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The Q-factor of Single-layer Coils

N interesting article on this subject by
Professor Iriedrich Benz appeared in a
recent number of the Austrian Journal

Elektrotechnek wnd Maschinenban (Januarv 1949,
P- 7). When calculating the inductance of single-
layer coils one usually consults tables or curves
giving Nagaoka’s calculated values for coils of
different ratios of diameter to length. These are
bascd on the assumption thar the coil is equivalent
to a thin cylinder. This method is not very
convenient when calculating the Q-factor of coils
and its dependence on the shape of the coil. It
the coil of T turns is very long the formula

L —7*TD?] x 10 °H

is approximately correct where D is the diameter
and / the length in centimetres, although cven if
l — 10D the error is still + 4.5 per cent. Ior
very short coils the formula for a narrow band,
viz.

L — 2aTD(log, 4D/l — o.5)10 * H

can be used. If / = 0.3D the error is — 1.5 per
cent.

Benz finds that by an empirical modification
of the thecrctical formula for a long coil, a
formula is obtained which gives accurate results
tor coils of the dimensions usuallv emploved.

The formula is

7*12D? 10 °
(1 045 D)

For values of //D between 0.4 and infinity the
crror is less than 1 per cent; for /D = 0.3 the
¢rror is — 1.3 per cent and for I/D = 0.2 it is

4 per cent.  For most practical purposes this
makes Nagaoka’s tables and curves unnecessary.
This formula is not new, however, but comes of
age this year, for it was given by H. Whecler in
a slightly different form in Proc. Insl. Radio
LEngrs, October 1928, p. 1398. According to
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Wheeler, Professor Hazeltine had, some vears
before, established the empirical formula
2T2
0.8 a*T LH
6a + g9/ + 10cC
for a coil of the type shown in Fig. 1 (all dimen-
sions in inches). This is approximately correct
if the shape does not depart too
much from that shown in the
figure. This prompted Wheeler
to find a similar empirical for-
mula for a thin cylindrical coil,
and his formula was
272
I a*T? "
9a - 10/
Here again the dimensions are
in inches, and Wheceler stated
that the formula was correct to
I per cent if />>0.8a. Hec also stated that for
values of [ between o0.2¢ and « it was more
accurate to use the formula
27772
‘ a*T WH
Sa +— 11/

FFor @ — / both formulae obviously give the
same result ; if a// = 2.5 the latter gives a result
5 per cent greater than the former and thercfore
within 1 per cent of the correct value.

If the dimensions are expressed in centimetres

and D substituted for 2a the former formula
becomes
D212
2.54 < 4ol(1 + 0.45D/) "

2

which, since 72 X 2.54 X 4o is almost exactly
1000, 1s the same formula as that used by Benz.
It is also given by Sturley on p. 129 of Part I
ol his ““ Radio Recciver Design ™

Benz draws attention to the letter from
Callendar® discussing the experimental results
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obtained by Medhurst.? Callender pointed out

that il />D/2 Mcdhurst’s results could be

expressed within a few per cent by the formula

2 I

0.1 (2

Q —oxsv/l f ]
which can be written

Dy (DI)v/f
Q=007 i~ *°7 T 05D

For a given value of DI this gives a maximum
value of Q when [ - 0.5D. This assumes that
the frequency is high and that the ratio of wire
diameter to wire spacing approximates to the
optimumn value.

[For straight round wire carrying current at
such a frequency that the penetration is small,
the ratio of the high-frequency resistance K, to
the steadv-current resistance Ry is®

;
I J
R, R, mA/ Sy

At very high frequencies the second term can
be neglected and for copper wire of d-mm dia-
meter we have

0.25

R,/R, — 3.8 10 3d+/f
from which
R, — 2.57. 108 TD +/f|d

By substituting these values of L and R, in the
formula Q = wl /R, and putting F, for the
winding factor 4/a where a is the spacing of the
turns we obtain the formula

Q — o024 F LY

Y1 -+ 0.45 DjI
but a further factor I, must be introduced to
allow for the fact that the current is now confined
to the inner surface of the wire. The value of
I, will depend on the winding factor I5,,. If the
turns are nearly touching, so that I, is nearly
unity, the current may be assumed to be confined
to about a third of the circumference of the wire,
whereas if F,, — 0.7 it will be confined to about a
half of the circumference. We thus obtain the

formula

< D+//

Q=o24 Ll *1 4 0.45 Dji
Putting I, — 0.3 for I, = 1 and I, = o0.45 for
., 0.7, an approximation can be made for
other values of F,,. For given values of D), / and f
the quality of the coil depends on the product
£, F,, and the maximum value of this occurs
when F, is about 0.7 Medhurst found that for
long coils the best value of I, was between 0.6
and 0.8. Putting F,, — 0.7 and F, == 0.45 in the
above formula gives
Dv/f

Q — 0075 - L 0.45 D/l
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which is almost exactly the same as Callendar’s
formula based on Medhurst’s mecasurements.

Another matter discussed by Benz is the effect
on the Q-factor of diclectric losses and the
capacitance of the coil. He points out that the
dielectric losses increase as the third power of the
frequency, and that as the resonant frequency of
the coil is approached @ decreases, even in the
absence of dielectric losses, due to the coil-
capacitance charging current. He recommends
that the operating frequency should not excced
a fifth of the resonant frequency of the coil if it 1s
desired to maintain a high @ value.
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Fig. 2

The effect of screening cans on the Q-factors of
coils is also discussed. This is a subject to which
we have in the past devoted several liditorial
articles.? One cannot expect to obtain more than
a rough approximation Dby considering the
screening can as a short-circuited sccondary
coupled to the coil. The apparent impedance of a
coil L, R, coupled to a short-circuited coil L , Ry 1s
R, + R2L /L, -+ jwL (1 /%) where % is the

coupling coelficient and K, << wL, Hence the
. .. . L ReL
resistance is increased in the ratio kI LR ETN
R,L,,

and the inductance decreased in the ratio (1—2%) ;
this will cause Q to be decreased to @ where
7 R,L
= Q1 — k)| (1 + B2
0 = ot — i (x + #E
If the coil be regarded as a closely-wound helix
of flat strip, and the can as a single short-circuited
turn of the samec material and therefore with the
same penctration,
R,/Ry =D, T%D,l,
Assuming the coil and can to have the same
ratio D/!
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D,,T?

B D,T?
Lol = par-—p,

and Q" = Q1 — /\'2)/(1 + k*D,/D,)

IT a steady current be assumed to flow around
the can the ratio M/L, of the linkages will be
D2T'D,*>.  Hence

B2 — ML L, — L,

M2 D)3
> L1;~\i)

\L,

and Q" = Q{r — (D, Dy)% {1 + (D, Dy}

This gives the result plotted in Iig. 2, which
shows the reduction of Q for different values of the
ratio of the diameter of the coil to that of the
screening can. G.W.0.H.
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Some Radio Unpleasantries in the U.S.A.

N the Proceedings of the Radio Club of Americal

therc is a report of a lecture by Dr. E. H.

Armstrong of f.m. fame entitled “A Study of
the Operating Characteristics of the Ratio
Detector and its P’lace in Radio History.”
Before coming to the ratio detector he describes
the radio world of thirtv-five vears ago with its
spark transmitters and crystal detectors, Poulsen
arcs and tikkers. He then mentions that the
“three element vacuum tube (audion)’ had
been invented six years before but lay idle and
neglected, and that of the 3,000 pages of seven
leading text books less than a single page was
devoted to the audion. The reason for this
“almost unbelievable situation ’ lay in the fact
that ‘the inventor of the audion had never
understood the operation of his device .

IZven after Armstrong had fully explained the
operation of the audion in 1914 and read a paper
on the subject before the I.R.E. in 1915, his theory
was challenged by de FForest who mentioned that
he had frequently proved that the plate current
was reduced by cither a positive or negative
charge on the grid. Armstrong then describes
how he invented the regencrative circuit in 1912
and demonstrated it in 1913 and 1914 to various
leading telephone engineers. In 1914 Lee de
Forest described his ultraudion which he claimed

did not involve the regenerative principle.
Armstrong  reproduces de  TForest’s fantastic
explanation’ and explains how In 1916 by

redrawing de Forest’s diagram he showed the
operation 1n its true light. To understand the
acerbity of Armstrong’s criticisms one has to
remember that he was one of four claimants
(the others being de Forest, Meissner and Lang-
muir) and that after years of litigation the
American courts awarded the feedback patent to
de Torest.

All this is, however, introductory to the real
subject of his lecture, which is the ‘ ratio detec-

' Vol. 25, No. 3, 1948.
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tor " a device described in a bulletin issued by the
R.C.A. License Laboratory and in a paper read
before the Institute of Radio Engineers, but
apparently withdrawn from publication.* This
ratio detector replaces Armstrong’s discriminator
in the receiver of frequency-modulated trans-
missions.  Armstrong savs ‘ general realization
of the commercial value of f.m. was delayed
for many years. But when its commercial
value became apparent to everyone, history
repeated itself and the modern counterpart of
the ultraudion appeared on the scene in the
form of the ratio detector. Let us now examine
this seemingly technical innovation.” He then
shows by a number of diagrams that ‘the
aura of mystery hung over this seemingly
unfamiliar  device” was due to the way it
was drawn. He admits, however, that it is so
designed that it acts both as a suppressor of
amplitude modulation and as a discriminator-
detector. Ome gathers that from Armstrong’s
point of view, the part of the villain originally
played by de Forest had been taken over by the
Radio Corporation of America.

He concludes his lecture with a very entertain-
ing prophecy, viz., ‘that the day would surely
arrive when the direction of engineering by the
members of the legal profession would come to an
end, because the unholy mess that they had made
of radio would soon be apparent to everyone.
The writer predicted that cngineering would
again Dbe directed by engineers, and he even
ventured to think that the day might arrive when
some highly successful executives would come to
believe that there was something after all to the
text of the Eighth and Ninth Commandments,
stating that—in case the audience could not
immediately place them by number—* Thou
shalt not bear false witness against thy neigh-
bour,” and “ Thou shalt not steal.””’ G.\W.0. H.

*Although Armstrong does not mention the fact, it was also described
in the R.C.A. Revicn, June 1447,
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EARTHED-GRID POWER AMPLIFIERS

V.H.F. Sound and Vision Transmitters
By P. A. T. Bevan, B.Sc,, AM.LE.E.

(Eaginveriny Planning and Installation Depariment, B.B.C.)

1. General
N a previous article! the author has referred
briefly to the advantages of the earthed-grid
cathode-excited power amplifier over the con-
ventional earthed-cathode grid-excited amplifier
for the output stage of high-power v.h.f. broad-
cast transmitters. He suggested, for example,
that it should find particular application in
wideband tclevision transmitters operating in the
4I to 66-Mc/s band with power outputs in the
region of 50 k\V. When large transmitting valves
are used in an earthed-cathode balanced (push-
pull) amplifier, the relatively high minimum valuc
of the output tank-circuit shunt-capacitance,
formed by the anode-to-grid capacitance in
parallel with the equal anode-to-grid feedback
neutralizing capacitances, scriously restricts the
maximum power output of the valves lor a
given modulation bandwidth response of the
output circuit and leads to an abnormally low
conversion efficiency.  This invariably implies
operating the valves at the limit of their grid
and anode dissipations in an elfort to obtain a
reasonable performance from a given valve type.
Furthermore, at opcrating [requencies above
about 50 Mc/s the low value of the output-
circuit inductance nccessary to tune the high
shunt capacitance of the carthed-cathode balanced
circuit introduces physical difficulties in circuit
construction and output coupling arrangements
in ‘ wirc-connected ’ or cven parallel-line ampli-
fiers.  There is also an increasing tendency
towards instability because the resonant ire-
quency of the rclatively high capacitance
neutralizing capacitors with their inductive leads
Sec Fig. (-a) more closely approaches the
operating frequency. Thev then become more
frequency selective and fail to provide adecquate
neutralization and freedom from phase modula-
tion cven over the modulation sideband range.
These difficulties are appreciably reduced in
the ecarthed-grid amplifier because, while the
anode-grid and neutralizing capacitances (if any)
still form the minimum shunt capacitance of the
output tank circuit, the neutralizing capacitances
are very much smaller. The valve feedback
capacitance to bc neutralized is now that of the
anode to cathode which with valves of the CATz2x
type, for example, is only about 1/30th of the
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anode-to-grid capacitance. Neglecting the effect
ol stray capacitances, thercfore, the minimum
shunt-capacitance of the output tank circuit of the
carthed-grid balanced amplitier is virtually only
half that of the equivalent ncutralized grounded-
cathode amplifier. When the effect of stray shunt
capacitances between anodes is included, there is
no rcason why, with a good circuit layout, the
total effective anode-to-anode capacitance should
be greater than o.7 times that of the earthed-
cathode amplitier. This means that, lor a given
r£. bandwidth response of the output circuit, the
maximum value of the load resistance referred
to the anodes of the valves can be raised by
approximately 1.4 to I.

Thus, for the same peak anode current the
anode voltage swing will be increascd in the same
ratio, provided the direct anode supply voltage 1s
raised to permit this, so that the peak power
output is proportionally increased and the valves
operate at a higher efficiency. Conversely, a
corresponding increasc in the r.f. bandwidth
responsec may be obtained for the same power
output and efficiency. The curves of Fig. 1
show, for example, that a pair of valves of the
CAT21 class, as used In the 4o5-linc vision
transmitters under construction for the Sutton
Coldfield and Northern Television Stations, are
capable of an estimated maximum power output
at full picture white of 55 kW when used in a
grid-modulated grounded-grid balanced linear
amplifier output stage as compared with 38 kW
for an equivalent ecarthed-cathode ampliticr
designed for symmetrical double-sideband opera-
tion with an r.f. bandwidth response 0.75db
down at -} 2.75 Mc/s on a 50-Mc/s carrier.  The
curves also illustrate the way in which the
possible peak power output from valves of a
given filament and effective capacitance between
anodes depends on the r.f. bandwidth response
of the output circuit.

It is of intercst to notec here that with an
asymmetric sideband system the necessary overall
bandwidth of the amplifier output circuit can be
considerably reduced, as a flat response to the
wanted sideband can still be obtained by offsetting
the carrier frequency to one side of the bandpass
centre frequency.  Higher output powers are
therefore possible as compared with double-
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sideband transmission. I'ig. 2 illustrates the
CATz2r  wvalve and its characteristics are
given in Table I. Tt is a water-cooled triode of
the ring grid seal type particularly suitable for
v.f. grounded-grid operation and may be
adequately driven by the air-cooled type ACT26
valve shown in the same photograph.
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Fig. 1. Curves showing relation between estinated

wmaximin r.f. power output and sideband vesponse
at 2.75 Mc/s jor a pair of valves of the CAT 21
class, asstning a wmaximum anode cuvrent of
25-A peak, 180° angle of flow, a critically-coupled
output circuit (louded Q, — 2 loaded Q) and
double-sideband gencration. The ciurves ignore the
limitation imposed bv the vated grid and anode
dissvpation and the effect of the valve damping on
the eftective loaded Q) of the primary.

2. Driving Power

The curve in lig. 1 for the earthed-grid
amplifier ignores the power transferred to the
output load from the driver stage. This is an
important fundamental feature of cathode-
driven carthed-grid operation and can readily be
seen from a consideration of IFig. 3, illustrating
the basic form and equivalent load circuit of this
type of amplifier. If the grid is earthed through
zero impedance, and the cathode potential is
driven, say, positive with respect to earth, and
therefore with respect to grid, the anode potential
also hecomes more positive than the cathode.
Thus, the anode-to-carth e.m.f. E, is developed
in series and in phase with the cathode-to-earth
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driving voltage F, and the total voltage applied
across the output load resistance R is Ey
= E, -+ E, so that the driver and amplifier
operate in series to supply the fundamental
component [ of the load current to the output
load.

The total power W, delivered to the output
load is thus
W, = I(E, + E,) watts (using r.m.s. values).
The power W, delivered by the driver to the
output load is

W,=I1E,— W, X %"W&tts

and the total output power VIVd from the driver is
W,=Ww, | W, + W, watts

where W, is the driving power absorbed in the
amplifier grid circuit and is approximately equal
to £ (peak) x [, (mean) and IV, is the power
absorbed in any Dbias supply and is equal to
E,(mean) x I (mean).

The driving power required for an earthed-grid
amplifier is thus greater than that of an equivalent
earthed-cathode amplifier by the amount W,
which is several times larger than W, |- W,
Furthermore, when the amplifier is amplitude
modulated, /, and hence IV, vary proportionally
with the level of modulation and so constitute a
large variable load on the driver. This power,
however, is delivered to the output load and when
increased conversion efficiency of the earthed-
grid stage for the wideband television case is
taken into account, the overall conversion
efficiency of the combination of earthed-grid
amplifier and driver is still significantly higher
than that of an equivalent earthed-cathode
amplifier and driver giving the samec power
output.

In amplitude-modulated vision transmitters
the need for a wideband respouse characteristic
inevitably means operating the valves of the
modulated amplifier, and any subsequent linear
power amplitiers, with a relatively low referred
anode-load resistance therchy limiting the ampli-
tude of the anode voltage swing and useful direct
anode supply voltage. This, in turn, imposes a
limitation on the amplitude of the peak positive
cathode-to-grid voltage swing permissible at full
modulation (picture white), in order to keep the
peak grid current and maximum grid dissipation
within the rated limits of the valves. It follows
that the permissible cathode-to-grid driving
voltage is in general somewhat lower than would
be the case where a wideband response is not
involved. In any case, however, in high-power
modulated vision transmitters, where amplitude
modulation is applied to grid of the final output
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stage, it 1s an asset from the point of view of the
rating of the video modulator to obtain full r.f.
output power with the lowest possible video-
modulating voltage in the peak-white condition,
which means that the power gain of the final
stage valves should be exploited to the limit.
If the final stage is an carthed-grid amplifier this
implies that the power supplied by the driver to
the output load will be a minimum.

i ik
i
@j i
=
X
i

Fig. 2. Three tvpical valve types for high-power
v [ earthed-grid operation, water-cooled C 47121
without jacket (left), air-cooled ACT26 (centre),
awr-cooled ACT21 (right) . size compared wilh a
foot rule. Their charvacteristics are given in Table I.
(Reprodusction by perniission of the M.O. Valve Co.

Lid.)
TABLE I
Characteristics CAL2 ACT26 \CT21

Filament voltave .. | ['2r 2 6.5 12.0
Filament current (A) 325 105 320
Anode voltage |

(Max.)* (kV) 10 5 10
Peak emission

current (4o%, satu-

ration 1 (A) 30 15 25
Maximum anode dis- A

sipation (kW) ‘ 20 5 10
Amplification factor 20 22 20
Capacitance :  (pl)

anode-to-grid 32 18 30

grid-to-cathode ., 42 22 39

anode-to-cathode | 1.1 0.4 1.1

Mcjs V. |Mejs v, [Mes v,
|

* Relation between 50 1009 ‘ 100 100%, | 50 1009,
anode voltage (V) 75 70°% 150 80°% | 75 7o0v,
and {requency. 100 00% | 200  70% | 100 60°%,

250 609,
| 300 509, |

It is of interest to note, however, that where
such limiting factors do not apply it is practicable
in suitable cases to proportion the characteristics
of an earthced-grid amplifier so that larger
amounts of power are provided by its driving
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stage until, in the limit, the total power delivered
to the output load could be contributed equally
by the driver and amplifier and identical valves
used in both stages. This is because the power
gain of an earthed-grid balanced amplifier can
be controlled by the use of anode-to-cathode
neutralizing capacitances larger than the anode-
to-cathode fcedback capacitances of the valves
themsclves, together with an appropriate adjust-
ment of the grid-to-grid reactance, bv which
means varying amounts of negative-feedback
voltage mayv be introduced between grid and
cathode. Such an arrangement might, at high
frequencies, be preferable to using two valves in
parallel on each side ol a balanced output-stage
linear amplificr used to amplify modulated signals.
Alternatively, in the case of an anode-modulated
class C earthed-grid amplitier the power gain may
be adjusted over wide limits simplyv by varying
the value of the grid bias so that larger or smaller
values of driver voltage E, and hence driving
power E,I are required to drive it fully to
saturation in the carrier condition.

This latter method, however, 1s not applicable
to a grid-modulated linear amplifiecr because in
this case the value of the grid bias is fixed by
other considerations.  These features are further
discussed in Section 6.

3. Modulation Requirements

It follows as a direct conscquence of the fact
that the driver and earthed-grid amplifier feed
power in series to the output load that if the
amplifier is anode modulated, as would normally
be the case for an a.m. sound transmitter, it is
necessary also to modulate the driver.  This 1s
because the total voltage developed across the
output load is E, + E, and obviously both
components must be subjected to the modulating
voltage simultaneouslv if 100° modulation of
the output carrier is to be obtamned with a
substantially lincar characteristic over the com-
plete modulation cvele.  Ideally, the driving
voltage should be 100°, modulated and the
linearitv characteristic of the driver should be
good since any distortion componcuts generated
by the driver will appcar in the output load. In
most conventional cases, however, the power
provided by the driver will be a relatively low
proportion of the total output power (roughly
between 10°% to 20°%) and, where this applies, a
modulation characteristic lincar up to 80°% for
the driver is regarded as satisfactory in practice.
Since the driving voltage 1s modulated, the
amplitier should be operated with self-bias rather
than fixed bias in order to prevent too sharp a
cut-off in anode current at the troughs of modula-
tion. The output power W,, of the modulator
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will be greater than that of an equivalent earthed-
cathode amplifier by the amount of power
required to modulate the driver and if 100°
modulation of both the driver and amplifier is
assumed, is given by

w %E“ | H{!

Na Na
where 7, and 7, are the conversion efficiencies of
the amplifier and driver respectively.

Anode modulation of both the amplifier and
driver presents little practical difficulty, apart
from the complication that the modulating
voltage applied to the driver will in general be
lower than for the final amplifier but, if the driver
1s itself an carthed-grid amplifier, it may be
necessary to modulate its driver, and so on if
very low  distortion values are required. A
transmitter constructed from a number of anode-
modulated  carthed-grid  triode  amplifiers  in
cascade is by no means an improbable arrange-
ment, and would prove convenicnt for v.h.f.
a.m. sound transmitters operating in the 88 to
108-Mc/s band or at higher frequencies at which
the high minimum value of the anode circuit
shunt capacitance of the normal neutralized
grounded-cathode amplifier Dbecomes unwieldy
irrespective of considerations of bandwidth.

When amplitude modulation is applied to the
grid of the final carthed-grid amplifier (grid-bias
modulation), as is usually the case in a high-power
modulated television transmitter, there is no
need to modulate the driver stage. Indeed the
main criterion here is that, for reasons stated
later, the amplitude of the cathode-to-grid r.f.
driving voltage should ideally remain constant
over the video modulation cyvele if a conventional
video-modulating signal is assumed.

IFurthermore, it is important from the point of
view of the video modulator that the etfective
capacitance presented to it by the amplifier input
circuit should be a minimum in order to limit the
volt-ampere output required from the modulator
to provide the required signal rise times and
video-frequency response.

With modulation applied between grid and
carth, therefore, it is not practicable actually to
earth the grid for r.f. by a high-capacitance
by-pass capacitor as is permissible and usual with
an anode-modulated  or  frequency-modulated
earthed-grid amplifier operated at a fixed grid-
bias voltage.

With a balanced push-pull amplifier circuit,
however, the carthing of the grid-circuit centre
point is unnecessary because it is alrcady at
zero r.f. potential with respect to earth (for the
fundamental  frequency).  The eflective r.f.
circuit capacitance which appears across the
modulator is thus limited to that of the grid-to-

m o
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cathode capacitance of both amplifier valves plus
grid-circuit strays (sec [Fig. 5).

This is approximately haltf the capacitance
which would be presented by an equivalent
carthed-cathode amplifier having cross-connected
anode-to-grid neutralizing capacitors, since for
video frequency the neutralizing capacitors are
effectively in parallel with the grid-to-cathode
capacitance.

In the case of {.m. sound or vision transmitters
with carrier frequencies in the 41 to 65 Mc's or
88 to 108-Mc /s bands or higher, a cascade arrange-
ment of single-sided earthed-grid triode amplitiers
is eminently suitable. Here again no problem of
multiple modulation arises because the frequency-
modulated carrier is generated at low power and
all the succeeding earthed-grid stages operate as
high-cfficiency  hard-driven class C  constant-
voltage r.f. amplifiecrs. Each stage can be
arranged to pass on a high proportion of its
output power to the succeeding stage and,
depending on the available valve types, the best
compromise between the power gain per stage
and power transferred per stage can be arrived
at either by suitably proportioning the neutraliz-
ing capacitors and grid-to-grid reactance or by
adjustment of the grid bias as described later.
Control of power gain by the first method would
be unlikely for transmitters operating with
carrier {requencies in the 88 to 108-Mc/s band or
higher, because at these frequencies single-sided
coaxial-type circuits as distinct from * wired ” or
parallel-line circuits would be preferred in all but
the very low power stages and in a coaxial circuit
the anode-to-cathode feedback capacitance is
ncutralized by adjustment of the grid-to-carth
reactance alone. Since, however, in an f.m.
transmitter the valves are class C operated,
adjustment of the power gain by choice of grid
bias can conveniently be used.

The characteristics of carthed-grid coaxial-type
circuits are dealt with in Section 8.

4. Negative Feedback Due io Driver

The ecarthed-grid amplifier has an inherent
degree of negative feedback between output and
input which is absent in the carthed-cathode
amplifier. This is because, as shown in Figs. 3
and 7, the fundamental component [/ of the
output-load current flows through the ctfective
internal resistance R, of the driver and thereby
produces across that resistance a voltage Rl
in phase opposition to the open-circuit output
voltage of the driver and which with amplitude
modulation, varies with the level of modulation.
It might be expected that in a linear r.f. amplifier
amplifying amplitude-modulated signals this
feedback could be used to reduce distortion, but
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this would require the degree of feedback to
remain constant over the modulating cycle.
The effective resistance of the driver would thus
have to be constant, a requirement not casy to
achieve in practice. In the case of a grid-modu-
lated linear amplifier the amplitude of the
cathode-to-grid r.f. driving voltage must be
substantially constant over the modulation
cycle, if a linear modulation characteristic is to
be obtained. If, however, the negative fecdback
Is significant and its degree varics over the
nodulating cycle, the amplitude of £, will vary
in a non-lincar manner and this, when added to
the inevitable regulation of the driver output
voltage, produced by the variable grid-current
loading of the amplifier for different levels of
modulation, can produce a serious falling off in
the amplitude of the driving voltage at modula-
tion voltages approaching the peak positive value.

(a)

OUTPYT

DRIVER
LOAD

]

Basic (@) and equivalent (b) circurts of earthed-
grid amplifier and driver.

Fig. 3.

In the video case such a reduction in the ampli-
tude of the driving voltage produces ‘ flattening ’
of the picture whites and, furthermore, causes
difiicultics in accurately adjusting the required
70/30 picture/sync pulse ratio of the radiated
signal. It also makes the correct driver and
modulator output voltages somewhat difficult to
determine and a fairly precise knowledge of the
r.f. peak voltage swing eficctive between grid
and cathode is essential in order to obtain a true
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class B operating condition for the modulated
amplifier at peak white. It will be appreciated
that, at a peak white modulating signal, the
amplifier should ideally generate anode current
r.f. pulses of the maximum allowable amplitude
and of just 180° duration, in order to obtain the
best compromise between peak-power output and
conversion efficiency. At the same time, at the
trough of a synchronizing signal the anode
current should be just cut off, while a black level
signal should generate anode-current pulses of
less than 180° duration and of amplitude
sufficient to give a fundamental frequency com-
ponent of 30% of the peak-white amplitude. This
operating condition Is illustrated in Iig. 4(a)
and 1t will be evident that the threc conditions
mentioncd cannot be satisfied unless the ampli-
tude of the r.f. driving voltage is equal to the
overall amplitude of the radio modulating signal
and remains substantially constant over the
modulating cycle.

The other forms of r.f. feedback which affect
the amplitude of the cathode-to-grid driving
voltage are those produced by the circuit reactive
currents flowing through common impedances
and are separately dealt with in the section on
neutrahzing. Fig. 4(b) illustrates two of the
simpler types of non-linear modulation character-
istic which can arise from these causes.

The best way of avoiding the uncertain effects
of the type of non-linear negative feedback
discussed above is to make the effective resistance
of the driver very low, so that the degrec of
feedback is small. This is reasonably casy to
achiceve if the driver is a very hard-driven class C
amplifier or an r.f. cathode follower, both of
which have a low internal impedance at the
carrier  frequency.  Drivers having eficctive
internal resistances less than 10 ohms can be
obtained in this way.

In an anode modulated hard-driven class C
operated carthed-grid amplifier the effect of
negative feedback is less significant because in
class C operation relatively large non-lincar
variations in the amplitude of the driving voltage
can be tolerated without seriously upsetting the
linearity of the output modulation characteristic
and in any practical case the driver is also modu-
lated.

liven so, with either type of amplitude-modu-
lated earthed-grid amplifier the form of coupling
between the driver output and the amplifier
cathode circuit is important. A transmission-line
coupling, unless half a wavelength long, may be
unsuitable because the terminating load resist-
ance is not constant, so that the variation in the
load impedance referred to the driver valves at
different modulation levels may be appreciably
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exaggerated by the appcarance of a significant
reactive component. Inductively-coupled reso-
nant circuits having a high kVA/KW ratio and
giving a good voltage step-down (or the electrical
equivalent using cathode driving connections of
short length and low reactance tapped well down

the driver output circuit) provide the most
practical way of minimizing variations in the
amplitude and phase angle of the driver output
voltage due to this cause.

It is considered that in vision transmission the
overall modulation characteristic of the radiated

RF._ANODE CURRENT OF ONE VALVE WHITE
______________ i 100/,
be FULL WALE—CYLES —
a
______ BLACK
= 429,
| ! ! | SYNC
i v | l i l 0
- 9
V BLACK LEVEL |CuT GFF | I/Vy‘, | +l/57 FOR 7, MAX AT I, MIN
| | | | I REGION OF POSITIVE GRID VOLTAGE
| | RESULTING IN GRID CURRENT
! | WHICH LOADS THE RF DRIVER
L | ~ AND MODULATION.STAGES. e mmcsore s et el e o WHITE
i 1 h .
| | 100°,
= /]
Y T/ _ _ 0\ B
1Ly MAAM | ol
1
= R |
I 1
|
i : :

/ APPLIED TO CATHODE

T————" VOLTAGE

CARRIER AMPLITUDE

IDEAL WAVEFORM

g, 4.
grid-modulated by a vision signal.

and at completion of each line of picture signal are omitted.

R.F. DRIVING VOLTAGE £,

MODULATING VISON SIGNAL
£, APPLIED TO GRID

EFFECT OF
REGULATION
NEGATIVE FEEDBACK. NO €
REDUCTION N SYNCHRONIZING—PULSE
AMPLITUDE AND FALL IN BLACK LEVEL

FUNDAMENTAL COMPONENT OF ANODE CURRENTS OF
BOTH VALVES IN OUTPUT CIRCUIT

(¢)

DRIVING VOLTAGE EFFECT OF NON—-LINEAR POSITIVE
AND/OR NON-LINEAR R F FEEDBACK. NOTE THE INCREASE
TE TH IN SYNCHRONIZING—PULSE AMPLITUDE
AND RISE IN BLACK LEVEL

(v)

(@) Illustration of the idealized operating conditions for a balanced (push-pull) v.f. power amplifier,
The short intervals of black level which, in piactice, occity before the start

(Reprinted from author's previous ariiclel by

pevinission of * Flectronic Engineering ') (b) Output waveforms of wodulated amplifier, grid-modulated by a
vision ftest signal of svic, suppression and line saw-tooth illustvaling the mon-lineav inodulation characteristic
prodiced by factors which cause a change in the amplitude of the v.f. driving vollage.
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signal should be such that within the picture
signal range it does not depart from linearity by
more than about 49, due to all causes, namely,
the regulation of the r.f. driver, spurious r.I.
feedback, the impedance of the power supplies
and the operation of the d.c. restoration and
black level stabilizing devices.  Serious attempts
to reduce the regulation of the driver stage
to, say, below 2°, are therefore worth-while.

STABILIZED AND A A
IMPEDANCE CORRECTED
HV SUPPLY

(5xVoc)

resonant line can be constructed vertically
between the two valves. This allows very short
horizontal driving connections between it and
the cathodes of the CAT21 valves in the earthed-
grid amplifier in the adjacent screened compart-
ment.

A suitable voltage step-down between the
driver high-kV'A cathode line and the cathodes
of the tnal amplifier can be arranged by con-

IMPEDANCE_CORRECTED
WV SUPPLY
(1xvoe

o
|
g N ’
CATHODE— FOLLOWER '
DRIVER ‘::
¥

]

AC
FILAMENT HEATING
SURFPLY

Fig. 5. Television transmitter.
a r.1. cathode follower.

Frequency vange 41
response flut to within

0.5 db at +2.8 Mc/s.

5ol LINE
TO AERIAL

GRID — MCDULATED
EARTHED — GRID AMPLIFIER

Suggested practical civcuit for a grid-modulated earthed-grid awmplifier driven by
06 Mc/s. outpul power 5
The cathode and anode parallel lines ave tuned either by varying

RIV (peak white), v.f. bandwidth

their length by means of the adjustable shorting bar or by varying their effective Z bv adjusting the spacing
between the conduclors.

A robust cathode-follower driver, with its low
output impedance, offers the greatest possibility
of providing a constant driving voltage over the
wide load range imposed upon it by the earthed-
grid modulated amplifier. It may also be ex-
pedient to load the driver anode circuit with
resistance to prevent a possible sharp rise in its
output voltage at the bottom of the sync pulses,
during which the load on the driver is very small.

The push-pull cathode-follower driver tends to
give a very compact physical circuit lavout for
use with a high-power earthed-grid push-pull
final amplifier because with driver valves of the
ACTo type, for example, the cathode parallel-
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structing the driving connections as a capacitance
potential divider. This also provides a relativelv
high capacitance between the cathodes of the
earthed-grid amplifier and hence a path of low
impcedance for the return to the cathodes of the
harmonics of the amplifier anode-current r.f.
pulses.  This point is further discussed in the
section on neutralizing.

Fig. 5 illustrates a practical circuit for a grid-
modulated earthed-grid amplifier, driven by a r.f.
cathode follower suitable for a television trans-
mitter having a maximum output of approxi-
mately 50 kW (peak white) with a bandwidth
substantially flat up to 4 3 Mc/s.
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5. Neulralizing

The complete neutralization and stabilization
of any driven radio-frequency amplifier may be
defined as the suppression of all forms of mutual
coupling by common impedances between the
input and output circuits of the amplifier so that
(a) the input and output circuits arc independent
of cach other with respect to reactive currents and
(b) the driving voltage occurring between grid
and cathode is unaffected in both amplitude and
phase by the voltage developed across the output
circuit. If this condition is not fulfilled, there will
exist in the amplifier a number of feedback vol-
tages between the output and input circuits in the
form of negative andjor positive feedback to-
gether with ¢uadrature components. lositive
feedback lcads in the limit to sclf-oscillation of the
amplifier, negative feedback to loss in grid-to-
cathode drive. If the amplifier is amplitude
modulated, the combination of positive and
negative feedback, together with any quadrature
feedback, results in a non-linear modulation
characteristic and phasc modulation.

The impedances which give rise to the feedback
couplings are the interelectrode valve capacitance
comion to the input and output circuit and any
common circuit impedances. The currents which
produce the feedback voltages across these
nnpedances are the output circuit reactive cir-
culating current, the active cathode-to-anode
load current pulses and, to a far lesser degree, the
input driving reactive circulating current and the
rectified grid current.  In an amplifier of the
“wire connected,” as distinct from the coaxial
circuit or resonant cavity type, the inductance
of the connecting leads and of the valve clectrodes
themsclves is appreciable as the operating fre-
quency 1s increased and in short-wave amplifiers
constitutes the common circuit impedance across
which the feedback voltages are developed. Thus
the complete neutralization and stabilization of a
high-frequency amplifier either of the earthed-
cathode or earthed-grid type ideally requires
the cancellation of

(@) The appropriate interelectrode feedback

capacitance of the valve.

(b) The inductance of the grid assembly and

grid lead.

(c) The inductance of the cathode assembly

and cathode lcad.
I'ully neutralized and stabilized balanced am-
phitiers of the carthed-cathode and ecarthed-
grid type are shown in lig. (.

The interelectrode feedback cuapacitance is
neutralized by the well-known capacitance
bridge method using cross-connected capacitors
C,,while the inductances of the grids and cathodes

ns
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and their connecting leads is cancelled by serics
tuning them with the capacitors C, and C,

All three capacitors should be adjustable if the
amplifier is required to work over a range of
carrier frequencies but in the carthed-grid case,
since ¢,y and hence C, are comparatively small,
the effect of series inductance in the physical
connections to C, 1s usually not significant and,

A
a
&5
=
o
o
=
(=3
e
&
|
—
< TO OUTPUT CIRCUIT ———— >
a
&5
=
-3
[=]
z
3
[
o
i
|
|
Y
<~ TO OUTPLT CIRCUIT =5
Fig. 6. Complete neutialization of a dviven balanced

vof. amplifier. a) Earthed-cathode amplifier in
which C, — ¢, (b) earthed-grid amplifier in which
C, — o and is very much smaller than ¢,
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once set, a fixed value of C,, will serve over a wide
frequency range.

The seriousness of imperfect ncutralization on
the performance of the amplifier is, of course, a
question of magnitude but its importance can be
realized when it is considered that the inductance
of 8 inches of two-inch copper tubing is approxi-
mately o.1 pH, which at 50 Mc/s represents an
impedance of 30 ohms. In a high-power amplifier,
where reactive circulating currents reach the
order of 100 amperes, the voltage developed across
this impedance 1s 3,000 volts which may well be in
excess of the input driving voltage.

The effect of impedance between grid and grid,
or grid and earth in the single-sided case, has been
excellently described by C. E. Strong? and the
following explanation is mainly his. [Fig. 7 shows
the equivalent circuit of a single valve carthed-
grid amplifier having an impedance Z between
grid and ground. /7 is made either inductive or
capacitive depending upon the adjustment of C,.
If 7 is an inductive reactance at the working
frequency and if it is considerably less than the
reactance of the anode-to-grid capacitance c,,, as
is the case in practice, the voltage developed be-
tween grid and ground across Z by the reactive
circulating current [, in the output circuit is
180° out of phase with the anode-to-carth and
cathode-to-carth voltages. Thus, when the
cathode is driven positive with respect to earth
the grid is driven negative by the amount 77,
and the driving voltage effective between cathode
and grid is thus increased by this amount.
The action constitutes positive feedback. Simi-
larty, if the grid-to-carth impedance Z is a capaci-
tive reactance the voltage developed between
grid and earth across / is in phase with the anode-
to-earth and cathode-to-earth voltages. Thus,
when the cathode is driven positive the grid is
also driven positive with respect to earth and the
driving voltage effective between cathode and
grid is reduced by the amount Z/,. This action
constitutes negative feedback.

The cffect of the fundamental-frequency feed-
back voltage between output and input introduced
by incomplete cancellation of the small anode-to-
cathode capacitance c,;, has now to be considered.
This is of practical consequence in an carthed-
grid amplifier only if (a) the effective resistance
of the driver is not negligibly small or (b) the
driving voltage is removed, bearing in mind that
if the driver i1s modulated the driving voltage is
in effect removed in the troughs of modulation.

It will be evident from Fig. 7 that if R, is
appreciable but small in comparison with the
reactance of c¢,, the anode-to-carth wvoltage
acting across ¢, and Ry in series produces a
current 74 through them which leads this voltage
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by almost go°. The current through R, produces
a voltage K;/; which leads the driver output
voltage by almost go° and thus constitutes a
quadrature feedback voltage. If the amplifier
is amplitude modulated either on the grid or
anode, the amplitude of the quadrature feedback
voltage varies with modulation and, if the driver
output voltage is constant, phase modulation
also results. If, however, the driver is itself
modulated, which for reasons previously men-
tioned would normally be the case for a.m.
sound transmitters, the relative am 7 its
of the driver and quadrature feedback voltages
remain the same and phase modulation is avoided.

LY
4
o

Fig. 7. Circust tllustrating the paths of active and
veactive civcuil currvends and neutralization of valve-
feedback capucitance bv means of a veactance Z
between gind and earth 1m an earthed-grid amplifier.

/|

I =)

IS

If the driving voltage is suddenly removed or
modulated to zero, the impedance through which
the current /3 now flows is no longer R, but the
cathode to earth input impedance of the amplifier.
This is very high in comparison with K ; but is also
a pure resistance if the grid circuit is in tune
at the fundamental frequency. 2\ considerably
higher feedback voltage is thus developed between
cathode and earth, the phase of which is very
much less than go° leading on the anode-to-earth
voltage so that a large component of positive
feedback exists which if of sufficient magnitude
may cause sel{-oscillation of the amplifier.

It should be noted that incomplete cancella-
tion of ¢, also permits feed-through from the
imput to the output circuits and although this
is small in an carthed-grid amplifier becausc
cq 18 small, it is nevertheless important in cases
where the r.f. driving voltage of the amplifier
is constant.

The presence of the driving voltage causes a
small constant reactive current to appear in
the output circuit so that the output carrier cannot
be modulated to zero. Thus, in a grid-modulated
video amplifier, for example, the output carrier
level is not zero at the bottom of the synchroniz-
ing pulses as should ideally be the case. The
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amplitude of the radiated synchronizing pulsc
measured from black level is reduced and the
picture to sync pulse ratio is incorrect.

In an carthed-grid amplifier the effects of
the anode-to-cathode feedback capacitance can
be neutralized by making the grid-to-earth
impecance an appropriately low inductive react-
ance, instcad of using the more conventional
cross-connected capacitors or anode-to-cathode
inductance, to introduce a current equal to
I, but of opposite phase into the cathode-to-
carth circuit and thereby climinate its eflects.
Considering the amplifier purely as a network,
the clements of which are formed by the inter-
clectrode capacitances (I7ig. 6) this can be shown
to be true. It will be seen that if the impedance
7 between the grid and earth is a low inductive
reactance the voltage E, developed across
7 is 180° out of phase with the anode-to-earth
voltage. Thercfore E, drives current through
the grid-to-cathode capacitance ¢,; which is
180° out of phase with the current fed through
the anode-to-cathode capacitance.

The two currents are cqual, and cancel out in
the input circuit, if Z is such that

Xag Xor
X X.fl/u Xak

ad

Z =

where X, is the reactance of ¢,, and so on.
Neverthcless, as previously described, if the
grid-to-earth impedance Z is an inductive react-
ance positive feedback is introduced as far as
the cathode-to-grid drive is concerned and the
effect from the point of view of the valve is not
quite the same as direct neutralization of the
anode-to-cathode capacitance.

It is, however, a most convenient mecthod
provided ¢, is small. Tt is easily arranged by
suitably adjusting the grid inductance neutraliz-
ing capacitors (C, in Fig. 6). It will be appre-
ciated that to meter ndependently the grid
current of the two valves d.c. bias blocking
capacitors will be required in each grid con-
nection so if these arc constructed as adjustable
capacitors of suitable rating they can serve both
purposcs. This is the arrangement usually
adopted for the coaxial type of circuit.

The elimination ol anode-to-cathode neutra-
lizing capacitors reduces the minimum shunt
capacitance of the output circuit between anodes
and can considerably simplify the physical
layout of ‘wire-connected’ or parallel-line
balanced circuits. .\ good deal of mechanical
ingenuity is required to position such capacitors
and to achieve cross connections of sufficiently
Jow inductance at operating frequencies of
50 Mc/s and above. IFurthermore, a small
amount of linear positive fecdback may usefully
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be tolerated even in a grid-modulated amplifier
as it can assist in maintaining the cathode-to-
grid r.f. driving voltage constant over the modula-
tion cycle by compensating for the inherent
regulation of the output voltage of the driver
when modulating in the positive direction.

The order of magnitude of Z and the positive
feedback voltage to be expected in a practical
case can be cstimated by inscrting in the above
expression for Z appropriate values of interelec-
trode capacitances for a valve of the CATzr
class. Taking c,, = 30 p¥, ¢, = 40 pIF and ¢, =
1.1 pF, the approximate reactances ol which
are —106, —80 and —2)00 ohms respectively
at 50 Mc's, the corresponding value for Z is

2.75 ohms. In a 50-kW wideband vision
amplifier the reactive current I, through ¢,
would be of the order of 75 amperes peak at
full white so that the positive-feedback peak
voltage produced between grid and earth would
be some 20> V. This would more than com-
pensate for the driver regulation which, in a
well designed stage, need not exceed about 3%
or some 30 volts, on a normal driving voltage of
1,000 volts peak, over the complete modulating
cycle ; 1.e., from the bottom of the synchronizing
pulses to peak white.

A grid-to-grid reactance of 27 =.5 ohms
corresponds at 50 Mc/s to an inductance between
grids of only 0.0175 wH which is likely to be
considerably less than the minimum inductance
of the grid asscmblies and grid-to-grid connection
achievable in a practical design of *wire-
connected’ amplifier.  Series  compensating
capacitors in the grid circuit arc thus essential
Alternatively, the grid-to-grid conmnection could
be constructed as a parallel line of appropriate
length to provide the nccessary compensating
capacitive reactance, but this would be less
physically convenient than capacitors except at
very high frequencies and in this case the choice
would not arise as a coaxial circuit would be
used. Turning to the effects produced by in-
complete neutralization of the cathode-lead
inductance consideration of Figs. 6 and 7 in-
dicates that the fundamental component [
of the active load current returns to the cathode
through this inductance and thereby devclops
in series with the cathode-to-carth driving
voltage E, a voltage IZ, in quadrature with it.
If the amplifier is amplitude modulated either
on the anode or grid the amplitude of 1Z, varies
with modulation and, if [, is constant, phase
modulation will also result. If the amplifier
and driver are both modulated, phase modulation
is avoided.

Compensation of the cathode and cathode:
lead inductance is not so critical as the grid
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inductance because the current I is much lower
than I, Even so, liberties should not be taken
because the connections between the driver and
cathodes also form part of the cathode inductance
concerned and, as pointed out previously, even a
few inches of quite large diameter conductor
has an appreciable reactance at 50 Mc/s. With
a high-power amplifier a quadrature component
of several hundred volts may easily occur. Un-
less, therefore, an unusually compact physical
layout can be obtained for the cathode circuit,
compensation of the cathode inductance by
series capacitors should be included.

Such compensation is effective only for the
fundamental frequency component of the load-
current r.f. pulses and a relatively high inductive
impedance may still be offered to the harmonic
components returning to the cathode. This
causcs harmonic distortion of the cathode-to-
grid driving-voltage waveform and may result
in a fall in the conversion efficiency of the
amplifier. It will be appreciated, however, that
only a proportion of the load current harmonic
components return via the cathode inductance
as a sccond path is provided by the grid-to-
cathode capacitance which, in v.h.f. ampliliers,
1s of relatively low impedance.

The essential practical criterion for the neutra-
lization of the feedback capacitance to give
minimum coupling between the output and
input circuits in an earthed-grid amplifier is the
same as for the conventional earthed-cathode
amplifier, namely, that when the input and out-
put circuits are tuned through resonance, maxi-

mum grid current should coincide with minimum
direct anode current under normal power con-
ditions.

It should be noted, however, that if pre-
liminary neutralizing adjustments are attempted
in the conventional manner with drive applied
and the amplifier anode voltage removed but
with the filaments still heated, the output power
cannot be reduced to zero by adjustment of
the anode-to-cathode neutralizing capacitors (or
grid-to-grid reactance) as in the case of an
carthed-cathode amplifier. This is because,
for part of the negative half-cycle of r.f. driving
voltage applied to the cathode, the grid and
anode both have a positive potential with respect
to the cathode, so that a small anode current
flows in the output circuit between anode and
cathode, even if ncutralization is correct.

Further, if a path exists for the d.c. component,
as will be the case if the anode-supply rectifier
filaments are left heated, the anode-current
meters will indicate a small anode current. This
nieans that preliminary neutralizing adjustments
for minimum coupling between output and
input must be made with the amplifier hlaments
cold and these will not necessarily be correct when
the filaments are heated because of the slight
but inevitable change in the valve capacitances.

The appearance of direct anode current when
drive is applied, does, however, enable the output
circuit of the amplifier to be tuned, and a pre-
liminary adjustment madc of the loading, before
applying the anode supply voltage.

(To be concluded)

TRANSIT-TIME EFFECTS IN U.H.F.
VALVES

By John Thomson, M.A., D.Sec., F.Inst.P.

{Professor of Physics and El:ctrical Engincering, Royal Naval College, Grezenwich)

1. Introduction

T is well known that the performance of the
conventional valve falls off very rapidly above
some frequency the value of which is deter-
mined by the geometry of the electrode structure.
Many effects combine to produce this loss of
efficiency, among which may be mentioned
a) increased losses due to high-frequency resist-
ance, (b) the increasing importance of lead
inductance and interclectrode capacitance, and

NMS accepted by the E(]itor,rMarch 1948 ; revised
January 1949.
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(c) profound modifications of the valve ‘con-
stants * duc to transit-time phenomena. It is
with category (c) that the present article is
primarily concerned, but it should be noted at
the outset that a self-consistent thcory of the
u.h.f. valve can only be achieved by taking into
account the influence of each category of effect
on the other two. [For example, the inductance
of the cathode lead would not be of such import-
ance if it were not for the fact that it must carry
an ever increasing current as the frequency
increases, due to the diminished reactive imped-
ance of the grid-cathode space.
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Attemnpts to elucidate transit-time phenomena
have been greatly hampered by the intrusion into
the argument of factors due to (a) and (b), and
it is only recently that valves have been made
in a form which has allowed the investigator to
separate the variables and so to estimate their
relative importance. Disc-seal valves, operating
in  the common -grid
condition, undoubtedly
offer the most attractive
field for further research
in this most important
field.

Tie. 1. Basic common-
and valve circuil.

Qualitatively, there is nothing difficult to
understand about transit-time phenomena. At
low frequencies the time taken by the electrons
to traverse the distance between two valve elec-
trodes is (on the average) negligibly small com-
pared with a period of oscillation of the associated
circuit but, as the frequency increases, this is no
longer true. In these circumstances conventional
valve theory ceases to apply, for a cloud of
electrons repelled from an electrode by an
clectric field does not reach the vicinity of another
electrode until the field has changed appreciably.
The first and most obvious effect of ‘ time of
flight " is, therefore, that the thermionic current
lags behind the propelling voltage : the inertia
of the electron, small though it is, has to be
considered as one of the factors in the situation.
It is when this physical concept is incorporated
in a quantitative analvsis that difficultics begin
to arise, and the work of Benham, Llewellyn and
Muller, while it has
certainly shed light on
certain aspects of the
problem, cannot be said
to satisfy the engineer.

Fig. 2. Equivalent
civciit of Fig. 1.

2. A Practical Example

To show how difficult the analysis of a valve
plus circuit can be at w.h.f., the case of a specific
power amplifier, working at 3500 Mc/s may be
quoted. In practice, if circuits correctly designed
for this frequency are fitted to the CVzs57 valve,
an output of 100 watts at an anode efficiency of
65°, may be obtained by means of 1o-watts
drive power. Such performance is very useful,
no matter how it is achieved, but when the
attempt is made to cxamine the action theoreti-
cally, considerable difficulties are encountered.

The valve is used as shown in Fig. 1, where the
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tank circuit and its load are denoted by the
impedance Z,, and the drive circuit by the
impedance Z.

The valve is mounted at the end of a con-
centric-line circuit so that the anode-grid space
forms an integral part of the impedance Z,. If
it 15 otherwise desirable, another concentric line
may be terminated by the grid-cathode space to
form the impedance Zg, although as will be seen
in the sequel, it is not usually necessary. Now
let us consider this arrangement in more detail.
Iiirst, the valve is used in the common-grid
condition, corresponding to the ‘ inverted ampli-
fier * of carlier days, and this circuit has some
rather distinctive properties. Imagining for a
moment that the valve is operating as a linear
device, the circuit equivalent of I'ig. 1, neglecting
all transit-time effects, is as shown in IFig. 2,
where the input voltage is considered to be in
series with a resistance Ry and applied across a
resistive impedance R, the valve having an
amplification factor p
and adynamic resistance
7.. R. is the effective
load presented by Z,.

Fig. 3. Simplest equiva-
lent of [1g. 1.

This circuit may in turn be re-drawn as in

Fig. 3, showing that the source, the wvalve
generator and the load are ctiectively in serics.
Then Vy, =V, — Ry
and V., — Ry +ulVy — (r, + R)i—o
. . Vi (u+ 1)
I'herefore ¢ AR N

Yo Ry + (p + )R,

V,
R+ (o + Ru)/(p + 1)
Clearly, (r, + R.)/(x + 1) may be regarded as the
feedback impedance scen by the source.

It has been shown by P. E. Trier in some work
shortly to be published that under these circum-
stances the following conditions apply for maxi-
mum stage gain ; viz.,

(1) R, = My,
. pot 1 2 R_,. ]
(2) Power gain <M 1) P Seo Bz, 5
where (3) M—=14 (un— 1) -f—‘

12
and (4), the source is matched to the input
impedance by a suitable tapping on the (tuned)
input circuit.

Still assuming that our valve is operating in
a lmear manner, let us insert the constants
characteristic of the C\V'257; ie., u = 22 and r,
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= 1,100 ohms. Then the following Table of gain
and R;, versus R, is obtained.

TABLE I
R, (Q) .. I 10 100 | 1,000 | 10,000 ’ w
Power gain | 16.3 | 14.9 20.0 | 23

I | -
R, (Q) 1,100 II,ZIO 3,410 |5,150 15,950 I o

0.12 1.0 {

Now the impedance R, can be measured for
class A operation, and when this is done for the
CV257 a value of the order of 200 chms is obtained
at 500 Mc/s, showing that a true gain of more than
g 1s impossible.

To make a corresponding analysis of the
class C amplifier is a matter of some difficulty,
and when account has to be taken of the nature
of R, —whether it is wholly due to high-{requency
Iosses in the electrode structure or to transit-time
losses in the clectron stream—the problem
becomes almost nnmanageable. One point of
practical importance emerges. Since the shunt
impedance R, is so small, there is little advantage
to be gained from the use of a concentric-line
input circuit. A low L to C ratio is quite per-
missible, and a good coil and capacitor will
function admirably.

Having indicated how complex the real
problems of the u.h.f. valve are, let us now
examine some of the more important transit-time
effects in an idealized framework.

3. Real Transit-Time Effects

Considering the triode once more, it is best to
separate out (at least for the purpose of discus-
sion) the two zones in the valve, (a) the cathode-
grid space and (b) the grid-anode space.

The cathode-grid space is the niore important,
for experience has shown that it is here that
transit-time effects first begin to appear as the
frequency is incrcased. Valves which operate
very inefficiently as amplifiers at a certain
frequency will operate with much greater relative
efficiency as frequency multipliers with the same
output circuit, and this fact clearly indicates that
the limiting factor is the loss in the input space.
But the grid-anode space is theoretically more
interesting for two reasons. Iirst, it presents a
less intractable problem to the mathematician ;
and sccondly, certamn theoretical results with
regard to incrtia effects in the grid-anode space
have received rather clegant experimental verifi-
cation. Tor these reasons it is proposed to
consider first the grid-anode space (or a modifica-
tion of it). Even in this simple case it will be
found that verv stringent conditions must be
imposed before the theoretical argument can
be developed. In what follows the attempt will
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be made to derive in the simplest possible fashion
a result initially suggested by the work of
Benham,! and developed in his own iimitable
fashion by Llewellyn.?

4. Damping Withoul Space Charge

Consider a plane parallel structure, consisting
of a thermionic cathode K (Fig. 4) a grid G,
and an anode A, Let there be a constant positive
potential Vy, on the grid G, the cathode being
grounded, and let there be
an alternatmg potcntlal
difference V, sin (wt + )
between G dnd A Let 4—
the distance between G 7
and A be D.

o___r_L__

Y SINwt—

Fig. 4. Section through Y/
plave  parallel  elec- ]
trode structive. K A

Consider an electron in the space Dbetween
G and A. Then, since there is no electron
emission 111 the space, and since the electrons are
moving with a finite speed due to V,, space-
charge effects are small, and will be neglected.

The acceleration of a typical electron is given by
ax eV,
v r;zDsm(wt - ) s (1)
whence, integrating twice,
dx/dt — A/ 2V e/m when x

and noting that
-0 and ¢ = o,

dx / e V, )
dit Y AV oE R m wD [eos ¢ —
cos (wf + $)] L o G v (2)
and v — \/2V,e/m ¢ | ¢ Va tcos ¢
0 mwD
sing — sin(wt - ¢) ] Q)
w
Let x = D at time { — 7, and write
T D

VaVyem

so that 8 is the variation in the transit-time
caused by the alternating field. Let another
condition be imposed upon the variables. Let
V./Vo be small. Then terms in 82, 83, etc., can
be neglected in an expansion of 1" as a power
serics. Let 2V e/ = vy and eV, mwD — v, =
the amplitude of the additional clectron velocity
duc to the alternating field. Then substituting
in equation (3),

D-—D v08+vA(2—-8 cos ¢ + *sin ¢
0 W
Pagin (“D 4 w5 + ¢ )
w Uy
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The last term on the
written

right-hand side mayv be

1’A /wD
sin { (==
L \

‘wD
4 wd cos 2 J
0, qS) wd cos | 7 qS)
to the correct degree of approximation.
Solving equation (4) for &

- Aisin (w?l: qS) —sin ¢ - i;%)cosqﬂ
o[ % )]

Substituting this value in equation (2), then

{
JA{cosqb —cos<

electron velocity. Write equation (7) in the form

. eV,?
1 2 _ [ e — A vz s A )
§ mu € AV, F (0) (8)
where I7(8) represents the function
2(I - cos @ 6 sin 6
F(g — = 92) -~ {9)

Iig. 5 exhibits the variation of F(#) with ¢

The left-hand side of equation (8) is the excess
kinetic energy possessed by the average electron
arriving at the anode, this excess energy having
been abstracted from the alternating field. 1f
there are n electrons striking the anode per

T T[T

n

| fTw;

L |

/ I

T
l
|
| -
-

dx wD \ ¥
d_ll et rfeoss (2249 [
= 8 0 ;
D wd
W2 sin (w B (—— . 6 I
si oo ¢/ v_‘) (6) o

Let this value of dx/dt for { = T be
represented by u, the rcal velocity

of an electron which started from the 02
grid under the mfluence of an alterna-

T

£6)

ting field of instantancous magnitude

V, sin ¢/D. Form the expression ol
u*v? from equations (5) and (6),
neglecting (v,/vy)* and higher terms,

and writing wD/v, = 8 = the average 9
transit angle.

-0l
¥ig. 5. Variation of F(8) with 6.

Then

u N2 v, ., )

— I+ 2-*[cos¢ — cos(8 -~ ¢)]

Vo Yo

C_A \2[C052¢ -+ cos2(f +¢) — 2cosdcos (8 -+ @)
@) {sin (8 + ¢) — sin ¢ — 8 cos ¢}

he average value of (1/v,)? over one cycle of
the alternating field is

+2sin (8 + ¢

=)&) v =¢
whence, £ = 1 (%‘)) [2(1 — cos 8) — 6 sin 6].
Now write (v, 'vg)? In terms of V,, Vand 6.
Thené =1 1;;0)‘2 %z [2 (1 — cos ) — 6 sin 6]
or imu?— Ve +
V2 — co .
ZK;O {2 (r —c¢ sol?) g sin 01 o)

where #? is the mean-square Vd]lll of the
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m 3_1r— 27 Sm 3 im 4n
2 2 2

(NE}
=

[5=3

second, then n(4nmu? — Vye) is a measure of the
power taken from the alternating source and
can be equated to V,2/2R |, \\hcu 17,2/2 1s the
mean-square value of i L cos(wt + @), (md R, 1s
the damping resistance of the grid-anode space.
The current flowing across the space is ne — [
and thercfore, re-writing equation (8),

’

| % vz . 2V I
A = LS R = ==0 2t
2R, v, PO o Ry=—. g5 (10
Bearing in mind the initial assumptions,

namely, that the elfect of space-charge on the
clectric field is negligible and that V,/Vis small,
equation (10) is an accurate solution, indicating
how an clectron beam can damp a high-frequency
circuit with which it is associated. The form of
F(8) indicates that when the transit-time is
negligible the damping is neglhgible, and that
the damping resistance decreases as the transit-
time increases. IFor larger values of € the space
behaves like a negative resistance, and F(6) is
a periodic function which asymptotes to zero.
Llewellyn? has made an analysis of the
space-charge limited diode which shows that
the latter behaves like a circuit element of
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resistance R, and reactance X, in series, where

R, =R, I (8 : . (11)
I 6% .
and X, —UTC[I a {8(1 — cos 8) — 2sin 9}:]

F(8) being given by equation (g) above. In
Llewellyn’s equation the constant R is the diode
static slope, given by
W27
N |
where V' ois the potential at the anode and [ is
the diode current. The reason for Llewellyn’s
R, being inverted with respect to R, is that R,
1s a parallel damping resistance and R, 1s a scries
damping resistance. In short, if R, and .| are
in parallel, replacing R, and X,, then R, K, =X, X,.

Now in our derivation of equation (10) we
neglected  space-charge entirely. Llewellyn
appears to take account of it from the beginning.
But the ditference between the two is only in the
constant, independent of 8. As will be shown
later this is a very surprising result, and one
which leads us to suspect that the cffect of space-
charge has not been properly incorporated into
Llewellyn’s theory.

Returning to equation (g), it will be seen that
I'(8) is negative and of finite magnitude over the
range § = 27 to 8§ = 2.80m. In thisregion, where
the damping resistance is negative, a device such
as that shown in Fig. 3, with a suitable tuned
circuit attached across GA, will tend to become
self-uscillatory with a tlequcncy given by f, where

. \/2[ oe/m

/ D
These oscillations hdve been  obtained by
various observers,® and to a certain degree they
verify the above theory. In carly 1940, while
searching for a new means of producing micro-
wave oscillations, the writer produced powers of
a few microwatts by this method at a frequency
of 2,500 Mc/s. No one, so far as the writer is
aware, has obtained useful powers from such a
device, although the theory sketched above would
indicate that the efficicncy would be about half
that of a klystron. One of the chief limitations
is that the minimum negative value of KR, is
determined by the total emission from an oxide-
coated cathode, and therefore cannot be less
than about 5,000 ohms per square cm,

Equation (10) is of value in the theory of
velocity-modulated  devices.  The space GA
corresponds to the bunching gap of a klystron
amplifier, and, to a lesser degree, of a klystron
oscillator. The beam damping impedance R is
sometimes sufficiently small in magnitude to be
included with the other losses in the input
circuit, although such amplifiers and oscillators
usually operate at values of @ less than =/2.
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5. Damping in Grid-Cathode Space

Having made a fairly satisfactory examination
of transit-time damping in a space which is free
from space-charge effects, let us turn our atten-
tion to the much more complex cathode-grid
space. It must be said at once that a simple
theorv such as that given in the previous section
is not possible. To satisfy ourselves of the com-
plexity of the problem it is only necessarv to
examine the derivation of the Langmuir-Child
law in a critical manner, remembering that it is
to be applied to a transit-time theory. Referring
back to FFig. 3, let the distance measured trom
the cathode KX, be represented by x, and let the
mitial electron velocities be grouped around the
velocity v, —A/2V, e/m. Let the potential at a
plane dist: nt x from K be V, and let the velocity
of the clectron at that point be v.

Then $mv® — Ve = Ve in the absence of
collision or radiation. 13ut by Poisson’s equation,
d*V/dx® = 4mp, where p — the charge density
at the plane x, and the current I — pv.

daxv
Therefore R IA/ e

VA '1!'
sarV

1S a const;mt.

and, integrating,
dI .
~ Vo -+, oo (13)
where C 1
It is at this point that the development of the
Child Law demands an approximation, for it is
assuned that dV/dy — o, when | Ve This
makes the constant (', = o, and

4
b4+ v
3( o

we assume that 7 =

Vix +C,y

If, now, V, at x

y

1 f2e 17
g N m x*

It must be clearly realized that although it is
necessary to assunie a finite electron velocity 7,
at the cathode to obtain a potential minimum in
the space, the Child Law assumes that the field
at the cathode is zero. The more general solution
of the differential equation (13)

I —_— E———
OaziZ-l\/V Vo= Claa V'V T+ Cpp
w i Gy

then I (14)

is useless for practical work.

3ut this is not the end of the matter. The
electrons emitted by the cathode have velocities
distributed about v, roughly according to
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Maxwell’s Law, and this means that another
factor further falsifies the Child Law under
certain conaitions. It is not suggested that
equation (14) is a bad approximation for most
purposes, but it must be used with caution in
transit-time problems, where the nature and
position of the potential ninimum may be all
important.

For example, it is commonly stated that the
transit-time of an eclectron in a fully space-
charge limited diode is 1.5 times the transit-time
in an identical temperature-limited diode. This
is only true if the initial electron velocity is
assumed to be zero. Some experiments recently
reported by C. N. Smyth® point significantly to
the importance of the charge cloud in the vicinity
of the cathode. Smyth found that when a plane
parallel diode of cathode-anode spacing 0.008 cm
was placed across a resonant line at a frequency
of 3,300 Mc/s, damping
occurred ceven when  the 25 T T
negative anode bias made
appreciable direct current
impossible.  The experi-
ment was done with small
signal input. The damping
could be reduced by cool-
ing the cathode, showing
that it was a function of
the space-charge or of the
cathode  surface. The
figures given by Smyth are
shown in Table I1, and for
this effect he proposes
the name ‘total emission

L

space can be idealized in one of two physically
distinct fashions. It may be done by ignoring
space-charge completely, and imagining a space
in which electrons, emitted with a finite velocity o,
from the cathode, move towards the grid in the
retarding field due to the effective negative
potential of the latter. These clectrons would
then come to rest and return to the cathode in
the manner of a ball thrown vertically into the
air. The sccond wayv of idealizing the phenomenon
1s to imagine the clectrons emitted by the cathode
to be returned to it under the action of a retarding
lield due to the space-charge itself, the idecalization
lying in the fact that this retarding field would
be regarded as independent of distance from the
cathode. Lither physical picture leads to the
saime mathematical conditions, expressed by the
equation of motion of a typical electron in the
form

damping.’

Fig. Vaviation of (9

with 8.

TABLE T

Negative bias on anode (V).. | 20 10 | 3 | ¢

Resistance per sq cm (Q o | Apprec. | 200 [ 50

The physical mechanism giving rise to Smyth’s
effect 1s not difticult to imagine. The presence
of the high-frequency signal disturbs the space
charge, and causes some electrons to return to
the cathode with velocities in excess of vy If,
under certain  conditions of frequency, this
number 1s a large fraction of the total, serious
damping will result. The problem is formally
similar to that considered earlier in the present
paper, with the important ditterence that a space-
charge cloud is present, and it is interesting to
sec 1f a similar analysis can be attempted.

The phenomena occurring in the grid-cathode
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oy _ [ % %sin (w!t ¢)J
where x is measured away from the cathode
surface, V, D is the constant retarding field
whether due to the grid potential alone or to the
grid potential associated with the space-charge,
and Vg sin (w! 4 ¢) is the signal voltage applied
between cathode and grid or cathode and space-
charge.
Integrating this equation twice, and writing
the transit-time of the clectron
2v,D
T =T, + 8 where T, V. g-};l
an expression can be found for & which,
substituted in the equation giving the velocity,
leads to the equation
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u? V21T 1 _
7)0“")- I T/rﬂz‘ _G’Z'L 0}) {4(1 - COs 0)
4 sin 8 ++ 8*1 — cos 9)}
+{2(1 —cos ) — O sin 6}
4V
T f(0 15)
e /(6 (15

where %% 1s the mean square velocity of all the
electrons and 8 = w7,

The function f(8) is exactly comparable with
F(8) of equation (9) and, like 1t, vanishes when 8
tends to zero. The mode of variation of f(6)
with 6 is shown in Fig. 6.

Rewriting equation (13),

V.2(dmeg?)

AR )

G

$mu? — 3 omo?
let $muy® — Ve, and let the cathode emit N
electrons per second. Since there is no current to
the gnd and the condition is stable, all these
electrons return to the cathode. As before we
equate the energy loss per sccond to V, 22R
where K is a damping resistance. Then

Vsz - 4NV52V0

R ve 10
Ve 11
o RSy 16 (16)

where [ is the total emission of the cathode per
second. Van der Ziel* and van der Ziel and
Versnel® have recently reported measurements of
total emission damping, using a diode in which D
was 0.1 cm and the cathode area was 10 sq cm.
Their measurements were made at wavelength of
about 5 metres.

Although there are still gaps in the theory, the
value of R calculated from equation (16) appears
to be of the correct order of magnitude to explain
Smvth’s and van der Ziel’s results. FFor example,
if V=1, Vy—=1/16, each being expressed in
volts, and Ne = 100 mA/sq cm, then R has a
minimum value of 10 ohms, which occurs when
# a 5. Assuming that the transit-time is wholly
defined by the grid voltage, Smyth’s § ~ 3, lor
which R = 20o0hms/sq cm. s van der Ziel
points out, the value of 1/K is not proportional to
the total emission for high values of the latter.
This suggests that the penetration of the retarding
field into the space-charge is not so complete at
high charge densities and that the simple theory
given above requires considerable modification.

However, it is noteworthy and encouraging
that in equation (16) we have at least an approxi-
mation to a quantitative theory of total emission
lamping. So far as the writer is aware, this
analysis of the non-conducting diode has not
been made before.  The detailed calculation is
given in the appendix to the present paper.
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6. Conclusion

The object of the article 1s to examine some of
the simpler transit-time phenomena, and to
suggest a mathematical technique which appears
to be well suited to cases where space-charge
distortion of the electrostatic field can be
neglected. Attention i1s drawn to the fact that
there is grave doubt regarding some of the
results which have heen quoted in the past for
space-charge limited currents. On the other
hand, it is shown that ‘ total emission damping’
in the grid-cathode space of a triode can be
explained without recourse to space-charge
theory. Whether the explanation is any more
than accidentally correct can only be determined
by an extensive experimental investigation.

APPENDIX
Transit-Time Damping v Non-Conducting Diode
Let it be assumed that all the clectrons are emitted
from the cathode with velocity v,, and that they move

under the action of a constant retarding teld Vy/D
superimposed upon a small alternating field

V.sin{w? 4 ¢)/D.
Then the equation of motion of the typical electron is
d’x 14 Y Ve .
art [ D D S e d))]

giving & ¢l = - 1:.“{cos'wf + &) COQ;;S]'»]

S m D wVr =

and v pyf Vi [.!,1'-' Y tcosé — - sin(wt + é)
m D |7 wl R w ’

o]

Consider the time taken by an electron to return to the
cathode in the absence ol the alternating field. Let this
time be T,

200D
———— and T, 4
Vg el ) S
I' + & and substitute in the equation for

Then T, transit angle

Now let T
x to find &

elin. Vg ., Vygelw. V)
[ 7,8 D 3 D aVn
wzs;

f\l(y 2__>sin (w7 + &) + wdcos(wTy + ¢} — ~in ¢}]

[T €os & -+ 3cos ¢

. 2Dw?, v
VMultiply throughout by i wm and let T @ where a 1s

R€ R

small.
Then  (wd)? 1 asin(8 + )] wd[ 8 — 2a{cosd
cos (8-+ ¢)}] — 2alfcos ¢ — sin(f + &) +sind] o

or A(wd)* + B(wd) + C =0
Then B? — 4AC - 6* — 4a[— fcos ¢ — Bcos(f + @)+
2sin(8 + ¢ 2sin ¢] - 4a%[2 + cos’d — cos? (8 + ¢)

2cos f — 26sin(8 - ¢jcosé]

02 — 4aX + ga*y’ 9'—’[Y ;;__1 (X —a) ‘]
The term in the bracket can be expanded by the

Binomial Theorem, since X /8> a finite number when
8—o0.
2a 2a* X
— X —| Y —
H‘l 02 ( 0.')]
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Therefore \/7 4A4C — 8 [1

neglecting a?, a% . .



Now let cos ¢ — cos(f -+ ¢) — Z
B 4 \/ﬁ? 4/16
A
02+ aZ — 82 aX'0 + a*(Y
N 1 asin( = &)
To insert this value of wd in the expression for dr'd!,

wd
X2 0%/6

. dx 21, 20y Vg,
rewrite pTE Rl wd B 7y {cos ¢
cos (wly + ¢ + wd)}
dx/ 2
Thercfore 2 i I 24 cos ¢ — cos(f — ¢))
Yo [/
R asin (84 94
2a | . Xl
& D A4 Z —
5 N

(-3
62 92

20X Qf’l;(y XZ)

[ 0.
Again writing the mean square value of dx/df — 2
1 4a* 1 (2mf{_ . X?
- = Y — —ld
gt ’*eﬂfmo(x 0'—')¢
I+ ?E} (;[([ — ;q){4 (r — cos8) — 48sin 8

#% (1 + cos 9)} + {2 (t — cos §) — 8sin 9}]
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NEW BOOKS

Pulses and Transients in Communication Circuits

By Corix Crierry. Pp. 317 4+ xvi with 129 illustra-
tions. Chapman and Hall Ltd., 37, Essex Strect,
London, W.C.2. Price 32s.

The scope of this book is well described in a phrase
of the author’s, who savs that it is intended to bridge
the gap between simple alternating-current theorv and
operational methods.’

The point of departure is the basic set of differential
cquations describing the behaviour of a linear network
and its solution in terms of exponential and, in particular,
sine waves ; the mathematics is not shirked but here, as
throughout the book, appeal is made to physical argu-
ments wherever possible. rather than to formal mathe-
matical reasoning. A discussion of the ' frequency-
spectrum ' of a waveform and its expression in the form
of a Fourier scries or Fourier integral brings out the
relation  between ‘ frequency-response ' and ‘ time-
response it is followed by separate studies of the
steady-state characteristics and the transicnt response
of networks. the latter including the effects on waveiorm
of amplitude and phase distortion. This leads on to
various approximate and idealized characteristics which,
although perhaps impossible in real networks, help in
estimating the general behaviour of svstems in reproduc-
ing the waveform of a transmitted signal. The charac-
teristics of networks and the relation between [requency-
response and time-response are further discussed from
the point of view which regards the output signal as
being made up of a large number of echoes of the input
signal with different delay and difierent amplitudes.
This approach lends itself to the approximate calculation
of transient response. given the steady-state charac-
teristics, and also to methods of synthesizing networks
with given characteristics.

Two particular components of telecommunication
svstems are dealt with in more detail, namely multistage
amplifiers and asymmetric-sideband channels. The basic
tactors affecting the transient response of identical
stages i tandem are analvsed, including the question of
optimum  bandwidth for best signal-to-noise ratio.
Unequal distortion of sidebands in an amplitude-
modulated system leads to non-linear distortion of the
envelope, but it is shown how linear technique can be
extended to this casc: the distortion of pulses in
particular practical asymmetric-sideband svstems is
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dealt with. A very valuable feature of the book is the
list of nearly 200 refcrences to books and articles giving
more detailed discussion of the various theoretical and
practical points raised.

There are a few minor errors which should not give
trouble to the careful reader. Some of the remarks on
phase distortion may be misleading. Thus Fig. Go(c),
" Response typical of phase distortion,” might be assumed
to show the etfect on a rectangular pulse of a network
with only phase distortion, such as the phase equalizers
referred to in the text. Such a network would, however,
leave unaltered the stecp sides of the pulse, apart [rom a
possible change of polarity ; the wavelorm shown is, in
fact, typical of combined amplitude and phase dis-
tortion. Later on, in section j.40, the cffect of phase
distortion on a step wave is discussed . a low-pass
system is assumed. The statement is made that if the
higher frequencies are delaved more than the lower,
the build-up time is spoilt but overswings are reduced,
whercas if the higher [requencies are less delaved, the
build-up can be steeper with overswings. This is the
wrong way round : 1t does not agree for instance with
such common characteristics as those illustrated in
Figs. 51, 52. and 82.

To sum up, this book is maintv concerned with the
problem of estimating transient response, given ampli-
tude and phasc characteristics. It deals with the problem
in broad outline and with a practical Aavour and is
concerned with generally applicable, even though
approximate, rules rather than precise calculations for
given network configurations. [t fills a gap in the
literature and will be verv welcome, especially to the
many engineers who have been brought up on con
ventional a.c. theory and now have to turn their minds
to circuits in which reproduction of the input wavelorm
as faithfully as possible is the object. W.E.T.

Microwave Antenna Theory and Design

Edited by SamuEeL Sitver. Pp. 623 — xviii, 338 Figs.
(Vol. 12, M.I.T. Radiation Laboratory Series). McGraw-
Hill Publishing Co., Aldwych House, London, W.C.2.
Price 48s. (in U.K.).

This book is one of a scries of volumes which have
been prepared by the statt of the Radiation J.aboratory
of the Massachusetts Institute of Technology operating
under the supervision of the National Defence Research
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Comumittee. An editorial statf was appointed and
authors chosen from among the experts in the various
fields. This staff worked at the preparation of these
volumes for six months or more after the work of the
Radiation Laboratory was completed, the finances being
provided by the Oftice of Scientific Research and
Development. The work described, however, is not
onfined to that of any one laboratory, but is the
collective result of work done in many laboratories, in
the United States, England, Canada and other Dominions
Although this book contains over 600 pages it is
explained in the preface that many subjects have had
to be omitted completelv or treated very briefly. Two
hapters on rapid scanning antennas had to be omitted,
partly on grounds of military security, but some of the
material has been incorporated in other chapters.

The book is divided into sixteen chapters, of which
the first gives a gencral survev of the subject. The
second chapter is devoted to circuit relations, {four-
terminal networks, reciproeity and Thévenin's theorems,
transmission-line charts, antennas as impedances and
coupled svstems. In the chapter on radiation from
antennas the rcader is referred to Stratton’s ** Electro-
magnetic Theory ™~ for more detailed treatment,
although the treatment seems fairlv complete. The
m.k.s. system of units is emploved throughout the book,
which means that current densities are expressed in
amperes per square metre and charge densities in
coulombs per cubic metre. It is pointed out that it is
really a misnomer to call an aerial of length A/2 a half-
wave dipole, since the charges are distributed over the
whole aerial, but it is retained in the book because of
its convenience.

Chapter 4 is entitled * Wavefronts and Rays ’ and deals
with Huvgens-Fresnel principle and IFermat’s principle,
while Chapter 3is devoted to the important but complex
subjects of scattering and diffraction, including Babinet’s
principle and its application to slot aerials. These
subjects are continued in the following chapter on
 Aperture illumination and Antenna patterns ' in which
the transition from the Fresnel to the Fraunhofer region
is discussed. The first third of the book has thus been
devoted to general theoretical considerations of micro-
wave antennas. Chapter 7 deals with microwave
transmission lines, including the various types of wave-
guide, and the following chapter with the feeding
connection between the line and the antenna. These
first eight chapters have been written by the editor,
S. Silver, but Chapter 9 on ‘ Linear-array Antennas and
Feeds ' 1s by J. E. Eaton, L. J. Eyges and G. G.
Macfarlane, the last named being of the British Tele-
communications Research Establishment, Malvern.
This chapter of nearly 8o pages deals with broadside
and end-fire arravs, slot radiators in waveguide walls,
beacon antenna svstems and allied subjects.

Chapter 10 by ]J. R. Risser discusses electromagnetic
horns fed from waveguides; this is a complex subject
and is discussed very fullv. The same can be said of the
following chapter in which the same author deals with
dielectric and metal-plate lenses. Chapter 12 on ‘ ’encil-
beam and simple Fanned-beam Antennas’ is by S.
Silver ; it deals with paraboloid reflectors and the
problems that arise in connection with them, the so-called
pillbox and cheese antennas, and the half-beacon
antenna. In the following chapter L. C. van Atta and
T. J. Keary discuss ° Shaped-beam Antennas,” the
shaping and construction of the various tvpes of
reflector, and the use of multiple horn feeds for illuminat-
ing the reflector. Chapter 14 by van Atta and R. M.
Redheffer is entitled ' Antenna installation Problems ’;
it discusses the location of the antenna on land, on
ships and on aeroplanes, the ctfects due to the radome
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or dielectric housing, and the shaping of the latter to
obtain the best results. The last two chapters are by
H. Krutter on measurement techniques and O. A.
Tyson on measurement equipment, both of great
importance in obtaining experimental confirmation of
the theories developed in the earlier chapters. Aleasure-
ment of impedance, standing-wave ratios, intensity of
field and gain arc all discussed together with the
necessary klystrons, magnetrons, amplifiers and detectors.

Numerous references are given as footnotes throughout
to publications giving further details of points referred to.

One cannot but be impressed by the fact that this book
of over 600 pages is No. 12 in a series of 27 volumes on
radar and allied subjects prepared by the Radiation
Laboratory staff. It shows every sign of having been
prepared with the greatest care: the symbols and
nomenclature have been carefully chosen and are
consistent from beginning to end. In the Editorial of
July 1943 we pointed out that the so-called reciprocity
theorem of Maxwell was really a variant of Helmholtz’'s
theorem ; we are interested to notice that on p. 19
Silver refers to it as the Rayleigh reciprocity theorem.
It is evidently of doubtful parentage.

The volume under review is undoubtedly a verv
valuable addition to the literature of the subject.
Although written by several authors it shows no sign
of discontinuity and this is doubtless due to careful
editing ; in the preface the editor states that he has
made use of his prerogative to revise the chapters written
by other authors and that the responsibility for errors of
omission or commission is his. He overlooked the fact
that one author used capacitive and another capacitative.
He thanks Dr. G. G. Macfarlane of T.R.E. for his critical
review of several of the theoretical chapters as well as his
contribution on the theory of slot radiators. This
confirms the impression that no trouble has been spared
to make the book as authoritative and at the same time
as readable as possible. G. W. 0. H.

Mercury Arcs (2nd Ldition).

By F. J. Teaco and J. F. Gier. Pp. 107 — viil with
50 illustrations. Methuen & Co., Ltd., 36, Iissex St.,
London, W.C.2. Price 6s. 6d.

Outline of Radio

By R. S. Erven, T. J. FieLpInGg, E. Morroy, H. E.
PENROSE, C. A. QUARRINGTON, M. G. Say, R.C. WALKER
and G. WinpreEp. Pp. 688 with 303 illustrations.
(George Newnes Ltd., Tower House, Southampton St.
Strand, London, W.C.2. Price 21s.

Basic Technical Electricity

Bv H. Corron. Pp. 238 with 8o illustrations. Cleaver-
Hume Press Ltd., 42a, South Audley St., London, W.7.
Price 8s. 6d.

Electronics in the Factory

Edited by Professor H. F. TrEwmax. Pp. 183 with
63 illustrations. Sir Isaac Pitman & Sons Ltd.. Parker
St., Kingsway, London, W.C.2. Price 20s.

Electronic Time Measurements

Edited by Britrox Cnaxcr, RoperT I. HULZIGER
Epwarp F. MacNicHor, Jr. and FREDERICK C. WILLIAMS.
Pp. 53% + xviii. (Vol. 20, M.I.T. Radiation Laboratory
Series). McGraw-Hill Publishing Co., Aldwych House,
London, W.C.2. Price j42s. (in U.K.).

THE ENGINEERS® GUILD
' A Scottish Branch of the Guild is being established
with headquarters in Glasgow and at a mecting held
on 6th May a provisional committee was elected to deal
with its development.
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OSCILLATION AMPLITUDE IN SIMPLE
VALVE OSCILLATORS

By A. S. Gladwin, B.Se., AM.LE.E.

(King's Collese. University of London)

(Concluded from page 170, May issue)

7. Amplitude Instability (Squegging)

In the previous Sections methods were de-
veloped for calculating the oscillation amplitude,
based on the assumption that the amplitude is
stable ; but this is not always so.

For instability of any kind to exist it is neces-
sary that a small increase in the oscillation ampli-
tude should cause the amplification round the
whole circuit at the oscillation frequency to
become greater than 1 and vice versa; i.e.,
d4/dV,, must be positive at the value of V,,
in question. The difference between the two
kinds of instability is that in the periodic type
the fundamental requirement is satishied only
when certain relations exist between the rate of
change of the oscillation amplitude, the time-
onstant R,C, of the grid capacitor and resistor,
and the Q factor of the feedback network. This
type of instability is essentially dynamical.

In contrast, the aperiodic type of instability
does not depend on any of the time factors
mentioned above, though these may limit the
speed with which the amplitude passes through
the unstable values.

Periodic instability or squegging is of greater
practical importance and will be treated first.
When  this occurs the oscillation  amplitude
becomes modulated or periodically interrupted.
As is well known, this kind of instability can be
eliminated by reducing the time-constant of the
grid resistor and capacitor.

When the value of the grid capacitor is
increased just beyond the critical point where
instability sets in, the modulation is of small
amplitude and sinusoidal waveform. This experi-
mental fact 1s used as the basis of the following
analvsis.

Since the amiplitude of the modulation is small
the modulation may be regarded as a perturba-
tion of the steady state and the cifects which it
produces may be calculated by quasilinear
methods. The high-frcquency oscillation may be
regarded as a carrier wave whose function is to
convey the modulation through the valve and
feedback network, both of which alter the ampli-
tude and phase of the modulation in a calculable
manner. So far, then, as the modulating wave is
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concerned the oscillator mav be regarded as a
low-frequency fecdback amplifier with known
amplitude-frequency and phase-frequency charac-
teristics, and Nyquist's criterion?® for the stability
of such amplitiers may be applied.*

The physical mechanism of squegging is
roughly as follows. If the alternating grid
voltage has a small sinusoidal modulation the
grid-bias voltage is also modulated sinusoidally,
but to a lesser extent and with a lagging phase
which depends on the magnitude of the time-
constant R,C,. The modulation on the alter-
nating anode current is the resultant of the
modulations produced by the grid alternating
voltage and the grid-bias voltage. Since an
increase in the magnitude of the grid-bias voltage
reduces the anode current, the resultant modula-
tion on the anode current has a leading phase,
and may also, owing to the non-linearity of the
valve characteristic, have an increased amplitude.

In its passage through the teedback network
the modulation is retarded and reduced in
amplitude to an extent depending on the Q factor
and the modulation frequency. At some fre-
quency the phase shift produced by the network
may be equal and opposite to that produced by
the valve, so that the total phase shift is zero.
If only one such frequency cxists, and if at this
frequency the total amplification of the modula-
tion round the circuit is greater than 1, the
modulation tends to increase, and the oscillation
amplitude is therefore unstable. It the amplifica-
tion is less than 1, or if no frequency exists at
which the total phase shift is zero, the oscillation
amplitude is stable.

The opcration of the oscillator will now be
analysed from this point of view. It will be
supposed that R, .X, is larger than the values
indicated in Fig. 4, and that the modulation
frequency is small compared with the oscillation
frequency, so that the formula developed in the
first part of Scction 4 can be applied to the
instantancous values of the slowly varying grid-
hias voltage and oscillation amplitude. The
effect of harmonic voltages is neglected.

#This method of determining the amplitude stability has also been
described by Edson®.
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To investigate the stability of any particular
amplitude, suppose that the oscillator is actually
operating with this amplitude. Then the problem
i1s to find whether this condition represents a
state of stable or unstable equilibrium. In low-
frequency feedback amplifiers the method of
investigating the stability is to interrupt the
circuit at some point and find the amplitication
and phase shift round the circuit over the whole
frequency range. The equivalent procedure for
the oscillator is as follows.

Suppose that a signal generator of zero imped-
ance having a terminal voltage v, equal to that
between 5 and 4 (Fig. 1) is connected between
5 and 4, and let an impedor of value equal to the
impedance at fundamental frequency between
5 and 4, looking towards the grid, be connected
between 3 and 4; then the current flowing
between 3 and 5 is zero, and the circuit may be
broken at this point without altering the voltages
in any part of the oscillator.

Now let the signal-generator voltage be modu-
lated in amplitude to become 17, (1 + a cos w)
cos wyt where a<<1 and w, wy,

The alternating grid voltage becomes

Vaimcoswyt =V, (I +acoswy)cos wyl (7.1)

The subscript m is used to denote the modu-
lated value of a quantity.

Let the grid-bias voltage be

I Vit + a,cos (wgt — 6))} (7.2)
F'From (4.3) the mean value of the grid current
over a period long compared with 1 w, but short
compared with I/w, is

I b

e

7 L a1me (

Sin ¢"4‘ ¢‘"/ COos ¢'I7A)

gm

I

in which

%4 - T f
cos ¢, { %’;"—— Voo C0S ¢ T— acosw/d
gim \

a,V, .
v, -V, cos (wit — 8))

y, v being small, then
CoS ¢ — ysin ¢

Let ¢,, — ¢
cos ¢,
and so

ysSin¢ = cos ¢ {u cos w it Vo
cos (wyt—8,)

The expression for /,,, becomes
¥ .
I,,— “Yx + acos wi)sin ¢ — écosd
o
y ¢ sin ¢).
On substituting for
[from (4.3)

y sin ¢ and putting
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R
Vi bR, (sin ¢ — ¢ cos @) vV,
ko
=V, cos ¢ Vesr L4m can be written
Ve [ $b,R,/ o
: 5 L. S
1,. Ryl:l + aﬁkx —\z 7,)

R
cos wyd — 2166,R, cos (wt 01)} (7-3)

This current is equal to the sum of the steady
and low-frequency currents flowing through K,
and C', (= C, + ¢,,), which is

|4 d

v

I!/m = - ﬁym - C,!r At I am
a

V,

_,R,j{l + a,cos (wsd — 8))

a,wC’, R, sin (wt — 8) ; (7.4)

In (7.3) cos ws mav be written as
cos 8, cos (wgt — 8;) — sin ; sin (wt — 8;)
Equating the coefficients of cos (vt — 8,) in
(7.3) and (7.4) gives
¢b!IRfl 'I VCQ
7 vV,
$0,R,

T

a
—L—=cos 8, -
a

and equating the coefficients of sin (wgd — 6))
gives

{

ws (o Volloc,
k2 14 | :

q

a . ]
1 —sin g, 41

Since ¢b,K, /7 is always large compared with 1
the first equation can be replaced with negligible
error by

al [ Vl'//

=% —Z)cos 8,..
v, !
The ratio of the two equations is
w C', R,

L S0R,

3 Then
d’(_) /)!l_ R.q)

(7-5)

a \
tan 8, -

Let ¢ = ¢,
b, R,
_~7T
/ ) \

Lt =)
\ by — mH,R,

Substituting for ¢, and & from (4.4) and (4.5)
gives

I

/
d")ﬂ R!I /}"—Rgtan d’o
o o

fu
. B, sing,

[, =cos?py |
. V{Il b
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Over the range of values of b, R, shown in
2
7 cos gy
3
,}!/ R!l sin ¢0
t0 0.34. since V,, /17, is alwayvs small it is per-
missible to put
b, R
(rb )g g ~ bU R
T

m

Fig. 2 the quantity varies from 0.29

Ytan ¢, = S . (7.6)

This quantity is shown in Fig. 6 as a function

of b, R,.

100 T -
1 s
I |
60 + S - i
40__+ =1L 1L - +—_£ l‘ | /| | 1
A_J,_+ U I T 1 | -
20—— - A e

NNz NI
L_+ A%_T# , ]

S
6F— <L+ I B - _T___
4 — -4 i —+
= ; Al_ ;
S O L
4 | I } ] -T.—
| | | 1 1]
‘IO 2‘0 40 60 100 200 400 600 1,000
bY RY
¥Fig. 6. Graph of instabilily constan! S.

The expression for tan 6, can now be written as
tan ¢, ‘”,\'Clg R!l“\ (7.7)
From (4.7) the amplitude of the grid current of
fundamental frequency is
1 Z-Igfm(I ¢2m 10 ' )
~ ZIym(I ‘?”2 10)
From (7.4) and (4.7) thisis
I 1,41 4+ acos (wg — 8))
1w, C', Ry sin (wd — 8,))
The grid input resistance is therefore

|14

alm

ulin

(7.9)

Tym = 722 =7, {1 + a cos wy
](/lm
a,cos (wi — 0) +a,wC,/Rysin(wd — 8,)} (7.9)

To calculate the anode current it is necessary
to know tirst the anode voltage. It was shown
in Section 3 that the anode voltage of fundamental
frequency could be represented as the sum of two
components, one in phase with, and the other in
quadrature with the grid voltage. It was further
shown in Section 5 that the quadrature compo-
nent has a negligible effecct on the amplitude of
the anode current. It may thercfore be assumed
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that the cffective part of the anode voltage is
— Vot + aycos{wd — 8y)jcos wf

[t was shown in Section 3 that no change can
occur in the amplitude or phase of the modula-
tion as the voltage wave passes through the feed-
Dack network from the anode to the grid, and
it may be assumed that the same is true for
intermediate points in the network. The voltage
between 3 and 4 is therefore

V{1 + a,cos(wgd — 0,3)} cos wyf

To determine the stability of the oscillation
amplitude this voltage is to be compared with
the voltage between 5 and 4 produced by the
signal generator, which 1s

Va(x -+ a cos wd) cos wgl

One of the conditions for instability is that
the two modulations should have the same phase ;
#, —o. Another condition is that the
amplification should be greater than 1; .. a, @~ L.
It will appear later that therc can be only one
value of w, for which 8, = o. Consequently, by
Nyquist’s theory, the two conditions above are
sufficient to determine the instability of the
oscillation amplitude.
The anode current is
inm = ha{"‘ym. 'Uaam/,l‘- - Vcn}rE fed
Putting vppm — — Vay(I 1 @, €05 ad) €os wyf,
substituting for v,,, and V,, from (7.1) and (7.2),
and expanding the result by Taylor’s theorem

ium /)a{(AV!II Val,vl"') COS wgl + Vy o cha}g

ane

/? L!/’VIL
H{(a V, — ayV oy p) cos wd cos wgl - a, b
cos{wd — 0)%
3 ,}a{(Vyl o Val,//"‘) cos wl V,v/ i V(‘a}

Let g ha{(Vgl o Val./"‘) cos wO[ + Vg — ! ca}
g9 F 28, €08 wyl + 285 COS 2wl S
On substituting for /,,,,, from (7.8) the amplitude
of the anode current of fundamental frequency
can be expressed as
F - Iy (8o T g2)(aVy1 — a'.’[ o1/
cos wd -+ 2a;9,V, cos (wid — 8y)

alkgl{cos(wsl -0,)  w,C,/ K,
g
sin (wd — 0,)}

— GRV, and V, 1,,/G,

[2

Putting Vg, -

1 Ial[x g ola/Gy + a,Ryp) cos wi

o L
2g,V, k
a8 s cos (wit — 8
1< GIV!Il Glrﬂ ( r 1)
a,k g : n
Ctl—ﬁ, wsC o Rrr Sln(‘”s[ — by (7'10)
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w

[

; by ("
where g = gg + g4 * |
|

™

N

{Valt + GR,/u)
— V. ot cos?8 do

cosf -V,
3b, [~ ,
£1 ,T';_/jVal(I + G, R/u)cos 8 + V,

of the network output impedance with the power
supplies to the valve disconnected. Substituting
R, for R, in the above expression for the ampli-
tude of the fundamental anode current gives

W, .
Toim IGI[I + a,cos wit — 21120; sin wd

4
— Vo)t cos 6 d6 2
From the integral evaluated in the Appendix R ! f{acoswt — a,cos (wg — 8,
the following expressions are obtained for g, o7
and ¢, } a,w, C'y R, sin (wy — Hl'}J
When V(1 + GRju) <V, — V., ;ie,
(Vw s I The trigonometrical terms in this and in (7.10)
v, 'k - .
. 3ba N JE 3
o =75 (V= Vea) 41 32K¥1 — V  /V )2 [ l
(7.11)
e,V [
! 8K (V,— Vel 32KX1 — Vo /V,)2
Vea N1
and when (79 —I1)<g
: 3ba<: VafH 7H | 19HE | bsHP
P T AN ¢ T 256 8192 -t ) ] (7.12)
7.12
~ ,37u< V_u>*H(I 3 5H®  35H° J ’
ol 25 K 16 256 8192 >

where H is given by (5.8).

Expression (7.10) for the anode current was
derived from a consideration of the relations
between the currents and voltages in the valve,
but the anode current and anode voltage must
also satisfy certain relations determined by the

a

flg ‘/1 _} g’ﬂR_l) — _Fg_ . glo e (I
o

these properties were examined in Section 3.
Expression (3.13) shows that the amplitude of the
anode current of fundamental frequency associ-
ated with the anode voltage

Var (1 4 aycos wgd) cos wt 1s

IR‘I I 4 daycos wd — 2a, Q(%:sin wcl>
The derivation of this expression, however,
was based on the assumption that R, is constant,
but since the grid input resistance is modulated
the impedance between 3 and 4 must also be
modulated, and hence R, is modulated. From
(3.10) and (7.9) the modulated value of &, is

R
2 facos wl — d,cos
7 5 1

R; R-[I +
mn 1 Ro Y
(wd — 8;) + ayw,C', R, sin {wf — Hl)}}
Ry, it will be recalled, is the resistive componcrft
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_Kc_g.\<

can be expressed in terms of cos wy¢ and sin wg.
When this is done the coefficicnts of cos wg and
sin w¢ in the two expressions may be equated.
Equating the coefficients of cos w and substi-
tuting for a, according to (7.5), and for w,C',R,
according to (7.7)

R, ko 25V,
Ry + 7,

Gy, GV,

5 = & <ﬁ_ _L 5in2@

S\I Vy) R, 17 G T/}) sin*f,

Equating coefficients of sin w¢ and substituting
for w,C' R,

a, R, (1 _ %){E&Jfg (S 1)
7 1

24
v, ) cos?f,

a« 205X, G, V,
/R, k 9
Rot7, 7. G, }cos 0,.

Solving these two equations for cos?f, and

agfay
chb){zglla

cos*f, (1 —

R, J R
\Ry+7, G, 74)}{1 + 205X,
’ ) R o’

ol . Ry ¢
(E s )} Rotr, G,

I_ﬁay L
V,/J\Ry +7,
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. 1l»2 2'0‘1\) ZQ.CA\' . RO
and 1+ p R, R, t7,
o' I R ;
50 | IAN 0 _
c, ~\! V,,)‘\R0+;q Gi7,
From (7.7) (7-14
w, SX, )
w, R, (cos 26, —1

This equation gives the modulation frequency
at which the phase shift of the mocdulation round
the oscillator is zero. 1f the value of cos?6,
given by (7.13) is greater than I or less than o no
real value of w, exists and the oscillation ampli-
tude is then stable. [t is clear that o, can have
only one real value, as positive and negative
frequencies are physically indistinguishable.
Using the value of cos?@;, given by (7.13) the
criterion for a real value of w, can be expressed as

o Ve _Ro

R, (&R LG Vs Rt
ZQ‘\‘X ‘ I H 1 Vc!] {ZglV!z
v,/ GV,

The second requirement for instability is that
the amplification of the modulation @, « should be
greater than 1. From (7.14) this requirement can
be expressed in the form

2QSX, v, <o :
S _¢ > %1+ G,Ri
1‘g R0 7, , ( t :“')
Veu R, k
N s . . e -
T V. ) Ry+r, Gy, (73]

Both (7.15) and (7.16) must be satisfied before
instability can occur. It is clear that the most
important factor is not the time-constant C';R,
but the quantity

Rg 'nwoC'g
205X, 200, tan ¢,

Thus instability may be stopped either by
reducing C', or by increasing Q in the same ratio,
all other parameters remaining constant. Reduc-
tion of the grid resistor R, has the effect of in-
creasing tan ¢, but, as can be found from Fig. 0,
the rate of change of tan ¢, with R, is small, so
that a greater proportional change in R, would
be necessary. The formulac also show that if
the frequency of an oscillator is varied over a
wide range instability is more likely to occur at
the higher frequencies—a fact already well known
from experiment. This tendency is offset to
some extent by the fact that @ usually increases
with frequency.

It is also clear from (7.15) and (7.10) that no
matter how large C',R, may be, the oscillation
amplitude is stable if the middle term in (7.135)
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is less than — 1 or the right-hand term in (7.16)
is negative. But if the time-constant is infinitely
large no change can take place in the grid-bias
voltage, and so the grid resistor R, could be
replaced by a source of fixed potential of value V.
It is sometimes claimed that stable operation of
oscillators is not possible with a fixed grid-bias
voltage, but it is clear from the above that this
statement is not gencrally true.

It has been assumed that the oscillator circuit
is arranged in the manner shown in Fig. 1. The
preceding formulae may, however, be applied to
any circuit arrangement if the value of the
reactance X, is modified as follows. It is obvious
that the important capacitance is the effective
capacitance, at low frequencies, in parallel with
the resistor R,. This capacitance can easily be

determined by inspection of the complete
<1 Ve <2§'1I,/!/ k
v e en)
- Ry k %
(S I)(I_?n _’/;r Gt751>4
(7.15)

oscillator circuit. 1If its value is Cg,, the effective
value of A, to be inserted in the formulae is
Xy I woCye.

The criteria for stability which have been
developed here are based on the assumption that
if a small sinusoidal modulation of the oscillation
amplitude tends to die out, the amplitude is
stable under all conditions. It is conceivable,
however, that the amplitude may be stable with
respect to small disturbances but may be unstable
when large disturbances such as the switching of
the h.t. supply voltage, take place. Experi-
mental evidence on this point is inconclusive,
but appears to indicate that if such an effect
occurs it makes only a small difference to the
critical values of X,

As an example of a stability calculation the
oscillator, the constants of which are given at the
end of Section 6, will be examined. It is required
to find the maximum value of R /X, consistent
with stable operation when the dynamic resist-
ance of the resonant circuit by itself is 10,00042.
The ( of the resonant circuit by itself is T0.

From the performance figures worked out in
Section 6

V,, =243V, V, 214V, K =048, R:
— g380L), r, — 582008, G, 0.000209 mho.

From Fig. 6 S = 11.5; from (7.12) and (5.8)

g = 0.001 mho, and g, = 0.000555 mho.

The grid input resistance reduces the ¢ of the
network below that for the resonant circuit alone
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10 X 9550
10,000
of the mutual inductance between coils to the
inductance of the anode coil is 0.5 the output
resistance R, is 10,000 X 0.5% = 2,500.
Substituting these values into (7.15) gives

to the value = 9.58.  Since the ratio

0.0007% >0.016 > —1
q

which is satistied if R,/X,>2.4

Simtlarly (7.16) is satistied if R, X,>114.

The oscillation amplitude is therefore stable if
R,/X,<114. In this particular example there is
not a large margin between the value of R,/X,
which is small enough to satisfy the stability
requirement and the value which is large enough
to produce a negligible error in the formulae for
the grid-bias voltage and the grid input
resistance.

8. Oscillation llysteresis

There are two types of oscillation hvsteresis
which may occur in a self-biased oscillator.  The
first and more familiar type is associated with
small oscillation amplitudes and with values of
coupling between anode and grid circuits just
sufficient to start or maintain oscillation. The
second type is peculiar to large amplitudes and
large values of coupling, and is rarely encountered
in practical oscillators. It will be discussed at
the end of the Section.

If the coupling (c.g., the mutual inductance)
between anode and grid circuits is increased from
a small value, a point is reached beyond which
oscillation begins spontaneously. It might be
expected that when the coupling is just greater
than this critical value the oscillation amplitude
would be very small, and that the oscillation
wounld ccase when the coupling is reduced below
this value.

Sometimes, however, it is found that when the
coupling is increased beyond the critical value the
oscillation suddenly starts with an amplitude of
perhaps several volts. If the coupling is then
reduced the oscillation persists down to a second
critical value of coupling less than that required
to initiate oscillation, and at this point the
oscillation, still perhaps with a comparatively
large amplitude, ceases abruptly.  Similar
behaviour may result if the coupling is fixed and
some other parameter, such as the h.t. voltage,
1s varied.

The effect obviously indicates a form of
amplitude instability affecting all amplitudes
below a certain value, but the instability in this
case is of quite a different character from that
studied in the previous Section. The sole¢ effect
of the time-constant and the () factor is now to
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limit  the speed with which the  oscillation
amplitude passes from zero through the unstable
values to its final stable condition. It will be
shown that the effect is caused by the variation
of the grid input resistance with oscillation
amplitude. At small amplitudes the resistance
may be only a fraction of its value at large
amplitudes.  Consequently the effect is most
pronounced in those oscillators where the grid
input resistance contributes largely to the total
power dissipation in the feedback network.

The hysteresis effect may be explained as
follows.  Oscillation begins spontaneously, with
an initially small amplitude, when the coupling is
raised to a value such that the total amplification
through the valve and fecdback network is just
greater than 1. The oscillation causes the grid-
bias voltage to become more negative so that the
amplification of the valve decreases, but the grid
mput resistance 1s increased so that the attenua-

tion of the feedback network is reduced. If the
total amplification increases with increasing

oscillation amplitude a state of instability exists,
and the amplitude increases and continues to
increase until a stable position is reached at
which any further increase in amplitude would
cause the total amplification to become less than 1.
It is also obvious that the value of coupling
required to maintain an oscillation, once started,
at an amplitude corresponding to a high input
resistance may be less than that required to
initiate oscitlation.

To investigate the effect and to find the critical
values of coupling and oscillation amplitude the
operation of the valve with small values of grid
voltage must be examined. In Section 4 it was
assumed that the relation between grid current
and grid voltage is a linear one. This approxima-
tion 1s justified when most of the grid current
flows at a positive grid voltage, but may be
seriously in error for negative voltages.

When the grid voltage is nmiore negative than
about 0.3 volt the relation Dbetween grid
current and voltage is approximately exponential

(8.1)

a and 4 being constants. d depends chiefly on the
cathode temperature, and for oxide-coated
cathodes operated at normal rating is between
7 and 10. a depends also on the cathode tempera-
ture and on the valve geometry.

It will be assumed as in Section 4 that the
time-constant C, R, is so large that the voltage
across C, and R, produced by the flow of grid
current is substantially constant.

Then o,

Substituting this into (8.1) on the assumption

1, = a exp (dv,)

Vaicoswyt + V7V,
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that », is alwavs negative, gives for the grid
current
1, = aexp (dV ) IydV,)
+ 21 (dV,}) cos wy + 21,(dV )
COs 2wt :
in which I, I;, and I, are the modified Bessel
coefficients of the first kind of order o, 1, and 2.

The mean current is
v,
I, = aexp (dV ),@dV,) R”
g
and the amplitude of the component of funda-
mental frequency is
1, = 2aexp (dV,)1(dV )
Hence the grid input resistance at fundamental
frequency is
Ve R,V L@V,
o 2V, Li@dV,)
For any assumed value of V7, (8.2) can be

(8.2)

v (8.3

g1

solved graphically to find V,. This is most
conveniently done by plotting the curve

y = xexpx. Then for any valie of 17, the
corresponding value of 1" isgiven by V', x/a
where y = adR, 1g(dV ;). When V7, has been
tound r, can be calculated from (&.3).

For small value of dV | the following approxi-
mations are valid

AV, \2
L(#V,) = 1 + ()
av, I/dV 02
1,(dVyy) 2 : 2(3’1

Let 1”7, be the value of V', when V,, = o0 and
let V,=V', +8V, 1f V, is small it follows
from (8.2) and the above approximation for I that

dV,0\2 V), o
‘ AV Q
Vo= ) t—ar, (5-4)
(8.3) becomes, using the approximation for I,
ry = 7'y (1 + AV, (8.5)
a2 1+ av’ — R
- which R Ay ) Y
in which A 8 T—av, ind 7', v,

Over the range of values of a, d, and R,
encountered in practice 417", usually lies between
2.5 and — 6.5. Thus the grid input resistance
for very small oscillation amplitudes mayv be
much less than for large amplitudes, at which it

R, V,,

i

I q

The effective amplification round the oscillator
at fundamental frequency may be defined as
follows. Supposc that the network is interrupted
between 3 and 5, and that a source of zero
impedance having a terminal voltage V;cos wyt
is connected between 5 and 4. Between 3 and 4
is connected an impedor of value equal to the

1s approximately
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impedance between 5 and 4 looking towards the
grid. Let the amplitude of the grid fundamental
voltage be 17, and let the anode current have a
fundamental component of amplitude /,,. This
produces a voltage of amplitude 17, between

I, V.,
2 h that 7 .23 ‘
3 (m.d‘ 4 'SllC.l tha 2 ¢, V. Th
amplification is therefore
! I
A _ 3a Cal
V3 GJV!IL

[For any particular oscillation amplitude to be
stable A4 must be 1 and must increase as V,,
decreases and decrease as V,, increases.

Since 17, 1s assumed to be small, expression
(5.2) may be used to represent the anode current.

This leads to

bq
a=-3 ¢GRIV, — Ve
Vil + GRJRPEL | B (g
32(V = ch)z Gﬂ’g

Let G, and R, be the values of G, and R, when
V1 1s zero and oscillation is about to begin. As
the oscillation amplitude increases G, and R; also
change because 7, increases according to (8.5)
The effect of changes in 7, on the values of G,
and R, was examined in Section 3. Using
formulace (3.9) and (3.10) and expression (8.5 for
r, the amplification can be written as

/ k

. @a@v, o
S dV' )V, — Vi)

hk ]
G (Ro 4 77y)

Small amplitudes will be unstable if A incrcases
with V,,; t.e., if the coetficient of V2, 1s positive.
On substituting for A and rearranging the terms,
this criterion for the existance of hysteresis

beconies
v, _r4dr, k',
V/g Vea RO ”/y 0 R ——G//)/y
G .R;?
wary (P
4d* (V' — Veu)? (8.7)

The critical values of G, and R, are also related
by (8.6), with A4 1and V, — o

, b, - G',\R'; , I
G t 3‘2 \ I+ ';'L' ,'(V o 7Vm) "_’q (88)
When  hysteresis  exists  the initial stable

amplitude, 1if it is of the order of a few volts,
may be calculated by the methods described in
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Section 6. The minimum stable oscillation
amplitude is difficult to calculate, but it can
readitv be found, if required, by graphical
methods. In examples where the oscillation
amplitude is neither large nor very small there
may be difficulty in deciding whether formulae (4.6)
and (4.8) or formulae (8.2) and (8.3) should be used
to calculate the grid-bias voltage and grid input
resistance. If these quantities are calculated from
both sets of formulac it will usually be found
that there is a range of values of I, over which
the two scts give substantially the same result.
for smaller values of T7,; formulae (8.2) and (8.3)
would be used, while for larger values (4.6) and
(4.8) would be more accurate. This type of
hysteresis effect has also been studied experi-
mentally by Zepler’.

Example . The feedback network of an
oscillator consists of a parallel-resonant circuit
having a dynamic resistance of 10° ohms con-
nected between 3 and 4 with a coupling coil
connected between I and 2; R, = 10° ohms.
The oscillation amplitude is controlled by
adjusting the mutual inductance between the
grid and anode coils. The valve constants are :
b, 0.00005, V', 013V, b, 0.00050,
Vea 91V, u—=20,a=10*%d=7 Itis
required to find if a hysteresis effect exists and,
if so, the initial stable oscillation amplitude
which is obtained when the mutual inductance
is increased from zero.

Using the method described earlier, equation
(8.2) can be solved to find V', = 0.44 V, then
7', — 325004, [From (8.8) G’y = — 0.00244 mho,
and so G".R';/u 0.00084. On substituting
these values into (8.7) it is found that the in-
equality is satistied and a hysteresis effect
therefore exists.

Irom the above figures the ratio of the mutual
inductance to the inductance of the grid coil is
— 0.0167 at the critical point where oscillation
begins. Following the methods of Section 6 the
stable oscillation amplitude corresponding to this
value of coupling is 5.2 volts.

The sccond and less familiar type of hysteresis
effect is peculiar to large oscillation amplitudes,
and takes the form of a jump from one stable
amplitude to another. The critical value of
amplitude at which instability occurs can be
found as follows.

lor large values of V,, the amplitude of the
anode current of fundamental frequency is given
by (5.6) and the amplification can be written as

b,
2337(; VulL* (I + GtRi'!:“‘)g

H'-’<I

A _
H 5H2)

k
e

If instability exists dA/dV,; must be positive.
[t may be assumed that when V¥, is large the
quantities G,, R,, r,, and K are substantially
independent of V. On carryving out the
differentiation, the condition that d.d/d1”,, should
be positive becomes

4(r — K)>3H(1 a H_Hf
. 48 1536

Substituting for H according to (5.8) and

reversing the series
Ve 1 —K (1 — K)?
vV, 3K 27K

As all terms are small compared with the first

this is
V, 3K “
V? I K (%.9)

It is obvious from this that instability can
occur only if A <1, since negative values of
V, 'V are inadmissible.

It can be shown by ditfferentiating (5.7) that the
condition for d.1/d]”,, to be zero is the same as
that for d( I;/g‘
» ca
of I'ig. 5 were continued upwards it would be
found that for all values of K less than 1 the
slope would ultimately become infinite and then
negative. This tendency is most obvious in the
graph for K = o0.7. All values of V[V, in these
graphs greater than the critical values given by
(8.9) correspond to unstable amplitudes.

Once the oscillation amplitude has passed the
stable point there is nothing in the theory to
prevent it from increasing indefinitely. The
amplitude is then limited by the fact that when
the anode voltage becomes comparable with the
grid voltage, or small compared with the screen
voltage, the division of current between the
electrodes is altered and the anode receives a
rapidly decreasing share of the total current. In
most oscillators indeed this limitation takes effect
before the amplitude reaches the critical unstable
value.  Instability of this type hasin fact been ob-
served only under somewhat artificial conditions.

When K is greater than 1 it follows from (5.7)
and (5.8) that as N increases I/, V', 1s asymptotic
to the value K

>/dN to be infinite.  If the graphs

K —1
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APPENDIX

Consider the integral

n
75 [ a cosf + b)r cosm 6 da
T

in which a and # are positive and m is a positive integer
or zero. The integrand is to be taken as zero when
acos § + b is negative. Two cases arise depending on
whether a > b or a < 0.

If @ < b the integrand exists for all values of 8 and

7 hn [‘,—, ( 1 4 qcos H)n cos™ 8 df.
J b

T

@ na w(n — 1) a2
b cos"f + — cosntlg Q—
b 2! b

™

) as

I = 4bn ‘r: -<cos’"0 s g

o

cos™ 2 4

If e is even

I}

2

cosm 2 g

2

>l Q

. P(M:z_ —ﬁ 1) ‘ .
R [[* ] T)(M]—f—I)a_ ]

(l—l ’ 2! (m + 2) b2
)
If mis odd

T2 {na W -
I lb"( (Emos'" tg —

Jo 3! &
cos 3 g f) do
2 nabv gt (”L + 2—)
2 (n 1) (n
B R

mo+r
(=)

-+ 2) a®
i 3) b*
1f a b
B
7 (acos 8 4 b)ncos™8di.
J —8
where cos g bla
B F:]
then 7 antl gn I’ (s‘ir 3 g sin? E)n cos” 8 d6.
.8
sin® —
Tet » ——
sin? 8
2
Then
s

2

. . ) "
I — 2n¥ign sin2e*l BJ (1 — a)my—i (I ~ 2x sin® @)
o

2

]
(T — & sin? 9 dy.

WiIRELESS ENGINEER, JUNE 1049

-)dﬁ

Bl
2)0
+ a3 (21412 31 g) sint g

< - \
, 5 .
52 %3”1 — }(_')) sm'g cedy

= gntl gn gin2n-]

f 1 ]
)t —2m — = |ai sm'E-
[ 2 2

. [
But the mtegralJ P (1 —x)» dx defines the Beta function
0

B(p 4+ 1, 7 + 1) which may be expressed in terms of

'ip 1) 'n+1
T'(p+n+2

this in the above series of integrals gives

Gamma functions as

Substituting

I —onrt ghogn TOOFD) o in B [1— fam—1) .. 8
F(’IZ i 3) 2 2(2m + 3) 2
2
3 (16m* - 24m + 32 sin‘g
8 (2n + 3) (2% + 3) 2
5 (64m® — 2q0m? 4 212 — [':‘)sinﬁé }
16 (21 + 3)(2n + 35) (2n + 7

CORRESPONDENCE

Ignition Interference

Sik,—The practical importance of multiple sparking
in motor-car ignition systems to which Mr. Callendar
has recently drawn attention (Wireless Fngineev, March
1949) has, we agree, been given little consideration in
previous publications. In his letter Mr. Callendar
refers mainly to the interference with the sound channel.
In our opinion, however, this feature is more important
in relation to the vision channcl.

Some ten years ago subjective tests using ce ymmercialfy-
available television receivers indicated that suppression
of the intcrference to a level giving satisfactory reception
of the sound signal was more than adequate for good
reception of the vision signal. This conclusion was
substantiated by tests carried out about two yvears
ago provided no noise suppression was employed in
the sound channel.  The use of certain noise suppressors
in the sound channel, however, resuited in the inter-
ference in this channel becoming inaudible even when
appreciable interference was apparent on the picture.
It thus appears that noise suppression in the receiver
can deal adequately with sound reception provided
that suppression at the source is sufficient to give good
reception of the vision transmission.

Recent tests using a generator producing single
impulses having a repetition frequency corresponding
to normal engine specds have shown that so few spots
appear on the screen that, unless some defocusing of
the spot occnrs, or the line synchronization is affected,
the interfercnce will be negligible. With a motor-car
ignition system, however, the interference was severe
in the form of broad bands produced by the multiple
sparking. In both cases the interference in the sound
channel was negligible when a limiter was emploved.
Thus the elimination of multiple sparking would reduce
considerably the effect of ignition interference to tele-
vision, although we think that some degree of resistance
suppression would still be necessary. The cause of
multiple sparking is understood, arising as it does
from the relation between the leakage inductance and
self-capacitance of the ignition coil, the breakdown
voltage of the sparking plug and the characteristics
ot the subsequent discharge. A quantitative investi-
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gation of the problem is, however, not easy as many
of the parameters of the discharge are extremely dithcult
to measure and control. In motor vehicles the effects
are complicated by engine conditions and by the presence
of the distributor spark gap.

Research on the problems of ignition in internal
combustion engines is being carried out by the E.R.A.
and the ignition-equipment manufacturers although
not primarily from the aspect of radio interference.
It 1s hoped that this will throw further light on the
interference problem although we are not optimistic
about the prospects of eliminating multiple sparking
with the conventional ignition system.

W. NETHERCOT.
S. F. PeEarce.
British Electrical and Allied Industries
Research Association,
Greenford, Middlesex.

** Are Transit Angle Functious Fourier Transforms ? *’

S1k,— I must first request indulgence by raising a
question which, in the eyes of some, may scem clementary.
For example, in the minds of such eminent authorities
as Stuart Ballantyne, who based his derivation of mean-
square noise current on the Rayleigh-Schuster theorem?!
—also used by Fraser, equation g, with the same result?-
the transit-angle function as determined by Fourier
transforin theorv also gives the frequency spectrum of
the noise. In a recent paper by Campbell, Francis and
James,3 the reader is led to infer more than this-—one is
rather given to suppose that the response of thermionic
systems to signals other than thosc due to random
fluctuations of emission is also given simply by the
Fourier transform of the current waveform appropriate
to the geometry of the device and to its space-charge
condition.

When the writer began his work in the transit-time
field, it did not seem to him to follow that the high-
frequencyv performance of a thermionic system could be
conditioned by the Fourier spectrum of anv purely
direct-current property of the system. \While this
instinctive conclusion may vet be correct, he himsell
went some way to undermine it by establishing, in 1937,
that the impedance of a thermionic system to the nth
harmonic of the applied potential could be derived
from knowledge of the (2 — 1)th harmonic of the

variation time’ (which harmonic itsell requires know-
ledge of lower-Irequency harmonics), and, in particular,
the fundamental impedance involves knowledge of the
zerot® harmonic only ; i.c., the d.c. transit timed

By a calcnlation similar to that of Fraser,? but which
leaves the initial instant arbitrary at ¢y instead of o,
one obtains in real notation for a hinear saw-tooth wave
the slightly different function (after replacing fy by (;

-) resulting from phase shift:

st

o e 2
Gilw, tg) ——

5 - €05 WT).COS wly
A\ 2 WTT

(sin w7 ®7).8in w!y}

The frequency behaviour of this function (in respect
of both in-phase and (uadrature components) is precisely
the same as that of the velocity of a single electron in a
temperature-limited planc diode, as determined by the
writer and others,® 5 and since the current induced by
the single electron is proportional to the velocity, there
is seen in this elementary example to be complete
agreement between Fourier-derived and dynamically-
derived irequency spectra. One must, of course, take
care that onc does not confuse frequency spectra derived
from the consideration of a single current pulse (excited

210

by a single clectron) with those derived by appropiiate,
if detailed, dvnamical averaging of all pulses, or parts
of pulses, coexisting at a given instant due to all electrons
then present. It is with this state of affairs that we are
concerned in practice.  So far as the writer has been
able to discover, transit time dyvnamics—preferably by
the Jarvis-Witt-Benham techniquet—is alone capable
of vielding the correct frequency spectra.

This is a fairly surprising conclusion but, in order to
illustrate the mathematical impasse which appears to
have been reached, one may draw attention to the fact
that the Fourier transform G,(w,fy) of a parabolic pulse
differs from any known transit-angle function in connec-
tion with the plane diode, whereas in order ro be comn-
sistent with the previous result it should, in the space-
charge case, agree with the known function for the
electron velocity. and, in the temperature-limited case
with the known function for the distance traversed in a
given time.

W. . BEN#nag
Gamma IRlectronics, Lid.,
Hersham, Surrey.
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Pulse-splitting

Sik,— In the operation ol pulse-modulation systems
there is a curious effect which appears to have escaped
previous notice. This is the phenomenon of pulse-
splitting, which is the breaking of a pulse into two or
more scparate pulses by the process of modulation.

The effect is best demonstrated by taking, as an
example, the conventional tyvpe of modulator circuit
in which a periodic triangular generating wave G plus a
modulating wave M are fed into a limiter. In the

limiter circuit a pulse begins or ends when the sum 5 of
G and M rises above, or falls below, a certain critical
level C.

The tigure illustrates
the operation ot the modu-
lator during the (n + 1)th
modulation cvcle from ¢

n/f,to t = (n + 1)/f,,
f, being the fundamental
| frequency of G. The
I critical level C is taken

. positive and the ampli-

: tude of G is. for conveni-

. cence, taken as 1. Itis

leeeot I.....1 % also supposed that M is
(b) continuous.

() Shows the input to the limiter and (b) shows the
output. In (b) the solid line shows the single un-
modulated pulse produced by G in the absence of A,
and the dotted line shows the two pulses produced by
the sum S ol G and M.
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An essential restriction is that the minimum value of
A7 should be numerically less than 1 —C, and the maxi-
muin value should be less than 1 + C, for otherwisc,
without further restrictions on M, a pulse might be
suppressed or two pulses might coalesce.

A point at which § — C and dS dt is positive marks
the beginning of a pulsc, and one at which S — C and
dS/dt is negative corresponds to the end ol a pulsc.
Since the point ¢ n -+ 1)/f, alwavs marks the end
of a pulse, it is obvious that the necessary and sufficient
condition for pulse-splitting to occur is that there should
be another point ¢, in the range »/f, < {; < (n 4+ 1)//,
at which S = C and dS/dt < o.

For example, if M = asin (27 [t + )

and a is positive and less than C, the criteria are

asin (2af,t; =~ ¢) L2 f e, —1 0O

and a 27f,, cos (2nf,t + ¢) 1+ 2/, < o

The inequality cannot be satisfied unless a > f /mf,.
When this requirement is met ranges of values of 7; can
be found to satisfy the inequality, and it can be shown
that unless f,, and f, are co-mcasurable there is a value
of ¢, in at least one of these ranges which satisfics also
the first equation for some particular value of #. Thus,
in gencral, splitting does not take place in every modula-
tion cvcle and, if f,, and f, are co-measurable, does not
necessarily occur at all.

Similar conditions for more complicated modulating
waves can casily be derived.

A. S, Grapwix.

Universily of London,

King’s College.

Triode Interelectrode Capacitances

Sir,—In the recent paper! entitled “ Triode Inter-
electrode Capacitances’ the authors appear to have
missed a fundamental feature of the g, /c,; curves.

North? derives the following equation for the variation
of grid-cathode capacitance in the three-halves region
of the characteristic (modified by change of symbols,
the removal of the factor (C, + C,) and the change from
Cyp 10 Acyy) -

Aﬁak=§co+§gm72[1 k;i WL;)—E] (1)

where ¢,, = hot capacitance
¢, — cold capacitance (that part only which 1s
in the electron stream).
£» = mutual conductance.
Tr anode transit time.

To a first approximation, & in this equation may be
neglected, giving
dc,. ~ ey + agm o . .
where a is a constant for a given anode voltage.
This equation suggests that 4dc,, would be linear with
gm, the curves starting from a capacitance equal to one-
third of the cold value ¢,. The equationis not valid, how-
ever, outside the three-halves region of the characteristic
and this statement must be taken as meaning ‘ outside
the region where the whole of the cathode area obeys a
three-halves law’. Owing to the non-homogeneous
nature of the field at the cathode, this region is not
reached until an appreciable anode current 1s attained,
often of the order of 5 mA/sq cm.
13elow this current, those parts of the cathode lving
directly below the grid wires are governed by the retard-
ing-field exponential characteristic, and do not contribute
to dc,, until the potential barrier in front of the cathode
approaches zero. As the grid bias is reduced, therefore,

|

(2)
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a continuous gradation is to be expected between the
cold, or cut-otf, capacitance and the straight line pre-
dicted by the above cquation. This behaviour 1s
suggested by some of the author’s curves and is shown
more strongly by curves taken by the present writer
(while at Electronic Tubes. Ltd.) on the CV138 valve
connected as a triode.  The latter were ol the form shown
in the figure, where the slope of the upper linear portion
of the curves was greater for low values of anode voltage,
in agreement with Equ. (1), where =, 1s approximately
proportional to Vi The intercept of these asymptotes
was at about 4c,, — 0.8 pF, which agrees with the
equation since ¢g, the truc grid-to-cathode capacitance,
is about 2.5 pF. The ‘ projected cut-off increment’ A
should therefore be 1/3 2.5 0.8 pIF. In agreement
with the idea above that the departure of the curves
from the asymptotes is due to the non-homogeneous
field at the cathode, the asvinptote is reached at a lower
value of g, for low values of V,,, when the anode penctra-
tion and field disturbance are less.

It may be noted that there is a similar change in
shape in the 1,'g,, curves, due fundamentally to the
same cause. At larve negative grid voltages, only those
parts of the cathode directly underncath points midway
between adjacent grid wires contribute to the anode
current ; as the grid is made more positive the slope
increases rapidly under the intluence of an increasing
effective cathode area. When the whole cathode 1s
coniributing to the electron stream this rapid rise ceases
and the three-halves region, with g, o« I,!® commences.
This point, which is at approximately V,/u, should be
the same as that at which the capacitance curve departs
from linearitv and this agreement was qualitatively
observed. The word ' qualitatively ’ is used in view of
the difficulty in estimating the point precisely from the
curves.

5

Gm (mAJV)

The effect observed by Zepler and Hekner that the
increase in c¢,; begins bclore appreciable J, flows, mav
be compared with the analysis of van der Ziel,® in
Fig. 7 of whose paper the capacitance increment is
shown as large even when [, is only 1/100 of that at
the exponential point.

R. H. Boortii.

E.M.I. Engineering Development Limited,

Hayes, Middlesex.
REFERENCES
" E. E. Zepler & J. Hekner, Wireless Engineer, Teb. 1949, Vol. 26, p. 58,

* Proc. Inst. Radio Engrs, 1936, Vol. 24, p. 108,
3 Philips Research Reports, 1946, Vol. 1, p. 97.
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WIRELESS PATENTS

A Summary of Recently Accepted Specifications

The following abstracts are prepaved, with the permission of the Controlley of H.M. Stationarv Office, from
Specifications obtatnable at the Patent Office, 25, Southamplon Buildings, London, W.C.2, price 2/- rach.

ACUUSTICS AND AUDIO-FREQUENCY CIRCUITS
AND APPARATUS

604 877.—Low-irequency calling-signal arrangement,
applicable to radio or other carrier-wave communication
systems.

Standard Telephones and Cables 1id. (assignees of Le

Mateviel Telephonique. Soc. Awon.).  Convention dale
(France) 26th Deceniber, 1944.
606 213.——Switching  device for reducing the loop

resistance of the transmission lines in a low-frequency
system lor distributing broadcast programmes to local
subscribers.

Connmnunications Patents 1.4d ., and P. Adorian. Applica-
tion date 1ofh [anuary, 1046.

606 291.— Low-{requency transtormer-unit with plug-
in connections, particularly for coupling low-impedance
microphones and other devices to an amplifier.

K. Jones (Lrading as Ilectro-Voice Prodicts).

Applica-
lvon date 11th January, 1946.

606 207, —Compact construction of amplifier and asso-
ciated controls, particularly suitable for deal-aid appara-
tus.
. Shapion. Applicatron dale 11th Janwary, 1946.
606 299.—Sound-recording amplifier in which a [raction
of the input signal is utilized to operate an a.v.c. system
capable of maintaining a balanced volume level.
Dictaphone Corp. Convention date (LU.S.1))
January, 1945.

29th

607 561.—Contrast-control system for the reproduction
of acoustic signals, wherein the control-voltage is applied
only at a predetermined level ol output volume.

Electrical  Fono-Filns Co. Akt. Convention
(Demnark), 13th August, 1942.

date

AERIALS AND AERIAL SYSTEMS

605 344. Short-wave acrials of the tlared waveguide
tyvpe, in  which backwardly-projecting  Hanges are
added to the longer sides of the aperture, in order to
broaden the radiated beam.

O. M. Bohm, A. R G.Owen, I..G. Revnolds and C. S.
Wiyight. A pplication date 7th Noveniber, 1945.

606 157.-— Tuning a dipole aerial by altering its effective
length through Bowden-wire or like gearing, which

passes through the coaxial {feed-line, and is associated
with a quarter-wave Impedance.
R. C. Muduer. Applicatron date 23rd January, 1946.

606 772.—Dipole aerial with limbs which are capable
of telescopic adjustment to suit different wavelengths.

L. S. Hargreaves and Aerialite Lid. Application date
18th Janary, 1946.

606 926.— Directive aerial, of the parabolic-mirror type,
in which an auxiliary deflecting clement is provided
in order to eliminate undesired lobes of radiation.

Western Electvic Co. Inc. Convention date (U.S.A.)
24th, January, 1945.
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6oy 159.—Toroidal coil encircling the wing or fusilage
of an acroplane so as to serve as a streamlined acrial,
and method of coupling it to a wireless set.

W. A. Johmson. Application dates 28th fanuary, 1946,
and 31s! January, 1947.

607 589. —Arrangement of quarter-wave elements for
decoupling a dipole aerial from an adjacent conductor,
such as a supporting mast or a coaxial feed-line.
Hazeltine Corp. (assignees of H. A. Wheeler).
vention date (U.S.A.), 13th December, 1043.

DIRECTIONAL AND NAVIGATIONAL SYSTEMS

604 493.-—~Navigational system in which primary trains
of pulses are radiated in the form of overlapping beams,
the median-line being  distinguished by secondary
pulses which are alternately aligned with each primary
beam.

Sadir-Carpenticr. Convention date (France) 21st October,
1043.

604 499.—— Automatic gain-control syvstem, of the kind
which depends upon an initial polarizing voltage, for
ccho-ranging receivers, particularly for under-water
use.

S. A. Byard and C. S. Wright.
Deceinber, 1945.

Con-

Application date 21st

604 502. - Presentation svstem for a radiolocation
indicator, wherein range is shown as an intensity modula-
tion of a straight-line time base, which is shifted bodily
to indicate the direction and elevation of the target
under observation.

W. B. Lewis and R. H. A. Carter.
24th March, 1945.

Application date

604 608.—Radiolocation equipment in which a locally-
senerated strobe is utilized to select, and thereafter
automatically to follow, a desired target, say to enable
a fighter plane to close-in on a hostile bomber.

F. C. Williams. Application date 3rd October, 1945.

6oy 672.—Radiolocation apparatus in which ground
clutter is eliminated by utilizing the Doppler etfect
produced by moving targets to derive clear-cut secondary
signals on a mosaic screen of the storage type.

W.S. Elliolt, C. 4. Johnsonand R. S. Webley. Applica-
tion date jth March, 1945.

bog 717.—Super-regenerative circuit, particularly of the
responder type, in which the frequency of the pulses
used for interrogation serves to stabilize the sensitivity
of the receiver.

Fervvanti Lid. and H. Wood.

Application date 30th
Novembey, 1945.

605 053.—System for constantly indicating his position
to the pilot of an aeroplane by comparing the relative
phases of pulsed signals radiated in cyclic order from a
group of spaced land-beacons.

F. C. Williams. Application date 24th May, 1945.

606 019.—Radiolocation set in which a time-delay
circuit is utilized to block-out echoes other than those
irom the nearest retlecting object, so as to serve as 4
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crash-warning device, or as an altimeter.
Philco Prodicts Inc. (assignees of W. E. Bradley).
Convention date (IT.S.A.), 27th Januarv, 1945.

606 549.—Construction ol time-delay transmission line,
suitable for securing echo or reflection effects, or for
generating the pulses used in radiolocation.

Hazeltine Corporation (assignees of M. J. Diftaro).
Convention date ({".S.A.) 12th March, 1945.

607 092.—Variable resonance-chamber having an adjust-
able damping-factor for testing the efficiency of radio-
location equipment.

Western Electric Co. Tnc.
January, 1945.

607 088.—DMotor-driven capacitor-switch for
the axis of directivity of an arrav of aerials.
The British Thomson-Houston Co. Lid. (connnunicated

Convention date (U.S.A4.) 31st

varving

bv The Geneval Electvic Co.).  Application date 13th
February, 1046.
RECEIVING CIRCUITS AND APPARATUS
(See also undev Television)
605 206.—Interference eliminator, for the impulsive

type of disturbance having steep flanks, consisting of the
combination of one or more diodes with a resistance-
capacitance circuit having a predetermined time-constant.

D. Weighton and Pve [1d. Application date 24th
October, 1945.

605 306.—H.F. coil with a tubular slotted former and a
screw-threaded tuning core, particularly adapted to
form the if. transformer of a superhcterodyne radio
receiver.

Radio and Television Trust Lid. (formerlv Philco

Radio and Television Corporation of Gt. DBritain I.id.)
and C. P. V. Vaufrouard. Application date 19th Deceinber,
1945.
605 377 —Multi-band receiver with a tuning system
comprising a pre-sct inductance and capacitances, of low
cost, and designed to simplily the operation of trimming
or lining-up.

4. C. Cossor Ltd. and A. H. A. Wynn.
date 20th Decenber, 1945,

Application

603 523.—Circuit arrangement for stabilizing the
sensitivity of a super-regenerative set of the kind that
responds automatically to an interrogating pulsed
signal, sav for identification purposes.

Fervanti Ltd., H. Wood, R. H. Davies und [. R. White-
head. Application date 28th December, 1945.

605 715 —Detecting  frequency-modulated signals by
sweeping the electron beam of a discharge tube over a
pair of anodes possessing different coethcients of second-
ary emission.

Marconi’s W.T. Co. Lid. (assignees of G. C. Sziklar)
Convention date (U.S.A.) 20th Mav, 194,.

6035 802 —Radio-gramophone provided with a dual
set of control knobs which co-operate with each other
s0 as to be etfective whether the lid of the cabinet is
open or closed.

E. K. Cole Ltd. and A. W. Murtin.
5th January, 1946.

605 808.—Ultra-short-wave receiver arranged to detect
either amplitude or freqnencyv-modulated signals by
suitably controlling the transit time of electrons passing
between the screen grid and anode of a four-clectrode
valve.

Philips Lamps Ltd.
15¢h Janudary, 1941.

606 007.— Discriminator type of receiver for phase or

Application date

Convention date (Netherlands)
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frequencv-modulated signals, in which the standard
pair of diodes are connected in series-aiding polarity.

Radio Corporation of America. Convention date (U.S.4.)
7th Septemnber, 1945.

006 o15. -Portable receiver with a hinged lid which
houses a frame acrial and automatically switches on
the set, with compact fittings to hold the batteries and
a pair of headphones.

H.B. V. Holt aund P.4.M. Ltd.
January, 1946.

606 59g.—Frame aerial with a coupling transforiner of
the permeability tvpe, the moving core of which serves
to tune the set without altering the acrial inductance.

The British Thomson-Houston Co. Ltd.  Convention
date (U.S.A.) 19th [Januarv, 1045.

606 817.—Plastic cabinet for a radio receiver, moulded
in the form ol two open-sided boxes, which are bolted
together front and rear to facilitate access to the circuit
components.

De La Rue Plastics Lid.. . E. Middleditch and S. R.
Hawkins. Application date 7th December, 1045,

Application date Sth

606 821.-—Circuit arrangement for reducing the elfect
of shunt ecapacitances normally present in the tuned
anode couplings of r.f. amplifiers and oscillators.

K. A. Hartley. A pplication date 16th January, 1946.

TELEVISION CIRCUITS AND APPARATUS

For TRANSMISSION AND RECEPTION

605 10y.—Television receiver adapted to select any one
of a number of television programmes, radiated on
different carrier frequencies, but with common syn-
chronizing signals, from a given point of advantage.
Standard Telephones and Cables Ltd. (assignees of
E. Labin). Convention date (U.S. 4.y 25th August, 1944.

605 y61.—Television transmitter in which provision is
made for stabilizing the percentage of the carrier
available for the video signals when utilizing blacker-
than-black synchronization.

Farnsworth Television and Radio Corporation.
vention date (U.S.4.) 15th February, 1045.

Con-

606 145.—Television svstem wherein an original video-
signal, covering a frequency range of sav 2o Mcs, is
converted into a series of ten signals each covering a
range of 2 Mc/s.

£ P. Rudkin.

606 324.—Television svstem in which a stereoscopie
effect is secured by presenting the two aspects of a
picture in rapid alternation, one being of reversed
polarity to the other.

Farnsworth Televiston and Radio Corporation.
vention date (U.S. 1) 29th March, 1945.

Application date 215t November, 1945.

Con-

607 221.— Television cabinet titted with a telescopic
upper portion, which is raised by motor-driven mechanism
and 1s fitted with an optical system for viewing the
received picture.

Marconi’s W.T. Co. Lid. (assignees of R. V. Beshgetoor).
Convention date (U.S.A.} 18th October, 1944.

607 315.—Television transmitter tube, of the low beam-
velocity type, with means for generating a d.c. component
for regulating the average background illumination of
the picture.

Mavconi's W.T. Co. Ltd. (assignees of R. D. Kell).
Convention date (U.S.A.) Oth July, 1944.

607 779.-—Saw-tooth oscillator for generating variable-
frequency scanning voltages, suitable for a secret svstem
of facsimile signalling, or for television.



Standard Telephones and Cables Lid. (assignees of
L. 4. de Rosa). Convention date (U.S.A.) 4th January,

1943.

TRANSMITTING CIRCUITS AND APPARATUS
(See also undey Television)

603 883.  Circuit arrangement by which discontinuities
in the impedance values of the transformer of a ring
modulator are eliminated from the working range of
Irequencies.

Cie Genévale d Electriciic.
206th Julv, 1044.

Conwvention date (France)

604 076.—Waveguide of circular cross-section fitted with
internal bars for varying the polarization of the trans-
mitted wave.

£ Iild and C. S.
November, 1045.

Wright. Application date 23rd

604 S03.— Modulating circuit of the balanced-bridge
type in which provision is made to offset any asymmetry
due to the use of screened transformers.

Soc. Awnon. deo Téécommunications.
(France) 6th dugust, 1942.

606 780.— Frequency-modulating system in which speech
signals are used to gencrate saw-toothed oscillations
of varving slope. which are applied to alter the phase
of the carrier-wave.

Standard Telephones and Cables Ltd. (assignees of

S. Fraunkel). Convention date (U.S.A) 23rd January,
1945.
606 910.—Stabilized frequency-changing circuit, com-
prising at least three stages, with selecting and inter-
polating devices, adapted for the transmission or recep-
tion of signals, or as a Irequency meter.

Soc. Independante de T.S.F. Convention dates (France)
19th July and 14tk September, 1944, and 15k March,
1945.

Convention dale

SIGNALLING SYSTEMS OF DISTINCTIVE TYPE

604 130.— Phasc-differentiated  synchronizing  arrange-
ment for a system of multi-channcl signalling by means
of modulated pulses.

Standard Telephones and Cables Lid., P. K. Chatlerjea

and L. W. Houghton. Application date 3rd January,
1045.
604 203.— Multi-channel system of communication for

moving velicles, particularly aircraft. comprising one
or more terminal stations and a chain of intermediate
repeater beacons.

Standard  Telephones and Cuables Lid.
E. M. Delovaine).
1944.

604 230.—Multi-channel signalling system, in which one
message is Irequency-modulated, another is amplitude-
modulated, and a third pulse-modulated.

Standard 1Telephones and Cables Ltd. (assiguees of E.
Labise and D. D. Grieg). Convention date (L'.S.A.) 19th
August, 1944.

004 413. —Circuit arrangement for tiltering or separating-
out from a signal-modulated carrier-wave, pulses of
greater or less amplitude than a desired amplitude.
Standard  LTelephones and Cables ILtd. (ussignees of
D.D. Grieg). Convention date (U.S.A.) 15th Mav, 1043.

604 435 —Signalhing  systein in which two stations
repeat pulses back and forth to cach other, in order to
limit and select the distance of intercommunication
without mutual interference.

(assignees of
Convention date (U.S.A.) 20th April,

214

Marconi’s W.T. Co. Ltd. (assignees of C. W. Hansell).
Convention date (U.S.A.) 16th Septeinber, 1943.

604 S17.—Single-channel receiver, and supervisory cir-
cuits, for a multi-channel time-modulated pulsed signal-
ling system, suitable for broadcasting.

Standard Telephones and Cables Ltd. and M. M. Levy.
Application date 28th Deceinber, 1945.

605 128.—Multi-channel pulsed signalling system in
which provision is made to prevent cross-talk due to the
flattening of the pulse tlanks during transmission.

" Patelhold "' Patentverwertungs &c. A.G.  Convention
date (Switzerland) 23rd December, 1944.

605 173, Pulsed system of signalling in which modula-
tion is effected solelv by varying the number of pulses
transmitted within periodic intervals, cither by adding
to or substracting from a given number that represents
zero signal.

Marconi’'s W.T. Co. Ltd. (assignees of H. O. Peterson).
Convention date (U.S.A) 8th January 1944.

Gos 681.—Multi-channel signalling system, in which
different carrier-waves are [requency-modulated, for
communication to and from moving trains and wayside
stations.

Westinghouse Brake and Signal Co. Ltd. (assignees of
P. N. Bossart). Convention date (U.S.A.) 30th January,
1945.

606 314 —Time-delay device for selecting a desired
channel in a multiplex system ol signalling by spaced
trains of pulses.

Sadir-Carpentier.
March, 1945.

607 098.- —Discriminator circuit, for the selective recep-
tion of different signals in a pulsed system utilizing a
given ratio of pulse-width to pulse-period.

Standard Telephones and Cables Lid. (ussignees of
E. Labin and D. D. Grieg). Convention date (U.5.4.)
19th June, 1944.

CONSTRUCTION OF ELECTRON-DISCHARGE
DEVICES

Go4 303. Electrode assembly of a discharge tube, and
associated circuit, for generating a velocitv-modulated
stream of electrons.

G. Longo. Convention date (I'rauce) Sth Maich, 1945.

605 469. Construction of an electron-discharge tube with
hollow resonators, ol the velocitv-modulation  type,
designed to generate oscillations of the order of 20000
megacveles per second.

N. C. Barford. Application date 141h Sepiember, 1945.

SUBSIDIARY APPARATUS AND MATERIALS

604 198, Cathode-ray tube, with mosaic screen and
scanning system, for reproducing N-ray images of the
teeth, or of other internal parts of the body.

B. [. Edwards and Pye Lid. Application date 26th
February, 1945,

Convention date (France) 20th

604 246 —Preventing capacitance-losses in a {requency-
doubling circuit for ultra-short waves, comprising at
least iwo diodes which are fed in phasc-opposition.
Philips Lawunps Ltd.  Convention date (Netherlands)
15/h August, 1940.
605 734.—Bridge tvpe of wattmeter, utilizing Thermistor
or other non-linear resistances, particularly for use
with acrial feeders and like short-wave coaxial-line

circuits.
J. G. Yuaies, R. C. Robbins and T. P. Hvinden. Appli-

cation date 14th December, 1045.
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