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Relatively-moving

E fec! that some apologyv is perhaps due
to our readers for returning to this
subject, but we were so impressed by

the fact that a man of Professor Cullwick’s
standing was prepared,* on what we regarded
as very questionable grounds, to maintain that
certain phenomena could not be explained by
Clerk Maxwell’s clectromagnetic theory, that we
felt compelled to pursue the matter further.

For the sake of sym-
metry we consider two
charges + Q and — Q and :
a metal ring as shown in :
Fig. 1. If the ring is at |
rest and the charges mov-
ing to the right, they will
produce a magnetic field

through the ring the

magnitude of which at | |

any point in the plane | /
of the ring can be ecasily \ I
calculated. The variations SNt

of the magnetic flux will
induce an e.m.. in the
ring ; as before, we assume
the ring to be open-
circuited, that is, we shall
not consider the ecflfect of
any current set up in the ring ; the effect of such
currents would be the same in either case. Up to
this point there appears to have been no ditference
of opinion ; it was when the charges were at
rest and the coil moving that Professor Cullwick
made what we considered to be wrong assump-
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Fig. 1.

* On p. 246 we publish a letter received trow Professor Cullwick after
this Editorial was written. This letter has necessitated a number of
alterations and deletions in the Editorial. Since he now agrees with our
point of view, his letter and this Editorial may be regarded as comple-
imentary.
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Charge and Coil

tions. He assumed that the charge -+ @ induced
negative charges on the outside of the ring at
A and positive charges on the inside. 1f this
were so they would, of course, to some extent
neutralize each other’s magnetic cticct at any
distance, since the wire is assumed to have a
very small diameter. To make this point quite
clear we propose to make some approximate
calculations for a definite case. When in the
position shown we assume the distance of - Q
and — Q from the centre to be 2 where 7 is the
radius of the ring. The clectric field at P due
to + Q and — O will be downward and equal to
20Q 2

5% W5
ring will be such as to give zero resultant electric
force everywhere on the ring. As a first approx-
imation we neglect the small difference between
the density on the outer and inner surface of the
wire at any point and assume that the charge
per unit length at A is ¢,,,,. We further assume
that the charge per unit length at any point is
cqual 10 ¢,,4, 5in%6; this is an arbitrary assump-
tion and we shall also try the effect of assuming
it to be ¢, sin®8. These both lend themselves
to simple calculation whercas any attempt to
determine the actual distribution would be
very involved.  We shall now calculate what
@mae Must be in order that the resultant clectric

ficld at P may be reduced to zero.
in2.rd
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l'o give zero resultant field at P we must have
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that is, 0.135Q/r
As we assume that ¢ = ¢,,,, Sin%@, the mean value
will be ¢,...2 and the total charge on cach
hall of the ring ¢,,..77/2 — 0.21(.
If instead of ¢ — @, Sin%0 we assume that
7 = Gmaz SiN®0 the above integral becomes
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In this case, to give zero resultant field at &

qma;c _4' Q
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and qIIL(L$ 0224 Q 7.

The mean value of ¢ will now be 0.425 g, and
the total charge on each half of the ring 0.3 Q.
The charges are greater because of the assumed
gre(ltu' concentration in the neighbourhood of
A further from P.

\'Ve wil] now calculate the magnetic field H
produced at (he centre of the ring by the motion
of these induced charges at the moment represen-
ted by the diagram. Due to unit length of wire
H = qgqvsin8/cr® and if g = g, sin?0, H —
Jmagvsin®d/cr®. Due to the whole ring

Y :
= q'g;;; 2mr ~ average value of sin®0
G maa? 27 4 Jmax?¥ 8
cr 3m cr 3
Putting e, — 0.135 Q/7 we obtain H — 0.36
Qu/cr®. 1f, however, ¢ Gz SINP0, H — Gpuop¥
sin%8/cr? duc to unit length, and for the whole
ring we then have
27
H— q:y X 0.375 = 2-350 Guas?/c7
Putting  Gmex = 0.224 Q/r we have H
0.528 Qu/cr.

If the ring were at rest and the charges + ¢

210

and — Q moving with vclocity v, the strength of
the magnetic field at the centre of the ring
would be
Q’A/ I >
2= (272 0.5 Qu/cr®.
which agrees within 6 per cent with the value
obtained for the moving ring on the assumption
that the induced charge
is distributed according to
the formula ¢ = ¢,,4,51n30.
It can safely be assumed
that this is a fairly close
approximation to the ac-
tual distribution.
We turn now to another
matter; viz, how the charge

\‘T g on unit length of the
\\ wire is distributed over its
Vo surface. At A the field
\k\*"’ due to + Q and — @ would

be in the plane of the cross-

\
\\ | section of the wire, and
|| practically uniform over
Fio 2 the wvery small cross-
’ section. Its value would be

Q/7* + Qfort = 1.11 Q/%. The field at A due to
the charges on the ring, except those in the
immediate neighbourhood of A, can be calculated
as follows :—

. qrd dé .
& ZJ (27 sin ¢/2)2 sin ¢/2
Putting ¢ = ¢4 cOs3¢
o G| cOS%
e 27 J sir{q&zd(26

a

The values of cos?¢/sing 2 are as follows :

& in degrees

Io 15 30 45 6o | 9o 120 150 180

- —
10.92 |6.91 [2.51 |0.925 |0.23 | o ‘0.I44 | —0.672 | —1

These are plotted in Fig. 3.

Over a small angle « on either side of A a
different procedure is necessary. As a rtough
approximation we can say that the electric field
at X in Fig. 2 due to the clemental ring rd¢ will
by equal to

qrqu b7 B
(7 + @2)* " /(@) - (d/2)*
and its radial component will be this multiplied
by sing/z or for small values of ¢ by ¢/2, which
gives
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Since cos’¢ differs little from 1 for such small
values of ¢ we can pul ¢ = ¢4, and the radial
component of the electric field duc to this part
of the charge will be

2
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Fig. 3.

To evaluate this it is necessary to assume a
definite value for /7 and we assume a ring of
5cm radius made of wire of T mm diameter, so
that d/zr = o.01. With this value of d/zr the

, d 2732
values of 2¢? /[zﬁz + ( > ] arc as follows :

27

¢ in degrees

| |

0;2'3’4|
| .

|22.2

| |

I.
652 | 77 | 75 lso-B |36.3 278

These are plotted in IMig. 3.

The two curves merge into one another at about
10 degrees and the mean value between o and 7
is found to be 2.225. Hence

&, -—qé';i:w X 2.225 or, putting ¢ma. =
¢
0.22
224
&, = 0.785Q/r2

Adding this to the &, duc to 4+ @ and — Q
we have

&, = (0.785 - 1.11) Q/r® = 1.9Q/7*
To neutralize this radial field the density of the

WIRELESS ENGINEER, JULY 1940

induced charge must be greater on the outer
surface of the ring than on the inner surface,
or, what amounts to the same thing, charges with
opposite signs as shown in Iig. 4 must be super-
posed upon the uniform charge. If lig. 4
represent a scction of the ring at A these super-
posed charges must produce an upward field &,
equal and opposite to &,. 1f - ¢’ be the charge
on the upper half of the wire and g’ that on
the lower half per unit length then &g = 4mq’[d.
The charges will be so distributed that the field
is approximately uniform as shown.

. , 1.9,4d
Equating &, and &, we have ¢° — ;:r Q 7

da
0.15 Q p
If the density of the charge ¢pg. at A, assumed
uniform, is o, and the maximum density of the
charges + ¢’ and — ¢’ is o’ then

0.224
09 — qnmac‘ﬂ'd b dr ’ Q

0.15
72

Q

ooy = 4.2d/2r.

ando’ = ¢q'/d

In the example considered we assumed » = 5c¢m

:
and ¢ = 1 mm and for these values 42

g, 100
This means that the negative induced charge at
A has a maximum density on the outside of the
ring 4.2 per cent above
the average density, and
a minimum density on the
inside of the ring 4.2 per
cent below the average
density, this difference
sufficing to neutralize the
electric ticld in the metal
of the ring duc to the

charges + ¢ and — @ and o’
to the charges on the ring Fig. 4.
itself.

Although we have made several approximations
they are of a minor character and cannot mater-
fally affect the result. We have disproved the
assumption that the induced charges on the
outer and inner surfaces of the ring are of opposite
sign and have shown that in the calculation of
the magnetic field one may safely assume that
the surface density is the same inside and outside.
We have also shown that a reasonable assumption
as to the distribution of the charge gives the
same magnetic field at the centre of the ring as
when the ring was at rest and the charges moving.
In both cases this magnetic flux increases from
zero to a maximum and decrcases to zero in the
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same time, and we found it difhcult to believe
that in one casc the application of classical
clectromagnetic theory would give an induced
c.m.l. whilst in the other case it would not. It
would be interesting to know on what this strange
conclusion was based. The case of the moving
coil and stationary charge is admittedly more
complex than the casc of the stationary coil
since in the latter case there is no question of
e.m.fs induced in moving conductors and one
is only concerned with the variation of magnetic
flux through a stationary ring. If one admits,
however, that the maximum magnetic flux is
the same and that it is reduced to zero in the same
time, the flux reduction due to weakening of the
field added to the flux reduction due to movement
of the conductor in the ficld. must surely give
the same total flux reduction and the same
induced e.m.f.

One can picture the change being made in a
number of steps, first keeping the field constant
and slightly moving the conductor, then keeping
the conductor at rest and changing the ficld to a
new value, and so on. IKach change would cause

a small reduction of the flux through the ring
and a consequent induced c.m.f. The time in-
tegral of these induced em.fs must surely
correspond to the total change of flux. If not,
it would be intercsting to know just where and
why the classical electromagnetic theory of
Clerk-Maxwell fails to explain the phenomenon.

If at a given moment a jug was full of water
and at a later moment it was empty, and it was
known that some had been ladled out and some
spilt over the edge, it is hard to imagine anvone
maintaining that, on calculating the two sources
of loss, he found that they cancelled each other.
In his letter on p. 140 of our April issue P’rofessor
Cullwick said “he must therefore, if he uscs
Maxwell’s theory, calculate fwo components :
one due to the rate of change of flux through a
stationary path momentarily coincident with
the moving loop, and one due to the motion of
the loop through this ficld. These two components
are found to cancel, giving zero e.m.f.’

We are relicved to know that Professor Cull-
wick no longer supports this statement.

G.W.0.H.

ACCURATE FREQUENCY
MEASUREMENT

Proposed Method for Use up to 12.000 Mc/s
By W. F. Brown, B.Se.(Eng.Lond.)

(Radio Departm-rt. Royal Aircraft Establ shment)

Introduction
T‘ 2 following brief description will help
readers not  familiar with frequency-
measuring technique to understand the
principles on which the proposed system is based.
In place of attempting to measure a high
unknown frequency directly, its difference from a
known harmonic of a variable reference oscillator
is determined.  The important features which
contribute to the accuracy of the system are that
the reference-oscillator frequency is  always
standardized in terms of a highly accurate and
stable low-frequency quartz-crystal calibration
oscillator and remains fixed during the period of
measurement, and that the differcnce between
the unknown frequency and the harmonic of the
reference oscillator is alwavs relatively small ;
therefore the difference is measured easily, and if
inaccuracics do occur in the process, the per-

MS accepted by the Edifc;l', April 1948
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centage effcct on the final accuracy is small
The proposed system provides automatically a
method of determining the orders of the harmonics
used and errors due to ambiguities are avoided.
All the problems related to the accurate
measurement of high radio frequencies (e.g.,
of the order of one to twenty kMc/s) have
not yet been solved. The techniques which
have been uscd successfullv at lower radio
frequencies (e.g., from 2o kc/s up to several
hundred Mc/s) have been adapted for application
higher up the frequency spectrum, and in the
process have developed but little.  Thus, in place
of the quartz crystals of the medium frequencies
(a few kc/s up to 20 or 30 Mc 's) with tolerances of
perhaps 1 or 2 partsin a million in good cascs, we
have, particularly at frequencies above about
500 Mc/s, high-Q resonators of various types
which, in order to be capable of maintaining the
same high order of accuracy, are necessarily of
fixed frequency also. In addition, extrapolation
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is not readily carried out and it is not easy to
relate measurements by this method to accepted
low-frequency standards.  Clearly, the fixed
frequency high-Q resonator does not provide a
very convenient means of measurement over a
range of frequencies.

Fe MIXER AMPLIFIER |

[ !

—\oo—<

F| Fz F} CRYSTAL

300600 20- 40 osciLLATR| | (kT ioe
Mcis Mcys =2 Mers 100 kefs

Fig. 1. Principle of usual heterodyne method of

measuring high frequencies.

Heterodyne methods are preferable because
comparison  with  accepted  low-frequency
standards may be carried out more casily,
discrimination is usually better, and a higher
order of sensitivity is possible, together with a
wide measurable range of frequencics.  As
generally used, however, the overriding difhculty
associated with heterodvne methods is that of
avoiding ambiguities. In many low-frequency
standard equipments, the possibility of selecting
incorrect harmonics is serious enough ; but when
in addition one or two transler oscillators are
included, high-order harmonics of which are to
be uscd, gross errors of measurement are possible ;
these errors can be avoided only Ly the exercise
of considerable care.

The method «escribed hercin has been de-
veloped primarily with a view to climinating
these troublesome ambiguities ; it is essentially
a high-frequency method ; it readily provides an
accuracy of better than 1 in 100,000 al frequencies
higher than 1 kMc/s; it may be checked easily
against any suitable low-frequency standard
source, and it employs a medium- or low-
frequency quartz crystal for calibration purposes.

In the most commonly used heterodyne
method, illustrated in Fig. 1, a high-order
harmonic of a free-running variable oscillator
having a fundamental frequency /7, of several
hundred Mc/s is tuned to zero beat (or the centre
of the heterodyne ‘ spread ’) with the unknown
F,: a harmonic of a second oscillator of lower
frequency F, is then made to beat with tuned
oscillator [F,. Similarly, the frequency of
oscillator F, is determined in terms of that of
another oscillator of lower frequency still, I7,.
In this way the frequency of the unknown is
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related in stages to an accurately known low-
frequency source; c¢.g., a quartz Cr) stal of
frequency  probably as low as 100 ke/s. A
multivibrator system is [requently incorporated
to assist in the process of interpolation by the
provision of a serics of calibration or check points
more closely spaced (ie., having a lower-
frequency difference than the points provided by
the crystal). The multivibrator is usually brought
into operation in conjunction with the variable
oscillator at low frequency F,  The multi-
vibrator is locked with the crystal oscillator and
its frequency is therefore always a sub-multiple
of that of the latter. The system may be arranged
to provide a series of calibration points on the
dial of I, at intervals, for example, of I ke/s.
Over such small changes of frequency the scale
of F4 can be considered lincar and the accuracy
of interpolation is high. In addition to the
problem of identifying the orders of the harmonics
in use, numerous unwanted heterodvne beats are
liable to be produced. The system is capable of
very high accuracics, provided these sources of
error do not find their way into the final answer,
and is most suited to the needs of the experienced
operator.

Multiples only of the trequencies of the scveral
oscillators are emploved, and choice of the correct
multiples may not be an casy matter, since with
the high orders used, amplitudes are very nearly
equal and frequency-spacing is small. The
initial effect on even an expericnced operator can
be rather devastating, as on rotation of the
controls, his car is assailed by an apparently
unlimited number of heterodyne  beats  with
seemingly nothing to choose between them.

In the system now proposed, the jrequency
difference between the unknown source and a
kmown crvstal-checked harmonic of a relatively
tow-frequency stable tuned reference oscillator 1s
measured. (Note : a crystal-checked oscillator is
once which is arranged so that heterodyne beats
betwecn harmonics of itself and those of a crystal-
controlled oscillator mav be observed, and the
frequency of the former determined thereby in
terms of that of the latter. A crystal-chocked
harmonic of an oscillator is a harmonic the
frequency of which corresponds cxactly to that
of a known harmonic of a crystal-conriolled
oscillator.)

In order to check the calibration of a variable
frequency oscillator against a highly-stable
calibration crystal oscillator, the outputs of the
two oscillators are fed into a suitable mixer, the
resultant difference-frequency output from which
is then amplificd and passed into tclephones,
magic-eye or other indicator. The frequency
range over which telephones and human ears are
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sensitive is relatively very limited and is of the
order of 3 X 10-5 that of the variable oscillator
in the present casce, or put another way, assuming
that a total angle of rotation of 8o degrees (as for
a balanced butterfly tuning unit) is required to
cover the range 300 to 600 Mc/s, then a movement
of only 0.005 degree will be sufficient to tune the
variable oscillator into and out of audibility with
the harmonic of the crystal oscillator. The use
of an indicator having a much wider frequency
response makes searching very much easier, and
enables measuremncnts to be made when the drift
of the unknown exceeds the range of audibility,
while a reduction gear, preferably of the positive
worm and  spring-loaded  split-wheel  variety
facilitates final adjustment.

s
') ]

the dial, corresponding to a given check frequency
and a low capacitance associated with the variable
oscillator is adjusted to give the required zero-
beat condition. By this means the calibration of
the variable oscillator is corrected in the zone
around the relevant check frequency.

The variable reference oscillator nced not be
calibrated very accurately since in normal use it
1s always set to zero beat with a harmonic of the
quartz-crystal calibration oscillator.

A simple means of determining the harmonic
order of the tuned oscillator is included in the
system, thereby almost eliminating the possibility
of ambiguities occurring.

Since the difference between the frequency of
the source to be measured and the frequency of
the harmonic of the refer-
ence oscillator is usually
only a small fraction of

Fig. 2. To check veference-oscillator Sfrequency :
Sg weposition 1; Sy in posilion 2.
fion 1 ;
calibration points on F scale —S, in posilion 1 :
position 2; Sy in position 2.
position 2, S, in position 2 ; Sy open ;

i position 2 Sy open; Sgin position 2.
position 2, Sy in position 2

The actual process of checking the frequency
of a variable oscillator against a harmonic of a
calibration oscillator consists in adjusting the
former frequency until the difference between
this frequency and that of the harmonic of the
calibration oscillator to be used comes within
the range of response of the magic-cye indicator.
The adjustment of the variable oscillator is
continued until the difference frequency as
observed by mcans of both telephones and magic-
eyc indicator becomes zero : i.e., until the zero-
beat condition is reaclicd. The frequency of the
variable-frequency oscillator and that of the
harmonic of the calibration oscillator are thus
made equal.

In the present application this process is
modified slightly when corrections for drift of the
variable oscillator are being made. In this case
the dial of the variable oscillator is set exactly to
the position, as obtained from the calibration of
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Sy position 1; Sgin position 2 ;
Tochech i.[. oscillator frequency :
Sg i position 2; Sy in position 2 ; Sy in position 1.
Sg 11 position 1 ;
To obtain channel beats via i.f. unit -
Sy i1 position 1.
beals between wnlmown source F, and rveference oscillator -
Ior wormal easurement S, in
Sg open ; S, in position r.

(3) | (s) the former, and since the
£ 5 LFAMPLFIERS | ! . reference  oscillator  is
UNKNOWN MXer [Tg 7] ?%EC—IE(L)AMTS/Z S.2 | MXER AMPLIFIER |- always set to zero beat
' 2 with a harmonic of a
) quartz-crystal calibration
o oscillator, a high order
Q) (2) ’ of accuracy is obtainable.
REFERENCEF 4 Mcjs MAGIC-EYE This accuracy increases
1 0SCILLATOR CALIBRATOR INDICATOR [— E i
300-500 Mcrs £ AMPLIFIER with the order of the
reference-oscillator  har-

monic in usc.

It will be seen that
the measurement of the
(requency of the source
is carried out in two
stages - first, by setting
the reference oscillator
to zero beat with a har-
monic of the calibration
crystal oscillator, thereby making the accuracy of
this part of the measurement cqual to that of the
crystal ; and secondly, by measuring, by means
of the if. amplifier-oscillator section of the
equipment, the difference between the frequency
of the unknown source and that of a known
harmonic of the reference oscillator.  The smaller
the ratio of this difference frequency to the
frequency of the source, the smaller will be the
percentage elfect of crrors in the measurement of
the difference frequency on the overall accuracy
of measurement of the unknown frequency.

In Tig. 2 is shown a block schematic diagram
of the equipment, and brief descriptions of the
individual items will now be given.

Sy in posi-
To obtain major
Sy in
Sy in
Lo oblain direct
Sy i position 1 ; S,

VYariable Reference Oscillator

I. The variable reference oscillator, Fig. 3 (a),
covers a fundamental range of 300 to 600 Mc s.
The frequency law is selected so that the dial
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calibration is as linear as is conveniently possible.
The accuracy of this calibration need only be
sufficiently high to enable the oscillator harmonics
to be identified. This would become difficult if
the ratio of frequency change to angle of rotation
were excessively high.  lFor this reason the
frequency coverage of the reference-oscillator
tuned circuit should be restricted to little more
than the requirced range of 300 to 600 Mc/s; a
small excess 1s necessary to provide for the effects
of aging and temperature changes. In addition,
to enable identification to be carried out safely,
instability from all causes, after the warming up
period, must not exceed approximately 1.5 Mc/s,
assuming a 4.0-Mc/s calibrator (i.e., a crystal or
a frequency multiplier having an output of
4.0 Mc s is used), unless means for correcting drift
are incorporated in the reference oscillator. This
may be a sharply-tuned resonant circuit to
identify one ‘spot’ frequency, and a frequency
corrector (e.g., a variable capacitor of low value),
associated with the main oscillatory circuit.

The neatest method of checking and correcting
the calibration of the reference oscillator is the
following . the switching of the equipment is
arranged so that the i.f. oscillator output may be
injected into the first or second mixer as required ;
in the latter case the if. oscillator output is
mixed with that of the calibration crystal
oscillator or multiplier, in both cases the final
calibration frequency being 4.0 Mc/s.  The dial
of the if. oscillator-amplifier is set cxactly, for
example, to 4o.0 Mc/s and the frequency corrector
incorporated in the i.1. oscillator circuit is
adjusted to zero heat with the calibration source.
Since the frequencyv ratio is relatively low, and
the spacing between major heterodvne beats
large, therc is no possible ambiguity. The i1
oscillator output (left fixed at 4o Mc/s) is next
mixed with that of the reference oscillator in the
first mixer, the output of which is taken to the
af. amplifier. Major heats will be observed at
40 Mc/s intervals; i.e., at 320, 360, 400 . .
600 Mc/s. Again the frequency ratios are low
i.e., 320/40, 360/40, 400/40, ctc.) and ambiguity
1s not possible. The reference oscillator dial is
set, for example, to the 320-Mc/s position and
the frequency-corrector capacitor adjusted until
zero beat is obtained at the correct calibrated
position of the main tuning dial.  The dial
readings in the zone around 320 Mc/s must now
e correct and identification of the 4-Mc/s check
points will be carricd out rcadily. The same
procedure may be emploved at the other major
check frequencies, 360, 400, 440, etc., Mc/s, as
required.

A butterfly-type tuned circuit is recommended
for use in the reference oscillator. Butterfly
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circuits have a wide available tuning range ;
frequency ratios as high as 5/ are obtainable,
while the present requirement of 2/1 is readily
attained with a relatively high minimum circuit
capacitance. Butterfly circuits have high @ and
approximately constant shunt impedance which
provide good stability together with nearly
constant amplitude of oscillation over the range.
In addition they are very compact and capable of
rigid construction.

FREQUENCY
CORRECTOR

Fig. 3. Buttevily o0s-
cillator circuit (@)
and mechanical
fovins of the semi-
butierfly and true
butterfly (b). The
latter are shown tn
maximun frequency
positions, x and y
being the points of
maxmun potential
difference.

v

STATOR

INDUCTANCE I3DUCTANCE
Loop 7 PLATES - Leee

GAP
SEMI-BUTTERFLY

(b)

These desirable features are achicved by com-
bining variation of inductance with variation of
capacitance in a single assembly which in-
corporates both clements. In Fig. 3(b) is shown
the principle of the semi-butterfly and true
butterfly circuit ; in each casc movement of the
rotor plates (corresponding to the roter of a
normal variable capacitor) relative to the stator
plates produces a change of effective shunt
capacitance, whilec movement of the rotor relative
to the loup inductance produces a change of
effective inductance due to partial cancellation of
the loop-inductance flux by the flux due to the
eddy currents induced in the edges of the rotor
plates. Thus when the rotor plates are in the
‘open’ position, as shown, capacitance is a
minimum, flux cancellation is a maximum and the
effective inductance 1s @ minimam.

The stator assembly may be formed by the
stacking and bolting together of a number of flat
plates and spacer rings (which constitute part of
the inductance ring) alternately.  The rotor plates
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mesh into the spaces corresponding to the spacer
rings. An important precaution against absorp-
tion spots, which in bad cases can be sufficient
to prevent oscillation, consists in thoroughly
bending the sectional stator plates together by
mcans of soft solder around the periphery.

The semi-butterfly circuit is the morc con-
venient for connection to most modern types of
high-frequency oscillator valve (nearly all of
which are designed for insertion into concentric
circuits) at points x and y, but is more productive
of unwanted responses and liable to produce less
constant amplitude of oscillation over the range
due to the fact that the circuit is balanced only
when the rotor is either fully in or fully out of
mesh with the stator. As the circuit goes out of
balance, losses increase and the amplitude of
oscillation decreases.

For a given number of plates, maximum
inductance and capacitance are both approxi-
mately proportional to D?; the minimum
frequency is therefore proportional to 1/D2. The
maximum frequency is approximately propor-
tional to 1/D.

The true butterfly circuit is preferable because
it is balanced for all positions of the rotor, and
for this reason is more commonly used, but there
is the mechanical disadvantage that connection
of anode and grid (the latter via a small capacitor)
of most high-frequency oscillator valves cannot
be made conveniently to points x and v, which are
the points of maximum potential difference.

An inductance ratio of 2/1 is readily obtained ;
allowing for a small margin at each end of the
scale, a capacitance ratio not greatly exceeding 2/1
is sufficient to provide the 2/1 frequency ratio
required. This low capacitance ratio can be
utilized in the quest for overall stability of the
oscillator.

@ 1s not constant over the range, but average
values of the order of 3500 are obtainable. Since
series resistance 1s a linear function of frequency,
O reaches its minimum value at the h.f. end of
the range. The shunt impedance of the circuit
may be of the order of 7000 ohms, constant to
within perhaps 109%, over the range.

These characteristics combine to make the
butterfly circuit very suitable for the present type
of application, and no great difficulty in designing
an oscillator to meet the general requiremients is
to be expected. A problem which can be trouble-
some is the production of electrical noise in the
bearings of the tuning unit. This noise can be
quite sufficient to mask weak heterodyne beats,
during rotation of the butterfly spindle. Metal
to metal bearings (including single and multi-ball
bearings) are intolerable in this respect, metal
running on a suitable insulating material is an
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improvement, but the usc of suitable insulating
materials for all bearing surfaces holds promise
of a possible complete solution.  Polytetra-
fluoroethylene, with its scli-lubricating and other
valuable properties deserves consideration in this
field.

For design purposes, the inductance of the
butterfly circuit loop may be obtained from the
expression*

L = 1.35

Lo 36 3
8 4/17v]08e[ ,  2)10 wH,

where » is the inside radius of the inductance
loop, and ¢ and w are the thickness and width of
the loop, all in cm.  The maximum inductance in
the closed position is approximatcly one eighth
the inductance of the full ring, and the factor
1.35 allows for the contribution of rotor and
stator plates.

The calculation of capacitance is carried out in
the usual way ; the effective capacitance is that
of the two halves in series.

4-M¢/s Calibrator

A 4-Mc/s calibrator consisting of a 4-Mc/s
quartz-crystal-controlled oscillator is used, or a
crystal-controlled oscillator of lower frequency ;
e.g., 100 kec/s, together with a 4o0/1 frequency
multiplier.  Much work has been done on the
design of precision low-frequency crystals by
British manufacturers and the Gceneral Post
Office. High-frequency crystals with low tem-
perature cocflicients are not so highly developed
and so, at the present time, the use of a low-
frequency crystal mounted in a temperature-
controlled oven together with a frequency
multiplier is to be preferred if the highest possible
accuracy is required. For example, 100-kc/s
DT cut plates mounted in evacuated glass
envelopes having a mean {requency/temperature
coefficient of 4 1.0 > 10 © per degree C over a
temperature range ot +- 50° C are in production,
and around the mcan opcrating temperature of
the oven, which is arranged to correspond to the
“turn-over © point of the crystal characteristic
(the law of frequency change/temperature is
parabolic in shape), the frequency/temperature
coefficient mav be of the order of 0.5 x 10 7
per degree C, over a temperature range of
4+ 1.0°C. Bearing in mind that the oven
temperature mav be held constant by means of
temperature-sensitive Dbridges and amplifiers to
within 4+ 1 degree C in moderate, and 4+ o.1
degree C in good, cases for quite large changes of
ambient temperature, it will be seen that the
variation of frequency of the crystal due to
ambient temperature changes may be reduced to

* General Radio Bulletin, October and November 1044,
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as little as + 0.5 X 10 ¥;ie., + 0.5 < I0 “cfs
at the fundamental, and -+ 2 X 10 2c/s at
4.0 Mc st Naturally this takes no account of
other factors which can influence the frequency
of the crystal oscillator, many of which can be
summed up under the heading of ‘aging —both
of the crystal and of
associated components
in the maintaining sys-
tem, which are also
usually housed in the

Fig. 4. Callode-injec-
tion anmti-resondant ciy-
stal-oscillator — having
good stability wilh con-
siderable range of fre-

quency adjustiment.

oven. In order to provide maximum immunity
irom the effects of variation in the maintaining
system either anti-resonant circuits having high
input capacitance (i.e., the capacitance appear-
ing across the crystal) or resonant circuits should
be used. Anti-resonant circuits have the advan-
tage that considerable adjustments of frequency
can be carried out casily, but in practice their
stability is inferior to that obtainable from
resonant condition oscillators.

In general, for maximum stability, the crystal
drive level should be as low as associated con-
ditions permit. Internal heating of the crystal
plate is minimized thercby, as also is the
possibility of fracture.

In Fig. 4 is shown an anti-resonant cathode-
injection crystal-oscillator circuit having good
stability together with a considerable range of
frequency adjustment. The adjustable shunt
capacitance appearing across the crystal all
forms part of the feedback system, and 1s
therefore not merely loss-producing. The range
of frequency adjustment possible together with
the fulfilment of main-
tenance requirements is

Fig. 5. Cathode-1njection
anti-resonant crystal
oscillator with adjust
able positive reactarnce
in series with crystal, to
provide the naxiniim
range of frequency con-

trol.

+ It should be noted that these figures apply only when the mean
working temperature of the ¢ven coincides w ith the ‘turn-over’ tempera-
ture of the crystal. In practice so far, it has proved difficult during the
design of DT plates to forecast to within better than approximately
15 degrees C what this ‘ turn-over’ temperaturc will be. Therefore, unless
1t is possible subsequently to set the mean working temper.ature of the
oven to suit a particular plate, it may be preferable, although more costly,
to employ a G'I' cut crystal.
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relatively large and changes of effective shunt
capacitance are not accompanied by correspond-
ingly large changes of oscillator output level.
In the circuit shown in Tig. 5 the maximum
adjustment of frequency is possible ; 1e., from
almost the cxact anti-resonant frequency to a
lower critical frequency beyond which un-
controlled oscillation occurs. This is effected by
the adjustable positive series reactance formed
by the shunt LC circuit connected in series with
the crystal.  With C at its minimum value, the
series reactance is a minimum and the resonant
frequency of L together with all associated
capacitance is much higher than the anti-resonant
frequency of the crystal. L and C are chosen so
that as C is increased, the resonant frequency of
the series circuit falls towards the crystal fre-
quencv ; i.c., the effective positive series re-
actance increasecs. It may be shown that for
maintenance conditions to be supported, increase
of positive serics reactance must be accompanied

5\1

il

1

Fig. 6. Series-resonance bridge-lype oscillatoy.

by a decrease of the frequency controlled by the
crystal.  When the inductance L together with
all associated capacitances resonate at a frequency
just equal to that of the crystal, the crystal loses
control and behaves as a capacitance only. As
would be cxpected, therefore, overall stability
decreases as the series reactance, and con-
sequently the displacement of frequency from
normal, are increascd.

A circuit which enables the full stability
possibilities of a low-frequency crystal to be
realized is shown in Fig. 6.

Capacitor C in scries with the crystal in one
arm of the bridge, in conjunction with the
inductance L, provides a second-order frequency
adjustment, the crystal operating in the resonance
condition. The resistance of the lamp included
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in the opposite arm varies in the cvent of any
tendency for the level to change (due to variations
in supply volts, aging of the crystal, valves, etc.),
in such a way that the bridge is maintained just
off balance and a very nearly constant voltage is
supplied to the grid of the amplifier valve for
maintenance purposes over a relatively wide
range of conditions. Constancy of drive level
results in constancy of power dissipation within
the crystal, thus changes of frequency from this
cause are eliminated.

The above circuits are valuable because they
do enable the adjustment of crystal-oscillator
frequency to be carried out, even when this
diffcrs appreciably from the nominal frequency
of the plate or bar. The use of less accurately
finished, and therefore less « xpensive, crystals is
also made possible.

The final accuracy of measurement is a
function of the crystal-oscillator frequency, which
with the aid of thermal control and frequency
adjustment in the maintaining system may be
held to one or two parts in a million (i.c., between
4 and 8c/s at 4.0 Mc/s) without very great
difficulty.

- LF
200-600 Mc/s «—1 oUTRLT
4Mcfs e——ryj
Y < -
& .
] @ L——
Fig. 7. Circuit for sixer.

Thermal control may be carried out in a
variety of ways, depending on the characteristics
of the crystal, the amount of frequency deviation
permissible from this cause, the range of ambient
temperature to be contended with and so on.
In the simplest form the oven may consist of a
box made of a poor thermal-conductiv material,
containing a ‘concentrated ’ heater eclement,
single thermostat unit and the crystal, with or
without associated circuit clements. Internal
temperature cycles may extend to perhaps
4 10 degrees C. Tmprovements on this include
silvering and polishing the walls to reduce
thermal loss, and the substitution of a distributed
heater clement of very low thermal inertia in
place of the ‘concentrated * element. By these
mcans internal temperature cycles may  be
reduced to perhaps 1 or 2 degrees C.  Another
method with possibilities employs an evacuated

az4

cuvelope together with contact heating of the
crystal.  An advantage of this method is the
lower heater power necessary for a given tempera-
ture stabilization. More ambitious systems, which
employ 2-stage chambers, are available when the
highest order of stability is required. In these the
temperature of an outer chamber is maintained
constant to coarse limits (c.g., - 5 degrees C), by
means of a simple thermostat and heater arrange-
ment, while the temperature of an inner chamber,
containing the crystal (and probably circuit
elements), is held to close limits (e.g., + 0.1 to
== 0.5 degree C) by means of a temperature-
sensitive bridge and high-gain amplifier.

An isolating stage (il a frequency-multiplier is
not incorporated) following the crystal oscillator
is desirable, so as to avoid the possibility of
frequency rcaction due to changes of load, and
to ensure adequate high-order harmonic genera-
tion by providing sufficient output power.

Mixer No. 1

A diode or crystal rectilier mounted in a
cavity is suggested for the first mixer.
Experience has shown that the former frequently
provides a better signal/noise ratio. A relatively
high impedance at 4 Mc/s should be included in
the circuit, which is shown in IFig. 7, in order to
cencourage the generation of high-order harmonics.
Mixer No. 2

The sccond mixer 1nay take any orthodox
form ; a triode-hexode mixer valve is suitable ;
the output from the amplifier-oscillator unit is
applied to the signal grid and that of the calibra-
tion crystal oscillator (or multiplicr) is taken to
the oscillator section, which is used, in this case
as an amplifier.

LF. Amplifier

A 40- w Bo-Mc's intermediate-frequency
amplifier and oscillator unit is used. A two-stage
amplificr together with ganged oscillator s
shown in Fig. 8. A cathode-injection oscillator
1s used, which has the advantage that on: side
of the tuned circuit is carthed and the output
circuit 1s largely isolated from the oscillator
circuit.  Tracking of the oscillator circuit with
the amplifier tuned circuits is carried out in the
usual wav by means of a combination of scries
and parallel pre-set capacitors. A corrector
variable capacitor is connected across the
oscillator tuned circuit, and enables the law of the
main variable capacitor, and therefore its
calibration, to be corrected in the zone of a
selected check point, as described elsewhere.

The sensitivity of the a.f. amplifier should be
high, and the noise level, including microphony,
must be kept to a minimum.
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The magic-eye indicator, together with its
associated wideband amplifier facilitates adjust-
ment, and when setting to zero beat, supplements
the telephones, which become inoperative as this
condition is approached. The wideband amplifier

to prevent undesirable modulation of this

oscillator, otherwise beat notes will be " dirty.’
Frequencies other than those quoted may be
used for the 1.f. amplificr-oscillator and the
variable reference oscillator ; the basis on which
selection is made is

CORRECTOR

b ({
L
o0

given later.

Referring to Fig. 2,
the source of unknown
frequency and a har-
monic ol the relerence
oscillator are mixed in
the first mixer, the out-
put of which 1s passed
directly, or via the 1.1.
amplifier and oscillator
unit and second mixer,
to the audio and magic-

Fig. 8. 40 to 8o-Mc/s
amplifier oscillator umat.
Cy and Cy ave the tracking
capacitors. The values
are arranged lo assist
i producing linearity of

I
U

calibration of the scale of
) main tuning capacitor C.

is mecessary in order to be able to take full
advantage of the magic-cye indicator. The
amplifier is fed from either the first or second
mixer, and the operator can watch the indicator
and listen simultancously for heterodyne beats.
The first warning of approaching frequency
coincidence is movement of the indicator beams ;
continued adjustment in the same direction will
produce an audible note, and final adjustment to
zero beat is also carried out with the aid of the
magic-cye indicator, for at very low frequencies
the telephones are insensitive. This is illustrated
in Fig. g.

A well-stabilized power supply should be
employed, primarily in order to obtain maximum
frequency stability from the variable refcrence
oscillator, and all possible steps should be taken

F, - unkpnown frequency to be mcasured

F frequency of the variable reference oscillator

f intermediate (requency

F, — final fundamental calibration frequency ; i.e.,
that of the output of the frequency multi-
plier, if used in conjunction with a low-
frequency crystal, or the frequency of the
medium-frequency crystal. if the latter is
used without a multiplier

F, — harmonic calibration frequency : ie., lying
within the fundamental frequency range of
the reference oscillator
All in Mc/s.

n harmonic order of the reference-oscillator
frequency used for a given measurement.
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eye amplifiers. The output from the calibrator
(1.e., the crvstal oscillator or frequency multiplier)
may Dbe injected into either the first or second
mixer when it is desired to check the frequencies
of the reference and 1.f. oscillators respectively.

o 4 TELEPHONES MAGIC EYE
=P AND AMPLIFIER AND AMPLIFIER
£z
NS
&>
Ca:
==
Y
2% |
= 0145780 66 40 20,0, 20 40 60 80 100

i l —Jal-— \j -

f— b
FREQUENCY OFF TUNE (kcfs)

Fig. 9. This diwagram illustrates the procedure for

tunng to zevo beal.  The magic-eve tndicator
is used over band b of about 150 kcfs and the
telephones over band a of some 15 kels.

I'or given values of I, and #, with the i.f. unit
out of circuit, a heterodyne beat occurs between
the »th harmonic of the reference oscillator and
the unknown source when the former i1s tuned to
frequency I7, such that F, nearly ecquals nF.
The frequency of the beat is equal to the diiterence
between /< and n/-. With the i.f. unit in circuit,
under similar conditions heterodyne beats will
occur above and below the frequency F when
the reference oscillator frequency is made
F + f/n and F — f/u, corresponding to the two



channels #nF, and =lF, Clearly, (nF, — nF)
= (nF — nl,) = f, where F; and F, arc the
Jfumdamental channel frequencies of the reference
oscillator.

Hence n(Fy — F,) = 2f, and n = 2f/F, — F,).

In other words, when the i.f. unit is in circuit,
the equivalent of a superheterodyne receiver is
formed, in which a frequency F, is receivable
under two conditions, viz., when the variable
reference oscillator (of which a harmonic of order
usually higher than unity is used) is tuned so that
a particular harmonic is either above or below
the signal frequency I, to be reccived, by an
amount equal to the intermediate frequency.
I'he two channels referred to above correspond to
these two conditions, and in receiver practice one
of these channels is suppressed by pre-mixer
discrimination. In the present application no
discrimination is provided since both channels
arc used for measurement and harmonic-order
determination. The effect of the i.f. oscillator is
to produce a low-frequency heterodyne beat
whenever two voltages are applied to the first
mixer, such that the difference between their
frequencics approximates to the frequency to
which the if. unit is tuned. This heterodyne
beat is a necessary link in the measurement
chain.

In Fig. 10 is shown the disposition of calibra-
tion check points, channel frequencies and direct
beat frcquency on the dial of the reference
oscillator ; this provides a simple method of
determining », which is carried out as follows :

(1) A direct heterodyne beat is obtained
between  the unknown frequency F, and a
harmonic nZ" of the reference oscillator, the if.
unit being out of circuit, and the approximate
reading on the relerence oscillator dial, corres-
ponding to the tundamental {requency F, noted.

(2) When the i.f. unit is brought into circuit,
the direct heterodvne between the unknown
frequency F, und the harmonic #F of the
reference oscillator disappears.  If the frequency
of the reference oscillator is now increased or
decreased by an amount such that the difference
between I, and the selected harmonic #l of the
reference oscillator is equal to f, the intermediate
frequency, then a voltage of frequency f will
appear at the input of the second mixer ; this
voltage is mixed with the output from the i.f.
oscillator in the sccond mixer, thereby producing
a low-frequency beat which is used as the means
of determining frequency equality.

Thus when the dial of the reference oscillator
is adjusted on cach side of the setting for I, the
two channel beats of frequency #F, and wfF,
respectively, equally displaced in frequency from
I' and corresponding to the fundamental fre-
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quencies Fy and I, are obtained. The approxi-
mate readings for I'; and I, are noted, and also
the intermediate frequency f. Then

2f
F,—F,

If the frequency measurement is being made
near onc end of the reference oscillator scale, so
that only one channel beat is obtainable, then
the difference between I+ and either I') or I', may
be used, and

n

NF =10,509

_10,509
(S 20

=525-45

Fi=528:45 Fy=522:45

528 524
2 520
? CHECK FREOUEN?ES\‘
ASSOCIATED ASSOCIATED
(b) 7 WITH A WITH £,
nF =1078-7
1078
F- ,0728 7
=539-35
Fi=50935 F3=56935
568
(c) CHECK FREQUENCIES ™ 572
ASSOCIATED WITH £,
Fig. 1o.  Dial of reference oscillator ; F,q and I 49

arve calibration check frequencies associated with
channel Iy, while F . and I ;4 ave associated
wilh channel Fg.

In order to provide accurate measurement of a
high frequency, it is required that with the
calibrator switched on, calibration check fre-
quencies shall be located at suitable intervals
throughout the scale of the reference oscillator,
since for the purpose of measurement, the
reference oscillator is set to zero beat with a
calibration harmonic and then left fixed. By this
means, during the period of measurement, the
accuracy of the reference-oscillator frequency
may be the same as that of the crystal calibrator,
thus contributing to the high accuracy possible
from the system. Also, since the frequency of
the reference oscillator, having been set in terms
of a calibrator harmonic, remains fixed while the
measurement is being made, in order for the
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frequency equal to the difference between F,
and #/" to be accepted by the i.f. unit, the latter
must cover a frequency range sufficient to take
account of the effects of the value of # used, and
the fact that the refercnce oscillator is set always
in terms of a calibrator harmonic which ditfers
from F, by an wmount depending upon the
calibrator fundamental frequency.  Thercfore
the calibration frequencies must be such that
when the variable reference oscillator is tuned to
any onc of these frequencies by the zero-beat
method, and the calibrator then switched off, the
difference between the sth harmonic of the
reference oscillator and the fundamental of the
unknown shall be within the frequency range of
the 1.f. unit. Thus the frequency of the calibrator
(i.c., the frequency multiplier or medium fre-
quency crystal), the frequency range of the
reference oscillator and the highest values of 7 arc
all related. The following example illustrates this
relationship :

The fundamental frequency range of the
varane reference oscillator may be conveniently
300 to 600 Mc/s, and the highest value of #, 20 ;
this combination corresponds to a maximum
measurable frequency of approximately 12 kMe/s.

The limit conditions between the refercnce-
oscillator frequency I and the calibration check
frequencies are
(1) when [I' coincides with a calibration check
frequency, and (2) when I' is midwayv between
two calibration check frequencies.

Let the output frequency of the calibrator be
4 Mc/s ; then in (1)

F -F,—oo F, I — 40Mc/s.
and in (2)
F-F,=20o0r I', — F =20Mc/s.

Assuming the 2oth harmonic of the reference
oscillator to be the highest used, then from (1)
the intermediate frequency must = o or 4 X 20

80 Mc/s, and from (2), the intermediate fre-
quency must — 2 < 20 10 Mc/s.

Thus an intermediate frequency range of 4o to
8o Mc/s would ensure a suitable calibration check
frequency being available in conjunction with a
4-Mc/s crystal calibrator and values of # up to 2o.

IFor maximum accuracy, the calibrator may
also be used to check the accuracy of the if.
oscitlator in addition to that of the reference
oscillator.  Since the unknown frequency is
always arranged to be related to a checked
frequency of the reference oscillator during
measureraent, the calibration of the latter is not
normally used for direct measurement, and need
not, therefore, be of a high order of accuracy.
As frequency determinations are made in terms
of the 1.f. oscillator frequency, and since the i.f.
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oscillator is set to zero beat with the frequency
equal to the difference between F, and #»F,
the accuracy of ganging between the 1.f. amplifier
and oscillator need not be of a particularly high
order because the frequency of the i.f. oscillator
is not a function of the i.f. amplifier ; the tunction
of the latter is to provide rejection of unwanted
heterodyne beats and increased sensitivity.

By means of the calibrator, which may be
arranged to provide check points at intervals
more frequent than 4.0 Mc/s if required, and by
taking other precautions such as the provision of
a reasonably linear frequency law and scale
correction, accurate interpolation on the if.
scale may be obtained.

Calibrator

Normally, adjustments to the crystal oscillator
are required at infrequent intervals. How often
depends on the stability of the crystal and its
associated circuits as a whole, and also on the
order of accuracy linally required. In good
examples of 100-ke/s thermally-controlled crystal
circuits, an accuracy of 2 or 3 « 1o & may be
expected over quite lengthy periods of time.
Various refinements in adjustment technicque
are possible, although the general method is for a
harmonic of the crystal oscillator and a signal
derived from a standard frequency source to be
mixed in a suitable receiver, and the difference
frequency measured. The crystal-oscillator fre-
quency is then adjusted, on the lines suggested
earlier, until this dificrence frequency attains
the required value. The choice of the standard
frequency source again depends upon the order
of accuracy required, and may, for example, be a
laboratory standard, certain  B.B.C. trans-
mitters, American Bureau of Standards ‘Irans-
mitter WWYV, the General Post Office transmitter
at Rugby, ctc. When it is desired to set the crystal-
oscillator frequency to close limits {e.g., to
I 10 7 or better) special procedures are re-
quired ; if 4f is conveniently low, the number of
beats per second may be determined by means of a
stopwatch. Alternatively, an clectronic-counting
device may be used, or an observation over a
portion of a cycle of the difference frequency
may be carried out, and the change of phase
angle noted.

The adjustment of the multiplier associated
with the crystal oscillator in the calibrator follows
normal practice. A thermionic voltmeter is
connccted across the output circuit of each stage
in turn and each tuned circuit adjusted for maxi-
mum output at its own frequency. Iinally, a
heterodyne beat between the multiplier and the
reference oscillator is obtained, and all the tuned
circuits ol the former re-adjusted to correct for
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the voltmeter input capacitance which had been
present previously.

I.LF. Unit

The outputs from the calibrator and the i.f.
unit are applied to the second mixer. The dial
of the i.f. unit is set to the calibration point
coiresponding to the intermediate frequency (or
multiple of the crystal frequency) at which the
adjustment is to be carried out. The i.f. corrector
capacttor is then adjusted until zero beat at this
frequency s obtained. It may then be assumed
that the calibration is correct in the zone around
this calibration point ; this zone extends from
mid-way between two pairs of adjacent calibra-
tion points. It is assumed also that change of
the corrector capacitance does not alter the
hnearity of the law of the 1.1, oscillator tuning
capacitor appreciably. By using the fundamental
frequency of the low-frequency crystal in place
of the multiplier output frequency, calibration
checks at closer intervals may be carried out if
required. Since the frequency of the i.f. oscillator
is relatively low, the stability can be made
correspondingly high, and after the warming up
period i.f. calibration checks at a given frequency
should be necessary at only fairly long intervals.

Reference Oscillator

The setting up of the reference oscillator is
only required to be such that correct indentifica-
tion of calibration check points is secured. As
explained carlier, the if. oscillator may be used
to provide initial major check points for identifica-
tion purposes without any possibility of am-
biguity. Then the 4.0-Mc/s crystal or multiplier
is brought into operation instead, and identified
calibration check points spaced at 4.0 Mc/s
intervals are obtained for measurement purposcs.

In order to illustrate the procedure of measure-
ment, two examples are given ; the first, of a
frequency near the upper, and the second, of a
frequency near the lower end of the range of
measurement.

Example 1.
10,509 Mc/s.

Refer to I'ig. 10(b). The first step is to dcter-
mine the order of the harmonic of the reference
oscillator used for the purpose of measurement.

With the i.f. amplifier-oscillator and calibrator
switched off, on rotation of the dial of the re-
ference oscillator, heterodyne beats between the
unknown F, and various harmonics of the
reference oscillator I will be obtained.

Suppose the heterodyne beat at 525.45 Mc/s
(read approximately) is sclected for the purpose of
measurement, and that the i.f. amplifier oscillator

Measurement of a high [requency,
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is set to mid-frequency ; i.e. 60.0 Mc's. The i1,
amplifier-oscillator is switched on and the dial
of the reference oscillator rotated each side of
525.45 Mc/s; channel beats will be obtained at
528.45 and 522.45 Mc/s (also read approximately).
The difference between these channel beats is
6.0 Mc/s and therefore.
n =26
The 1.f. unit is switched off, and the crystal
calibrator on ; check beats will be obtained at
520, 524, 528, 532, etc., Mc/s. The refercuce-
oscillator dial is set to zero beat with one of the
four check frequencies associated with the two
channels, such that an intermediate frequency
within the range (40 10 80 Mc s) of the amplitier-
oscillator is obtained—in this case 528 Mc/s,
since (528-523) 20 6o Mc/s. The crystal
calibrator is switched off and the i.f. amplifier-
oscillator switched on, and the latter is adjusted
to zero beat with the difference  frequency
20 X 528 F,. The new i.f. will be read accu-
ratelv as 51.0 Mc's. Thus I, = 528 X 20 — 351.0
10560 — 51.0 — 10509 Mc's.

Example 2.
1,078.7 Mc/s.

Using the same procedure as before, with
crystal calibrator and if. amplificr-oscillator
switched off, a beat between the reference oscilla-
tor and the unknown will be obtained when
I’ = 539.35 Mc/s, rcad approximately. With the
1.f. unit switched on, and set to 60.0 Mc s, the
channel beats will occur at 509.35 and 569.35
Mc/s, read approximately. Therefore

120/6 20.

Measurement of a lower frequency,

7 =2 X 50/60 = 2

The crystal calibrator is switched on, a calibra-
tion frequency adjacent to one of the channels is
selected, so as to give an intermediate frequency
within the range 40 to 8o Mc/s of the i.f. amplifier-
oscillator ; 1.e., 568 Mc/s. The i.f. unit is adjusted
to zero beat, and the new intermediate frequency
read accurately as 57.30 Mc/s. Then

5 2 < 568 — 57.30
— 1078.7 Mc/s.

This example is illustrated in Fig. 10(c).

Low-Frequeney Limit of Measurement
There is a low limit to the frequencies which
can be measured by this method due to the fact
that if the unknown frequency is less than twice
the intermediate frequency, overlapping of the
channels will occur.  Confusion is therefore
possible when the measurement of frequencies
lower than approximately 100 Mc/s is attempted.
For example, suppose F, = go Mc/s ; heterodyne
beats between harmonics of I, and the funda-
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mental of the reference oscillator will occur when
F = 360, 450 and 540 Mc/s.

Suppose the intermediate frequency is 50 Mc/s ;
then channel beats will occur when F 310,
410, 400, 500, 490 and 590 Mc/s, and identifica-
tion of the correct beats will be difficult. In
addition, from an accuracy point of view, the
system is not superior to more direct methods of
measurciment.

Lower frequencies could be measured directly
by means of the amplifier-oscillator and the
crystal-calibration, but again the advantages and
accuracy obtaining at high frequencies would
not be available.

High-Frequency Limit of Measuremenl

In general, in order to extend the range of
measurement upwards, one or more of the follow-
ing steps must be taken -

Raise the frequency of the reference oscillator
and of the if. amplifier-oscillator unit; use
higher-order harmonics of the reference oscillator
and lower the crystal-calibration frequency.

Suppose

F,, the frequencv to be measured — 60,000
Mc/s.
I, = 4 Mc/s.
I7, the frequency of the reference oscillator,
300-600 Mc/s, and that the im-
mediate frequency range is 40-80 Mc/s.

The 10oth harmonic of the reference oscillator
would be the lowest possible for the measurement
of 6o kMc/s (since 100 6oo Mc/s 60,000
Mcys).

Then, if I+, and /7, are the upper and lower
channel frequencies in  Mc/s, and the inter-
mediate frequency is 60 Mc/s,

100(F, — F,} = 2 x 060, as explained earlier
. F, — I'y, = 1.2 Mc/s, and the frequency
spacing between each of the channel frequencies
and the direct beat between I7, and the relerence

. .. 1.2 )
oscillator harmonic 1s ” 0.6 Mc/s.

Thus, to meet the conditions which determine
the crystal-calibration frequency, the latter must
be reduced to approximately 1.0 Mc/s. Alterna-
tively, the intermediate frequency could be
increased in the same order as the unknown,
in this case five times. This would not be satis-
factory, since the intermediate frequency would
then lie within the fundamental range of the
reference oscillator.
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It is uncertain whether the amplitude of the
100th harmonic of the reference oscillator would
be sufficient for the purpose and also whether
the efficiency of a wide-range mixer would be
adequate at 60 kMc/s.

These steps aggravate stability and scnsitivity
problems, while reductionof thecrystal-calibration
frequency also makes further demands on the
dial and scale of the reference oscillator owing to
the reduced spacing between calibration points.

In view of thesec considerations, it 1s not easy
to make a precise estimmate of the upper limit of
measurement by the proposed method ; however,
it is probably lower than 6o kMc/s.

Accuracy Obtainable

The accuracy depends on (1) the accuracy of
frequency of the crystal calibration oscillator,
which includes not only the accuracy of finish
of the plate or bar, but also the efiect of circuit
conditions and temperature, (2) the accuracy of
setting to two zero beats, (3) the accuracy of
interpolation on the i.f. scale, (4) the ratio of the
unknown to the intermediate frequency, and (s)
the stability of the reference oscillator during the
period of measurement.

By means of circuit adjustment ot the crystal
oscillator in the calibrator unit and thermal
control, the frequency of this oscillator may be
maintained to better than one or two parts in a
million of nominal ; the errors due to sctting to
zero beat should be very smallindeed ; theaccuracy
of interpolation on the if. scale should not be
worse than 1in 10? at the intermediate frequency ;
at a frequency of 5000 Mc/s the effect of this
error would be of the order of 1 in 10® on the
measurement. The drift of the reference oscillator
over a period of say, one minute can be made
negligible after the preliminary warming up
period. At the expense of increased complexity,
locking of the reference oscillator at 4.0 bMc/s
intervals by the crystal oscillator or multiplier
in the calibrator unit could probably be etiected.
An alternative and simpler method would be to
monitor the reference oscillator throughout the
period of measurement.

With care in design, it is considered that the
overall error at 5kMc/s may be of the order of
4 or 5 parts in 10°
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STANDING WAVES

AND IMPEDANCE

CIRCLE DIAGRAMS

Graphical Approach to Transmission - Line Theory

By C. II. Westcoll, Ph.D.

(Physics Department. Birmingham University)

ITH the increasing use of ultra-short
W wavelengths, the subject ol standing

waves on feeders and the associated
impedance relationships i1s of considerable im-
portance. It is also, to many, a subject clouded
with obscurity, involving ploughing through
long algebraic expressions including hyperbolic
tangents and the like. In this article, an alterna-
tive approach to the subject is described, starting
from the concept of a pure travelling wave and
the laws of superposition. In the opinion of the
author, this approach, and graphical methods
generally, are greatly to be preferred in that they
give physical insight into the phenomena; a
better understanding is obtained by reducing
algebra to a minimum and the quantities required
can be computed from charts with an accuracy
which is usually amply sufficient for the purposes
in hand. A study of the waveform and relative
phase of a standing-wave pattern leads naturally
to the polar form of the impedance circle diagram,
which 1s the form most suited to the majority of
computations. The modification to the normal
chart which is required to decal with lossy lines,
whose characteristic impedance is complex, is
also considered.

-~ +1 V=0
; V  +1—
v o =
-~ +1 V=0
(a) Ccoaxiat (b) Twin LINE
Fig. 1. Convention of sign for vollags and curvent.

The convention shown is natural jor waves travelling
to the right.

1. Travelling and Standing Waves

When a transmission line is terminated by a
load equal to its characteristic impedance* Z,
we obtain a pure travelling wave., In this case
the voltage is everywhere in phase with the
current, and their ratio V/I = Z,; also, the
phase at a given moment varies uniformlv along

MS_ aczelute(rlsy the iditor, March 10_48 -

* For simplicity, we assume initially that Z4is real, and we consider a
transniission line without attenunatior
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the line at the rate of 27 per wavelength. It is
convenient to introduce units ‘normalized ’
with respect to Z,, so that the current and
voltage 1n such a pure travelling wave become
numerically equal ; for example, we may retain
the ampere as the unit of current, the unit of
potential then becoming Z, volts. In this way
the impedance at any point on a purely travelling
wave becomes unity. Another normalization,

— T0 LOAD

A A —
' %
_ ‘

Fig. 2.

ACTUAL PHASE

Phase relations of the partial waves.

PHASE RELATIVE
10 Ve

which keeps the unit of power unchanged, is to
alter the unit of current to 1/4/Z, amperes and
of voltage to 4/Z, volts. In either case we may
denote normalized quantities with small letters,
writing, for example, z — Z/Z, = r + jx, where
z is the normalized impedance, and » and x the
normalized (series) resistive and reactive com
ponents. Similarly, for the pure travelling wave,
we have v — ¢ (instead of V/I —= Z;): there is,
however, an ambiguity of sign, for we may also
have v 1. The two cases correspond to
waves being propagated in opposite directions
along the line, since the energy is propagated in
the direction in which the current flows in that
conductor which is momentarily positive. Thus,
with the sign convention shown in Fig. 1, v = 1
applies for a wave travelling to the right, while
v = — ¢ would give a wave travelling to the left.

[n any line whose termination is not exactly
Z,, we obtain a ‘standing wave’ as the result
of the superposition of waves travelling in both
directions. Generally, the standing wave is not
“complete " ;  le., the ‘Dbackward’ travelling
component, produced by reflection at the termina-
tion, is smaller in amplitude than the ‘forward’
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travelling component. Each constituent wave
varies in phase along the line at a given moment,
but the phase changes are in opposite directions.
It is convenient to take as a conventional phase
zero, the phase of a ‘forward ’ travelling com-
ponent, or of a pure forward-travelling wave ;
we must then reckon the phase of the ‘ backward ’
component as changing by 2z for every A/z
we go along the line. As we go towards the load,
the relative phase of the reflected wave leads
increasingly (cf. Fig. 2).

Vector Diagram

To obtain the resultant voltage or current at
any point on the line, the two components must
be compounded vectorially. Thus, writing v; and
1'f for the forward components, and v, and i, for
the reflected or backward-travelling componcnts
we have v = v, + v, and 7 =i, 7, v and ¢
being the normalized voltage and current at any
point on the line. * The addition sign represents
vectorial, or complex algebra, addition.

In Fig. 3, we let OC, a vector of length R,
represent v, at a point distant / from the load.
If the voltage reflection cocfficient of the load is
k. e# (kreal, o< k< 1), then v, at the same point
is represented by a vector (CP, Fig. 3) of length
kR at an angle 8 = ¢ — 47l/A to OC produced.
6 is the phase of v, with respect to v, and changes
at the rate of 27 for every A/z we go along the
line; i.e., P moves round a circle of radius 2R

Fig. 3. Vector
diagram.

on C as centre at this rate, the direction of positive
rotation (anti-clockwise) representing  motion
toward the load. Adding the two vectors OC
and CP, we sce that the vector OP represents in
magnitude and phase the voltage v at the point
in question on the line. The phase, B, 1s of course
relative to that of a forward-travelling com-
ponent, a phase advance (anti-clockwise on
figure) being positive.

To obtain the vector representing the current,
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we might proceed similarly, drawing CP’ at
180° to CP to represent 7,, but it is simpler to
change the convention of sign for the current so
that » = ¢ for the backward instead of the
forward component, giving vy = —4,. On Fig. 3,
then, we draw O'C, or length K, equal to OC but
at 180° to it, and let this represent 7,. The
advantage of this procedure is that the same
vector CP represents 1, as well as v,, and there is
only one point I’ which moves when we go along
the line. In fact, the point P completely repre-
sents conditions at the given point on the feeder,
and is referred to as the ‘representative point’.
O'P then represents in magnitude and phase, with
respect to O'C as the forward-travelling wave,
the current at the point in question on the line.
In Fig. 3 y, the phase advance of the current
with respect to the forward wave phase, is
negative (CO'P, being a phase-lag, is — y).

3. Form and Phasc of Standing Wave

As P moves round its circle of radius AR, we
see that the vectors OP and O'P have maxima
of (1 + £)R and minima of (1 — Z)R, so that the
standing-wave ratio p is given by p — (1 + &)/
(1 — %), or k= (p—1)/(p + 1). The form of
the standing wave (i.e., its awmplitude as a function
of distance along the line) is now readily obtained.
IFrom triangle O'CP, 1* cc (1 + &%) — 2k cos 0,
and from triangle OCP V2% oc (1 + &%) + 24k cos 6.
This leads to the simple, but apparently not very
well known,t result that for any standing wave
V2 and % vary sinusoidally with distance along
the feeder. In general the magnitude of V or I
is given by much more complex expressions}
[cf. Fig. 4(a)] ; only when &£ — o (pure travelling
wave, V and I constant) and &2 = 1 (complete
standing wave, the magnitude of V or I being
a series of positive semi-sinusoids) is the form of
IV or I given by simple cxpressions.

Iig. 4(b) illustrates the phase relations in a

standing wave, as obtained from Fig. 3. For the
pure travelling wave [k = o, A, [ig. 4(b)] the
instantaneous phase varies linearly
with distance along the line. For any

N other wave, 8 and y, I'ig. 3, represent
the departures from this condition.
Consider, for example, the complete
standing wave (k= 1I); here P moves round
the circle on OO0’ as diameter, and B = 6/2,
(— 7<8<ws). When P is just to the left of O,
0~ — 7 and B~ — w/2, as we move toward
the load, B increases uniformly at the rate of

2 for each A/4 of line, becoming zero when P

1' “ Transmission-Line Imped"mct;~ Measurement,”’ hy‘ R. 1. Lees,
C. H. Westcotl and T. Kay. Wireless Eng neer, March 1949, Vol. 26,
p. m

¥ Qec, for example, Willis Jackson, * High Frequency Transmission
Lines,”’ Methuen, 1045, pp. 75-76. Although giving the full expressions
jor ¥ and I, he does not mention the simple property of ¥ and I*
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passes O’ and approaching =/2 as P approaches
O from the right. Then, as P> passes through O,
at the voltage node, the phase suddenly changes
by 180°. Consequently the actual phase of the
voltage, obtained by adding B to the phase of

w
o
>
=
]
&
X
-
w
(=3
2
=
5
(=3
>
TOWARDS THE LOAD
L e T
0 025A 0sA 07sA oA
DISTANCE ALONG LINE
o
T ’ - o —r_ -
‘ | B ///,
g
i /A
!/
|
/
90°| s (SRS C I s S ~
[ 7 ¢
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D
w | //
g 180° et 8 /,‘”-’
D~
|
GO
|
\
|
i Vouax
Fig. 4(a). Voltage amplitude in standing waves

ratios 3:1 and 5:1 shown). 1he dotted curves
are sinusordal for comparison. If the dotted curves
are read from the lines A-A and B-B as aves, they
give the law of variation of V2 along the line, for the
fwo waves shown with arbitrary voltage wnils.
(b) Phase variation in standing waves, A, pure
travelling wave. B, complete standing wave, phase

of wvoltage. C, complete standing wave, phase of

curvent. D, 31 standing wave (cf. Fig. 4a), phase
of voltuge.

the forward-travelling wave, remains constant
over this A/z length of line, and then suddenly
jumps 180°, This is the well-known clementary
result.  The current nodes occur A/4 away from
the voltage ones, when P passes through O/,
and the jumps of phase of current occur here, the
current and voltage remaining always in quadra-
ture with one another (OP and O'P on the
diagram being perpendicular).
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For a partial standing wave the phase rends
to the same behaviour, but the changes are not
abrupt. Curve D, Iig. 4(b), shows the effect
for a 3:1 standing wave. Near the voltage
minimum P passes close to O, so that g changes
rapidly. The change being in the same direction
as that of the forward component, the total
phase changes very rapidly near the minimum
and slowly near the maximum. The phase pattern
for current is similar but occurs A/4 further along
the line. The current and voltage are in phase
at the maxima and minima, and alternately
lead and lag in between.

4. Impedance Circle Diagrams

Since the point P represents conditions at a
certain point on the line, it must also represent
an impedance. It is perhaps easiest to work in
terms of the magnitude |z] and phasc-angle x of
the i1mpedance given by z — 7 + jx = [z| elx
{z| is given by the ratio of |¢| to |7| (i.e., by the
ratio of the lengths OP/O'P on Fig. 3,) while «
is the angle between PO’ and OP produced,
since we have turned the current vectors through
180° in drawing the diagram. In fact, « =
B — v, so that we sec that in the fgure « is
positive, the voltage leading the current and the
effective load being inductive. [Elementary
geometry shows that the loci of constant [z| are
a family of coaxial circles having O and O as
limiting points, while the loci of constant x are
the orthogonal family having O and O’ as
common points. The centres of the former
circles lie on OO’ produced, and their intercepts
divide OO’ internally and externally in the ratio
|z| : 1, the locus of |z| — 1 being the straight line
through C perpendicular to OO’. The = circles
have their centres on this same line, at a distance
R cot o« from C, so that OO’ subtends 2% at the
centre (C', Fig. 5, for « — 30°%). OO’ itself is the
locus of &« = 0, and C the point z 1, O being
7z =0 and O, z = 0.

We sce then that Fig. 5 is an impedance
circle-diagram, being in fact the same diagram
as Fig. 3 but with an impedance mesh drawn on
it. A more familiar form is obtained bv working
in terms of # and x instead of |z| and ». This can
be obtained from Tig. 5 by conformal trans-
formation, but it can also be obtained directly,
realizing that » — [z| cos « and x z| sin o
Dropping a perpendicular ON (Fig. 3) from O on
to O'P produced and noting that N lies on the
outer circle of the diagram and that OPN =«,
we see that PN represents |v] cos« while ON
represents |v| sin «. Therefore » is given by
PN/O’P, and z by ON/O'P. The locus of
constant # is therefore given by O'P/O'N =
1 (x -+ ), and is a circle of radius R/(1 + )
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passing through O’ with its centrec on 0O’
Further, by drawing PN’ perpendicular to O'P
to meet the common tangent O'T in N’, we see
that the triangles OO'N and O'N'P are similar
and that O'N’ 2R/x. The circle on O'N’ as
diameter (radius R/x, centre ', touching 0O’
at O') is therefore the locus of constant x. In
this way we obtain the impedance mesh shown
in Fig. 6, which is just the familiar polar form
of the impedance circle-diagram.  This is, in
fact, the same plot as the vector diagram of
Fig. 3, the point P being in just the same place
on both diagrams. It follows that the phase
angles B and y may be read directly ofi Fig. 0,
or Fig. 5 for that matter, whenever required.
This property of the diagrams does not appear
to be at all well known.

The 1mpedance mesh
angle.

Fig. 5.

magnitude and phase

The same diagram inverted (i.c., with O and O’
interchanged) gives the components of admittance
(¢ = 1/z — g - 7y) and thus the shunt resistive
(r/g) and reactive (—-1/v) components. This
fact is readily understood by interchanging the
v- and /- vectors in Fig. 3; it may also be seen
from Fig. 5, where the loci of |z| and 1/|2] lic
symmetrically between O and O’. When used
in this way it must be remembered that O, the
origin for the voltage vector, and the point
2 = 0, 1s now ¢ = oo, and is at the bottom of the
diagram if the mesh of Fig. 6 is used. O’, the origin
of the current vector, is the ¢ = o point. Other-
wise the diagrams can be used in just the same
way-—all angles are still measured anti-clockwise
and the point P moves the same way round the
diagram. In practice, it is frequently advisable
to work in admittances, since feeders are more
often paralleled than connected in series, and
admittances in parallel are additive. The con-
version from impedance to admittance is readily
made by turning the vector CI’ through 180°.
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5. Transmission Lines with Attenuation

Thesc ideas can be readily extended to cover
cases where the attenuation in the transmission
line is important. As is well known, the charac-
teristic impedance of a line having resistance R,
inductance L, shunt conductance G and capaci-
tance C per unit length is given by Z,

In the simple case
when R/L = G/C, Z, remains real, and the only
change we have to make in the methods alrcady
described is to introduce an attenuation of each
component wave. Although the forward travel-
ling component varies as e (I being measured
from the load), we continue to represent it at
any point by the vector OC or O'C, of constant
length R. The reflected component varies as
¢« so that on the diagram we have to vary
the vector CP as e ¥ to allow for the change
of scale. P therefore describes an equiangular
spiral as we move along the line, moving inwards
as we go towards the generator ; the shrinkage
of CP per revolution is the same as the voltage
attenuation of a pure travelling component
per wavelength of line. P then remains the re-
presentative point in the sense previously used,
and describes the impedance changes directly.
However, when voltages and currents at different
points on the line are to be compared, the change-
of-scale factor e must not be overlooked.

The case when Z, is complex is also interesting,
although in practice it is often sufficient to treat
Z, as real, especially when the attenuation is
small. TFor an exact treatment we write Z, =
Z,| 7%, where 8 represents the angle by which
the current and voltage are out of phase in a
pure travelling wave on the line. It should be
noted that if the attenuation is wholly due to

diclectric losses (i.e., & = o), tan 28 — G/wC,
while if due to conductor losses ((r 0), tan
28 RiwL. The general result is
/ G
t L — tan !
8=t\tan " & —tan 0T

while the attenuation constant is

20 4 . 1 G L 15
K 3 ldll%(tdl’l oC | tan =7

or approximatcly
" G R 7/ G R
=3 — > K= 5 . >
wC ol AMwC ol
We see that if « is small, 8 must be small, and 8
must always lic within the limits 4 xA/27.
Considering the vector diagram, we see that
we may draw triangles OCP and O'CP to re-
present the voltages and currents as before.
[ OC and O'C represent respectively the voltage
and current of the forward wave, OCO’ being a
straight line, we obtain, as before, a single point
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P such that CP represents both voltage and
current of the reflected wave. This can still be
done since 8 has the same sign for waves travelling
in either direction, although now all current
vectors are displaced in phase by 180° + &
(instead of 180°) with respect to all voltage vec-
tors. To retain the simple properties of a 180°
displacement, would nccessitate two separate
points P and P’, and the possibility of representing
impedance by a point would be lost.

Fig. 6. The tmpedance mesh—vesistive and reactive

coniponents.

When 7, is real, the point P moves on an equi-
angular spiral about C as we move along the line.
The point P then correctly gives the quantity
2 = Z|Z, on the co-ordinate system ol either
Fig. 4 or Iig. 0, but when Z is complex the result
requires further interpretation. From the prac-
tical point of view one will prefer to normalize /
against |Zg|, writing 2’ — Z/|Z,|, so that when Z
is real (i.e., resistive), 2’ is also real. If this is
done, the loci of #" and ¥’ (the components of z')
may be drawn, but the result is not as simple as
Fig. 6, and unfortunately the circles require to
be redrawn for cvery different value of 8. It is
therefore preferable to work in terms of magnitude
and phase, as in Iiig. 4, using the fact that 2z’
2.Ly/|Z,| z.e7%.  The co-ordinate system is
then only altcred by a re-labelling of the a curves.

Iiig. 7 shows the new diagram for the casc of
8 — — 10°. Cis the centre of the diagram, about
which the point P describes its equiangular spiral,
while O and O’ are the origins of the voltage and
current triangles respectively. The straight line
OCO’ now represents « 10°, while the circular
arc OC"'O’ represents the locus of real z’ (resistive
impedances). The circle representing « — -+ o°
has its centre at C’, given by 00'C’ = 10°, forms

the outer limit of the diagram, given by the phy-
sical condition that the resistive component of
the load cannot be negative (" > o). The large
dotted circle (r = o) has now no physical signifi-
cance, for when Z, is complex the real part of
Z|Z, is not necessarily positive. The resulting
asymmetry of the diagram is immediately obvious;
the diagram for a positive 8 would be asym-
metrical i the opposite direction. The diagram
is used in just the same way as I'ig. 4, the im-
pedance being read off directly from the position
of P. Tt is interesting to note that the angle of
the equiangular spiral which P describes is given
by tan-!«A/2x, which, as we have seen, cannot be
numerically less than 8. If this condition did not
exist it would be possible, starting on or inside
the outer circle (« 90°) to move along the
hine and reach a point outside this circle ; i.e., to
produce a load with a negative resistive com-
ponent. As it is, the angle of the spiral inwards is
always greater than the angle the outer circle
makes with the vector from C, which reaches its
maxima of 48 at O and O’. The case drawn in

Fig. 7. An impedarnce mesh for a case of non-resistive

Zo.

Fig. 7 corresponds to the losses being mainly
conductor losses, so that near O’, where the cur-
rent is small, the spiral would follow the outer
circle closely, while near O, where the currents
are large, it would spiral inwards at an angle 23
from the outer circle. This corresponds to the
physical fact that the losses in such a system are
concentrated at the current anti-nodes. The
diagram for a positive §, corresponding to mainly
dielectric losses, would have the opposite asym-
metry so that a spiral could follow the outer
circle closely near O, where the voltage is small,
and the losses are small also.

WIRELESS ENGINEER, JULY 1949



EARTHED-GRID POWER AMPLIFIERS

V.H.I. Sound and Vision

Transmitters

By P. A. T. Bevan, B.Sc., AM.LLEE.,

(Engineering Planning and Installation Department, B.B.C.)

{Concluded from p.

6. Power Gain

N Section 5 the neutralizing of a symmetrical
amplifier has been discussed. Inparticular, the
neutralizing of the effects of the valve anode-
to-cathode fecdback capacitance, either by cross-
connected capacitors or by the introduction of an
inductive reactance between grids, has been
treated. From thisit is evident that a neutralized
condition could also be established by the
combined use of an appropriate ncutralizing
reactance between the grids and anode-to-cathode
cross-connected capacitors. These capacitors
would have values which differ from the anode-to-
cathode capacitances of the valves.

Such an arrangement is shown in Fig. 8 with
its equivalent circuit. It has been shown by J. J.
Muller® that the circuit behaves as though the
cross-connected ueutralizing capacitors were not
present and the effective  anode-to-cathode
capacitance ¢’,; of each valve were cqual to the
difference between the real value of the anode-to-
cathode capacitance c¢,; and the ncutralizing
capacitance C, and also as though there existed
between the two anodes and the two cathodes two
capacitances equal to C,. These latter capacit-
ances, however, have no direct bearing on
establishing the neutralized condition.

The appropriate value for the grid reactance Z
1s now given by :

Z Xﬂ/.

28 where X', 1s the

7
Xfw X{zk + X ak
recactance of ¢y e

It is evident that if C, is equal to c,y, the imped-

192, June issue)

ance Z must be zero; l.e., the normal casc. 1f
C,, is smaller than cgy, the impedance Z is positive
and must be an inductive reactance, while if C,
is larger than ¢, but smaller than

Caa c!llc
Cag T Con

the impedance Z is negative and must be a
capacitive reactance. Values of C, greater than
this previous value would make Z inductive
again, but this would not be a practical case.

If C, is cqual to ¢, so that Z is zero, the
cathode-earth voltage E, required from the driver
is the same as the cathode-grid voltage nceded
correctly to drive the valve for the required power
output W, = E, . If C, is smaller than cg
the neutralizing inductive reactance between grid
and carth introduces a positive feedback voltage
between cathode and grid. Thus, for the same
cathode-to-grid drive and power outputs of the
amplifier valves, the output voltage E, required
from the driver is reduced by the amount of the
positive feedback voltage. The drive output
power W,= E.J is thereby correspondingly
reduced and the power gain W, /W, of the
amplifier is increased compared with the previous
case. Similarly, il C, is greater than cg, the
capacitive reactance between grid and carth
introduces a negative-feedback voltage between
cathode and grid so that for the same cathode-to-
grid drive and power output the output voltage
E, from the driver must be increased. Thus the
driver power is increased and the power gain of

A
“ul

!
Hi-
A Ca
ZIN [Z] ok ak
d
A1 _1'__4
{a) () ()
Fig. 8. (a) Equivalent network of earthed-grid amplifier in which the network is adjusted to give zero feed-

through between input and owtput and ieciprocally by the iniroduction of a veactance 7 between grid and
earth , (b) meutralization. of carthed-grid amplifier jor power gain control by combination of cross-connected
capacitors and reactance between grids , (c) equivalent cireuit of (b), ¢'yx = €ar — Ca.
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the amplifier is correspondingly reduced. The
power gain is controlled by varying the ratio of
E, to I’, and the amplitier may be adjusted to
operate either with a low driving voltage and
power and a high power gain or a high driving
voltage and power and low power gain. In the
latter case the total output power to the load is,
of course, greater because of the high proportion
of power supplied by the driver. The larger types
of valve specifically constructed for earthed-
grid operation give power gains ranging from
about 8 maximum to 2 minimum by this means.

In a conventionally neutralized class C amplifier
the cathode-to-grid driving voltage, and hence
the value of K, required fullv to drive the
amplifier to saturation in the carrier condition,
is determined by the grid bias, which is normally
set at the lowest value compatible with valve
efficiency and maximum power gain. If the grid
bias is incrcased, however, the amplitude of E,
must be correspondingly increased to obtain
equivalent driving conditions so that the power
gain can be varicd by changing the value of the
bias potential. A limit is set by the maximum
permissible value of the cathode-to-grid voltage
(r.f. — d.c. bias) but power gains as low as 3 are
practicable, in which casc the driver will contri-
bute 14 and the amplifier 3/1 of the total output
power.

FEach of these two methods of power gain
control has its sphere of application. The first
method is suitable in cases where the operating
grid bias of the amplifier is fixed by other con-
siderations.  For example, in a grid-modulated
linear amplifier in the audio casc the bias must
be set substantially at cut-oft. In the video case,
where  the desirability of obtaining maximum
power output from a valve ol given filament
emission implies that at modulating potentials
corresponding to peak white the wvalve shall
generate anode current pulses of the maximum
possible amplitude and of 186° duration, Iig. 4
indicates that this requirement fixes the ampli-
tude of the cathode-to-grid r.f. driving voltage,
which in turn precisely determines the grid hias
required to give the appropriate level of carrier
output at picture black ; i.e., the black level.

7. Filament ]Ivaling

In an earthed-grid amplificr the valve cathode
is at a comparatively high r.f. potential above
ground and this potential must be held off {from
the filament-heating supply. With a.c. hecated
filaments this is conveniently accomplished in
short-wave transmitters (up to about 23 Mc/s) by
the use of low-capacitance shiclded filament
transformers, and for v.h.f. transmitters, by con-
ventional filament transformers in conjunction
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with one of the A/4 transmission-line arrange-
mertts described below for d.c. heating. With
amplitude-modulated  transmitters, however,
alternating-current heating for the valves of the
final amplifier is not always permissible because,
with transmitting valves having directly-heated
cathodes taking several hundred amperes, it can
result in a significant component of phase modula-
tion at the a.c. supply frequency as well as an
amplitude-modulated hum component. Thus,
with short-wave long-distance sound trans-
mitters, for example, hum can become apparent
during multipath transmission, even if the
radiated a.m. hum component is suitably low.
In sclected cases, however, where the operating
frequency is low enough, say below 15 Mc/s, to
permit the use of four valves in the output
amplifier without introducing difficulties in the
r.f. circuit construction, a Scott-connected fila-
ment transformer a.c. heating arrangement,
together with hum feedback, makes it possible to
reduce the overall hum level to better than about
55 db below 100°% modulation.

In f.m. transmission the level of the radiated
amplitude-modulated noise need not be better
than approximately so db below the carrier
amplitude, so that in general a.c. filament heating
with a single valve f.m. amplifier is feasible.

With amplitude-modulated vision transmitters
the maximum permissible amplitude of the
radiated non-synchronous humappears to be about
—35 db at 500 ¢/s rising fairly linearly to—42 db
at 50 ¢/s relative to a full white signal, and
this requirement tends to preclude the use of a.c.
filament heating for a final v.h.f. stage constructed
around two valves of the CAT21 or BW128 class.

Where d.c. filament heating is desirable, the
filaments of a push-pull amplifier can be fed
through A/4 chokes or via a transmission line
formed by suitably spacing the two pairs of fila-
ment supply busbars themselves to form a ba-
lanced A/4 line shorted for r.f. at the supply end
by large capacitances.

An alternative method, which in high-power
amplifiers 1s constructionally convenient and at
the same time provides good screening between
the anode and cathode circuits, is to run the
filament-heating connections for cach valve as a
pair of close-spaced busbars and encase each pair
in an earthed outer conductor or trough to form
an unbalanced A/4 line. An illustration of this
arrangement for an carthed-grid parallel line
v.h.f. amplifier is shown in Fig. 9. It is not
necessary for the filament lines to be adjustable
to exactly A/ for a range of operating frequencies,
because the resulting reactance appearing between
the cathodes can usually be allowed for by
adjustment of the input-circuit tuning.
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A modification of this arrangement is used to
form the grid-cathode resonant line for the single
sided coaxial type circuits described in Section 8.

8. Coaxial-Line Power Amplifiers

The construction of conventional ‘ wire-con-
nected * and parallel-line circuits becomes in-
creasingly difficult at frequencies above about
60 Mc/s, particularly for high-power amplifiers,
due to the practical difficulty of obtaining in-
ductive circuit elements short enough to give
sufficiently low values of inductance to tune the
valve interelectrode and stray capacitances and
to the difficulty of avoiding stray mutual
couplings.

CAT 2! TYPE VALVES
\

GRID BLOCKING
AND NEUTRALIZ ING
CAPACITORS

FLEXIBLE FILAMENT
CONNECTIONS

H V. BLOCKING

fa X
UNFBIme%D d CAPACITOR
L [ COOLING WATER PIPES

TO TUBE JACKETS

LINE SHORT- C[RCUITING
=)

CAPACITORS

ING

- The use of coaxial lines as circut clements
considerably eases the problem, Dbecause the
relatively low Z, of such lines means that a longer
length of line is required for a given inductive
reactance, while the high degree of screening,
and hence the ease with which the circuits may
be isolated one from the other, is helpful in
achieving a successful mechanical and clectrically
stable design.

The valves constructed for v.h.f. operation are
usually characterized by the provision for a
circumferential connection to the grid and anode
so that a multipoint, or even a continuous, low-
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EARTHED
~ PLATE

GRID PLATE

T ANODE LINE
SHORT -CIRCUITING BAR

inductance connection may be made from a
cylindrical coaxial-line element to these elec-
trodes. Similarly, the electrodes themselves are
either of cylindrical construction, disposed
coaxially with one another, or of the parallel-
plane type. The cathode-grid-anode order of
electrode terminals points to the use of the grid
as the valve element common to the input and
output circuits so that the carthed-grid circuit
is the logical practical choice from the con-
structional point of view. Furthermore, since the
feedback capacitance between the input and
output circuits is the anode-to-cathode capaci-
tance, and this is much smaller than either the
anode-to-grid or grid-to-cathode capacitances,
the circuit in its coaxial form can con-
veniently be neutralized by the grid
reactance method already discussed.

The earthed-grid coaxial circuit in its
basic electrical and mechanical forms is
shown in Iig. ro.

The anode-grid and grid-cathode tuned
circuits are formed by sections of concen-
tric line having a characteristic impedance
7, and clectrical length 8 such that at
the required operating frequency they
resonate the capacitances terminating the
lines. The terminating capacitances are
usually the anode-to-grid and grid-to-
cathode interelectrode capacitances of the
valve itself.

The coaxial lines are tuned by vary-
ing their electrical length 8 by changing
the position of an eficctive short-circuit
between the inner and outer conductors.
The short-circuit is usually constructed in
the form of a non-contacting plunger which

Fig. 9. Typical part arrangenent of a
50-kW earthed - grid parallel - line
amplifier showing the construction
of the A4 wnbalanced lines for the

Sfilamnent-heating supply.

provides a low short-circuiting rcactance be~-
tween the inner and outer cvlinders, or a
movable ring having a set of inner and outer
contact fingers which make o direct wiping
contact with the cylinder walls. With the direct-
contact method suitable blocking capacitors are
required for the supply porentials applied to the
anode and cathode, as well as the grid.

The A/4 mode of resonance is the most usual for
driven power amplitiers of the type under dis-
cussion, so that 81s less than go”. The maximum
overall length of the lines is primarily settled by
the lowest operating frequency required and can
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be determined from a knowledge of the capaci-
tance .X, terminating the lines and the chosen
£, since for resonance :

X, = Zytan § and I = 0.830/f
Thus, the lengths /, and [, of the cathode-grid and
anode-grid resonant hnes are respectively given
by :

0.8 X,
T 3 tan * £ metres approx.

/ Zos
0.83
Ly — == tan ! Y metres approx.
) J Z gy

The capacitive reactances X, and X, are those
at the lowest frequency in the required operating
range.

An alternative method of tuning the co-axial
lines is by varying the effective Z, but this is
not usually so convenient mechanically as vary-
ing the efiective length and in practice the tuning
-ange tends to be comparatively restricted.

é ouTPUT

o
NON-CONTACTING
LINE-SHORTING DISC-TYPE-GRID-BLOCKING
PLUNGERS AND NEUTRALIZING CAPACITOR

Basic electrical and wmechanical arrangenent
of earthed-grid coaxial amplifier.

Fig. 10.

The choice of the value of Z; is mainly deter-
mined by considerations of the loaded circuit Q
and its influence on the modulation bandwidth
response of the anode-grid tank circuit as
previously described.  Ideally, the expression for
the mput impedance of the line is treated as a
pure reactance, but the line is actually a circuit
element w.th distributed L and C constants.
Thus, whle the inductive reactance of a short-
circuited scction of line less than A/4 long may
be used to resonate the terminating capacitive
reactance, the total capacitance in the resonant
circuit 1s significantly increased by the capacitance
distributed in the line and the distributed
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capacitance depends upon the Z; of the line.
The required line reactance can be obtained either
with a short line of high £, or a longer line of
low Z,, but the effective @ of the short line when
shunted by a given load resistance will be lower
than that of the longer line because of the greater
distributed capacitance of the latter. A wide
bandwidth requires as low a circuit Q as possible
for a given load impedance so that a short high-
characteristic impedance line with low distributed
capacitance is needed. In such a line the ratio
of the diameters of the mner and outer con-
ductors would be large.

Higher mode operation, say 3A/4, considerably
compliciates the issue from the circuit loaded Q
point of view because the total stored energy in
the circuit 1s considerably increased by the
addition of the energy in the extra half-wave-
length of line. IFurthermore, with higher mode
operation the loaded @ of a high-impedance type
of line may be higher than that of a low-impedance
line. This apparent anomaly arises because the
stored energy depends not only on the distributed
capacitance but also on the square of the voltage
across that capacitance which, m the high-
impedance line, is greater than in the low-
impedance line. Thus, if the circuit is operated
in the 3A/4 or higher mode, a line of low character-
istic impedance will have the lowest loaded @ for
a given load resistance and the widest bandwidth
response.  In general, the usc of 34/4 or higher
mode operation for the anode-grid line 1s restricted
to low power u.h.f. applications for obvious
mechanical reasons.

In high power u.h.f. ampliticrs of the type
under consideration the choice of the physical
diameters of the concentric inner and outer con-
ductors is in practice mainly dictated by the
minimum convenient diameter for the inner.
lFor example, the diameter of the anode-grid
line inner must be sutficiently large to accept the
valve anode with its external radiator assembly
and in a manner which allows the valve to be
readily changed. With large triode transmitting
valves of the BR128 or ACTzr1 type (see Iig. 2),
which is the forced air-cooled version of the
CAT21 and which is used in the 25-kW 88 to
108 Mc/s f.m. transmitter being constructed for
Wrotham and the 12-kW 41 to 66 Mc/s a.m.
sound transmitters for the Sutten Coldfield and
Northern television stations, the mnimum
diameter of the inner for the anode-grid line is
about 8in, while the outer is of square section
with approximately 13-in sides.

Such dimensions are unnecessarily large for
the grid-cathode line so that in high-power
amplifiers of relatively low frequency a number
of departures from the simple basic construction
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shown in Fig 10 are desirable in practice. For
example, the combined overall length of the two
coaxial lines is likely to be some 5 or 6 ft, and
when this assembly is mounted vertically on an
air chamber and exhaust ducts are led away from
the top, the overall height of the transmitter
cubicle containing the amplifier may prove
excessive. In such cases the grid-cathode line
may conveniently be constructed with inner and
outer conductors of much smaller diameter than
those required for the anode-grid line and can be
taken rearwards and finally turned downwards
behind the anode-cathode linc. The pair of
filament connections. themselves run  closely
spaced together. can conveniently form the inner
conductor of the grid-cathode line.

=
ily

HOOD & EARTH PLANE
RAISED FOR TUBE REMOVAL

short-circuiting device and ideally the loop
should be located near this point. With the A/4
mode of resonance the positioning of the loops
is not critical becausc the clectrical length of the
lines is considerably less than A/4 so that the
current density in the line is still high at the valve
end. The loops can, therefore, be placed in
positions which allow unrestricted nmovement of
the short-circuiting plungers to cover the operat-
ing frequency range of the amplifier. Ilg. 11
illustrates the commercial form of construction
developed by the Radio Corporation of America
for a 25-kW fun. coaxial-line amplitier for opera-
tion at 88/108 Mc/s. The design follows logically
trom the considerations discussed above and has
been described by J. C. Starner.?
lhe amplifier provides ap-
proximately zo kW, and the
driving stage 5 kW, of power

N to the output load. For
N ADJUSTABLE CATHODE LINE higher powers two such
will _— TUNING CAPACITOR amplifier units have to be

EARTH PLANE & operated in parallel and

CATHODE LINE ~

CATHODE LINE
INNER CONDUCTOR —]

ANODE LINE — |
MOTOR-OPERATED

CATHODE LINE ~—
TUNING CAPACITOR

_J |

I

REMOVABLE
TUNING-BAR CONTACT

FILAMENT TRANSFORMERS
& GRID RESISTORS

GRID BLOCKING CAPACITOR

[t COUPLING LOOP

r— TUNING BAR

7| CENTRE CONDUCTOR

driven by an identical single
driving stage to give a total
output of 50 kW.

A Dbasically similar design
arrangemment of two 10-kW
amplifier units in parallel
driven by a third 10-kW unit
is used for the 25 kW f.m.
transmitter being developed
and manufactured by Mar-
coni’s Wireless Telegraph Co.
Ltd. for the Wrotham (Kent)
station of the B.B.C’s
proposed v.h.i.  broadcast
network. Some of the con-
structional features of the
10 kW unit are illustrated in
the photographs of Iiig. 12.

R.C.A. 5592
FORCED AIR COOLED TRIODE
USED N DRIVER & FINAL PA.

OUTPUT

ANODE LINE

CERAMIC SUPPORT
— FOR ANODE LINE

ANODE LINE
TUNING MOTOR

\ANODE COOLING
AR DUCT
\ ANODE SUPPLY

QUARTER-WAVE

ANODE SUPPLY — |
DECOUPLING CAPACITOR

INDUCTOR

The transmitting valve is a
type BR128, which has simi-
Fig. 11. General arvangement
of the k.C.1. 25 kW 58/108
Mc/s frequency wmodulated
earvthed-grid coaxial-line am-

plifier unit. (Reproduction by

; @The driving power is supplied to the grid-
cathode line by inductively coupling the driver
to the imner (cathode) conductors by means of a
single turn loop. The coupling is varied by
changing the proximity of the loop to the cathode
conductors. Similar arrangements are made for
coupling the anode-grid line to the output trans-
mission line. The maximum of the standing wave
of current in the line is at a point close to the
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permission of “Tele-Tech’’).

lar characteristics to the ACT21 shown in Fig. 2.

In this type of construction the anode-grid
coaxial line is formed by the square frame
of the unit and a central tubular conductor
mounted on a ceramic insulator. The trans-
mitting valve is located in the top of the central
conductor, the anode cooling radiator becoming
part of this conductor. The earth plane common
to the input and output circuits is formed by a
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hinged flat plate which makes contact with the
squarc outer conductor and which can be raised
te remove the valve. The filument pins project
through a central hole in the earth plane while
the grid ring is connected to the earth plane via
a grid blocking and neutralizing capacitor
mounted on the underside of the grid plane and
constructed from a number of sections sym-
metrically disposed around the grid ring. The
actual connection to the grid ring is bv means
of a large number of spring contact fingers
[sec Fig. 12(a). The short-circuiting plunger

for tuning the anode line takes the form of a

Fig. 12. Views of 10-kRIW
88 108 Mc[s frequency-
modilated  eavthed-grid

coaxial-line amplifier.

(a) Close-up wview of the RRIVE
transmilting valve with the hinged
grid plane in position. showiny the
anode, yrid and filament conneclions.
The output roupling loop s on the
inmediate right of the anode. Thr
filament rcannections are taken rear-
wards to form the inuer of the

grid-cathade line

Y Nimdlar ta {e) but skowing the
wanual controls for tuning the grid-
anode and grid-cathode lines und
adjusting the outpul coupling loop.
The anode-grid line short-circuiting
hor can just be seen helon the valre

anwde clam

box carried on lead screws and having spring
contacts engaging the inner conductor and a
clearance air gap between the box and the
outer conductor.

The capacitive reactance of this short-circuiting
box allows an anode line of given length to
tune to a higher frequency than if direct con-
tact were also made with the outer. In order
to restrict the physical length of the line for the
low-requency limit the shorting box may be
provided with two sets of inner contact fingers
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the upper set of which can be disengaged. The
box then appears as a section of shorted line,
next to the mmer conductor, of the requisite
length and Z, to resonate at the low-frequency
limit with the open section of line next to the
outer conductor. It is thus equivalent to a
direct short-circuit between inner and outer at
this frequency.

By this means an overall travel of some 7 or
8 inches only for the shorting box is required
to tune the anode line over the full allocated
frequency band of 88 to 108 Mc/s.

The physical dimensions of a valve of the
BR128 class are such that at 108 Mc/s the elec-
trical length of the filament and its internal
leads is almost sufficient to tune to A/4 resonance
with the grid-cathode capacitance. This is
inconvenient mechanically so the line is lengthened
by the addition of an extra half-wave of con-

ductor to form a capacitance-loaded 3A/4 coaxial

line. The extra length of inner line is provided
by the two hlament busbars themselves, which
are run rearwards from the valve and then
turned downwards at the
back of the anode line.

The outer conductor of
the grid-cathode line is also
of square scction and is
mountted behind the rear

(e)  Rear view of unit showing
the yrid-cathode line (back rover

removedy. awith  its  Luing
capacilor al the centre. and
harmonic  hreak-up ecapacitor
at the upper end of the line.
The pipe which runs from the
air chamber at the huse of the
unit and enters at the flop
rarries the cooling air for the
trngmitting valve filamen! seal
The drive input transmission
line can he seen entering the
yrid-cathode line at a point
near its short-ecircuiting ecapa-
cilor.

(Reproduction §hy  permission
of Marconi’s Wireless Telegraph
Co. 1td )
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panel of the unit [sec Fig. 12(c)]. The line
is short-circuited at its lower end for r.f. by
fixed capacitors which also serve to insulate
the filament a.c.'heating supply from earth.

5150 TRAN

TO AER

+6kV

-200V

SMISSION LINE
AERIAL

Cables Ltd. is being constructed on generally
similar lines but the anode and cathode short-
circuited coaxial lines are tuned not by varying
their effective lengths but by changing their
effective Z,. This.
is accomplished

by means of
movable metal
= I plates connected
w to the outer con-
K ductors and
d which can b
+6kV
ANODE SUPPLY brought closer to
or farther from
~— .
~ GRID-ANODE LINE the inner con-
TUNING PLATE
ductors.
A forced air-
FORCED AIR-COOLED cooled triode
L] TRiooe valve of the ring
-~ seal type is used

andforthe25-kW
transmitter it is
intended that
two 10-kW am-
Fig. 13.  25-AW
fon. amplifier.
Typical  circuit

~200V BlAS
SUPPLY

UL

L

B
]

200-250V
S0~

O

-

INPUT FROM SINGLE
10kW AMPLIFIER

A flat-plate  air-dielectric  variable capacitor,
placed at approximately A/4 fromt the shorted
end, is used to tune the line while a second
air capacitor is placed at approximately A/z
from the shorted end to reduce the im-
pedance between grid and cathode for harmonic
frequencies.  The driving power is coupled
to the cathode-line inner by an adjustable
tapping bar fed from a concentric transmission
line and positioned near the shorted end of
the line at a point of suitable impedance. A
single-turn loop, series tuned by a coaxial
capacitor and located near the valve anode, is
used to couple the anode line to the output
concentric transmission line [see Fig. 12(a)].
The loop can be turned about a vertical axis
to give a wide range of coupling and load control.

The 10-kW 88/108 Mc;s f.m. amplitier now
under development by Standard Telephones and
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arrangement  of
fwo 10-k1IV
eavihed-grid
coaxial line f.m.
amplifiers 1in
parallel dviven by

|~ GRID-CATHODE LINE
TUNING PLATE

a third 10-RW
unit. In  this
case the tuning

of the anode and
cathode lines 1is
accomplished by
varying their
effective 7 .

plifier units should be mounted side by side in a
double cabinet with their output coupling loops
connected in parallel and tuned by a common
variable capacitor. Fig. 13 illustrates a typical cir-
cuit arrangement for a 25-kW f.m. amplifier of this
type. Similar amplifiers to those described above
can also be uscd for amplitude modulated v.h.f.
sound transmitters but the output carrier power
would be restricted to sonie 709, of that with f.m.
There is no doubt that, considering f.m. versus
a.m. from the transmitter point of view, f. m. leads
to a more compact and economical form of con-
struction.  The elimination of a high-power
Class B audio modulator makes a very significant
saving i the cost of the transmitter, and the
constant amplitude nature of f.m. enables the
valves to be operated at their optimum rating
and efficiency which in turp is reflected in the
power bill.
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One cannot but be awarc of the remarkable
simplification in construction which the v.h.f.
and more particularly the uh.{. circuit and
valve techniques are bringing into being. It
secms that there 1s inevitably an initial phase
of increasing complexity but finally all the
calculations and ingenuity of the engineer
culminate in the production of something whose
guiding principle 1s the principle of simplicity.

Indeced, one is tempted to say that perfection
is attained not when there is no longer anything
to add but when there is no longer anything to
take away—Ars celare artem.
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SHOCK-IMPULSED SPIRAL TIME BASE

By G. H. Rawecliffe,

M.A., D.Se., M.LE.E.

(University of Bristol)

SUMMARY.

‘A new method of producing a spiral trace on the cathode-rav tube is described.

The method was originally devised as a lecture-demonstration to illustrate the principles of damped

oscillations.
oscilloscope.

These can be elegantly shown, together with their generating vector, by a double-beam

The circuit has, however, been found to possess a number of interesting properties, both theoretical

and practical,

1. Introduection

HE Oxford English Dictionary treats the

words ‘helix’ and ‘spiral’ as inter-

changealble.  The writer uses the term
spiral’ to mean a trace resembling a watch spring,
whereas a solenoid wound on a cylindrical man-
dril is called a ‘helix.” The term is sometimes
extended to cover the conventional representa-
tion of a helix, as used in electrical circuits to
denote inductance. Strictly, the latter is neither
a helix nor a spiral, but a uniplanar representation
of a helix, but it has somectimes been called a
spiral.

A stationary picture of a train(s) of damped
oscillations can be obtained on a cathode-ray
tube by repeatedly shock-exciting a resonant
circuit, the frequency of shock-excitation being a
sub-multiple of, and locked with, the frequency
of the oscilloscope time base. The oscilloscope
plates are usually connected across the capaci-
tance in the resonant circuit.

The lower the frequency of repetition of the
excitation, compared with the oscillatory fre-
quency, the more completely will the oscillations
be seen to die away, for a given degree of damping,
and eventually a clear gap will appear between
successive trains of oscillations.

A separate impulsing generator is not necessary,
as the time-base voltage of the display oscillo-
scope itself can be used for exciting the resonant
circuit, as shown in Iig. 1.

The adv antage of doing this is that dbsolute

MS. accepted by the Editor, ]une 1948

and a discussion of these may be of interest, apart from the particular application.

synchronism occurs automatically : the dis-
advantage is that only one train of oscillations
can be obtained on the scrcen. (The writer was
shown this last method some vears ago by Pro-
fessor 1. C. Williams—now of Manchester
University—who states that, as far as he knows,
this artifice was devised by himself. The writer
has not seen it mentioned in any of many books
and publications relating to the cathode-ray tube.)

SMALL

COUPLING

CAPAIClITOR

[ LL

AMPLIFIER
OSCILLATORY
CIRCUIT

R

L

FC

-

LINEAR
TIME - BASE
VOLTS

Fig. 1 Oscillatorv ctvcuit excited by linear time base.
There are a number of ways of producing an
oscilloscope trace by the combined effect of
oscillations of two different frequencies, which it
may be useful to recall.
(1) By formation of Lissajous figures.
{i1) By modulation of the anode voltage while
the beam describes a circular trace.
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(in) By modulation of the grid voltage, while
the beam describes « circular trace.

iv) By addition of a circular time base to a
linear time basc.

(v) By addition of another voltage to one or
both of the voltages generating a circular
time base.

PHASE-SPLITTING
Cl

cuiT 2uf
u ]
r 1" 'l )/I
Sayt X,
OSCILLATORY R 2 !
CILLATO 200k0) | AMPLIFIER
OL’ﬁh ¢ L\ Cro1y,
‘ 00sufF T
R, =C AMPLIFIER
—ﬁ'w{/\/ 0-0024LF
. stk | <
T CAPACITOR 2uf
l L — =
| ‘w%lEN—EBAESE . Fig. 2. Circuit to produce
GENERATOR spival time base.
| .
(vi) By addition of two circular time hases to
produce a circle with re-entrant loops.!
(vi1) By modulation of the amplitude of a

circular time bzse ; usually by control of
the grid voliage of amplifiers used to
generate the time base.?

The tvpes of t.ace in each case will be different,
depending onr which frequency is the higher.
For example, method (vii) will give a * cog-wheel ’
trace 1f the modulating frequency is much the
higher, a.d a spiral if the modulating frequency is
much tne lower.

Th:re arc various advantages and disadvantages
in 4l these methods, depending on the circum-
stances ; but they all have one feature in common

that the trace on the screen will only be station-
ary when the frequency ratio is integral.

2. Spiral Trace on the C.R. Screen

It is well known that a circular time base can be
formed by a resistance-capacitance phase-splitting
circuit in which R = 1/wC ; the voltage on the
resistance being applied to one pair of oscilloscope
plates, and the voltage on the capacitance to the
other pair. A sinc wave of voltage is applied to
the RC circuit. The author applied, instead, to the
RC circuit the damped oscillatory voltage pro-
duced by shock-excitation of an oscillatory circuit,
as described above.

Two trains of synchronized damped oscillations,
at go° phase displacement, are thus formed, and
these combine to give an exponential spiral on the
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screen. The circuit 1s shown in Fig. 2. The circuit
values given are merely examples : a wide variety
of values could, in fact, be chosen.

The spiral trace produced by this circuit re-
mains stationary, whatever the ratio of the two
component f{requencies, though it changes its
form with change of ratio. The circuit can thus be
used for inter-relating two oscillations of non-
integral frequency ratio; and the spiral trace
1s, in fact, a time base of constant angular
velocity.

In order that several turns of the spiral can be
formed on the screen, it is desirable that the
natural frequency of the oscillatory circuit shall
be several times the excitation frequency. The
effect of increasing the cxcitation frequency is to
decrease the number of turns in the spiral
belore the trace is repeated. The centre turns of
the spiral appear to unwrap themselves as the
exciting frequency is raised.

In order that the phase-splitting RC circuit
shall have a negligible cflect on the oscillatory
circuit, it is necessary to make the impedance of
the RCcircuit several times that of the capacitance
in the oscillatory circuit.

I'ig. 3. Oscillograins of spivals of different frequencies
(a), @ —17.1, f —2,280¢/s (b),Q =16, f=1,950¢/s,
(¢), Q— 134, f—1.040cs,(d),Q — 8 f 780¢/s

The author has taken photographs of a number
of spirals for several values of Q, and varying
natural frequency, and with different numbers
of turns in the spiral. TFFour examples, giving the
calculated natural frequency and the measured
value of Q, are shown n [Fig. 3.
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3. Generaling Vector of Damped Oscilla.
tions

A train of damped oscillations, and the ex-
ponential spiral which is their geometrical gene-
rator, can thus be displayed together on the well-
known double-beam  oscilloscope.  Ordinarily,
of course, in this instrument a linear time-base
voltage is applicd to the common x-plates, and
independent voltages to the separate y-plates.

Suppose, however, that the linear time-base
voltage is applied to one y-plate, onc of the two
relatively displaced trains of oscillations to the
other y-plate, and the second train of oscillations
to the common x-plates. The first and third
voltages will give a damped oscillatory train:
the second and third an exponential spiral.

The latter, by vertical projection, will be the
geometrical generator of the former. The time
axis is vertical, but if it is desired to conform with
the usual convention it is simiple enough to turn
the tube through go°. The arrangement described
in this section makes an impressive lecture-
demonstration.
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APPENDIX

Geometry of the spiral trace, and its relalion {o Q for
the oscillutory circuit.

Taking an arbitrary origin, the two voltages developed
by the phase-splitting circuit may be written

x = Ve~ sin wt .. .. ns r (1)

y = Vge—ol cos w! ;. .. .. 2a (2)
where Vg is the initial amplitude. The quantities x and
w are defined by the circuit constants L, L, and C, as
follows

—

o = ] Cw = ! }?12) L (o + w?)
2L, L,C, 4L} L.C, '
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(This follows from arguments given in any standard
text-book). In polar coordinates, it mayv be shown
from (1) and (2) that

v — Voe —6ale o - = < (3)
where 6 - wi.

This is the equation of a logarithmic spiral, sometimes
called an equiangular spiral, because of its property
that the tangent at any point is inclined at a constant
angle to the corresponding radius vector.

By the ordinarv mecthods of curve rectification we
may obtain the relation

14
(“a‘o) (@ + w?)! [exp. (—8,x/w) —exp. | 0,2 w)]
EE (4)
where s is the length of curve between the two points
yo:8,) and (r,: 8,).
By elimination of 8 from (4), by means ol (3), we
obtain the result

[,

2 L,
Rl\/—c—i(rl ", oy o o (s)

Now (@, the magnification factor for an oscillatory
circuit is well known to be given by the expressions

wL VL

) i =)
YR \/ C.R?

[t therefore {ollows that

S
0= [r7r==]
[Lcngth of spiral between two rndii]

2 (Difference between these radii) (7)
Q could, therefore, be deduced from suitable measure-
ments on an observed spiral.
It will be apparent from (3) that the equation of the
curve can be written
dr R, |C/
! P N e ’ . (8)
a6 w 2 ILn 20
The equation of an cquiangular spiral, in which the
tangent makes a constant angle A with the radius
vector, 1s given by

d
d; 7 cot A
In this case, therefore, cot A -
2Q
or tan A 20

(Since tan X is negative, A exceeds 90, and the spiral
converges as # increases). Q could theoretically be de-
termined {from a measurement of A, though it is obvious
that this would be impracticable for most ordinary
magnitudes of Q.
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NEW BOOKS

Breitband-Richtstrahlantennen mit Anpassvierpolen fiir
Ultrakurzwellen.

Bv Dr. Ror¥ Perer. P’p. 88 with 3& illustrations.
Verlag Leemann, Zirvich. DPrice 8 fr. (Swiss).

This is a D.Sc. thesis issued by the Institut fiir Hoch-
lrequenztechnik in Zirich, Tt is divided into two parts,
the first devoted to directive wideband aerials and the
second to four-pole matching devices. The first section
deals with non-directional c¢vlindrical and conical aerials,
their impedance and equivalent circuits.  The sizes
considered and tested are quite small, varying in height
between 25 and 73 mm. The following section deals with
the cliect of reflectors. The greater part of the book is
devoted to filters and four-pole matching devices,
especiallv the use of successive filters in matching difter-
ent impedances and obtaining a wide pass-band. Details
of construction and experimental results are given for a
filter with a pass band of A = 1010 20 cm.

The book is well illustrated and numerous references
are given. In Table I the column-heading 2»// should
be #/2r. The statement in the introduction that the
electrotechnical system of units is emploved seems
rather vague. Inthe bibliography ‘meashured impedance’
is a good example of phonetic spelling.

G. W. 0. H.

Elements of Electromagnetic Waves.

Bv L. A. Ware. Pp. 203 4 x with 69 illustrations,
Sir Isaac Pitman and Sons, Ltd., Kingswav, London,
W.C.2. Price 20s.

The author is Professor of Flectrical lingineering at the
State Universitv of Towa. The book is intended to meet
the need for an elementarv introduction to the basic
ideas of electromagnetic theory: it is essentially mathe-
matical in character and assumes a knowledge of the
calenlus and fundamental alternating-current theory.
The first of the nine chapters is an introduction to
vectors and their scalar and vector multiplication ; this
is followed by a chapter on the application of operators,
, divergence, Laplacian and curl. ¥ is called del;
its alternative name nabla is not mentioned.

The third chapter entitled ‘ Theorems and Laws’
deals with m.m.f. and em.{., cgs and m.k.s. units,
rationalized and unrationalized, scalar and vector
potentials, the theorems of Gauss and Stokes, and the
laws of Maxwell. Although m.k.s. rationalized units are
generallv emploved, their relation to the other unit
svstems is set out very clearlv. Having thus laid the
foundations they are applied in Chapter 1V to plane
waves. their velocity and energy. Chapter V is devoted
to cvlindrical and spherical co-ordinates, but the
following chapter returns to plane waves and their
reflection from conducting and ielectric boundaries.
Chapters VII and VIII deal with waveguides, and
although the author says that the treatment is not
intended to be, in anv sense, complete, the subject is
discussed very fully with numerous diagrams and
examples. he final chapter entitled *radiation’
deals with the radiation from a short wire, the field
patterns, radiation resistance. half-wave dipoles and
loop antennas.

Everv chapter concludes with a number of problems.
The author confines his attention to electromagnetic
waves, in keeping with the title of the book ; the name
Ohm does not occur 1n the index. nor is anv reference
made to his law. The book is well produced and gives
everv indication ol having been very carefullv prepared.

There are a few points, however, to which reference
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should be made. One is surprised to find conductivities
expressed in mho/m3, the dimensions of which are
certainly wrong . conductance is not proportional to
volume. Symbols are always a difficulty, but a small ¢
scems a strange choice for both electric potential and
magnetic flux. On p. 42 it is stated that B and D do
not lend themselves to experimental verification,
whereas H and I are physically realizable. This is in-
correct so far as /3 and H are concerned. B lends itself
to accurate measurement since the force on a current-
carrving conductor depends on B and not on H. Just as
one cannot measure stress but must calculate it by
dividing a force by an area, so one cannot mecasure H
but must calculate it by dividing ampere-turns by a
length (sce Wireless Engineev, March 1943, p. 105).
These are minor details, however, and detract little
from the value of the book to those wishing to obtain a
thorough grounding in the fundamentals of electro-
magnetic waves. G. W. 0. H

Fundamentals of Electric Waves

By H. H. Skiiring, Ph.D. Pp. 245 + vii with 86
illustrations. Chapman & Hall, 37, Essex St., London,
W.C.2. Price 24s. (in U.K.).

This is the second edition of a book first published in
1942. The author is Professor of Electrical Enginecering
at Stanford University, U.S.A. New material on wave-
guides is included and the chapter on antennas has been
rewritten. [t assumes a knowledge of phyvsics and
calculus but no previous knowledge of clectromagnetic
theory. The rationalized m.k.s. system of units is used
but explanatory notes arc given in the earlier chapters
for the benefit of those who are more familiar with the
older svstems. Ware in his book on electromagnetic
waves savs * the subject of units is a disagrecable one,
but itis also an essential one ’ ; Skilling says ‘ the subject
of units and dimensions is a fascinating one.” Everyone
to his taste.

Inside the front cover is a table of units and svmbols
which contains no mention of electromotive force, nor
of conductance nor resistivity, although it contains
resistance and conductivity. In keeping with this,
when considering Ohm’s taw on p. 70 the formula is
1/R — y » area/length where y is the conductivity. It
would surely be more recasonable to express resistance
in terms of resistivitv and conductance in terms of
conductivity.

The first chapter is devoted to electrostatic field
experiments which provide a background for the two
following chapters on vector analysis, ficld theorems.
Laplacians and the theorems of Gauss and Stokes.
Chapter IV is devoted to the clectrostatic field. Every-
thing is illustrated by analogies and little pictures. For
the right-handed screw rule we are shown a bottle com-
plete with cork and corkscrew, but for those not familiar
with such things there is also a picture of the rotating
globe with the ‘ boreal * vector projecting from the north
pole, and simpler still, a picture of a closed right hand
with the thumb projecting ‘ borcal to the fingers.” For
¥V the author usecs nabla in preference to del inaccordance
with the recommendation of the American I.E.E. and
to avoid confusion with delta.

The following three chapters deal with the electric
current, the magnetic field, including a brief reference
to diamagnetism, and ‘examples and interpretation.’
Maxwell’s hvpothesis and plane waves are discussed in
Chapters VII[ and IX. and reflection, skin-effect,
standing-wave ratio, ctc., in Chapter X. Then follow
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chapters on radiation, antennas and waveguides. The
author’s strange dislike of the sympol p for resistivity is
evident from a table of ecarth characteristics, headed
Resistivity in Metre-ohms 1/y.” Waveguides are treated
very thoroughly with many diagrams showing the
various modes. The final chapter is devoted to the
ionosphere and its effect on group and phase velocities
and on the path of the waves.

Every chapter concludes with a number of problems,
and in the preface the reader is urged to work at them
svstematicallv. In this connection, following Abraham
and Becker, the author refers his readers to James, I, 22 ¢

But be ye doers of the word and not hearers only.
deceiving vour own selves.’

This is a book that can be unreservedly recommended.
The mathematics of the subject is not slurred over or
sacrificed in any way, but every cffort has been made to
present it in an interesting manner and to endow the
symbols with phvsical reality. G. W. 0. H.

Industrial Electronics and Control
By R. G. KLoEFrLER. Pp. 478 + xiv with j22 illus-
trations. Chapman & Hall, 37, Essex St., London,

W.C.z2. Price 33s. (in U.K.}. A survey ol the theorv and
applications of clectronics in industrv. It begins with
Bohr’s theory of the atom and goes on to treat the basic
theory of clectron fubes, associated circuits and control-
component devices.  Applications in industrial and
commercial felds are included.

Electron Tubes

Vol. I, pp. 475 + x, VYol 1I, pp. 434 — x. R.C.A.
Review, Radio Corporation of America, R.C.A. Lab-
oratories Division, Princeton, New Jersey, U.S.A.
Price $3.50 each.

These boolks contain reprints of papers and summaries
of papers by R.C.A. authors which have appeared in
1935-1941 (Vol. I) and 1942-1948 (Vol. II). The papers
all deal with some aspect of valves.

Radar Scanners and Radomes

tdited by W. M. Cady, M. B. Karelitz and Louis
A. Turner. (Vol. 26, M.I.T. Radiation Laboratorv
Series). Pp. 401 xvi, with 232 illustrations. McGraw-
Hill Publishing Co.. Ltd., Aldwych House, London, \W.C..
Price 42s. (in UK.},

CORRESPONDENCE

Letters to the Editor on technical subjects ave always welcone.

In publishing such communications

the Editovs do no! necessarily endorse anv technical or general staleiments which they may contain.

Relatively-moving Charge and Coil

SIrR,— With reference to Professor Howe's Lditorial
in the April issue, I now find 1t to be true that the motion
of the induced surface charges induces the proper e.m.f.
when the coil moves past the stationary charge. The
result has manv points of interest and merits a summary.

First, it is found that Maxwell's theorv does not, in
general, justify one’s referring the problem to the frame
of reference of the coil unless the total magnetic field is
the same in each frame of reference. In thiscase it clearly
is not, so the ‘transformer’ and ‘ motional’ em.fs
are calculated separatelv. The transformer em.f. is
that induced in a stationarv path momentarily coincident
with the moving coil, while the motional ¢.in.{. is that
due to the motion of the coil through the magnetic
field. These two components are directlv based on the
fundamental laws curl & B and F, = q(v X B).

The total magnetic field is then split into two com-
ponents : a component B, caused by the motion of the
induced surface charges relative to the loop, and a
component B’ due to the translational motion of the
charges with the coil. 1f /Z is the em { induced in a
stationary loop by a moving charge, it is found that -

the transformer e.m.f. due to B3’ ¢4 [¢
the transformer e.m.{. due to 3, er E
the motional e.m.{. due to B’ [ E
the motional e.m.f. due to B, Comr E

Thus the total e m.{. is equal to E. in keeping with the
principle of relative motion. The following results also
appear : E
(a) If By is the magnetic field in the case of the moving

charge, stationary coil, then inside the conducting material
of the moving loop :

B’ - B,
and :

B’ + B

r ov
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where B,, is the mean value of B, over the arca of the
loop.

(b) It @ is the linking flux in the moving-charge,
stationary-coil case, then the flux of B’ through the loop
is equal to @, although 13’ is equal to By only within the
conductor.

(c) the flux of B, through the loop is zero.

It thus turns out that one can obtain the correct
result, as Professor Howe suggests, {from the simple
flux-linking law while regarding the coil as moving,
and it is satisfying to know that this law is solidlv based
on Maxwell’s equations even in this rather peculiar case.
It is not, of course, generallv {rue when there is relative
sliding motion between parts of the circuit. such as in
Faradav’s disc and homopolar generators, a point which
Maxwell evidently overlooked in Article 631 of his
Treatise.

It is interesting to notice that it is possible to get the
correct result in a number of incorrect ways. For instance,
one can neglect 3, and obtain ¢’y and ¢’,,, or one can for-
get everything except ¢, and claim that the flux-
cutting law is the proper one whereas the actual motional
or flux-cutting e.m.{. is ¢, Ry 0. Actually the
cause of the resultant em.f., by a rigorous application
of Maxwell’s equations, turns out to be, not B’, but B, !

The fact that a consistent result is obtained by this
method depends, of course, on the fact that the body
acted upon is a conductor. The case therefore reminds
one of the electric field set up by a moving magnet :
Maxwell, unaided by theories of atomic structure, gives
the correct result onlv when the magnet is a conductor.
If it is accepted that an atom in the magnet becomes
electricallv polarized by its motion through the magnetic
field, as may casilv be deduced for a moving current-
circuit, then Maxwell gives the correct result whether
the magnet is conducting or an insulator, but there is
still, I think, trouble in reconciling this theorv with the
prediction of the Theory of Relativity for the result of
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H. A Wilson’s experiment on a magnetic insulator
(Proc. Roy. Soc., A, Vol. 89, pp. 99-106, 1913) as I
maintained in a previous discussion with Profl. Howe
in the Llectrician some vears ago. We may therefore
conclude that there is no possible inconsistency between
Maxwell’s theory and the principle of relative motion
so long as the moving bodies are condiciors, but if thev
are insulators then complications set in. It is rather diffi-
cult to think of an experiment on the induction of an
em.f in an insulating loop, but consider the following.

Two insulating discs arc arranged concentrically and
close together. Each disc has on its periphery a large
number of equally spaced conducting segments. which
on one disc are positively charged and on the other
ncgatively so that the whole system is electrostatically
neutral. If the discs are free to rotate, a moving charge
in the vicinity should cause them to rotate in opposite
directions, thus simulating an induced current in a
circular coil (if the positive disc is clamped this similarity
is closer). But what of the case when the discs move past
a stationary charge ? Induced surface charges can no
longer come to the rescue, and it is difficult to see how
Maxwell's theory can give a consistent result. Tt would
appear that the Restricted Theory of Relativity, with its
contractions of moving bodies and slowing down of
clocks, must be used.

Now if Relativity Theory can solve the problem of the
discs, we would also expect it to volve the problem of the
coil moving past the stationarv charge, the only addi-
tional theory required being that of electrostatics. That
is, the force per unit charge in the moving loop, due to
the electrostatic action of the stationary acting charge,
would be taken as acting at slightly different instants of
time in taking the line-integral around the loop. If this
1s 50, the same method should remove the e.m.f. induced
by the surface charges, for otherwise we would obtain
twice the proper value. The acting charge would also
regain its original function as the d7rect inducer of the
em [ and the inductive action of the surface charges
would become consistent with the principle of relative
motion ; that is, independent of any uniform rectilinear
motion of the coil.

We should also be able to deduce the em.f. in the
moving-charge, stationarv-coil, case merelv by accepting
the distortion of the electrostatic field of the moving
charge required by Relativity Theorv, for the line-
integral of this distorted field will not be zero but pro-
portional to ¢ ©® ¢2, and in the right direction around the
loop. If to this we add the c.m.{. induced by the magnetic
field of the charge, we again obtain twice the required
value of em.f. Dresumably if we take the Relativistic
expressions for the fields we must limit our calculation
of the e.m.f. to onc field or the other, as in the case of the
em { induced in a loop aerial bv an electromagnetic
wave,

The Relativity treatment of the problem thus requires
no electrical theory bevond that of electrostatics, and
relativistic electrostatics appears as a substitute lor
Maxwell’s theory, which is consistent in this problem
only because the coil is a conductor.

I have been told bv various mathematicians that,
since the induced e.m.f. is a second-order effect (ie.,
proportional to gu2¢2), the Theory of Relativity miust
be used in order to get the required result, while others
have maintained that consistency of Maxwell’s theory
with the principle of relative motion is 4 mathematical
necessity. Clearly one at least of these views must be
wrong. If the calculation of the e.m.{. outlined above is
correct, the former opinion is erroneous, but how does
the =econd groun solve the problem of the moving discs
with peripheral charges ?

The consistency of Maxwell’s theory with the principle
of relative motion for all cases of practical interest seems
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to have given rise to the impression that this con-
sistencv is inkerent in the theory. But this conclusion
s not supported by the present problems: if inherent
consistency exists, it must be independent of the physical
properties of the materials taking part in the phenomena.
This question has nothing to do with the known invariance
of Maxwell's equations to a Lorentz transformation. for
the latter is part of the Theory of Relativity and is
indeed necessary just because the original theory of
Maxwell is not inherently relativistic.

Dept. of Defence, Ottawa. E. G. CuLLwICK.

Negative Feedback Amplifiers

Sir,—May I reply to Mr. T. S. McLeod’s letter in your
May issue, commenting on my article published February?

The substance of Mr. McLeod’s criticism is that a
maximally-flat amplifier is less efficient than one following
Bode’'s design, when judged by the (effective feedback) X
(bandwidth) product. The discussion by which Mr.
McLeod leads up to this criticism is simply a summary
ol my article.

Any amplifier which departs from Bode's design
must necessarily vield a lower (effective feedback) x
(bandwidth) product, for his work consists essentially
in determining the conditions which give this product
its theoretical limiting value with specified stability
margins. Bode’s method applies when the useful band-
width is much less than that defined by the amplification-
asvimptote of the amplifier and by the required external
amplification.

The maximally-tlat design is quite difterent in con-
ception : the level band extends very nearly up to the
asymptote. In Mr. McLeod’s example with a 1-Mc/s
band, the maximally-flat, z2-stage amplifier is Hlat up to
12.5 Mc/s. The distribution of the effective feedback
over this band can be varied by choosing difterent
values for the geometric mean bandwidth (f,) of the
two stages, thus:

fo . . 1 5 10 Mo's
Feedback

atlow freq. .. 44 30 24 db
at 1 Mc/s 22 27 24 db
at 5 Mc/s .. 8 15 18 db
at 1o Mc/s about zero in all cases

Bode .. .. 50 23 18 db
The last line shows the feedback given by Bode’s design
for a bandwidth equal to f,.

The two methods of design are complementary, not
competitive.  Mr. Mcl.eod requires constant feedback
of the maximum possible valie over a relatively narrow
band : there is, then, no choice but to use Bode’'s method.
Il “a substantially Hat response over the maximum
possible frequency band ' (ic., as nearly as possible
up to the asvmptotce) is required, the maximally-flat
design is needed. In intermediate cases, when the
bandwidth required is 1noderately wide or the necessary
f[eedback is less than the theoretical maximum, either
design mayv f{requently be used ; the maximally flat
design, with its utterly simple circuit, then makes it
possible to avoid what Bode himsell describes (p. 471)
as the ‘formidable undertaking’ of designing, con-
structing and testing the nctworks needed to give his
amplifier the prescribed frequency characteristic over a
wide band-—up to 70 Mc/s in the examples tabulated
above.

Mav T invite Mr. McLeod to quote the page reference
to the analysis, which he attributes to Bode, of the
{hree-stage amplifier.  The topic does not appear
to be discussed in myv copv of Bode’s book (Van Nostrand,
New York. 1045).

Redbourn, Herts. C. F BROCKELSBRY,
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WIRELESS PATENTS

A Summary of Recently Accepted Specifications

The following abstracts ave prepared, with the pevinission of the Comtroller of H.M. Stationery Office, from
Specifications obtainable at the Patent Office, 25, Southampton Bulldings, London, W.C.2, price 2/- each.

DIRECTIONAL AND NAVIGATIONAL SYSTEMS

608 103.—Super-regenerative  circuit, with a diode
damping device which is effective only during the recep-
tion of pulsed interrogating-signals, but not during the
transmission of the subsequent identification signals
for radiolocation.

Fervanti Ltd., M. K. Taylor and R. S. Paulden.
cation date 151l February, 1946.

Appli-

608 499.-Loss-less tvpe of transmission line in which
the wave moves forward at uniform amplitude and
constantly-changing phase, say for feeding a directive
aerial-arrav.

The British Thomson-Houston Co. Ltd. Convention
date (U.S.A.) 2nd October, 1944.
608 657.—Radiolocation receiver with a gain-control

system which is separately applicable to any selected
one of a number of signal-scquences coming under
observation.

Sperry Gyroscope Co. Tuc.
28th Maich, 1045.

608 63..—Means for blocking the super-regenerative
circuits of an ‘identification ’ equipment, to prevent its
spurious triggering by an adjacent radiolocation set.

Fervanti Ltd., J. R. Whitehead and H. Wood. Applica-
tion date 27th February, 1946.

RECEIVING CIRCUITS AND APPARATUS

(See also under Television)

Convention date (U.S.:1)

607 174.—Bridge type of circuit for detecting phase or
frequency-modulated signals, wherein the arms consist
solely of resistors and capacitors connected alternately
in series and in parallel.

J. R. Tillman. Application dale 29th Januarv, 1916

607 465.—Spring-clip device for mounting the screening
can of an electron valve, or the like, on the chassis of a
radio set.
Kolster-Brandes 1td.
date s5th February, 19406.

and C. I'. Lock. Application

607 517.—Electrolytic process for producing thin con-
ductive patterns on an insulating surface, e.g., for
wiring-up the components of a radio receiver.

H. F. Trewman and W. E. Lord. Application date
7th Februarv, 1946.

607 550.—Receiver for {requency-modulated signals,
comprising at least two oscillating valves, one being
locked to the carrier-wave for the purpose of reducing
interference.

Marconi’s W.T. Co. Ltd. (assignees of B. S. Vilkomer-
son). Convention date (I7.S.:1)) 4th January, 1945.

608 131.-— Super-regenerative receiver in  which an
auxiliary oscillation is used to control the encrgy-losses in
the main tuned circuit, thereby increasing the cliective
signal output.

Bendix Aviation Corp. Convention date (U.S.4.) 131k
April, 1944.

608 241.—Discriminator circuit for detecting phase or
frequency-modulated signals, wherein non-inductive
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impedances are alone used, and are arranged as a Wien
bridge network.

. R. Tillman.

608 416.—Wireless set in which the waveband is changed
by sliding a carriage, fitted with tuning inductances, to
diferent fixed positions on the main chassis.

S. H. Muffett Lid. and I.. C. Lebar. Application date
22nd Felvuary, 10946.

TELEVISION CIRCUITS AND APPARATUS
For TRrRANSMISSION AND RECEPTION
608 103. -Scanning svstem designed to limit the ‘ grev ’
response when transmitting ‘ line ” subjects, of the kind
normallyv used in newspaper work, by photo-telegrapby.
Kemsley Newspapers Lid. and J. W. Spencer. A pplica-
tton date 18th Februarv, 1046.

608 710.  Noise-suppression circuit for the video-
channel of a television receiver, wherein a diode serves to
apply negative reaction to the amplifving valve.

E. R. Blackler and Pye Ltd. Application date 28th
Febriary, 1946.

TRANSMITTING CIRCUITS AND
(See also under Television)
607 531.—Construction of a flexible section of a wave-
guide, comprising a number of closelv-spaced metallic
discs, each shouldered and notched, and formed with a
central aperture. (Addition to 586 458.)
The Brvitish Thomson-Ilouston Co. Ltd.
date (U.S.A.) 14th Tebruavy, 1045.

Application date 14th Noveinber, 1045.

«

APPARATUS

Convention

607 798.—Oscillator valve, with a phase-shifting device
in its anode-grid reaction network, say for transmiiting
frequency-modulated signals.

Philips Lamps Lid. Convention date (Belgium) 8th
Febyruary, 1945.

608 738.—Quarter-wave device for coupling a balanced
pair of coaxial transmission lines to an unbalanced line
or load.

Marconi’s W.T. Co., Lid. (assignees of G. H. Brown).
Convention date (U.S.A.) 17th January, 1945.

SIGNALLING SYSTEMS OF DISTINCTIVE TYPE
608 257.—Heterodyne system for generating pulses and
{or frequency-modulating their pulse-rate in accordance
with a signal voltage.

Maycon’s W.T. Co. Ltd. (assignees of B.
Convention date (U.S.A.) 8th January, 1944.

Trevor).

608 261.—Valve circuit for making a continuous record
of pulsed signals, modulated in accordance with the
instantancous value of different variables. as used say

in {he radio transmitters of atmospheric-exploring
balloons.

The British Thomson-Houston Co. Itd. (comimunicated
by the General Electvic Co.). Application duate 170h
January, 1946.

608 467.—Oscillation-generator with a tuned-anode

circuit for detecting time or phase-modulated pulsed

signals.
Standard Telephones and Cables Ltd., P. K. Chaticrjea
and J. K. Beney. Application date 25th February, 1946.
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