
neglect of saturation currents. The fit does not
imply that surface noise is entirely absent
however. Transistors which do not show an in-
crease in noise with collector voltage are often
quite stable, and it is reasonable to look for,
and work at, the minimum in the noise figure
vs. collector current curve.

7.4. Generator Resistance R,.

The variation in noise figure with generator
resistance for low-noise transistors is also in
accord with eqn (66) which predicts a broad
minimum of the form

F=C(R,+1/R,)+D

The minimum is typically at about 500 ohms
for lower power audio transistors. In noisy
transistors the minimum is less marked, though
the increase of noise with generator resistance
is finally steeper.

1.5. Choice of Bias Point in Low-Noise
Amplifiers

The considerations of the previous sections
suggest that for ordinary transistors an operat-
ing point such as (/.- 300uA4, V.=0-5V) is
generally desirable, but an increased collector
voltage may be permitted for transistors with
low leakage noise. Other factors affecting the
choice of bias will be the signal-handling
requirements of the stage and the temperature
variations likely to be encountered.

The erratic behaviour of units with leakage
noise, and the large peaks occurring in it, make
their presence extremely undesirable in low-
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noise amplifiers. Surface noise must sometimes
be regarded as a necessary evil at present,

7.6. The “Hushed” Transistor

A technique known as hushing has been
introduced by Volkers and Pederson?® to mini-
mize leakage noise by running the transistor
with zero or slightly injecting (e.g. 10 mV)
collector bias. In this way they obtained noise
figures from ordinary transistors comparable
with those attainable from low-noise transistors.
Curves given by them show an improvement
on normal operation of about 7 db in flicker
noise and a white noise component little
changed. There is a considerable reduction in
gain, but this is partly alleviated by a reduction
in output impedance so that interstage trans-
formers need not be used. The stabilization of
the bias point is troublesome, as small changes
in bias cause enormous changes in gain. Owing
to non-linearity the technique cannot be used
if the stage is required to handle large signals.

8. Leakage Noise and Leakage Current

The experiments below on an unencapsulated
transistor illustrate the irregular behaviour
which may be expected under unfavourable
conditions from transistors where leakage noise
is present. The mean audio noise figure was
measured for the band 200 ¢/s—10 kc/s in
conjunction with measurements of the collector
current with emitter open circuited, /.,.

Row I shows the measurements taken on a
freshly etched transistor exposed to air of 38 per
cent relative humidity (R.H.). On exposure to

air saturated with water vapour /., and F rose
within a second to the values shown in the
second row. The increase in noise was asso-
ciated with pop and crackle, that is, large
irregular peaks. This noise, when attenuated to

F,=1mA)db

1., (microamps)
Collector
Voltage 3 10 25 | 3 10
1 5 6 7 9 9
|
11 | v.large irreg. ~50 25 35
111 10 12 14 16 35

IV 4.5 6 6 9 9
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give the same mean output level as the first,
was much more objectionable to the listener.
The change between stages I and II was at
first reversible, but during a large number of
humidity cycles F and /. rose to the values
shown in row IIT at 38 per cent. R.H. On
drying at 100°C. and coating with a silicone
resin, F and [, fell to the values in row IV,
measured in air of 33 per cent. RH. On ex-
posure to air saturated with water vapour the
noise rose slowly and in an irregular manner
dependent on the power dissipation in the unit;
in a few days F and [, had reached high values.

From observations such as these it appears
that electrolytic conduction on the surface and
the noise associated with it occur at about 40
per cent. R.H. (or considerably less if there is
a large number of absorbed ions on the surface)
and increase rapidly with humidity. Whenever
moisture is present in the can, under suitable
temperature cycling sufficient water may be
absorbed on the surface at the junction to give
electrolytic conduction. Any layer more than
two molecules thick is said to be sufficient. The
effect of resins is only to slow down the rate
at which water reaches the junction. It seems
reasonable to ascribe some at least of the irregu-
larities in leakage noise mentioned above to the
movement of water vapour and the transport of
jonic impurities near the junction. The reduc-
tion and elimination of leakage noise in manu-
facturers’ current products must be associated
with electrolytic etching and adequate washing
to remove ions, and the exclusion of water
vapour, both during encapsulation and from the
components of the transistor. A typical danger
is that water may be temporarily trapped in
the plating on a plated can.

In this connection it is interesting to ask how
far the observed leakage current is correlated
with the noise figure. We define

AI,ca=1ca (Vc= 10)_ Ico(Vc=3)

Al =1 (V.=25)- I, (V.=10)
as measures of the leakage current. The his-
tograms of Figs. 9 and 10 show the occurrence
of various ranges of A/l’;, and Al”;, for dif-
ferent values of the mean noise figure measured
at (I,.=1mA, V.=10 volts) in a 200 c¢/s—
10 kc/s band. There is a tendency for large
values of F to be associated with large leakage

Agnl 1988

currents; this is most marked in the histograms

of Al”,,. Exceptions to this trend are numerous

so that a method of selection for noise based

on measurement of leakage current would be

unreliable

e.g. of the 160 diodes for which F=<S8, 32 per
cent. had AI”.,>0-951A;

of the 153 diodes for which F>>8, 44 per cent.
had Al”,,<<0-951A.

The correlation of F with I, is even less signi-

ficant. Large values of F with low leakage cur-
rents may be due to surface noise, while large
leakage currents with low noise may be due to -
surface inversion layers. - Possibly a more
detailed study of the form of the I, vs. V. curve
would enable a distinction to be made between
various sources of leakage current.

9. Comparison of Transistors with Valves

The noise figures obtainable with thermionic
valve audio amplifiers are lower than those yet
reached using transistors. These low-noise
figures are only obtained with generator impe-
dances very much greater than those giving the
minimum noise figure with a transistor ampli-
fier. For this reason the claim is sometimes
made that transistors are less noisy than valves
because in terms of the noise voltage referred
to the input terminals, good transistors are less
noisy than valves. The comparison should of
course be made in terms of power.

Owing to the high input impedance of valves
it is convenient to define a parameter R,, the
equivalent noise resistance, such that

F=1+R./R,

R, is independent of R, over a wide range.
The ultimate limit in valves is also determined
by shot noise which contributes about 2-5/gn
(where g, is the transconductance) to R, in a
triode. It is typically about 1-5k€2. This is in-
creased by partition noise in pentodes, the use
of which is inadvisable in low-noise stages for
that reason. Noise resistances measured in a
number of commercial low-noise valves at
1 ke/s were in the range 6—20 k{2; at 1 kc/s
and below, flicker noise is dominant. The
corresponding noise figures for a generator
resistance of 1 k) are 8—14 db, but for high
generator resistances the noise figure is very
near unity (0-25 db for R,=6 k2, R,=100 k).
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By using a transformer these low noise figures
may be approached with smaller source resis-
tances. If a transformer has a turns ratio n and
the primary and secondary windings have resis-
tances R, and R,, the valve sees a generator
of resistance m*R, in series with a resistance
nR}*+ R, so that the noise figure of the valve
and transformer, assuming only thermal noise in
the transformer, is

R.+R,+nR,

F=1+ 7R,

Thermal noise contributes about half a decibel
in very good commercial transformers with
between 30 and 300. This means that the noise
figures actually obtained with valves at 1 kc/s
are comparable with the best theoretically
attainable with transistors, even for source
resistances around 1 kQ.

In actual practice, where the last few decibels
may be unimportant, the transistor has a
number of advantages at low signal levels.
Hum pick-up from the heaters and micro-
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phonics, both troublesome in valves, are absent
in transistors. With low generator resistances,
the elimination of the transformer required with
valves means a saving in weight and expense,
and avoids the possibility of pick-up by the
transformer.
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INSTITUTION NOTICES

Obituary
The Council has learned with regret of the
deaths of the following members and has
expressed sympathy with their relatives.

Alexander Elliot Macintosh (Associate
Member) died on October 4th last at the age of
65 years.

He was Principal of the Glasgow Wireless
College, a position which he had held since the
end of the 1914-18 War. He was also in charge
of similar establishments in Belfast and
Aberdeen, concerned with the training of radio
officers for the Mercantile Marine and civil
aviation.

Mr. Macintosh had been connected with radio
communications since the early days of the first
World War, when he served with the Wireless
Section of the Royal Engineers. He was
elected an Associate Member in 1943.

* * *

Henry George Silver, M.B.E. (Associate
Member) died on the 4th January at the age of
58. Mr. Silver was an Assistant Director
Engineer in the Directorate of Aeronautical
Inspection, Ministry of Supply. He first joined
the Directorate in 1923, and as an assistant
inspector was closely concerned with the
expansion of the recruitment and training of
staff, and equipment for stations, during the
immediate pre-war period. At the beginning
of the war he helped to evolve the test organiza-
tion for the production of radar transmitters,
and he subsequently served on the headquarters
staff of the Directorate. His work was
recognized by his appointment in 1947 as a
Member of the Most Excellent Order of the
British Empire.

Mr. Silver, who was elected an Associate
Member in 1947, served for a number of years
on the Institution’s Membership Committee.

New Zealand Department of Education

The New Zealand Department of Education
has recently stated that Associate Membership
of the Institution is accepted as a professional
qualification for teachers, provided that it has
been obtained by examination since May, 1951.

This recognition now places teachers in New
Zealand on the same footing as teachers in this
country under the Burnham Committee award
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of 1951. More recently, the Burnham Com-
mittee has accepted Associate Membership of
the Institution after 1951, without reservation.*

Professor S. K. Mitra, F.R.S.

Members of the Institution in general, and
those in India in particular, will learn with
pleasure of the recent election of Professor Sisir
Kumar Mitra, D.Sc. (Member) as a Fellow of
the Royal Society.

In the announcement of his election at a
meeting of the Society on March 20th, the
citation states that Professor Mitra is “dis-
tinguished for his researches in many branches
of upper atmosphere physics.”

Professor Mitra occupies the Chair of Physics
at Calcutta University, and he is head of its
Institute of Radio Physics and Electronics. He
has been Chairman of the Calcutta Section of
the Institution since its formation in 1952.

A fuller note of his career appeared in the
Journal for March 1953.

North-Eastern Section
A Dinner is to be held by the North-Eastern
Section in Newcastle-on-Tyne on Wednesday,
May 21st, at which the President of the Institu-
tion will be the Guest of Honour.
Further information and tickets may be
obtained from the Local Secretary, Mr. L. G.
Brough, 61 Whinneyfield Road, Newcastle.

Waverley Gold Medal Essay Competition

The 1958 Waverley Gold Medal and £100
will be awarded by the Scientific Advisory
Board of the journal Research for the best
essay of about three thousand words based on
some recent scientific research or new develop-
ment. The essays are intended to indicate
scientific background, experimental results and
potential application in industry, and should be
clearly intelligible to a scientist engaged in
other fields or a director of an industrial firm.

A second prize of £50 will be awarded and
an additional prize, also of £50, for the best
entry from a competitor under 30 years of age.
The closing date for entries is 31st July 1958;
further information may be obtained from the
Editor, Research, 4/5 Bell Yard, London,
W.C.2.

* L.BritI.R.E., 17, p. 192, April 1957.
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AUTOMATIC METHODS IN RADIO COMPONENT
MANUFACTURE"

by

D. Stevensont and R. B. Shepherd, B.Sc.(Eng.)t

A paper presented at the Convention on “Electronics in Automation” in Cambridge
on 29th June, 1957,

In the Chair : Mr. L. H. Bedford, C.B.E. (Past President)

SUMMARY

Part 1 describes a method of controlling a high-speed coil winder by an electronic counter.
A specialized machine which winds single-layer coils is described.

Part 2 deals with the development of a tool protection device for use with automatically
loaded presses. The device detects the piece-part magnetically as it is ejected and so clears the
interlocks to allow the press to continue operating.

Historical Note

Over the past five years the Production
Engineering Department of the Company with
which the authors are associated has been
engaged in the rationalization of production
methods in the light of modern developments
in the fields of electronic control and servo-
mechanisms.

This development has been given fresh im-
petus by introduction of printed circuit tech-

niques which lend themselves readily to fully
mechanized assembly.

It is, however, with two less spectacular
developments that this paper is concerned.
namely the design and construction of a fully
automatic high speed coil winding machine and
the solution of an interlocking problem encoun-
tered during the mechanizing of a standard
single-acting power press.

Part 1 —ELECTRONIC CONTROL APPLIED TO COIL WINDING

by R. B. Shepherd.

1. Introduction

This part of the paper describes a method
of obtaining accurate control of high-speed
machines by electronic counting methods. An
application to a specialized machine will be
dealt with, which winds single-layer coils of
wire of between 20 and 30 S.W.G. for use in
the radio-frequency stages of radio and tele-
vision sets. Reference will also be made to
the control of multi-wave-winding and layer
winding machines.

* Manuscript received 21st May, 1957,
448.)

+ Kolster-Brandes Ltd., Footscray, Kent.
U.D.C. No. 621.318.44+621-783:621.979

(Paper No.

Journal Brit.I.R.E., April 1958

Small radio-frequency type coils of from 2
to 40 turns were previously wound on simple
manually-operated machines. Turns were
registered on a mechanical counter, while the
operator turned a handle driving the mandrel.
When the correct number of turns had been
wound, the coil ends were cut to length by the
operator and the coil removed. More wire was
then pulled from the reel, attached to the
mandrel by wrapping round a projection, and
winding recommenced.

The development of a general purpose elec-
tronic control unit has enabled a fully automatic
machine to be designed to produce the coils
required. This machine feeds wire from the
reel to a motor-driven mandrel, whose turns
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are controlled by an electronic binary counter.
On completion of the exact preset numbers of
turns, a cutter severs the wire and the coil is
ejected, completing the cycle.

2. Design Problems

Before attempting a fully automatic machine,
an intermediate-stage winder was designed, the
mandrel being turned by a small electric motor
and the turns counted on a telephone type
uniselector. Regenerative braking was used to
stop the motor on completion of the count, the
operator merely having to provide the wire feed,
and to cut the coil ends.

The winding speed of the semi-automatic
machine was low, owing to the low rate of
count obtainable from an electro-mechanical
type of counter. The fully automatic machine
was therefore designed to fulfil the following
conditions:

(1) Several thousand spring type coils are re-
quired per day, and if these are to be wound
on a single machine this entails well over
a million operations of the counter a year.

(2) The winding speed must exceed 1500 rev/
min. (or 25 counting impulses a second) to
attain the high output required.

(3) The counter must be easily preset, prefer-
ably by rotary switches.

(4) The counter must reset in a fraction of a
second, between winding cycles.

(5) Absolute accuracy in counting is essential,
the maximum tolerance being + §th turn.

(6) Low cost is extremely desirable.

To simplify switching, a series of three stages
was chosen to build into a chassis unit with a
rotary type switch for presetting the required
count from 1 to 8 digits. This means that one
unit will give an output pulse after it has
received the number of pulses set on its rotary
switch, and, thereafter, every eight input pulses.
Two units in series will thus count up to 64,
switching 1 to 8 on the first unit and 0—8—16
etc., on the second. Scale readings when setting
up a number are additive. The circuit is shown
in diagrammatic form in Fig. 1.

Mechanical and electro-mechanical types of
counter as tried on the semi-automatic machines
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were found to be incapable of dealing with high
winding speeds, and experience on these
machines showed that frequent maintenance
was necessary even at low speeds.

PHOTOCELL
PICKUP HEAD LS

D
/ RESET
| |ELECTROMAGNETIC)

PULSE

SHAANP[;NG gﬁ¥§3r ———
{THYRATAOM)| TO GUILLOTINE

M

AMPLIFYING SOLENOID

Fig. 1. Block diagram of counter.
Counter units comprise 3 binary stages each.

An electronic counter has, therefore, been
developed, which, in conjunction with a
thyratron output stage, provides a reliable
solution to the problems involved. The com-
plete equipment is shown in Fig. 2.

Fig. 2. The coil winder and its automatic control
equipment.

3. The Electronic Counter

A binary circuit provides one voltage output
pulse for every two input pulses received. A
straightforward series of x such stages provides
an output pulse for every 2° input pulses.
Although it would be possible to arrange binary
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units to count in decades by means of internal
feedback, this would need more stages per unit.

4. Accuracy of Control

Having constructed an accurate counter to
perform satisfactorily at high speed, it remained
to make the output pulse perform some opera-
tion to control exactly the number of turns
wound on the coil. Rapid breaking of the
motor was again attempted, but a variable over-
run of about half a turn seemed unavoidable,
so it was decided to control the number of
turns wound by cutting the wire while it was
being wound.

The output pulse from the electronic counter
is fed to a miniature thyratron. This energizes
the solenoid operating a small guillotine, cutting
the moving wire with a delay of only a few
milliseconds.

The total time which elapses between the
output pulse and the operation of the cutter
is therefore equivalent to a very small fraction
of a turn on the coil being wound, even at high
winding speeds.

5. Conclusion (Part 1)

The machine described produces 30,000 coils
a week, and is capable of over double this
output. About 10 operators used to be em-
ployed part of their time in handwinding these
coils, but the machine now produces auto-
matically all the coils needed and enables them
to spend their time in finishing the assembly.

Each unit in the counter costs £15 approxi-
mately, i.e. the total cost of 4 units counting
up to 4,000 is £60, excluding the input and
output stages. The cost could be reduced con-
siderably by mass production methods.

The counter has been designed as a general-
purpose device, with additional plug-on units
and a photocell input stage. All that is
necessary on any machine that it is desired to
control is a shutter and a means of using the
output pulse.

Application has been made to multiple wave-
winders to increase range and accuracy, and to
layer winding machines to enable the machine
to be made automatic.

Part 2—AN ELECTRO-MAGNETIC PROTECTIVE DEVICE FOR
AUTOMATICALLY-FED POWER PRESSES

by D. Stevenson

6. Introduction

During the course of modernizing the Press
Shop, the decision was taken to fit a mechanical
hand to one of the standard single acting power
presses. This particular press was being used
almost entirely for the manufacture of ferrous
metal parts.

The mechanical hand consists basically of
a power-driven oscillating arm mechanism
which is synchronized with the operation of
the press by means of a microswitch-operated
electro-pneumatic valve. The function of this
valve is to control the supply to the air cylinder
which operates the clutch-actuating rod. Pick-
up of the piece-part is obtained by suction, and
ejection by a jet of air. The operation and
layout can be seen in Fig. 3.

7. Design Problems

Air ejection unfortunately is never completely
positive and has the inherent danger in auto-
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matically fed power presses that, if ejection does
not take place, a second piece-part is fed and
the press tool may suffer severe damage.

The problem, therefore, resolves itself into
the provision of a suitable positive, robust
detector, the output of which when amplified
(if required) can be used to control the operation
of the clutch actuating rod by switching the air
cylinder control valve.

The first detecting device considered for this
purpose was a simple pressure operated micro-
switch arrangement, the pressure being derived
from the impact of the piece parts after ejection.
This was soon abandoned as being even less
positive than air ejection.

The next obvious detector was a photo-
electric cell but here again the area ratio of
the smallest piece part to the ejection aperture
was such that either many individually closely
spaced parallel beams of light had to be used
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or alternatively a light curtain had to be
obtained by mirror reflections from a single
light source. This did not appear at the time
to be a very attractive proposition and was not
proceeded with any further.

Fig. 3. Press showing mechanical arm. Ir the lower

illustration the coil can be seen at the back and the

contacts are on the left. The top photograph shows a
rear view with the coil opening just visible.

As the problem was almost wholly concerned
with ferrous metal parts it became obvious
that the passage of these could be used to
produce a change of flux in the magnetic field
of a coil and to derive a voltage in accordance
with the fundamental law N(d7), from the
second winding on this coil.
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Simple experiments utilizing a standard
transformer, a coil, an accumulator and an
oscilloscope, soon showed this method of detec- -
tion to be feasible.

8. Design of Equipment
8.1. Detecting coil former.

The window size of the coil former was
governed by the size of the press throat and
had to be such that it did not impose any
further restrictions on the passage of the piece-
parts. The depth of the coil was governed by
considerations of flux distribution. This implied
that the coil field should remain unaffected by
the movement of the press. Consideration of
the theoretical field produced by coils of varying
depth enabled a suitable practical depth to be
predicted and this was confirmed by fitting an
experimental coil to the press and checking
for spurious pulses during normal press
operation. .

8.2. Windings

The function of the primary is to produce a
magnetic flux throughout the whole window
area and should therefore be designed in con-
junction with the power supply. From experi-
ments it was found that 400 ampere-turns were
sufficient to provide an adequate flux in the
particular coil being considered.

Since valve rectification was almost obli-
gatory, the design was based on a suitable valve
which was readily available, namely a 5V4G,
giving 80mA at approximately 300V. The
number of turns required on the primary was
then 4250 turns. It was found from wire tables
that 38 S.W.G. wire gave a suitable value.

The number of secondary turns was limited
by the remaining coil space and minimum
diameter of wire which could reasonably be
wound. 38 S.W.G. was again chosen and 12000
turns were wound in the remaining space.

8.3. Feedback

Unfortunately ripple from the primary
supply ‘'when induced in the secondary and
amplified was sufficient to trigger the switching
valve and a feedback circuit had to be used.
This was accomplished by the use of a poten-
tiometer in primary circuit which provided an
adjustable voltage for injection into the
secondary circuit to oppose the voltage induced
by the ripple.
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It was found, however, that the value of resis-
tance required was too large and a compromise
was effected by connecting a capacitor across
the primary coil. The use of this additional
smoothing capacitor reduced the resistance
required to a practical value. Since some ripple
was still being passed a sensitivity control was
fitted in the amplifier to prevent triggering of
the flip-flop by unwanted signals.

8.4. Amplifier and output stage

The amplifier and output stage used was one
which had been originally designed for use with
photo-electric cells. It consisted of a two-stage
amplifier using a 6AM6 pentode and a 6AT6
triode feeding a 12AT7 flip-flop circuit.

Modifications were required to prevent oscil-
lation and to reduce the attenuation produced
by the input stage required for photo-electric
application. The amplifier output was fed via
the sensitivity control to the flip-flop output
switching stage.

The operation of the circuits can be seen
from Fig. 4.

It should be emphasized that the design of
the electronic equipment is essentially an
improvised one and no claim is made for any
special features. The policy has always been

[ MECHANICAL ]
TIMING
CONTROL POWER
SUPPLY
AMPUIFIER
B SWITCH
PRESS ULk
CLUTCH

Fig. 4. Diagram showing operation of circuits,

adopted, from the point of view of expense and
the limited development effort available, of
adapting from existing equipment rather than
designing from scratch for optimum per-
formance.

8.5. Switching and resetting circuits

To understand the operation of this part of
the equipment reference should be made to the
switching and resetting schematic (Fig. 5) and
the photographs (Fig. 3).
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280V D.C

RELAY
SCHEMATIC

Ys

230V AC 1

ZSD

SOLENOID VALVE SCHEMATIC MECHANICAL LAYOUT

Fig. 5. Switching and resetting circuits.

The operating sequence is as follows: —

(1) Assume press to be at the top of its stroke
with relay R de-energized and XS mechani-
cally opened.

(2) To start press, operate resetting switch ZS
which energizes relay shutting R/1 which
locks in relay and R/2 which energizes air
valve.

(3) Press descends and YS is opened at the
bottom of the stroke, de-energizing relay R
and opening contacts R/1 and R/2. The
air valve remains energized, however, as
XS is no longer mechanically opened.

(4) If no pulse is given to operate the relay,
the press returns to the top of its stroke
and remains there since R/2 and XS are
both opened.

(5) If a pulse is given, R is again energized and
even after the press reaches the top of its
stroke, it continues to operate since R/2 is
closed although XS is opened.

9, Cost

It is estimated that the complete equipment
can be fitted to a standard power press for
between £50 and £70.

10. Conclusion (Part 2)

It is intended to continue development of
this electromagnetic detection device so that it
can be used for interlocking purposes on the
hand-feeding of large ferrous metal parts.
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APPLICANTS FOR ELECTION AND TRANSFER

As a result of its March meeting the Membership Committee recommended to the Council the

following elections and transfers.

In accordance with a resolution of Council and in the absence of any objections, the election
or transfer of the candidates to the class indicated will be confirmed fourteen days after the date

of circulation of this list.

Any objections or communications concerning these elections should be

addressed to the General Secretary for submission to the Council.

Transfer from Associate Member to Member

BASSETT, Arthur Geoffrey. Guildford.

JAMES, Michael. Harpenden.

LAKHANPAL. Dev Datta, B.A. Bombay.
WOOLDRIDGE, Geoffrey, B.Sc.(Hons.), M.Sc. Weybridge.

Direct Election to Associate Member

BARRASS, Robert. Cambridge.
KOLLANYI!, Miklos. St. Albans.
MAXFIELD, Major Russell Hugh, R. Sigs. Sheffield.

Transfer from Associate to Associate Member

CRAWFORD, Robert. Uddingston.

DJOKIC, Cedomir, Dipl.Ing., Wolverhampton.

FISHMAN, David H. Haifa.

KHAN, Major Mohd. Rasheed, B.Sc., Pakistan Sigs. Rawalpindi.
REYNOLDS, Frederick Winston. Shepperton.

SEED, Thomas James,

Transfer from Graduate to Associate Member
BATES, Lesliec John. Bexhill-on-Sea.
BELL, John Stanley. Huil.
BURROWS, Keith, B.Sc.(Hons.), M.Sc. London, N.W.3,
BURROWS, William Gordon. Hatfield.
CAMPBELL, lain Robert. Maidenhead.
CZAJKOWSKI, Zbigniew, B.Sc.(Eng.).
DENBY, Peter. London, N.W.4.
FITCH, Stanley William Martin, B.Sc.(Eng.) Stony Stratford.
GRAHAME, Jackson. Kirwe, Northern Rhodesia.
HOPKIN, Peter Roy. Hadleigh.
HUTSON, Geoffrey Henry. Birchington.

McCONNELL, Geoffrey James. London, S.E.18.
MORRIS, lan Giynn. Liverpool.

PRESTON, Neville Murray. West Wickham.
ROBERTS, Stanley John. Belleville, Ontario.
SIVASWAMI,
VENEEAR, Benjamin James, B.Sc.(Eng.).

‘London, W.9.

Enfield.

Transfer from Student to Associate Member

MATTHEWS, Capt. Norman Denis, R.E.M.E. Shrivenham.
SIMHI, Menashe. Ramat-Gan, Israel.
THURGOOD, Hugh. Chelmsford.

Direct Election to Companion

COOKE, Frederick George. London, S.E.9.
TOOTHILL, John Norman. Longniddry.
STUDENTSHIP
ALDERSLADE, David John. Birmingham.
HOWARTH, Edwin.
BAIRSTOW, Jeffrey Noel. Bradford.

BALMFORTH, George Lewis. Cambridge.
BOTT, Ronald. Srafford.

BOWEN, Joseph Alfred Edward. Daventry. KAY, Michael.

M.Sc., B.Sc. Christchurch, New Zealand.

Fit. Lt. Rishiyur S., B.A., B.E., .LA.F. New Delhi.

HENDERSON, Laurence George. Shetlands.

Direct Election to Associate

ALVES. George Joseph. Westclifi-on-Sea.

DALTON, John. Bolton.*

EVANS, William Charles Allen, Welwyn Garden City.
HUSAIN, Ishtiaq, B.Sc. Reyadh, Saudi Arabia.
KENWRIGHT, William Arthur. Warrington.
MEREDITH, Donald Garmon. Cardiff.

PARRIS, Charles Deighton. Port-of-Spain, Trinidad.
PIZZEY, Donald. Leicester.

REDHEAD, Arthur George. Montreal.
SLACK, George William. Dantbury, Essex.
WILLIAMSON, Roger John. Cambridge.

Transfer from Student to Associate
MEYER, Leighton Francis. Wellington, New Zealand.

Direct Election to Graduate

ﬁRLOW, Michael Owen. Coventry.
DEWHURST, Geoffrey, B.Sc. London, W.5.
GRIFFITH, William Bennett. Birmingham.

HILL, Joseph William, B.Sc. Waliton-on-Thames.
HILTON, Alexander Frederick. Eynsford.

JONES, John Clement. High Wycombe.
OLORUNSHOLA, Samuel Ademola. London,
PRIME, Alec James. Dartford.

TALUKDER, Banajit Kumar, M.Sc. Assam.
WINSOR, John Michael. [iford.

S.E.11.

Transfer from Associate to Graduate

VALE, Gordon Thomas. Bexley.

Transfer from Student to Graduate

BALFRE, Paul Victor. London, $.W.16.
GALLIVER, Geoffrey Edward Lewis. [Isleworth.
HELSZAIN, Josef. London, N.16.

1ZZARD, Malcolm lan. Broxbourne.
KONIECZNY, Gustaw. London, W.3.

LUND, Hugh Forsyth. Natal.

PREEDY, John, London, N.17.

SAPRU, Kanhaiya Lal. Srinagar, Kashmir,

SILLS, William Henry Albcrt. London, E.11.

SMIT. Cornelis. Eindhoven.

SPENCER, Godfrey Stanley Gibson. Denmead, Hants.

WASSENAAR, Dirk Jan. Schaarsbergen, Holland.

REGISTRATIONS

Torpoint. PERYER, Michael Gregory. Croydon.

JONES, Basil Anthony David. Maidenhead.

KANTAK, Rajaram Mangesh, Nova Goa.
Singapore.

Tanjore.*

BRYSON-HAYNES, Donald. Basingstoke. KHAN, Moh Akbar.
BUDD, [John Willam G. =North Harrow. KIRKMAN, Chaties ‘Nesilie. - Toranto.* b aReR paanih Ly
, Edwin Leslie. Basingstoke. ryan Rosslyn on.
O I OV EIOTISIEG crics JA thens SUTTON, Garnet Vernon. Cambridge.
CAPNISTOS, Emman. Athens. LAM CHUN MING. Southampton.

CLARK, Tom William. Montreal.

MA SEK KIN. Southampton.

TRINDADE. Anthony F. Bangalore.

COOPER, Thomas Sheamus. London, W.5. i
CUNNINGHAM, Anthony John. Leicester. M/ég’S"luI:l'gxl;lAM, Richardhcter g £ VELATE. Anl!lhcmy Spencer. London, N.2,
- VENKATACHALAM, Keela Kandani

DEAKIN, Barry. Leeds. MUKHERIJEE, Parimal Kumar. Gaya. Ramasamy. ~Ramanathapuram.
EIZAGUIRRE. R Ahmedabad NICHOLAS, Russell John. Southampton.

i 0 &Il medadad. NZE, Nieremibem A. London, S.E.27. WALKER, Kenneth Arthur. Rochester.
FINUCANE, Mrs, Patricia. Thorpe Bay. OKONGWU, Josiah O. London, W.2. WHITTAKER, George Bryan. Cottingham.
FRY, Anthony Jack. Surbiton. OLOYEDE, Joseph O. London, S.W.1. WILKINSON, Charles Leslic. Prescot.

* Reinstatement.
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AN ANALOGUE COMPUTER FOR FOURIER
TRANSFORMS*
by

Professor D. G. Tucker, D.Sc. (Member)t

A paper presented at the Convention on *Electronics in Automation” in Cambridge
on 29th June 1957

SUMMARY

The paper gives the basic principles of a computer for obtaining a graphical display of the
Fourier Transform of a function which can be represented by a finite number of ordinates over
a finite range of the input variable. A delay line with linear phase-shift/frequency response
is used to give the exponential term in the transiorm, and a time-variation of carrier frequency
in sympathy with the time-base of the display unit gives the required variation of the index
of this term.

1. Introduction and F.(x)=|F(x)| ... )
Fourier transforms have a wide application ) ) )

in engineering and science; two particular fields Pprovided the input function V(r) has (as is

in which their application is important are usual) a finite value over only a finite range

(@) the relationship between waveform and of Fhe variable r, and can be represented as a
spectrum, and series of equally-spaced ordinates.  The

. . e complex transform is obtained in terms
(b) the relationship between the distribution of of its real and imaginary components, i.c.

excitation along the length of an electro- - :
magnetic or electro-acoustic array (or the F(x)=Fdx)+jF.(x), where

distribution of sensitivity in the case of e
reception) and the directional pattern F(x) AIJV(r) cos (2nrx).dr ........ (1a)
resulting from it. S

In the latter field, in particular, several types is the “cosine transform™ and

of analogue computer have already been +o

made.!* A computer of more general appli- F()=A f Vr si

cation, although using individually-cut profiles =4, [ V(r)sin Qarx) . dr ... (16)

~00

for the input function, is that due to Born
et al’ However, it is believed that the
computer proposed in the present paper is
novel, and has the merits of comparative 2. Principle of the Computer

simplicity and elegance. It has been developed The input is applied, as a signal of carrier
as part of a new electronic beam-scanning frequency, at n input points corresponding to
process’ for echo-ranging systems, the details n equally-spaced ordinates over a finite range

is the “sine transform.”

of which will be published at a later date. in the r scale—which are connected to tappings
The relationships which the equipment can ©02 band-pass delay line as shown in Fig. 1.
compute are Let the inputs be V(r). A cos wt, where V(r)
o is the function whose transform is required, and
F(x)=A1fV(r)e”"” dr ... (1) which is represented by n values V, V...
o Voo Ve
* Manuscript received 4th March, 1957. (Paper Lf:t the delay line have a phase-shift @ per
No. 449.) section at the frequency o.
BirT mﬂ:ﬁ;’rﬁal Engineering Department, University of Then the output can be written in vector
U.D.C. No. 681.142:517.75. form as
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n n-1 n-2 r r 2
I T 1T
[(¢:9:i--—-- i¢:--—-—10:9
DELAY LINE Vo
RECTIFIER
AND ¥
© SMOOTHING
CIRCUIT
DISPLAY | A \vwe
Fig. 1. Schematic of system. P (20)
n
Ve=AD V,eltbe . 3)
r=1
where A= Ael®t,
Now suppose we vary ¢ with time. If the
variation is linear, ¢=at, say, then
n
Vo(t)—AZV, gir-vat @
r=*

If n is large and the distribution may be
regarded as continuous, then
1

Vo) = AlfV(r) .eint dr
]

where r is now the continuous variable of V(r)
and equal to r/n in the discontinuous case,
@ =na and A,=nA. Thus if V() is displayed
on a time-base (by means of a cathode-ray-
oscilloscope, for example) with the scale
x=(a/2n)t then V() becomes

1
V, (2(1—13 x) = A1J-V(r) .eltnrz dr

0

Now A=Ae'* is only a convenient carrier
with which to apply the amplitudes V(r).
Therefore in order to display the relationship
of equation (2), we should rectify and smooth
(with a suitable time-constant) before display.
The requirements of this process make it clear
that o should be very large compared with the
rate of variation of ¢. Then, if a’=2x,
1

F.(x)=A, [V(r) .el T dr

|
o i

which is one of our required Fourier
Transforms.
234

In practice, we obtain a Fourier Transform
of an input in series form, but if » is large, the
effect is negligible. In fact, the transform
cannot be obtained over a wide enough range
of x to introduce a major error, since ¢ (i.e.
the phase-shift per section of delay line) cannot
exceed 2n radians—otherwise the pattern is
merely repeated.

Before going on to show how the Fourier
Transform of equation (1) is obtained, we must
discuss how ¢ is made to vary with time.

3. How is ¢ made to vary with time ?

The simplest way of obtaining the time-
variation of ¢ (and this is the feature which
particularly distinguishes the present computer
from others), is to vary the frequency @ with
time. If the delay-line has a linear variation
of phase-shift with frequency, as shown in
Fig. 2, then a linear variation of frequency with
time will give a linear variation of ¢ with time.

.

U PO S S OO OO

FREQUENCY

A
¢

LINEAR RANGE
WITH ZERO
ATTENUATION

-7 r____--'

Fig. 2. Suitable phase-shift/frequency characteristic
for delay line.

It is not, of course, necessary to have a linear
variation of ¢ with time provided the time-base
of the display corresponds with the time-
variation of ¢. Moreover, a manual variation
of frequency will be satisfactory, if low-speed
operation is acceptable, on the same condition.

The frequency variation can be most easily
accomplished by sweeping the input carrier
frequency over a suitable range. A frequency-
modulated oscillator with saw-tooth modulation
is most suitable. If for any reason the input
frequency is fixed, e.g. by previous stages of a
large computer of which the present equipment
is only a part, then frequency-changers can be
inserted in each input channel, the local
oscillator being frequency-modulated by the
saw-tooth waveform.
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4. To obtain the Complex Transform and its

Cosine and Sine Components

The method can be extended to give the
transforms of equations (1), (1a) and (1b) by
the use of so-called “coherent detection,” or
“phase-sensitive rectification” in place of the
simple rectifier of Fig. 1.

To obtain the cosine transform, the rectifier
is replaced by a modulator driven by a local
supply of cos[wt+4(n-1)9]. Since ¢ is
proportional to w, this supply is readily
obtained, in spite of the fact that @ is varying,
simply by passing the input carrier cos ot
through a phase-shifter with a linear phase-
shift/frequency response. Observing that we
are now concerned, not with vectors as when
obtaining the modulus transform, but with
instantaneous values of the signals, the process
can be written down as follows:

The output of the delay line is
2 AEV, cos [or +(r - 1]
r=1

Therefore the output of the modulator is
Vo cos [wt +1(n - 1)¢], which, after the removal
of the high-frequency terms, i.e. terms in 2w, is

14 ZV, cos [4(n—-1) - (r - Do

If now the inputs are re-numbered, with O at
the centre, — 1, —2, ... —m on one side, and

+1, +2, ... +m on the other side, the output is
+m
1AD V. cosrg e (10)

On putting in the continuous variable, and
making ¢ vary, as described in Section 2, we
obtain the cosine transform

+3

F(0=1A4, f V(r).cos (2arx) . dr

To obtain tﬁe sine transform, the same
process is used, except that the local supply to
the modulator has to be sin[wf+1(n - 1)g].
Since » varies with time, it is not possible to
obtain this directly either from cos ot or from
cos [wt+3(n-1)¢]. But, using well-known
techniques®, it is possible to obtain the required
effect by inserting, in both the signal input
to the modulator and in the local supply,
phase-shift networks which have a difference in
phase-shift of =/2 radians at all relevant

April 1958

frequencies. After removing the high-frequency

(Qw) terms, the output becomes the sine
transform
+}
F,(x)= }Alf V(r).sin Rarx).dr ......... 12)
-1
The complex transform
+4
F(x) ::%AlfV(r) et odr 13)

- &
is evidently given by F.(x)+jF,(x).

5. Example
Suppose V(r) is constant over range O to 1,
and zero elsewhere. Then from (7)
1
Fa(x)=A4, ‘ er””".dr‘[
0

AV] . .
= 52y | IR 2ax+j (1 - cos 2nx) |
= (;/42';;\/(1 - cos 2xx)
sin nix
=A, x| e (14)
as is well-known.
Also from (13)
+3
F(xy=AV fe’“”‘.dr
=
AV S‘:x” ......... as)

which is the same as (14) but without the
modulus signs.
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of current interest . . .

Television Stations for the South-East of
England

The B.B.C. has announced that low power
television stations are to be installed at
Swingate, near Dover, and in Folkestone. The
difficulties that had arisen in finding wavelength
channels on which these stations can operate
without causing interference elsewhere have
now been overcome, and both stations will be
put into service as quickly as possible.

In order to provide a service in the Dover
area without delay, a temporary station is being
installed at the Swingate site, and comes into
service on 2lst April until replaced by a
permanent station. The temporary station will
use the same wavelength channel as the
permanent station, i.e. Channel 2 (vision 51-75
Mc/s, sound 48:25 Mc/s) and will use vertical
polarization.

The coverage of the Dover station when in
its permanent form is expected to include Deal
and Ramsgate. The effective radiated power
will vary between 0-25 kW and 1 kW, with a
maximum towards those towns. In its tem-
porary form a simpler aerial will be used, so
that the signal strength towards Deal and
Ramsgate will be less, but in other directions
will be roughly the same as for the permanent
station.

The station in Folkestone will use a satellite
transmitter of a new type developed by the
B.B.C. The equipment is designed to be
mounted out of doors. It incorporates a
receiver to pick up the signals from another
station and rebroadcasts them on a different
channel in Band I. In this case the station will
work in Channel 4 (vision 6175 Mc/s, sound
58:25 Mc/s) with horizontal polarization; the
effective radiated power will be 10 watts in the
direction of the town of Folkestone. The station
is expected to be ready for service within a few
months.

Computer Exhibition and Symposium 1958

H.R.H. The Duke of Edinburgh has con-
sented to be Patron of the Electronic Computer
Exhibition and Business Symposium to be held
at Olympia, London, from November 28th to
December 4th, 1958.
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The Exhibition and Symposium are being
organized at the instigation of the National
Research Development Corporation by the
Electronic Engineering Association and the
Office Appliance and Business Equipment
Trades Association. More than 40 British
manufacturers of electronic computers and
ancillary equipment have taken space in the
Exhibition.

The Symposium will stress the value of the
computer as an aid to management and the
papers will describe practical experience of the
installation and operation of British computers
and data processing systems; the majority of
applications will be in general business
management.

Immediately preceding the Exhibition and
Business Symposium there is to be an associated
scientific symposium organized by the National
Physical Laboratory and to be held at Tedding-
ton, Middlesex, from November 24th to 27th.
Admission is by invitation.

Broadcasting in Rhodesia and Nyasaland

On 1st February, 1958, a new broadcasting
corporation, the Broadcasting Corporation of
the Federation of Rhodesia and Nyasaland,
came into being. The new Corporation has its
headquarters in Salisbury, the Federal capital.

Broadcasting to this vast country, which has
an area of over 485,000 square miles, is
provided principally by means of vertical
incidence short-wave transmission from two
centres, namely Lusaka, the capital of Northern
Rhodesia, which is responsible for broadcasting
in nine languages to the 6im. African popula-
tion, and Salisbury, which provides the main
English coverage to the lm. Europeans. In
addition a primary medium-wave service is
given to certain of the larger towns and centres
of high population where this can economically
be provided.

With the formation of the new Corporation
further integration and technical development
of the broadcasting system may be expected,
and already medium-wave transmitters at
Bulawayo in Southern Rhodesia and at Kitwe,
the centre of the Copperbelt in Northern
Rhodesia, are broadcasting the same English
programme, linked by some 800 miles of Post
Office trunk lines.
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SOME ASPECTS OF THE APPLICATION OF CLOSED
LOOP SERVO SYSTEMS TO MACHINE TOOL CONTROL*

by

R. J. F. Howard#t

A paper presented at the Convention on Electronics in Automation” in Cambridge

on 27th June 1957.

In the Chair : Mr. E. E. Webster (Member).

SUMMARY

The paper discusses the combined design of machine tool and control equipment with
particular reference to a two-axis profile follower system. The power requirements of the
feeds are reviewed and in particular the effects of calling for excessive power on motor size
and on motor torque/inertia ratio and hence overall servo system performance. The associated
problems of “backlash” and “stiction” and the effects of these factors on the performance
of the system as a whole are considered. The effects of the general rigidity of the machine tool
itself, questions of vibration and of dragging of the stylus on the model of template are also
examined. To illustrate the effects of the various mechanical factors on system performance,
typical electronic copying systems are briefly described.

1. Introduction

The application of closed loop servo systems
to machine tool control as, for example, in
copying applications makes demands upon the
design of the machine tool which differ con-
siderably from the requirements encountered
when the tool is intended to be manually con-
trolled. The paper which follows outlines
some of these problems, the way in which they
are approached and the methods which are
adopted for their solution, having regard for
the fact that in many cases it is not possible
completely to re-design the machine tool to
suit the servo system and that compromise
arrangements have therefore to be accepted.

This paper covers the application of one
particular type of servo system used in copy-
ing applications, a considerable number of
installations utilizing this system having been
made during the past five years. The equip-
ment is basically a two-axis profile follower
and involves the problem of controlling the
position of the tool in relation to the work by
causing a stylus, forming part of a sensing

* Manuscript received 3rd June 1957.
No. 450.)

t Lancashire Dynamo Electronic Products Ltd.,
Rugeley, Staffs.

U.D.C. No.621-52:621.7
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head which is rigidly coupled to the tool, to
follow the outline of a pattern or template.

2. Tool Positioning System

In the system to be described, an electrical
means of positioning the tool making use of
electric motors has been chosen primarily be-
lause of its more universal application, particu-
larly where long distances of tool travel are
involved in either axis.

The tool feed drive motors are shunt wound
d.c. motors and are fed from a split-field
generator system, the generators being driven
by an a.c. motor. The basic arrangement is
shown in Fig. 1. The use of a split-field
generator enables the output of the generator
to be smoothly controlled throughout its full
range of voltage output from the maximum
positive voltage through zero to the maximum
negative voltage. In this way, the speed of
the servo motor can be controlled from full
speed in one direction through standstill to
full speed in the other direction. A further
attribute of the split-field Ward-Leonard
system which has been chosen for use in this
particular application is the fact that high peak
currents can be provided for short periods
from the generator without danger of thermal
over-loading. In this way, high peak torques
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can be provided at the servo motor shaft and
to accelerate the motor. In providing the energy
for these high peak torques, use is made of
the fact that stored energy is available in the
motor generator set. In addition, when the out-
put voltage is reduced to slow down the servo
motor, the system inherently regenerates to the
new speed, thus ensuring that the speed change
at the servo motor shaft is achieved as rapidly
as possible.

FIXEOD
EXCITATION
TOOL FEEO
. ORIVE
MOTOR
SPLIT FIELO
CONTROL
CIRCUITS

SIGNAL FROM PHASC AND
AMPLITUOE OETECTOR

Fig. 1. Basic circuit arrangement of split field Ward-
Leonard system to provide continuous reversible
control of the positioning servo motor.

It is, of course, important to ensure that the
servo motors rapidly follow any call for
changes in their speed and the problem of the
speed of response of the power section of the
servo is particularly important. It is, there-
fore, vital that the highest possible speed of
response is provided in the generator, so that
when the field excitation is changed, the output
voltage also changes very rapidly. This is
achieved by designing the field system of the
generator to provide the highest possible factor
of merit in this machine, i.e., that it has high
gain and fast response, and by designing the
circuits which feed the field of the generator
so that they force it as much as is permissible.

Whilst it is important to minimize the re-
sponse time of the generator, the main limita-
tion in the overall servo system lies in the
mechanical response time of the servo motor
itself. It is therefore vital to provide the
highest possible torque/inertia ratio so that a
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high accelerating torque is being used to mini-
mize the effects of inertia. This, in many cases,
means that a special design of motor would
enable improvements in performance to be
achieved. As in the case of the design of the
machine tool, however, production demands
are generally too small to warrant the high cost
of tooling for a special motor. In consequence,
motors already available have to be carefully
chosen in order to provide the desired per-
formance. In choosing the motor it is also
necessary carefully to consider the rating at
which the motor is used, so that it can be
short time rated, thus enabling a physically
smaller motor to be used for a given rating,
with consequent improvement in the torque/
inertia ratio. Other expedients, such as forced
ventilation and special high temperature rated
insulation materials, can be considered, subject
to other limitations which are discussed later.
It is important to note at this point the extent
to which machine tool designers can assist by
minimizing the power requirements of the tool
feed arrangements and certainly by allowing
the servo system designer to provide a motor
which is correctly powered and not over-
powered. A high price is likely to be paid in
relation to performance if considerable safety
factors are included when assessing the servo
motor power. Apart from other advantages,
which will be discussed later, the question of
power requirements also emphasizes the need
for designing tool feed mechanisms for mini-
mum mechanical losses so that the power re-
quirements are held at the lowest possible
level.

When it is considered that many forms of
single start lead screws and worms have an
efficiency in the region of 20 per cent., the
factor by which, in some machine tools, the
feed motor power can be reduced will be clear.
Certainly, in many cases, motors having a
rating many times that necessary are having
to be fitted, with consequent increases in the
overall control equipment cost.

It will also be appreciated that, as has been
indicated earlier, because the output voltage
of the generator is controllable through zero,
the torque from the servo motor must be as
smooth as possible through the zero point.
For this reason it is necessary to consider
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the design of the armature on the motor and
arrange for the armature slots to be specially
skewed and semi-enclosed. In this way a
smooth torque can be provided through the
zero speed point without any tendency for
“cogging” normally associated with motors
having straight slots. The point is emphasized
by the requirements which will be discussed
in connection with a particular lathe applica-
tion where the design of the tool feed arrange-
ments are such that 0-014 in. of tool motion
is provided by each revolution of the servo
motor, which means that 0-001 in. is equiva-
lent to 25 degrees movement on the servo
motor shaft. This represents a limit dictated
by the operating speeds required, but does
illustrate clearly the problem which can arise
in such cases.

In considering the short time rating of the
motors in order to minimize the size and thus
improve the torque/inertia ratio, a further
factor must be borne in mind which will be
discussed in more detail later. This is the
question of “stiction.” which is a convenient
way of describing static friction or coulomb
friction, which results in a high torque being
necessary in order to start the motion of the
tool carrier from standstill. If the short time
rating of the motor is carried too far and the
motor made too small it may be found that
the saturating torque of the machine is insuffi-
cient to break away against the “‘stiction.”

In referring above to the importance of
minimizing the power requirements for the tool
by the use of anti-friction slides, screws and
bearings and similar arrangements, it is
appreciated that it is frequently not possible to
introduce such expedients without a complete
re-design of the machine tool and, again, as
in the case of the problem of the associated
electrical machine, it becomes necessary for a
compromise design to be accepted.

3. The Basic Servo System

Having discussed the method of power
control which has been adopted to provide
the motion of the tool carrier in two planes,
reference can now be made to the particular
system used to ensure that the sensing head
unit carrying the stylus, rigidly coupled to the
tool holder, is forced to follow the surface of
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the template or model which is being copied.
The basic problem here is to arrange a system
which will determine the position of the stylus
in the sensing head in relation to the template
or model and, having determined its position,
to make this stylus move along the template
or model in intimate contact with its surface
and to do this irrespective of the shape of the
template.

Fig. 2. Diagrammatic repre-

sentation of sensing head

showing positioning of fixed

cores and coils and of pickoff
coil on stylus rod.

In order to achieve indication of the rela-
tionship between the stylus and the template,
it is necessary to be able to determine how
much the stylus is deflected and in what direc-
tion. The design of the sensing head to
achieve this can be seen in Fig. 2.* The four
coils are energized in phase rotation, i.e., 0°,
90°, 180°, 270°, at a high frequency chosen
to provide the requisite information rate, to
achieve adequate speed of response and also
to avoid interfcrence as a result of unwanted
signals from the 50-c/s supply, introduced
from the circuits associated with the sensing
head. A sensing coil is mounted on the stylus
rod itself which, as will be seen from Fig. 2,
passes through the centre of the four coils, of
which one form is shown in Fig. 3. In the
practical configuration of this head unit, the
four coils are rigidly mounted in a block of
cold-setting resin material, the aperture for the
stylus rod being subsequently machined out,
so that cylindrical faces are provided on the
pole pieces formed by the U-shaped cores.
This can be seen from Fig. 4, as can the
arrangement of the winding on the stylus rod.
which is also provided with two cylindrical
pole pieces corresponding to the pole pieces
of the fixed coils.

The signal from the coil on the stylus rod
will be zero when the stylus rod is in the

* The s;nsing head. and overall sy&mA are covered
by British Patent No. 770,645.
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Fig. 3. Interior of a typical
sensing head unit. The stylus
can be clearly seen, as can the
moulding containing the fixed
coils. In this version a socket

electrical zero point of the four fixed coils.
Any deflection of the stylus will cause a signal
to appear from the sensing coil, the amplitude
of this signal depending upon the amount of
deflection. Similarly, the phase of the signal
will depend upon the direction of deflection.

In the particular form of sensing head
arrangement illustrated in Fig. 3 a simple
cantilever rod in a special alloy material is
used, this material having been chosen after
a considerable amount of development work
and extensive testing, so as to provide the
minimum possible mechanical hysteresis, t.e.,
if the stylus rod is cyclically deflected in one
direction a large number of times it will, after
the deflection has been removed, still return
closely to the zero position. During develop-
ment work, many forms of mounting arrange-
ments for the stylus arrangements were tried,
including systems incorporating restoring
springs, diaphragms, ball pivots and so on.
Many of these not only exhibited hysteresis but
also ill-defined recentreing which rendered them
completely useless. The simple arrangement
which can be seen from Figs. 3 and 4 was
ultimately found to be the most satisfactory,
providing that the material is carefully chosen
and the mechanical configuration carefully
designed.

Arrangements are provided in the head to
enable the stylus rod to be set to the electrical
zero point after manufacture. Due to normal
manufacturing tolerances the electrical zero
does not always exactly correspond with the
mechanical centre of the system and provision
is, in any case, needed for subsequent recali-
bration.

Hysteresis in the present design is negligible
and is almost certainly masked by effects due
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is provided for connection of
the incoming leads and the
whole head is enclosed in a steel
tube which screws on to the
thread seen on the lower part of
i the unit.

to temperature changes. A sensing head of
this type has been subjected to one million
operations of 0-100 in. deflection and after this
very severe test showed a final hysteresis of only
a small fraction of 0-001 in. In view of the fact
that this particular type of head, as will be
seen, is never normally deflected more than
0025 in., a considerably safety factor in
performance has been allowed.

Having discussed the mechanical arrange-

ments of the stylus, the arrangement of the
servo system and the method of operation can

L8

P

W (e

4

Fig. 4. The component parts of the head unit
illustrated in Fig. 3, together with the tool used to
produce the moulding. The coil assembly illustrated
has not been machined. The spherical bearing
arrangement to enable coil centreing can be clearly
seen in the lower part of the illustration, as can the
design of the stylus rod. The pole pieces on the
stylus are clearly shown as is the moulded enclosure
for the sensing coil.
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be briefly described. Initially, the sensing head
is in free air, the stylus not being at that time
in contact with the template. Signals are
introduced into the servo system which cause
the sensing head to be moved towards the
template in a predetermined direction. As

MOTOR A
o
&
w
S STYLUS
=3 DEFLECTION
X
MOTOR B
Fig. 5. [Ilustrating the relationship between the

speed of each of the two servo motors (one in each
axis) as the deflection of the stylus is increased after
first making contact with the template. The operation
of the system to feed the tool and sensing head
closer to the template and thus further deflect the
stylus can be clearly seen, as can the effect of the
control system on motor speed as the bias point is
reached, thus causing motion tangential to the surface
to commence.

soon as initial contact is made, the stylus is
deflected in a direction normal to the plane of
the surface of the template at the point of
contact. This initial deflection is immediately
arranged to cause the overall tool positioning
servo system to move the stylus further to-
wards the template in the same direction. As
soon as the stylus has been deflected by some
predetermined amount between 0-010 in. and
0-050 in. (a typical deflection being 0-025 in.)
the system is so arranged that the phase of
the signals fed to the head unit is rotated so
that the tool carrier drive systems move the
tool carrier. and hence the stylus, in a direc-
tion tangential to the surface of the template
at the point of contact. The graph in Fig. 5
shows the effect on the speed of the drive
motors of the deflection of the sensing head.

It is not within the scope of this paper to
discuss the system used in any detail, but the
basic arrangement can be seen from the block
diagram in Fig. 6. It will be seen that the
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output of the coil on the stylus is fed to phase
and amplitude sensitive rectifier arrangements
which in turn provide d.c. signals of magni-
tude and polarity which call for the required
direction of rotation and speed of the servo
motor associated with that particular plane
of motion. In addition, the output of the coil
on the stylus is also fed to an amplitude
detector which, when the amplitude reaches a
predetermined amount equivalent to the out-
put at the required “bias” deflection, provides
a signal to a phase shifting arrangement
which then causes a phase rotation of the
signals to the four coils on the sensing head
unit proportional to the further deflection.

By this means, the signal from the coil on
the stylus fed to the phase sensitive rectifiers
which initially calls for motion from the servo
motors moving the stylus further on to the
template, is modified when a selected deflection
is reached so as to cause the control circuits
to call for motion from the servo motors such
that the stylus tip moves tangentially to the
surface. In fact, the circuit arrangements are
such that the effective rotation of the phase
of the signals in the coils of the sensing head
unit is achieved by shifting the phase of the
reference signal to the phase sensitive rectifiers.

SENSING
HEAD
DIRECTOR SPUTIER
\ | EE—
AMPLITUDE
DETECTOR
PHASE AND
OSCILLATOR 1 AMPLITUDE
DETECTOR
TO FEED SPEED AND
DIRECTION CONTRO!
CIRCUITS
Fig. 6. Diagrammatic illustration of the main

elements of the system. The output from the phase

and amplitude detectors is fed to the power control

circuits ‘which are generally similar to those illus-
trated in block form in Fig. 1.
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For the purposes of description, however, it
is easier to consider the phase rotation of the
signals within the head unit itself. It will be
seen from the graph in Fig. 5 that the full
rotation of 90 deg. is achieved very rapidly
at deflections beyond the so-called “bias”
deflection and that any further deflection be-
yond this point will, in fact, cause a shift of
more than 90 deg. Thus, if the stylus
encounters a surface which tends to increase
its deflection it will provide the requisite sig-
nals to the servo motors to cause the necessary
motion to follow that surface. The system is
such that the stylus can be caused to follow
a circular template and if an annular ring is
considered it will, in fact, move in one direc-
tion round the outside of the ring and if it is
transferred to the inside of this ring it will
move in the opposite direction.

Before leaving the description of the stylus
head and the servo arrangement, attention
should be drawn to the fact that various pro-
tective arrangements are incorporated, the
most important final protection being an
arrangement normally referred to as an “over-
drive ring.” with which the stylus makes
electrical contact, which is arranged to shut
down the whole system through a relay
arrangement should the stylus for any reason
be deflected by an amount somewhat in excess
of the normal working “bias” deflection. This
protection is incorporated in the sensing head
in order to avoid tool damage or stylus head
damage in the event of serious over-deflection.

4. Application Problems

Having described the factors associated
with the protection of the tool drive arrange-
ments and the general arrangement of the con-
trol system which causes the stylus to follow
the template, the application problems of these
systems to machine tools can now be discussed.

The problems of application can be divided
into two broad groups. Firstly, those which
might be described as covering the system
problems, ie., which are associated primarily
with the design of the servo system itself; and
secondly, the application problems, which in-
volve the overall performance of which the
machine tool is capable when being controlled
by a servo system of the type under discussion.
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Dealing first with the system problems, these
are primarily associated with the speed of
response of the servo system. It will have
been seen that speed of response for which
the system is designed can be affected by the
machine tool characteristics, but nevertheless
the problem is primarily one associated with
the control system once the parameters of that
system have been set by the design of the
machine tool itself.

The limitations associated with the system
problems are primarily those of “overshoot”
of the system when a sudden change is called
for. One example is undercutting on inside
right-angled corners and overshoot on outside
right-angled corners. If, for example, the tool
and the stylus are moving along a parallel
surface and the template suddenly calls for
movement at right angles to this surface, then
in theory one servo motor should immediately
stop and the other accelerate to full speed in
zero time. This is, of course, physically
impossible and there is bound to be undercut.
The system parameters determine the amount
of the undercut. Similar remarks apply to
overshoot when the reverse conditions are
called for.

There are other characteristics of the system
which are important, in particular the question
of smooth response through zero speed and
the provision of smooth torques at low speeds.
The factors involved here have been discussed
at some length earlier in this paper. These
factors are, however, largely secondary to the
problem of speed of response, which is, of
Course aggravated in the case of systems where
very high tool feed rates are called for. There
is a further factor to be considered where sud-
den changes of direction taking the form of
right angles are involved, in that the tool itself
is generally incapable of producing a right-
angled corner and this fact may mask the
effects of undercut to some measure and over-
shoot to a greater extent. The problem arises
primarily on lathes and boring mills and is of
less importance on other types of machine tool.
On lathes, particularly of high production
types, where a high tool speed is involved, the
difficulties of undercut and overshoot are
sometimes overcome by the introduction of
fixed tools on a backslide to perform the final
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operation after the profiling operation has been
completed. These fixed tools on a backslide
can be selected so as to overcome the difficul-
ties of undercutting and overshoot at points
where critical dimensions are involved.

Turning now to problems of application,
these are factors directly associated with the
machine tool design., The main factors
involved are “stiction” which has already been
referred to and which necessitates the provision
of torques considerably higher than the running
torque in order to cause the tool to commence
moving; “backlash,” in which a discontinuity
of tool motion occurs despite rotation of the
servo motor; “wind up,” in which rotation of
the servo motor causes a torsional displace-
ment down screws and shafts without produc-
ing tool motion; vibration, which is self-
explanatory and can introduce spurious signals
into the sensing head unit, and finally a factor
which, for want of a better word, can be des-
cribed as general “slop” in the machine tool.
Examples are “crabbing” action of machine
tool carriers on slides, insufficient rigidity in
template or model holders and so on.

A factor which does not really fall within
the scope of a paper dealing with issues
associated with the system design, is the ques-
tion of differential wear, which must, how-
ever, be considered if the performance after
an appreciable running period is to be taken

Fig. 7. The Drummond “Maxi-
cut” lathe with electronic control
cubicle in background. The
cross-slide servo motor can be
clearly seen alongside the con-
trol panel. The two manual
controls are for “speed round
the work” and the rate of entry
of the backslide tool. Push-
buttons control the various
functions of the lathe which
are electrically operated. The
sensing head is in the housing
which  appears behind the
operator’s right arm.
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into account. If the effects of wear adversely
affect any of the factors outlined above, the
performance will clearly deteriorate from that
obtained at the outset.

Rather than endeavouring to examine these
factors in an abstract manner, their effects
can be perhaps better outlined by describing
the results of such effects on typical machine
tool applications.

5. Typical Applications

In a lathe which is designed to take work
from 1 in, to 10 in. in diameter and which
is capable of very heavy cuts at high speeds,
the speed “round the work” of the tool is
arranged to be adjustable between 1 in. and
20 in. per minute. This descriptive statement
of the speed “round the work™ is a convenient
method of expressing the vector sum of the
speed resulting from the operation of the servo
motors in the two planes. Normally a control
is provided on the servo control systems of
the type under discussion which enables this
vector speed to be set to the appropriate level
for the type of work being machined.

The lathe is shown in Fig. 7 and a close-up
of the sensing head in Fig. 8.
On the type of lathe under discussion, the

back-lash on the cross-slide can be expected
to be of the order of 0-002 to 0-004 in. and on
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the saddle some 0-006 in.
measured in terms of the starting to running
torque requirements at the worst point on the
cross-slide or saddle, is of the order of 1:5:1

The stiction,

to 2:1. The wind-up on the machine is
negligible and, because of the type of work
for which it is designed, the machine is of a
very rigid type. On a machine tool of this
nature, at speeds round the work of up to
6 in./min., copying accuracies of about
0-001 in. on diameter are achieved. Considering
an operating speed of 6 in./min. this may
obviously be expressed as 6000 thousandths
of an inch per minute and under these condi-
tions the undercut is in the region of
2 thousandths of an inch. The ratings of the
motors on these machines are 0-5 h.p. for the
cross slide and 1 h.p. for the saddle, this being
the nominal 100 per cent. duty cycle rating
of the machines in question.

As the speed round the work is increased,
the problem becomes increasingly difficult,
particularly as far as undercut and overshoot
are concerned and in addition the problem of
maintaining accuracy is also considerably
more difficult. At speeds approaching the
maximum of 20 in./min. copying accuracies
of the order of 0-002 in. are obtained, although
vibration, particularly where heavy cuts are
involved, becomes a considerable problem. At
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Fig. 8. Showing the sensing

head with the cover removed.

The work is clearly shown,

also the method of mounting

the tool tip on the end of the
stylus rod.

this higher speed the undercut at right-angled
corners ,is of the order of 0-010 in. and the
overshoot, which is not noticeable at the lower
speed of 6 in./min., is about 0-003-0-004 in.
This machine is fitted with a back slide in
order to overcome overshoot and undercut
problems at points where accuracy of the work
is vital.

Some interesting experiments have been
carried out on this particular design of lathe
by making alterations to the gear ratios
between the servo motors and the tool carrier,
thus necessitating a sacrifice in the maximum
operating speed. By doubling the number of
revolutions per thousandth of an inch of tool
travel and taking particular precautions to
reduce stiction and also strengthening the
template holder and so on, tests have been
made possible to assess the ultimate accuracy
of this particular machine. With the altera-
tions outlined and tracking the motion of the
stylus in relation to the template by means of
a clock gauge arrangement, it was found that
the actual tracking errors at 4 in./min. were
of the order of 4:0-0001 in. The machine was
used to bore a 9 in. cylinder where the required
accuracy was +0:001 in.—0-000 in. It was
found in actual practice that the limitation of
this machining operation did not lie in the

. machine tool but rather in the dimensional
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changes in the work due to temperature change
between the machining operation and removal
of the work from the machine.

In undertaking the tests described above, the
working bias of the stylus was reduced from
the normal figure of 0-025 to 0-010 in., this
type of modification only being possible where
it can be guaranteed that the backlash in the
machine will never approach or -certainly
exceed the normal working bias. Should this
occur, the system will, for obvious reasons,
completely lose control because of the dis-
continuity introduced by the backlash. With
the modified sensing head for 0-010 in. bias
deflection the stylus tip pressure was of the
order of 14 oz and because of the high overall
accuracy capability of the rest of the system
limitations were encountered in relation to the
drag of the stylus itself on the template. A
considerable amount of development work is
at present being carried out in relation to stylus
and template materials in order to minimize
the effects of stylus drag. Even on machines
of normal commercial form badly finished
templates or stylus tips can introduce appreci-
able errors due to drag. It is particularly
important where ferrous template materials are
used to ensure that both the template carrier
and the template itself are completely de-
magnetized, since any magnetization will
obviously increase drag problems.

It is appropriate here to refer to the design
of the stylus tip, which is usually made of
comparable shape to the tool tip itself. Because
of the working bias of the system, normally
0-025 in., it is usual to make the template or
model oversize by the amount of the bias. It
is, in certain cases, possible to arrange the
relationship of the tool size to the stylus tip
size to correct for the bias deflection, but this
is obviously not possible in cases where work
on the inside and outside of a particular tem-
plate is involved, since the correction can only
apply in one direction.

In another application, a boring mill, the
problem is entirely different to that of the
lathe referred to above. In this machine, a
much lower speed round the work is involved,
3 in. being the maximum with a 10:1 range,
i, 0-3 to 3in. In addition, even lower speeds

April 1958

can be selected by suitable modification of the
gear ratios between the servo motor and the
tool carrier. On this particular design of
machine, accuracies of the order of 0-0005 in.
are achieved and the performance limitation
lies entirely in the machine itself, due to its
larger size, the longer drives involved between
the servo motors and the tool carrier, which
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Fig. 9. Webster & Bennett boring mill showing two
servo motors to the left and the sensing head
mounted on the upper part of the tool carriage.

tend to introduce wind up, and by increased
stiction and similar effects due to the large
slide size and the mass of the saddle. A con-
siderable amount of work has been undertaken
on this particular type of machine tool to mini-
mize all the various factors within the limita-
tions imposed by economic design considera-
tions and the performance referred to above
has been achieved on what is, in fact, a stan-
dard design of boring mill with only minor
modifications.

On this particular machine the performance
referred to above has been obtained with back-
lash figures of 0-008 in. in each axis. Because
of the machine size, the stiction ratio varies
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between wide limits, but can be expected to be
of the order of 2:1. The rating of each
driving motor is 0-5 h.p. Overshoot and under-
cut problems are not of major importance be-
cause of the relatively low speed round the
work. In an endeavour to overcome the stiction
problem a considerable amount of work has
been undertaken with molybdenum disulphide
lubricants as well as by other means of mini-
mizing slide friction and considerable success
has been achieved.

The machine is illustrated in Fig. 9 and
Fig. 10 shows the arrangement of the sensing
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Fig. 10. The method of mounting the sensing head

and the template carrier. The latter is hydraulically

positioned. Three templates can be seen mounted

and these can be brought into use to enable different
parts of the work to be machined.

head, in this case mounted in the horizontal
plane. The template carrier can be retracted
hydraulically. Several templates can be seen
in position and these may be used with different
tools on various parts of the work piece as
illustrated by Fig. 11.
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Turning now to a further application, in this
case to a horizontal boring mill, which is very
much larger in size than the vertical boring
mill referred to above, the problem becomes
largely one of the magnitude of the backlash
which is involved. In the rack drive in the
horizontal direction a backlash of some 0-025
in. is typical with 0-010 in. on the vertical
screw drive. Because of these backlash figures,
a bias deflection of some 0-050 in. has to be
used and with the backlash figures and a
stiction ratio approaching 3:1 an overall
accuracy of about 0-003 in. is obtained at
1 in./min. The speed round the work on this
particular machine is 0-5 to 6 in./min.

In a system of this nature there are quite
appreciable stabilization difficulties from the
servo system point of view, but these have
largely been overcome. Some idea of the size
of the machine can be appreciated from the
fact that the machine will shape plates of metal
which are some 25 feet long. In this particular
machine the template is mounted alongside
the work and the stylus mounted horizontally.
This introduces a further problem in that it is
necessary to fit a disc on the end of the stylus
which is equivalent in diameter to the milling
cutter attached to the tool carrier. This means
that the stylus tends to drop due to the weight
of the model on the milling cutter and the
sensing head has to be set to electrical zero
for this condition. Naturally, if the weight
on the end of the stylus is altered, the sensing
head has to be reset to zero condition, but in
general an endeavour is made to ensure that
all models of the milling cutter mounted on
to the stylus within a given range are loaded
to the same weight to avoid this necessity.
With this system, the question of drag on the
template has to be watched very carefully,
although the generally lower accuracy of
operation due to the machine characteristics
tends to obscure difficulties resulting from
stylus drag. On the machine referred to above
the drive motor for each axis of tool motion is
rated at 3 h.p.

An important aspect of the control of any
type of machine tool where milling cutters are
involved is the question of vibration. It is
perhaps a more severe problem on this type
of machine because of the ‘“chatter” trans-
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mitted from the milling cutter through the
machine to the sensing head. This “chatter”
is frequently found to occur in the frequency
range between 4 c/s and 26 c/s. It can, of
course, be minimized by appropriate cutter
design and by careful consideration of the
cutter design in relation to feed rates. It is
possible for the effects of vibration to be mini-
mized in the control system itself, but usually
this cannot be achieved without affecting other
system performance factors and in particular
the speed of response. Unless care is taken
to minimize vibration in the machine itself, the
ultimate performance of the system may be
materially affected.

[

Fig. 11. Illustrating the method by which the tools

are used, one for an inside and one for an outside

form corresponding to the number of templates
mounted on the template carrier.

A further point of interest in relation to
these particular machines is the use of a num-
ber of pushbuttons radially disposed around
a circle on the control panel, these pushbuttons
enabling a direction of travel to be selected,
prior to commencing the profiling operation,
dependent upon the particular button
depressed. In this way, the stylus can be
readily moved on to the template at any point
and from any direction.

6. Conclusion

Summarizing, the problems from the
machine tool viewpoint in terms of the system
requirements are as follows.  Accurately
defined power rating of the tool feed motors
so as to minimize the overall response time
of the servo system and so minimize overshoot
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and undercut; great care in the design of the
tool to limit backlash, stiction, wind up and
vibration. Close co-operation between the
control system designer and the machine tool
designer is essential and, in particular, it is
important, when new designs of machine tool
are being considered which may ultimately, if
not at the outset, be used in conjunction with
servo systems, that discussion should take
place to ensure that the requirements of the
servo system in terms of machine performance
are fully appreciated. In control systems of
the type which have been described above an
important point to be borne in mind is the
fact that the control system and the machine
can no longer be regarded as separate entities
since both form part of the loop of a closed
loop servo system.

Although this paper has been concerned
with a particular form of two dimensional
copying control which has been in operation
on a considerable number of various types of
machine for several years, many of the points
which have been made are, nevertheless,
equally applicable to other types of control
system and in particular to those in which
stored information is used to position the tool
instead of a model or template. Work
currently in hand in this direction indicates
even more need for close co-operation between
the machine tool designer and the control
system designer where these types of arrange-
ment are involved.
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DISCUSSION ON
“ Machine Tool Control”’

Contributions made during Session Two of the Convention on
“Electronics in Automation” at Cambridge on 27th June, 1957.
In the Chair : Mr. E. E. Webster (Member).

Dr. D. A. Bell*: Referring to the paper by
Messrs. Finden and Horlock!, is not one of the
limitations of the numerical control of jig-
borers the necessity to relate the origin of
measurement of the machine to the work-piece,
before the machine can select any desired
drilling centre ?

P. D. Saw}: Can Mr. Coppin? say whether,
in view of the comparatively large number of
rotations made by the high resolution potentio-
meter, t.e. approximately 1,000 for a complete
traverse of the table, this component can be
expected to have a reasonably long life without
deteriorating from the original high accuracy
claimed?

D. G. Chapmanj: With reference to the
machining of actuator gear boxes, as described
in the paper on the Inductosyn,' do the authors
consider the use of the equipment they describe
would enable such products to be made without
any inspection whatever ?

N. A. F. Williams§: I would be interested to
know from Mr. Alexander’ whether his units
are intended for use as generalized analogue
computing elements, or for a specific applica-
tion. They seem similar to Blackburn analyser
units and I would like his comments on this
point. How does he, for example, perform
integration ?

Referring to the paper by Mr. Howard,* 1
should like to know if jittering of stylus could
be used to reduce stylus/template drag. Also,
has any difficulty been experienced with residual
magnetism in the generator of the Ward-
Leonard set ?

* Electrical Engineering Department, University of
Birmingham.

t P.A.M. Limited.
t Sylvania-Thorn Colour Television Laboratories
§ Brush Electrical Engineering Co. Ltd.
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D. F. Nettell*: Referring to the relative merits
of punched tape and punched cards as a data
input medium, there are many cases where
cards are superior to tape. In many processes
the numbers of instructions are limited and can
be contained in one card. The advantages of
one card—one product are obvious. Punched
cards can also be used with advantage where
the instructions occupy several cards. The main
technical objection is that in complicated pro-
cesses such as profile milling, there is a fear
that the cards may get out of order and there
is probably a good argument for tape in this
case, although serial numbering of the cards
would be possible.

An objection often raised against cards is
that the equipment is more expensive. This is
true, but it must be realized that commercial
tape equipment reads one character at a time,
and for a ten-digit instruction this would have
to be put into a buffer store. A block sensing
card reader is, however, a store in itself, and
the disparity in cost may, therefore, not be so
great as it appears at first sight.

A feature of the use of punched cards is
that the same cards can be used for machine
control and for accounting purposes. Hence
the integration of production processes with
control and accounting procedures would be
enhanced by their use.

T. A. Waitef: I should like to refer to the
papers of Mr. Alexander and Mr. Howard.
Concerning Mr. Alexander’s paper,’ I am not
clear why the transformers he describes can be
made accurate in turns ratio to one part in 10°.
Mr. Alexander stated that this was due to the
high permeability cores used and the symmet-
rical deposition of the windings, but both these
conditions can be obtained with conventional

* Powers-Samas Accounting Machines Limited.
t Vickers Group Research Establishment.
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windings and cores. Perhaps Mr. Alexander
‘could tell us the fundamental reason for the
increased accuracy of his transformers in
checked, and the type of apparatus used.

Referring to Mr. Howard’s paper,® 1 should
like to know why he chose an electric system
of power drives for his machines in preference
to hydraulic or pneumatic systems.

H. J. Elton*: It may be of general interest
to know that the Department with which I am
associated is developing an inspection machine
that will be automatically programme con-
trolled, using the Ferranti tape system with
diffraction gratings. The problem has been to
design a measuring head which is universal in
its action so that it can follow the programme
path normally taken by a cutter. This problem
has been overcome, and a recent demonstration
was held at Messrs. Ferranti, Edinburgh, the
results of which show that this has great
promise. Development is proceeding and it
seems that it would have many applications in
industry.

D. R. Hollowayt: My remarks are directed
to the fact that all the papers'— deal with
the positioning, by template and follower, or

AUTHORS’

H. J. Finden and B. A. Horlock : In reply to
Dr. D. A. Bell, before a work piece can be
machined it is usual to provide a jig fixture
involving a minimum of two dowel locations.
In conventional manually operated jig borers
all boring or drilling centres are located in terms
of the first centre. It is not a disadvantage to
work from a reference which can be specified
“x” and “y” co-ordinates each of zero. In con-
ventional techniques the jig borer operator
makes his own chart from the blueprint and his
additions and subtractions from his first hole
centre are possible sources of error- The induc-
tosyn can be regarded as a precision scale and
with its associated closed-loop servo all work
on a jig borer can be held to dimensional toler-
ances higher than are likely to be required.
Because of this high accuracy, conventional
drawing-office practice calling for positional
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other means, of the tool or cutter of the
machine tool being controlled. This method
of approach does not, of course, take account
of the possibility of tool wear, or deflection,
which may occur to a varying degree. Have
the authors considered this point, and can it be
overcome by introducing a factor into the
control mechanism? Of course, my fears may
be groundless, and the effect of this pheno-
menon may be negligible.

As a complete stranger to the field of auto-
matic control of machine tools, and one who is
therefore obliged to consider the problem on
theoretical grounds alone, it would seem that
the ideal approach to this control problem, more
especially in the case of turning, would be to
monitor or measure the work-piece as it leaves
the tool, and to control the tool or cutter from
the error signal obtained by comparing this
measurement with some pre-determined-figure.

I realize that this approach would not be
easy, and I invite the authors to comment upon
these possibilities, and to say whether they have
in fact considered them.

* Inspectorate of Electrical & Mechanical Equip-
ment, Ministry of Supply.

T Electrofio Meters Ltd.

REPLIES

tolerances of groups of holes is no longer neces-
sary.

Replying to Mr. Chapman, the reliability
and accuracy of the machining of actuator gear
boxes is likely to be far higher than that
obtained by manually controlled jig borers as
the human element is eliminated. We recom-
mend occasional inspection, using a machine
employing the inductosyn-measuring tech-
niques.

We agree with Mr. Nettell’s statement that
punch cards are preferable to punch tape for
work of the nature described in our paper. The
standard transit mechanism enables a batch of
cards to be read serially, in our case eight hole
centres can be specified per card, which means
that the number of cards likely to be wanted
is always small.
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Mr. D. R. Holloway brings up the question
of tool wear and deflection. There have been a
number of attempts to monitor at the actual
work surface, but this is difficult because of the
presence of swarf, lubricants, etc. In practice,
machine stiffness must be adequate for the
tolerance required and modern tools maintain
long periods of consistency, in fact, our tool
room advise us that if a tool wears as much
as one-tenth of a thousandth of an inch it should
be sent back for regrinding, and this fact is
apparent because of the bad cutting qualities.
Where ball-ended mills are used for contouring,
fimishing cuts may be necessary to obviate
deflection of a tool.

K. J. Coppin : The point raised by Mr. P. D.
Saw regarding wear of potentiometers is, of
course, a vital one. In the equipment described,
great care has been taken to design for mini-
mum wear, the resistance values and former
sizes being chosen to permit a fairly robust
winding, 34 or 36 s.w.g. “Eureka” wire being
used. Most alloys used for resistance wire are
quite hard and durable, except in the very fine
gauges, and the moving contact, in fact, wears
much more quickly than the winding. For this
reason we use roller contacts of coin silver on
silver-graphite bearings, so mounted that they
can be readily changed when noticeable wear
occurs. In an assembly on which life tests are
being carried out, we have found no measurable
shift of balance after a million revolutions.

Mr. D. F. Nettell’s remarks on the subject of
punched-card systems of data storage are in-
teresting. We feel that for inherently discon-
tinuous processes, such as spot positioning of
work for drilling or boring operations, the
punched card is the most logical medium, espe-
cially as intelligent use of cards can obviate
the necessity for a buffer store. The advocates
of film or tape, which have undoubted advan-
tages where continuous processes are to be con-
trolled, are apt to press for their general adop-
tion for the sake of standardization, but in the
author’s experience, slavish adherence to “stan-
dard practice” often leads to unwieldy com-
promise arrangements.

The remarks by Mr. D. R. Holloway on the
subject of monitoring the work as it leaves the
tool are, of course, specially apposite in the
case of turning, boring, and shaping operations.
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Even in the case of a system such as I have
described, which operates solely to position the
work correctly with respect to the tool, uncer-
tainty of the position and stability of the latter
places a limit on the accuracy obtainable in the
finished part. In long production runs, it is
sometimes possible to correct automatically for
“systematic” (as opposed to “random”) errors,
on a sampling basis, but the problem of con-
tinuously monitoring the part being produced
bristles with difficulties, and an economically
feasible solution in the general case would still
seem to be a long way off.

R. J. F. Howard: Stylus “jittering” could
undoubtedly be used to reduce stylus drag, as
Mr. Williams suggests, but has not been applied
in practice, mainly because of the desire to
minimize complexity of stylus head and equip-
ment design. If “jittering” were introduced the
choice of amplitude and frequency would have
to be carefully considered to avoid introducing
an even greater reduction in performance than
that due to stylus/template drag. In most in-
stances drag has not been found to be the
ultimate limiting factor in overall performance
and for this reason its effects have been mini-
mized by the more simple expedients such as
careful choice and preparation of stylus tip and
template materials.

In the system described, no difficulty has been
encountered due to residual magnetism in the
generators. In fact, the effect of residuval mag-
netism would show itself as a small positional
error, but in practice this error is extremely
small and does not compare in magnitude with
unwanted errors due to other causes.

Replying to Mr. T. A. Waite, electrical
systems were chosen because of the ease of
application without major change to the design
of existing machines and because of the diffi-
culties in obtaining adequate distances of tool
travel with the more simple fluid-actuated
systems. There is also some advantage in a
system based on one method of operation in
that the difficulties of measuring or sensing in
one way and converting to a second method
of power control are avoided. For certain types
of machine and application, however, there are
undoubtedly merits in a “mixed” system and
current development does not neglect the pos-
sibilities of such arrangements.
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With regard to Mr. D. R. Holloway’s inquiry
about tool wear, this is not, in practice, a
major problem, particularly with modern tool
materials. In general, wear of a significant
magnitude would in any case affect the cutting
characteristics of the tool and necessitate re-
placement or regrinding. When tool size is
altered by regrinding a corresponding adjust-
ment in the stylus tip position or size is made.

It is difficult to envisage practical solutions
to the many problems of devising a control
system utilizing work measurement, particularly
where rapid rates of change of tool direction are
involved and where larger amounts of material
are being removed from the workpiece. In the
latter case, the problem of the surplus material
affecting the measurement seems almost insur-
mountable. Such a system might have some
possibilities in the case of precision-finishing
operations where little material is being re-
moved and where relatively slow rate of change
of tool direction is involved.

D. A. Alexander : 1 think Mr. Williams will
find partial answers to his questions in the
published version of my paper. Integration is
discussed briefly, though I should add that suc-
cessful use had been made of the techniques
based on different methods for the integration
and differentiation of unknown functions.

Toroidal transformers can be used in con-
junction with ordinary analogue computing
elements such as resolvers and potentiometers.
However, they will work most efficiently only
at certain voltages and frequencies.

Additional useful potentialities of the circuits
for storing information are not developed in
the paper. Briefly, it is possible to place up
to some 50 secondaries on a core. The secon-
daries may, in fact, consist simply of wires
threaded through the core: Wires threaded
through combinations of cores energized from
different sources will then represent different
pieces of information.

The circuits employing toroidal transformers
do have a general application. Complete com-
puters based on these circuits are valuable, par-
ticularly for complex interpolation and real
time working, and where electrical or mechani-
cal outputs are required.

Theoretically, there is no reason why toro-
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idal transformers should not have accuracies up
to a few parts in 10%. The cores, made from
spiral tape, are perfectly symmetrical and of
constant cross-section; end-effects are elimi-
nated. With high-permeability cores, symmetri-
cal windings of only a single or a few layers
and very low-load currents, the leakage flux
is very small. The low currents, measured in
milliamperes, and thick wire cut down copper
losses. For the more accurate transformers the
resistance of each section is precisely adjusted.
By using frequencies of the order of cycles per
second and spiral strip only one to five thou-
sandths of an inch thick, iron losses are kept
very low. Furthermore, the auto-transformers
frequently employed effectively have coincident
primary and secondary windings and eliminate
errors due to IR drops in the primary winding.

It has been necessary to develop special test
gear for measurement. Three units are used—
a potentiometer to provide in-phase voltages,
another to provide small voltages in quadra-
ture, and a tuned amplifier acting as a null-
voltage indicator. The potentiometers are based
on toroidal transformers and manual decade
switching is employed. The in-phase potenti-
ometers generally used have an accuracy of 2
in 10°%. The checking of the most significant
digits of the potentiometers used as standards
(and of very accurate transformers) involves a
number of steps. One test measures the vari-
ations in the voltages between successive taps
on a transformer by comparing them in turn
with an isolated voltage of about the same
value. Errors that are symmetrical about the
mid-point are determined by reversing the
polarity of the input to the potentiometer and
re-measuring arbitrary voltages. Resistances
that could cause errors are measured and
adjusted, and consistency between potenti-
ometers is checked.

I agree with Mr. Nettell that punched cards
do provide the most satisfactory input medium
in some cases. In one application made for
large milling machines, each card is given a
serial number and also the number of the next
card, whose number is checked before its infor-
mation is accepted. It is very simple to change
any part of the programme: the appropriate
cards are withdrawn and replaced. Information
is fed to the machine at a high rate.
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However, the extra cost of punched-card
readers over punched-tape readers is consider-
able in relation to the cost of a control equip-
ment for, say, a 30 in. x 10 in. milling machine
or a jig borer. The punching equipment is also
more expensive and less convenient. For mill-
ing machines, information stored on tape
occupies much less space. It may be possible
to put the control information for a simple
drilling job on a card already containing
accounting data, but the case hardly arises with
the many cards required with milling machines.

For the milling machine controls described
in my paper the use of a reader as a buffer store
is not satisfactory, despite the fundamental
attraction. Two readers are required so that
information is continuously available. In addi-
tion the reader contacts are not suitable for
the analogue circuits or for a number of other
purposes.

Dr. Bell may be interested to know that zero
shift switches can conveniently be fitted to an
analogue system of control. Workpieces then
need only be correctly orientated and a pre-
determined point picked up by rotating the
switches.

With Mr. Holloway, I would very much like
to take a direct measure of the work being cut.
However, I do not believe we can solve the
problem of direct measurement at the present
time, though an expensive solution utilising
X-rays or radio-active tracers may be feasible
one day. Difficult servo problems might be
created.

Positioning only the centre of the tool gives
rise to many errors. It is possible to devise
automatic circuits to overcome some troubles
such as backlash and lead-screw errors. Auto-
matic cutter-wear compensation has been pro-
vided on a number of machines; however, the
variation of the mean effective cutting diameter
from the nominal tool diameter must be set
manually. This variation, incidentally, is
usually calibrated in steps of one or two thou-
sandths of an inch, changes that would not nor-
mally even warrant re-grinding. The effect of
table and lead-screw distortions can be reduced
by the proper positioning of suitable measuring
devices.
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Automatic compensation for other errors such
such as that due to distortion of the frame of
the machine tool under load would be difficult.
Good programming, however, will minimize
their effect. In general, the electrical accuracy
obtainable in machine-tool controls is several
times better than the mechanical accuracy of
the tool.

C. H. Braybrook, C. R. Borley and L. Coates:
In answer to Mr. Holloway, we agree in
principle that the work should be monitored
while machining is in progress. The difficulty
is the practical one of designing a measuring
head which can follow closely enough behind
the tool to provide information early enough to
allow corrective action to be taken. It must
work in the presence of swarf, coolant and
workpiece vibration and deflection. The
advantages gained by solving this problem over
accepting open-loop control of workpiece
dimensions do not, in our opinion, warrant the
effort.
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A further selection of summaries of papers read at the International Symposium
on Electronic Components held in Malvern in September, 1957.

The Choice of Batteries for
F. M.

Mr. Booth classified the batteries to be described
as follows:

(1) Secondary batteries which are capable of
giving quite high ratings for short periods; (2)
Water-activated batteries which are also capable
of dealing with moderately high rates of discharge
for limited periods; (3) Primary batteries.

In secondary batteries the highest output avail-
able was from the silver oxide-zinc cell but
the storage properties and the low temperature
properties at high discharge rates were not so
good. Nickel cadmium batteries are now using
modern materials and he showed some batteries
made with sintered plates (made from nickel
powder sintered into a porous plaque and then
impregnated with the appropriate salt—either
nickel salt for the positive or cadmium salt for
the negative). After four or five impregnations to
get the requisite amount of active material
deposited in the pores of the sinter it is then
processed electro-chemically (formed) for the final
plate. Plates can be made down to about 0-015
in. thick which, although expensive, gave this type

* Signals Research and Development Establishment,
Ministry of Supply, Christchurch.

U.D.C. No. 621.352/5

Use in Electronic Equipment
Booth*

a definite superiority over the lead acid battery at
high rates of discharge.

Small pocket type batteries potted in resin and
fully sealed, and others in polythene cases were
also discussed. In lead-acid batteries he stressed
that modern materials were very much to the fore-
front. Examples of these used high impact poly-
styrene cases and plastic grids.

The latest types of Leclanche type batteries
owed much to improvements in the materials
which were now available. Curves of voltages
obtained on load of the electrolytic manganese
dioxide showed an improvement over natural
manganese dioxide. Modern examples were the
mercury battery, silver/zinc batteries, lead
peroxide/cadmium batteries and magnesium
batteries. Brief mention was made of thermal,
solar and nuclear batteries. The latter are only
capable of delivering currents of the order of
micromicro-amperes.

Finally, Mr. Booth stressed that comparative
figures of discharge performance, etc., may be
misleading and that battery requirements should
be discussed with competent battery designers so
that the best battery can be selected for the par-
ticular application.

Transformer Miniaturization using Fluorochemical Liquids and Conduction Techniques
L. F. Kilham, Jnr.*

The need for miniaturization of electronic
equipment has led to the development of new tech-
niques for the design of reliable transformers of
reduced size and weight. An obvious approach
is to increase the maximum permissible tempera-
ture of the component, but this requires the use
of materials capable of withstanding high tem-
peratures while having good heat transfer
properties and, in the case of insulating materials,
good dielectric properties. The design considera-
tions discusssed in the paper were related to a
maximum temperature of 200°C. Maetallic con-

* The Raytheon Manufacturing Co., U.S.A.
U.D.C. No. 621.314.213.3
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ductors inserted between windings, to carry away
the heat, have aided miniaturization; and more
recently the use of liquid and gaseous fluoro-
chemicals has brought further improvement.

These fluorochemical liquids and gases, which
include the perfluoro compounds (C,F,);N and
CsF O, have been thoroughly tested for compati-
bility with all materials normally used in trans-
formers operating in the region of 200°C. They
are non-toxic, stable and inert. They have lower
boiling points and higher specific gravities than
liquids commonly used in transformers and in
several important respects exhibit superior elec-
trical properties. The most suitable coolant for
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a particular case may be a mixture of fluoro-
chemical liquids of different volatilities, or a liquid
combination in conjunction with a gas combina-
tion may be chosen to give optimum heat transfer
and adequate dielectric protection within desired
pressure limits.

The “evaporative cooling” technique in a closed
system was described. Here the transformer is
enclosed in a sealed container, in which the free
space is only partially filled with fluorochemical
liquid. The liquid is conveyed to the windings by
means of an inorganic wick. When a hot spot is
reached the liquid vaporizes, evaporative cooling
takes place, and the vapour rises until it comes
in contact with the container wall, where it con-
denses and gives up its acquired heat. The author
compared the latent heat of vaporization of the
fluorochemicals (about 165 to 20-9 cal/gm) with
the specific heat of conventional transformer oils
(about 0-5 cal/gm), and drew the conclusion that

the rates of heat transference of the two methods
of cooling are in similar proportion. An example
was given of a transformer cooled by direct
metallic conduction to a metal heat sink, in con-
junction with the vapour phase heat exchange
process just described.

Figures were given to demonstrate the
superiority of fluorochemical liquids over the other
liquid coolants, in the case of a transformer totally
immersed in liquid. An example was worked out
for a transformer design which makes use of
evaporative cooling, and a high voltage trans-
former totally immersed in fluorochemical liquid
was described. The author also referred to various
methods of cooling a group of components (e.g.,
a power supply unit), including heavy vapour
cooling with forced circulation. He concluded by
saying that heat transfer techniques should not
be generalized, and that the method to be adopted
in a particular case should be chosen carefully.

The Development of High Temperature Transformers
A. G. Gilmore*

In his introduction, Mr. Gilmore outlined the
general problem of producing lighter and smaller
components for ever increasing levels of ambient
temperature.

He went on to describe how this problem of
miniaturization had been tackled when applied to
the production of a range of lightweight trans-
formers for operation in ambient temperatures
of from -60°C to +120°C, and a maximum
operating altitude of 60,000 ft. Maximum coil
temperature was assumed to be 250°C. For
mechanical reasons, a choice of construction fell
on the open type with solid impregnant. As regards
the materials used, reliability and availablility were
over-riding factors. With this in mind, materials
were selected and tested, resulting in the following
choices.

Silicone resin impregnated, braided glass cloth
was used for the wire covering. This material had
been found to operate satisfactorily at 280°C for
periods greatly in excess of 1000 hours.

For inter-coil insulation, silicone impregnated
glass cloth was again found to be the most suit-
able material. However, in some parts of the coil,
mica was used owing to its good mechanical
properties.

The coils were wound on split aluminium-alloy
formers to enhance the dissipation of heat, and

* ;:—erran;i Limited, Edinburgh.
U.D.C. No. 621.314.213
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then impregnated with a silicone varnish selected
for simple processing.

The author then went on to describe in detail
the methods used jo reduce the temperature
gradient in the transformer. With the core
operating at inductions near saturation it was
found that, at full thermal loading, the losses in
the coil were approximately twice the dissipation
in the core. 1t was, therefore, obvious that par-
ticular attention would have o be given to the
thermal aspect of coil design. As the core is
operating at a lower temperature than the coil it
will tend to absorb heat from the windings, and to
enable it to do this more efficiently a split metal-
coil former with extended tongues making good
thermal contact with the core assembly was used.
The heat removed in this way has to flow through
the entire depth of the winding and to reduce the
resulting winding gradient a second heat conduct-
ing strip is inserted midway between the coil
former and the surface.

Having extracted heat from the coil, it now
remained to dissipate it to the surroundings. If
a component is designed to give up its heat by
convection and radiation only, then its rating will
be influenced by the air pressure. At a pressure
corresponding to an altitude of 60,000 ft., the heat
transfer coefficient is only approximately 359% of
the value at sea level, and the rating must be
reduced to 75% of its output at normal pressure
if the safe winding temperature is not to be
exceeded.
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Fortunately the cooling of the component can
be considerably increased by conducting heat
away from it, thereby increasing the proportion
of cooling which is independent of air pressure.
The provision of conductive cooling also increases
the thermal rating of the component at sea level
and with the component mounted on an “infinite”
heat sink this increase can be as high as 709.
In practice good thermal conduction is achieved
by a combined core clamp and base of light alloy,
machined on the bottom to give good thermal
contact to the supporting structure. The inside
of the base is shaped to follow the outside surface
of the coil and a similarly shaped shroud is used
to provide conduction from the top of the coil.

After giving details of a range of single and
three phase units, to show the saving in weight

achieved by the application of the above prin-
ciples, and the factors influencing the choice of
a frame size for a given loading, Mr. Gilmore
concluded by referring to future developments in
this type of component. He mentioned the speci-
fication of ambient temperatures in the range
200-300°C and pointed out the difficulties of
maintaining good regulation when confronted with
an increase of winding resistance of approximately
309 at coil temperatures of 400°C. It was felt
that, although some advantage could be derived
from the use of silver conductors and special
magnetic materials with higher saturation induc-
tions, the most significant contribution could be
made by the equipment designer in reducing his
very strict regulation requirements, which all too
often have limited the scope of high temperature
operation.

Design, Development and Standardization of R.F. Cables
W. T. Blackband*

The first true radio-frequency cables were made
about 1932 for radio relay systems and these used
a rubber wax dielectric. The rubber waxes were
later outclassed by polyethylene polystyrene and
poly-isobutylene. These substances have excellent
electrical properties, their dielectric constant is
relatively low, approximately 2-3, their insulation
resistivity is too high to measure easily and they
are free from dielectric loss. An important step
in development of modern r.f. cables came with
the introduction of P.V.C. as a jacketing material.
The development of r.f. cables from 1939 onwards
followed different lines in the Allied and Axis
countries, largely because in Britain I.C.I. had
developed the first polythene and in Germany

there was no polythene but a well developed
production of polystyrene. The overwhelming
superiority of solid polythene cables has now
resulted in a truly international standard set of
cables illustrated in the table of comparable types
given below.

These solid polythene cables are supplemented
by semi-airspaced flexible cables having fins and
tube, or thread and tube of polythene for appli-
cations where low capacitance is very important.
The latest form of this cable has a single piece
polythene helix (British) or a helix built up of a
series of overlaid polystyrene tapes (German).
The losses in these cables are of the same order
as those in a waveguide WGI10 although their

N.A.T.O. LEC. British (Uni- U.S. and

Type Type radio Series) Canadian French Swedish Russian
NWR 1/S 50-7-1 67 RG-8/U KXS50MDI HK50-7 PK-47
NWR 2 50-3-3 43 RG-58/U — HKS50A-3 _—
NWR 2/S§ 50-3-1 76 RG-58A/U e HKS50B-3 —
NWR 3 75-7-3 57 e KX75MMI —_— _—
NWR 3/S 75-7-1 — RG-11/U KX75MDI o PK-20
NWR 4 _— 64 RG-63/U —_ e _—
NWR § 50-17-1 74 RG-17/U e HK50-17 _—
NWR 6 75-17-1 77 RG-164/U —— —— ——
NWR 7 —_ 78 RG-133/U KX100MMI — _
NWR 7/8 o — —_ KX100MDI —_ —_
NWR 8 — 87 RG-65/U —_ —_— ——

* Royal Aircraft Establishment, Ministry of Supply, Farnborough, Hants.

Aprtl 1958

U.D.C. No. 621.315.212.1
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cross-sections and weights are considerably less,
as shown in the table below:

Attenuation Cross-

(db/100 ft. Weight section

at 3000 Mc/s) (Ib./ft.) (sq. in.)

WG 10 brass 1.10 2.75 4.50
WG 10 copper ...  0.56 2.60 4.50
Uniradio No. 63 34 0.24 0.43
HM.7 2.3 0.57 1.54

High temperature application cables using a
dielectric of P.T.F.E. for temperatures up to
200°C and mineral dielectric cables for tempera-
tures between 200° and 400°C have been
developed. Neither of these cables is at present
entirely satisfactory.

Present day cables also include small quantities
made for specialized applications, for example :

(@) Low characteristic impedance

(b) Low capacitance per unit length

(¢) High delay per unit length

(d) High attenuation per unit length

(¢e) High uniformity for use at s.h.f.

(f) High long term stability

(¢) High stability of capacitance on flexing.

Mr. Blackband outlined the characteristics of
these types of cable. Finally he discussed future
developments of r.f. cables, in which the emphasis
is likely to be upon:

(@) The mastery of the technique of extruding
expanded polythene.

The improvement of the uniformity of
s.h.f. cables.

(¢) Development of high temperature cables of

better quality.
(d) Introduction of miniature r.f. cables.
() Use of copperclad steel inner conductors.

(b)

Components suitable for Automatic Assembly
J. W. Buffington*

The electronics industry afforded an excellent
example of the need for automatic techniques.
Traditional techniques for electronic assemblies
defied the use of automatic handling methods.
The printed wiring board with its orderly layout
of conductors was the foundation on which the
automatic fabrication of electronic assemblies has
been based. Mr. Buffington said that by using
multiple dip soldering the printed wiring board
could reduce the labour required for soldering by
989%.

Although automatic machines could save about
two-thirds of the cost of assembling small and
medium products by hand, the investment for
automatic assembly equipment is large and will
remain high over the next five to ten years because
of developmental expenses. The author instanced
that a 30-component “in-line” conveyor system
would cost about $175,000, a punched card pro-
grammed automatic -assembly system with auto-
matic soldering, automatic testing, would cost
approximately $500,000, a semi-automatic bench
machine would cost between $25000 and
$30,000.

He then discussed the many configurations and
form factors of components suitable for use with
these machines. He stressed the need for a set
of design guide rules for component designers
governing the shape, size, orienting and indexing

* Mechanical Division, General Mills Incorporated,
Minneapolis, U.S.A.
U.D.C. No. 621.396.69
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features, leads and dimensional tolerances of
components. He suggested that dimensions and
spacing be based on a grid system of 0-050 in.,
0-150 in. and 0-10 in. He doubted whether a
0-025 in. grid would be practical because of manu-
facturing tolerances and variations in the dimen-
sions of many components.

Components could be divided into two cate-
gories—those which are to be handled by their
leads and those which are fo be handled by their
bodies—and he described automatic handling
equipment designed for these two types. He
stressed the need for orienting features on com-
ponents and particularly standardization of form
factor, including orienting and indexing factors,
as well as standardization of component sizes.

He then discussed the problem of soldering leads
and, for lead held components, recommended
flexible, solid, round, copper wire, 0-025 to 0-045
in. in diameter, tinned or solder coated. For body
held components, round, solid, stiff wire or tubular
leads which are tinned or solder coated should be
used.

He concluded by saying that in order to pro-
mote the rapid achievement of the advantages of
automation, components suitable for automatic
assembly must be developed. We must not,
however, over-emphasize automation or stan-
dardization to the extent that we sacrifice research
towards technological advancement. The com-
ponent designers must keep well informed as to
the requirements of automatic handling.
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Semi-Conductor Rectifier Developments for

Power Supplies to Electronic Equipment

A. H. B. Walker & K. G. King*

The authors presented a general review of
monocrystalline (germanium and silicon) and
polycrystalline (selenium and cuprous oxide) semi-
conductor rectifiers currently available.

Monocrystalline rectifiers. — The distinctive
characteristics of germanium and silicon junction
diodes as compared with the polycrystalline types
were discussed. A method of construction was
given and parameters to be taken into account
when rating these diodes were listed.

Germanium junction diodes are characterized
by low forward voltage drop, moderate reverse
voltage ratings and low permissible junction tem-
peratures. Typical figures for these characteristics
were given and compared with silicon junction
diodes which have higher permissible junction

* The Westinghouse Brake & Signal Company Ltd.,
l.ondon.

U.D.C. No. 621.382.2:621.314.632.4.

temperatures, larger forward voltage drops, and
higher reverse voltage ratings with lower reverse
currents.

The poor overload characteristics of mono-
crystalline rectifiers were discussed and suitable
precautions against failure described.

Polycrystalline rectifiers. — Characteristics and
factors to be taken into account when rating were
described. The advantages and disadvantages
over the monocrystalline types were given. The
good overload characteristics of polycrystalline
rectifiers were particularly stressed.

Finally, recent developments in selenium recti-
fiers, e.g. “edge-cooled” types, were described and
the lecturer finished with practical comparison of
the four available types of semiconductor rectifiers,
taking into account efficiency, regulation, size and
weight, temperature limitations, range of sizes
required, life, reliability and cost.

Automation in Component Testing
John A. Sargrovet (Member)

Before components are accepted for use in
modern electronic equipment they are normally
subjected to a rigorous series of tests, some of
which are destructive, to confirm that they are of
a satisfactory standard of reliability. In addition
to these tests, a particular component for use in
an equipment must satisfactorily pass a limited
series of non-destructive tests to ensure it is up
to standard before insertion in the equipment.

With the large number of components involved
and the necessary testing effort required, especially
with the growing complexity of modern equip-
ments, efforts have been made over the years to
introduce automatic testing to minimize the labour
required and to speed up the work. Some early
examples of this automation were concerned with
the testing for pin holes in enamelled wire and the
crystal cleavage testing for tungsten filaments. An
equipment evolved by the Ministry of Supply dur-
ing the last war tested simultaneously up to 1,000
vibrators under different climatic conditions. The
recording of results, however, was entirely
manual.

+ Automation Consultants & Associates Limited,
London.

U.D.C. No. 621.317.73.

Aprill 1955

A modern example of automatic component
testing equipment had been developed for the
Royal Radar Establishment. With its associated
pan-climatic chamber it is capable of testing up
to 1000 resistors of one value from 10 ohms to
1 megohm under any required sequence of
climatic cycles, with or without electrical loading
on the resistors. The equipment is controlled by
a 5-hole Creed tape from which 32 separate com-
mands are encoded. The encoded tape moves
forward 1/10th in. at intervals of two minutes,
the drive being governed by a synchronous motor.

A test schedule lasting 12 weeks can be accom-
modated. Ten of the commands are used to
operate 10 pre-set temperature range panels which
cover the temperature from -75°C to +100°C.
Five more are used to operate a further 5 pre-
set panels to provide up to 959% relative humidity
from 4 5°C to 4 100°C. Other commands are
used for resistance measurement and for power
loading of the resistors.

Resistance measurement can only be carried
through when standard conditions (4-20°C, 75%
R.H.) have been reached in the chamber. The
measurements are recorded on a chart which is
divided into 100 sections, each section being
allocated to one particular resistor. Synchroniza-
tion between the chart and the switches selecting
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the resistors is effected by a photo-electric cell
operating from a light source on the chart paper.
Measurements are made by means of a self-
balancing Wheatstone’s Bridge standardized at the
nominal value of the resistors under test. The
resistance is recorded as a percentage deviation
from standard. Eighteen seconds are allowed for
the measurement of each resistor. Up to 40
measurements can be recorded during a test
schedule. The accuracy is within 9.

Electrical loading.—The resistors are divided
into four separate sections of 250, and each
section is electrically loaded from a separate power
unit so that resistors of four different power
ratings can be tested. The applied voltage is
recorded on a 4-point recorder.

Components for Severe
Colonel J.

The development of high-speed aircraft and
missiles has created environmental conditions far
more severe than those encountered in previous
applications.  Electronic equipments will be
required to operate in high ambient temperatures
which result from aerodynamic heating effects, and
in intense vibration and acoustic noise fields asso-
ciated with highly powered aircraft. The safe
limits of conventional components have been
reached and it is necessary to develop new con-
structional techniques and components. Although
little is known as yet, tests have shown that radi-
ation (e.g. in nuclear-powered aircraft) does
adversely affect materials and components in cur-
rent usage.

Three approaches to the problem of operation
in severe environmental conditions are:

(¢) The use of conventional components but
providing adequate protection, such as
shielding, liquid cooling, insulation, pres-
surizing and shock mounting. Such tech-
niques will have limited application and
would impose a weight and bulk penalty
on the aircraft.

(b) Develop conventional components to their
limits of operation; this would involve an
extensive programme of investigation.

* Air Research & Development Command, United
States Air Force.

U.D.C. No. 621.396.69

Climate control—Thermistors are used as the
wet and dry bulb sensing heads which, together
with the variable resistors in the various tempera-
ture humidity range panels, form one arm of a
bridge circuit feeding into an amplifier arranged
to operate relays which select either heat, cooling
or humidity as required. The overall accuracy of
temperature control is within - 4-2°C with a R.H.
accuracy of +29%.

During the discussion the results of a test at
R.R.E. were given. The results showed that four
out of the 1000 resistors increased beyond 109,
from their initial value, i.e. 049 failure rate.
86% of the resistors remained within 29 toler-
ance, the remainder spread over a gradual increase
to 109 tolerance.

Environmental Conditions

S. Lambert*

(¢c) Develop entirely new materials, devices and
design concepts. The most difficult prob-
lem to solve is that of temperature, but
it is thought once this parameter is met the
others will also be solved (e.g. ceramic
materials which meet temperature require-
ments are tolerant to nuclear radiation).
This approach, however, involves the
development of components for operation
at temperatures up to + 500° C. The acti-
vities described in this field include cera-
mic valves, high-temperature transistors
and transformers, wire-wound and metal-
film ceramic resistors, the investigation of
dielectric materials such as magnesium
oxide, alumina and boron nitride, and
ceramic-coated cables.

It is doubted whether high-temperature circuitry
would be satisfactory for operation at room tem-
perature due to temperature co-efficient and volt-
age stabilization problems. Circuit pre-heating
before use would be necessary.

In summarizing it was considered that cooling,
shielding and protecting electronic components
from severe environmental conditions are only
stop-gap methods. In several years’ time, high-
temperature components would become available
giving more flexibility in equipment design, allow-
ing equipments to be operated under extreme con-
ditions.

Note.—Summaries of the remaining four papers
will be published in the May issue of the Journal.
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621.317.32.015.34:621.369.67
Correlation measurements in the short-wave range.—
J. GroBKOPF, J. ScioLz and K. VocT. Nachrichten-
technische Zeitschrift, 11, pp. 91-99, February 1958.

The results from measurements of the correlation
conditions for the voltages received by two aerials are
reported. The two aerials have been installed at right
angles to, as well as in line with the direction of
propagation and have been crossed as well.

621.372.51.029.6
Matching elements for a wave guide directional coupler
with periodic structure.—1. Lucas. Archiv der Elek-
trischen Ubertragung, 12, pp. 91-96, February 1958.

For directional couplers with periodically arranged
coupling elements the matching conditions are stated
and rules given for proportioning the coupling
matching elements at either end of the coupling
section. With one matching element at either end the
reflection can be cancelled for a single frequency.
When two matching elements are employed, the
derivative of the reflection coefficient with respect to
frequency disappears also. The width of the band over
which a matching condition exists is calculated for
one and two such matching elements at either end.
Measurements on a directional coupler with an even
distribution of the power to both outlets suggest that
a single element at either end will be adequate. This
matching method can be quite generally adopted on
waveguides with periodically distributed discontinuities.

621.375.018.756
A summary of the theoretical basis for broadband
distributed amplifiers suitable for very short pulses.—
D. Dosse. Nachrichtentechnische Zeitschrift, 11, pp.
61-68, February 1958.

An explanation of the general requirements, such as
pulse shape and pulse spectrum as well as smallest
possible pulse distortion which must be met by distri-
buted amplifiers as low-pass systems, is followed by a
description of the operation and delay lines in the
amplifier. The transfer characteristic of a distributed
amplifier is derived under the assumption of lossless
valves. Statemeits concerning the type and magnitude
of losses in valves precede a derivation of a transfer
characteristic with valve losses taken into considera-
tion. The possibility ef normalization of this
characteristic is shown and the characteristic is
evaluated for the purpose of obtaining design
formulae.

621.375.4
Transistors for medium frequency—a detector circuit
for radio-communication apparatus. G. ROSIER.
Tijdschrift van het Nederlands Radiogenootschap, 23,
pp. 9-16, January 1938.

Application of transistors in professional equipment,
which generaily has to meet stringent requirements,
often leads to a development of circuitry which differs
from the customary tube technique. To illustrate this
a m.f. amplifier is described, of which the selectivity
is determined by a separate filter at the input of the
amplifier, while the amplifier stages proper are R-C
coupled. A detector circuit is also indicated, in which
the transistor is used as a diode detector and as an
amplifier at the same time.

April 1958

A selection of abstracts from European and
Commonwealth journals received in the Library
of the Institution. Members may borrow these
journats under the usual conditions. All
papers are in the language of the country of
origin of the journal uniess otherwise stated.
The Institution regrets that translations cannot
be supplied.

621.382.3

Manufacturing principles of transistors. J. LANTIERL
L'Onde Electrique, 38, pp. 18-28, January 1958.

The problem is to define the physical conditions
which must be realised in a transistor to obtain the
desired electrical characteristics. The author describes
the principles of the functioning of a transistor, and
defines the physical parameters which must be verified
as they determine the following electrical charac-
teristics in amplification, frequency range of use,
power rating as well as theoretical limitations.

In the second part some conventional manufac-
turing techniques are described in their different
stages: drawing, alloying, diffusion.

621.382.3
High frequency germanium and silicon transistors.
J. DezoTtEuX. L’Onde Electrique, 38, pp. 29-35.
January 1958.

After a general description of the development of
transistors, the author discusses the parameters which
are important at high frequencies, taking the equiva-
lent circuit as the basis, and further indicates the
direction of development to improve these parameters
(structure of transistor with respect to internal field).
The second part is devoted to the consideration of
transistor circuits. The definitions of cut-off frequency
and merit factor are re-stated. The parameters which
determine the performance of transistors in each of
their three major applications as amplifier elements,
that is to say, wide-band amplifiers, tuned amplifiers
and oscillators are indicated. Some values of these
high frequency parameters are given in tabular form
for various industrial and laboratory transistors. The
technique of manufacture by diffusion applied to
silicon should lead to the solution of the problems of
power. frequency and temperature.

621.382.3
Stabilization of the operating point of transistors.
E. E. P. PoeLMAN. Tijdschrift van het Nederlands
Radiogenootschap, 23. pp. 1-7, January 1958.

In professional applications it is necessary. to design
a transistor circuit carefully with respect to changes in
ambient temperature. Stabilization of the operating
point by feedback is preferable, the latter being
maximum for direct-current and having the appro-
priate value in the frequency-range involved. One
correct and two incorrect methods of feedback are
given. An amplifier is shown, in which an amplified
direct-current-feedback is applied. A compact
oscillator based on the outlined principle. is discussed.
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621.386.82:621.397.62
Dosimetry of the very weak X-radiation generated in
television receivers and X-ray diffraction apparatus.—
W. J. OOSTERKAMP, J. PrROPER and J. J. F. pE WUK.
Philips Technical Review, 19, pp. 264-267, March 1958.
Television picture tubes emit very soft, extremely
weak X-radiation, which can be detected at the outside
surface of a home television receiver. To preclude all
danger for the user, the dose rate according to inter-
national recommendations should not exceed 2 milli-
roentgens per hour (in the future the permissible limit
may weil be set still lower). The dose rate can be
checked with thin-windowed Geiger-Muller counters,
whose windows are sufficiently transparent to the soft
radiation. The counter tubes cannot be directly cali-
brated with the standard ionization chambers normally
used for therapeutic dosimetry, since the latter are not
sufficiently sensitive. For this reason a substandard
chamber with a large measuring volume has been
designed, which acts as an intermediary in the cali-
bration  For protection measurements on X-ray
diffraction apparatus, with which dose rates outside the
useful X-ray beam of 6 mr/h are permissible, ionization
chambers are more suitable, although the counter tube
here too is useful for giving a picture of the exact
dose-rate distribution around the apparatus.

621.396.11:621.397

The influence of multipath propagation on the
spectrum of a received television signal.—K. BERNATH
and H. Branp. E.B.U. Review, Part A, No. 47,
January 1958.

When the difference in the length of the paths is
significant compared with the wavelength, the result is
fading which affects the various frequencies of the
vision band in different ways. Distortion caused in
this way can obviously not be corrected at the receiver.
The paper deals with the subject from the theoretical
point of view by comparing the theory with measured

results.

621.396.969:551.508.8
A radar sonde system for upper air measurements.—
N. E. Gopparp and H. A. DeLr. Philips Technical
Review, 19, pp. 258-263, March 1958.

Short description of a radar sonde system, for
measurements of wind speed, wind direction, tempera-
ture, pressure and humidity up to high altitudes. A
telemetering thermometer, barometer and hygrometer,
together with a transmitter, receiver and encoder, are
carried by a free, hydrogen-filled balloon. The
receiver is periodically interrogated by pulses trans-
mitted from the ground station and the airborne
transmitter responds with a signal which is used to
determine the balloon’s position. Its instantaneous
speed and direction of movement (i.e. the wind vector)
are determined and recorded by an automatic wind
computer. The same signal also carries the tempera-
ture, pressure and humidity information coded as pulse
delays; these are decoded and the readings continuously
recorded at the ground station.

621.397.331.24:621.385.832
Television picture tubes for cathode modulation with
increased effective perveance. —W. Nikras, C. SZEGHO
and J. WIMPFFEN. Archiv der Elektrischen Ubertra-
gung, 12, pp. 54-60, February 1958.

Analytical expressions for the grid modulation
characteristic and the perveance of picture tubes are
derived for the paraxial space after explaining the
difference between cathode and grid modulation.
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“Effective perveance”, related to the perveance as
expressed by Child, Langmuir and Schottky, represents
a practical design parameter for television picture
tubes. Expressions for the beam current characteristic
and perveance are derived analytically in the paraxial
space for cathode modulation and the relations ex-
tended empirically to the marginal space. The influence
of the high voltage penetration on the perveance is
also investigated. The requirements for a new picture
tube designed for optimal utilization of cathode modu-
lation are listed. The electron gun of the new tube is
discussed in detail. A special feature is that the second
grid of this gun possesses a smaller aperture than the
first grid. In addition, the new tube is approximately
2 in. shorter than the conventional tube. Results
obtained with the improved tube are listed. It is
shown that the prevailing smaller cut-off voltage range
can be realized in mass production without difficulty.
Spot diameter, current defocusing, and focusing voltage
range of the new tube are entirely comparable with
corresponding characteristics of a conventional tube
while transconductance and maximum beam current
are substantially higher. An increase of the effective
perveance to 5-1 microamps/ V! has been achieved
without deterioration in resolution,

621.397.743:621.397.813
Non-linear distortions in television links. J. MULLER.
Archiv der Elektrischen Ubertragung, 11, pp. 485-494,
December 1957.

The definition of non-linear distortion with television
programme transmission systems and the limit of the
perceptibility of gamma distortion in the television
picture, and the non-lincar distortions of different
types of television programme line are reviewed and
their influence on the picture quality is discussed. The
discussion relates in particular to the kind of
frequency-dependent non-linear distortions that may
appear on frequency-modulated radio links. Emphasis
is here placed less on a clarification of their mechanism
than on their effect on the video signal and the tele-
vision picture by reference to oscilloscope records and
diagrams. Results are given of measurements of non-
linearities of television programme lines and the new
4-kMc/s radio link and 1-Mc/s cable system.

621.397.813
The cause and the measurement of level sensitive phase
and amplitude fluctuations in the transmission of
colour-television chrominance carriers.—). PIENING.
Nachrichtentechnische Zeitschrift, 11, pp. 70-77,
February 1958.

The most important causes of differential gain and
differential phase in colour-television transmissions are
indicated and investigated quantitatively. A brief
description of equipment for measuring these distor-
tions is given and practical results of measurements

are reported.

681.142:621-52
The theory and design of a sampled data control
systems.—S. BELLERT. Rozprawy Elekirotechniczne,
3, pp. 472-530, No. 4, 1957.

The fundamentals of the theory of feed-back control
systems working on sampled data are given. The
theory is a continuation of the method given by J. Z.
Tsupkin, but is not based on the “discrete,” but on the
integral Laplace transformation. A number of con-
cepts well known from continuous working systems is
utilized, i.e., the concept of the transfer function,
frequency response, time response, etc.
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