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Kirchhoff's First and Second Laws 

UNTIL quite recently we were not aware 
that there was any doubt as to the 
meaning of Kirchhoff's first and second 
laws, but on two occasions lately we 

have come across statements in which the 
normal order was reversed and the second 
law referred to as the first. On the first 
occasion, in a recently published book on 
circuit theory, we assumed that it was just 
a slip, but in an article on network theory by 
W. H. Ingram in the American Journal of 
Mathematics and Physics the author states 
that he has deliberately chosen " to follow 
the numbering finally chosen by Kirchhoff," 
although, as he says, " Many "-he might 
have said practically all-" textbooks follow 
the numerical designation of his laws given 
in his original communications." It is true 
that Kirchhoff published two papers* on the 
subject and that in the second paper the order 
of the two laws was reversed. 

In his 1845 paper he said, " (1) If the wires 
I, 2, ... µ meet at a point, Il + 12 + .. . 

+ I = o. (2) If the wires 1, 2, ... v form 
a closed figure, I1w1 + I2w2 + . . . + Iv co 
= the sum of all the electromotive forces in 
the path 1, 2, .... v, where w1, w2 ... are 
the resistances of the wires, and Il, I2, ... the 
currents, all in one direction being regarded 
as positive." In his 1847 paper he uses 
very similar words but writes 
I. Win. k1+wk2Ik2+ . = Ekl + Ek2+ 
II. Ia1+Ih2+....=o. 

For nearly a hundred years the 1845 
designation has been universally adopted, 
perhaps not entirely because it was Kirchhoff's 

*Annalen der Physik und Chemie, 1845, Vol. 64, p. 513 and 1847, Vol. 72, p. 497. 
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original order, but because of the obvious 
simplicity of the first law, involving, as it 
does, nothing but currents. It is misleading 
to refer to the 1847 order as that " finally 
chosen by Kirchhoff." He probably regarded 
the order as immaterial. He would certainly 
have been very surprised had he known that 
after a hundred years his reversal of the 
original order was to be made the excuse for 
muddling up the universally recognized 
designation. 

We have searched along the library shelves 
through a number of textbooks in English, 
French and German to see if we could find 
any support for this queer procedure, but we 
have found none except in a book recently 
published in America. There may, of course, 
be others among post-war American publica- 
tions, but it can be confidently stated that the 
vast majority of textbooks published during 
the last hundred years, including all the 
classics, have used the original designation. 

If one is dissatisfied with this it would 
surely be better for him to give up the use 
of first and second, and refer to them as the 
star or junction law and the mesh or circuit 
law. Another question that is sometimes 
raised is whether they should be called laws. 
In various German publications one finds 
them referred to as Gesetze, Regeln, Sätze, 
Bedingungen, and Gleichungen, which may 
be translated as laws, rules, propositions, 
conditions, and equations. It may be 
argued that they are not laws but merely 
rules based on Ohm's law. Here again, 
however, the term " Kirchhoff's Laws " has 
become almost standardized and certainly 
has the virtue of brevity. 

G. W. O. H. 
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II -TYPE ADCOCK DIRECTION 
FINDERS 

Design Principles for 3-30 Mc/s 

By W. Ross, M.A., A.M.I.E.E. and R. E. Burgess, B.Sc. 
(Communication from the National Physical Laboratory) 

SUMMARY.-The paper sets out in general terms the factors which are of importance in 

the design of H -Adcock direction finders for high frequencies (3-3o Mc/s). It is based on the 
experience gained over several years in the design of practical H -type direction finders as 

well as on the results of experiments specifically designed to investigate certain problems of 

design. 
The main conclusions are :- 
(a) For maximum sensitivity it is important to maintain as high a ratio of aerial capacit- 

ance to total parallel aerial -circuit capacitance as possible and to keep the effective length of 

the dipoles as large as possible. Both of these requirements are met by end -loading of the 
dipoles. 

(b) The design of the coupling circuits between aerials and the first valve of the receiver 
should be such as to ensure (r) a high coefficient of coupling in all transformers or goniometers ; 

(z) as few intermediate circuits as possible between aerials and receiver ; (3) the primary 
inductance of the aerial transformers (or goniometer field -coils) should resonate with the 
total aerial -circuit capacitance just outside the high -frequency end of each frequency band ; 

and (4) the total working -frequency range should be covered in a series of sub -ranges each of 

the order of 1.5 to I in frequency. 
(c) Aerial -circuit balancing becomes extremely critical in the neighbourhood of the 

fundamental resonant frequency of the central column formed by the down leads and/or 
supporting column. 

(d) In small rotating -aerial systems the presence of an operator may, when for any 
reason the bearings are flat, cause serious bearing errors, even when he sits at what appears 
to be the directional minimum. 

(e) The image in the ground of the horizontal conductor formed by the feeder lines 
(including any associated screening tube) gives rise to a polarization error inherent in H -aerial 

systems but only of importance when the aerials are at a height above ground small compared 
with their spacing. 

(f) Another known source of polarization error which occurs particularly with portable 
rotating -aerial direction finders is that due to the presence of the receiver box between, or in 

proximity to, the lower halves of the dipoles. 
(g) There are other, as yet unexplained, sources of polarization error which require further 

study. 

1. General Introduction 
THE H -Adcock direction finder has 

certain advantages which make it the 
most suitable type of Adcock system 

to employ in certain circumstances. It has 
the greatest inherent symmetry and is the 
least likely to be affected by the nature of 
the ground on which it is erected. Moreover, 
both these qualities are enhanced, the smaller 
the aerial system can be made, since the 
height of the aerial system above the ground 
relative to the length of the dipole is thereby 
easily made large without the necessity of 

raising the centre of the system to an incon- 
venient height. 

The present paper discusses various aspects 
of design which arose in the development of 
elevated two -aerial and four -aerial systems 

MS accepted by the Editor, January 1947. 
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for frequencies in the range 3-3o Mc/s 
approximately. In some types the operating 
position was required to be at an appreciable 
distance below the aerials, so that an im- 
portant feature of the systems discussed is 
the existence of a long vertical conducting 
column at the centre of the aerials. The 
two -aerial rotating systems may be repre- 
sented as in Fig. i where (a) shows the 
system with a tuned primary circuit and 
(b) the system with an untuned primary. 

Four -aerial systems which utilize a gonio- 
meter may be classified into the two types 
shown in Fig. 2, viz., 

(a) The directly -coupled system 
The goniometer and the r.f. stages of the 

receiver are situated at the centre of the 
aerial system and are controlled remotely 
from the ground ; the i.f. signal is fed down 

WIRELESS ENGINEER, JUNE 1948 



a cable to the i.f. and 1.f. stages of the re- 
ceiver. This type of circuit enables the 
highest possible sensitivity to be obtained 
from a given aerial system. 

(b) The line -coupled system 
The Adcock aerial pairs are coupled 

through screened transformers to a pair of 
transmission lines which carry the signal - 
frequency currents down to the field -coils of 
the goniometer. This system has a lower 
sensitivity than the first type on account of 
the loss in the transmission line and of the 

(a) 

Fig. I. Basic circuits of two -aerial H -Adcock 
system : (a) tuned primary ; (b) untuned 

primary. 

difficulty of accurate matching over a wide 
frequency band. 

The design of these systems will be dis- 
cussed under the separate headings of 
sensitivity, directional accuracy and polariza- 
tion error. 

2. Sensitivity 
The sensitivity of a direction finder is 

determined by the smallest field intensity 
of signal with which bearings can be deter- 
mined to a specified degree of accuracy. 
Background noise is implicit in considera- 
tions of sensitivityi' and for this reason 
" pick-up factor," introduced in an earlier 
papers, is not wholly satisfactory although 
many of the principles of design for maximum 
pick-up factor also apply to sensitivity. 

The background noise considered is that 
arising in the circuits (thermal noise) and 
in the valves (shot noise). Noise from 

t " Sensitivity " is used in accordance with the 
British Standard " Glossary of Terms used in 
Telecommunication," B.S.2o4 (1943). 
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external sources which is received on the 
aerials will in practice also be present, but 
this can only be treated in the most general 
qualitative way. It is sufficient to say that 
the presence of external noise does not 
displace the coupling conditions for optimum 
signal/noise ratio, but only makes them 
less critical. The ultimate limitation to 
sensitivity is the thermal noise generated in 
the circuit elements between the aerials and 
the first valve ; at frequencies above about 
io Mc/s the shot noise in the first valve 
becomes significant and it is then necessary 
to minimize the valve noise. 

In considering the design of an H -Adcock 
system for maximum sensitivity it is con- 
venient to consider the components of the 
system separately; viz., the aerials and 
feeders, the coupling circuit, and the input 
circuit of the receiver. In discussing the 
aerial circuit it must be remembered that 
considerations of balance, whether of an 
aerial pair, or of two pairs relative to each 
other in a four -aerial system, may override 
considerations of sensitivity. 

2.i.-Aerial system 

In a four -aerial system (Fig. 2) inde- 
pendent tuning of the two aerial pairs is 
made impracticable by the difficulty of 
maintaining equality of amplitude and phase 
in the two channels, and for this reason the 
system must be untuned as far as the gonio- 
meter search coil. Nevertheless it is con- 
venient to consider a four -aerial system in 
terms of the " equivalent " two -aerial system 
which has the same coupling elements, with 
a transformer having parameters equal to 
those of the goniometer in its position of 
maximum coupling. 

Considering the two -aerial system, it is 
found that direct connection of the aerials 
to the receiver is undesirable because of the 
high degree of admittance balance to earth 
required. 

The systems at present under considera- 
tion, shown in Figs. i and 2, may be dis- 
cussed generally in relation to the influence 
of the parameters of the aerial system on 
the sensitivity. In this paper we shall 
consider only high -frequency systems for 
which the aerial dimensions are small com- 
pared with the wavelength. With this 
limitation, to obtain maximum sensitivity 
for an aerial system of given dimensions 
and working on a given wavelength the 
objects of design must be to make :- 
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(i) the ratio 
effective length 

as large as 
true length 

possible ; 

(ii) the 
possible ; 

(iii) the feeder capacitance and fixed 
capacitance associated therewith as small as 
possible 

GONIOMETER 

(a) 

aerial capacitance 

Fig. 2. Basic circuits 
of the four -aerial 
H -Adcock system : (a) 
directly -coupled 
system; (b) line - 

coupled system. 

FC1 

as large 

GONIOMETER 

R F. 

TRANSMISSION 
LINE 

as 

(b) 

(iv) the primary tuning capacitance in the 
tuned system as small as possible ; 

(v) the magnification factor as large as 
possible. 

The obvious means of increasing the aerial 
capacitance without altering the actual 
height of the aerials is to increase their 
superficial area. If this is done by loading 
the extremities of the aerial with discs or 
spheres the effective height is thereby 

17O 

increased at the same time, and may in fact 
be made to approach closely to the true 
height. For example, by fixing light metallic 
spheres 15 cm in diameter to the extremities 
of dipoles of approximately one metre length 
the aerial capacitance is doubled and the 
effective height increased by about 5o per 
cent. 

The third point is dealt with by spacing 
the feeders as far apart as possible, by using 
the smallest possible wire consistent with the 
requirements of (v), and by reducing to the 
lowest possible limit the self -capacitance of 
the primary inductance and all stray capacit- 
ance associated with connecting wires, 
terminals, and switches, at the centre and 
extremities of the feeders. 

The capacitance of the primary -tuning 
capacitor in the tuned system must be made 
as small as possible but, since it must be 
increased in the process of tuning to a longer 
wavelength, the pick-up factor will decrease 
and may fall off very considerably if a large 
waveband is desired. 

Although the reactance of the aerials and 
feeders will usually be capacitive in a system 
whose linear dimensions are small compared 
with the wavelength, their equivalent series 
inductance may result in a resonance of the 
aerial circuit at the higher frequencies in the 
band. For example, in an experimental 
system 2 m square, such a resonance occurred 
at about i8 Mc/s. It is found that the 
reactance of the aerial and feeder circuit can 
be accurately represented by a series com- 
bination of capacitance and inductance for 
frequencies up to and some way beyond this 
resonance. 

The resistance of the aerial circuit is mainly 
ohmic in the relatively small systems con- 
sidered, for the radiation resistance of the 
Adcock aerial pair is low. For example an 
aerial system having dipoles of effective 
length 1.5 metres and spacing of 2 metres 
has a radiation resistance at io Mc/s of only 
0.036 ohm. In fact, the fundamental reason 
for the low sensitivity of the small Adcock 
system is the preponderance of ohmic 
resistance over radiation resistance. 

2.2 Aerial coupling circuit 
Since for reasons mentioned elsewhere, the 

untuned primary circuit is preferable to the 
tuned primary circuit in the two -aerial 
system, and it is essential in the four -aerial 
system, this type is now considered in detail. 

The aerial circuit is normally capacitive 
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and the condition for maximum sensitivity2 
is that the coefficient of coupling k of the 
aerial transformer, or of the goniometer in its 
maximum position, shall be as large as 
possible, and in practice this implies a value 
of k of about 0.5. Furthermore, the induct- 
ance of the primary (or field -coil) should be 
such that it resonates with the aerial 
capacitance at a frequency a little outside 
one end of the band. How near to the band 

Io 
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Fig. 3 (above). Behaviour of the 
effective reactance X' and the effective 
magnification Q' of the secondary 
in the region of the primary resonance 

frequency. 

Fig. 4 (right). Relative signal/noise 
ratio at the secondary over a fre- 
quency band of ratio 1.6 for various 
primary resonance frequencies ; 
f/f{ = ratio of operating frequency 
to the minimum frequency of the 

band. 
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meter to form the first circuit of the receiver. 
For this reason the primary resonance must 
not be too near to the edge of the band, for 
otherwise excessive reactance and resistance 
is reflected from the field -coil circuit, making 
tuning difficult and reducing the dynamic 
impedance of the search coil, so increasing 
the effect of valve noise. It is found in 
practice that the primary resonance should 
not be closer to the edges of the band than 
about 0.7 of the lowest operating frequency 

f (f = 4) or about 1.25 times the min ` J 
I 

the highest frequency fmax 
tax = 0.8). 

In Fig. 4 the ratio of signal to circuit noise 
over a frequency band of ratio 1.6 is shown 
for an input transformer (or goniometer) 
having k = o.5 and equal magnification Q 
in the two windings which is independent of 
frequency. The signal e.m.f. from the 
Adcock pair is proportional to the frequency 
and the resistance of the primary circuit is 
assumed to occur wholly in the inductance. 
When the primary resonance frequency fI is 
0.7 of the lowest working frequency !min, the 
sensitivity is practically uniform over the 
band, but when it is 1.25 times the highest 
working frequency fnax the sensitivity rises 
steadily with increasing frequency. In the 
first case the increase of signal with frequency 

_ e f, -Ñ 
Q o 

k=05 
f1=PRIFREQUMARY 

ENCY 
RESONANCE 

I ' 
f NA x,,. fM1N 

10 

this resonance should lie is determined by 
the impedance reflected from the primary 
into the secondary. Fig. 3 shows the varia- 
tion of the effective ; reactance X' and 
magnification Q' of the secondary in the 
region of the primary resonance frequency fI. 

In the directly -coupled system it is 
required to tune the search coil of the gonio- 
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is offset by the loss due to receding from tre 
primary resonance, while in the latter the 
signal increase is accompanied by an ap- 
proach to the resonance. Thus the more 
uniform sensitivity is obtained when the 
primary resonance is outside the lower edge 
of the band, but the sensitivity is on the 
average at a distinctly lower level than when 
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the resonance is outside the upper edge of the 
band. 

In the line -coupled system, analysis of the 
overall sensitivity is considerably complicated 
by the variability of the impedance presented 
by the transmission line which is connected at 
its top end to the substantially reactive 
impedance of the aerial transformer. Since 
the signal/noise ratio should be as large as 
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Fig. 5 (above). Resonant 
frequencies of the aerial 
circuit fora typical case. 

Fig. 6 (right). Loss in 
signal/noise ratio due to a 
transmission line of 
attenuation al and purely 
resistive characteristic 
impedance Z0 when con- 
nected to a source of 
impedance In f tan IQ. 
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that the impedance of the aerial and feeder 
circuit connected to the primary or field - 
coil may resonate within the overall band 
of the instrument. The aerial circuit (Fig. 5) 
may be represented to a first approximation 
by a capacitance CA and inductance LA in 
series, while the primary coil LB will have 
associated parallel capacitance CB which 
may consist of self -capacitance and any 
added loading capacitance. 

It may be shown that the ratio of the 
primary current to the aerial e.m.f. exhibits 
two resonances which are also the frequencies 
at which the reactance of LB in series with 
the parallel combination of CB and CAL, 
becomes zero. It is therefore undesirable 
that these resonances should occur within 
the working band or be too near to its edges. 
Taking typical values for CA and LA the 
curves in Fig. 5 show the resonant frequen- 
cies as a function of CB for two values of 
LB. Thus, if it is desired to operate over 
the band 12.5 to 20 Mc/s the resonances 
should lie outside the limits 8.8 and 25 Mc/s 
in the directly -coupled system, and it is 
seen that these limits cannot be complied 
with when LB = 0.5 µH, but if LB = 2µH, 
CB must lie between 8o and 120 µµF. Thus 
in order to avoid the too close proximity of 
the resonances to the band, it is necessary 
to choose the inductance of the field -coil (or 
transformer primary) suitably and it may be 

Q>Loo'. 
1 sD 5 

EPER . 
(1,0 .. 

ls0 _-. 5 REPER _. 
Q0; 

`p1 REPER 

possible at the terminals of the secondary, it 
appears that there will be some advantage in 
operating with the primary resonance quite 
close to the edge of the working band. 
Furthermore, by reflecting as much resistance 
as possible from the primary to the secondary, 
the loss in the transmission line will be 
reduced. 

It was mentioned in the previous secticn 
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necessary to use additional capacitive 
loading although, in practice, this is always 
detrimental to sensitivity. 

In the line -coupled system the secondary 
of the transformer and the field -coil of the 
goniometer are connected to the ends of the 
transmission line. Considerations of sen- 
sitivity2 show that these windings should be 
so proportioned that their reactance is 
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approximately equal to the characteristic 
impedance bf the transmission line. 

Fig 6 shows the reduction in signal/noise 
ratio at the end of a line (of attenuation al and 
resistive characteristic impedance Zo) below 
the value at the source to which it is con- 
nected when the source has an impedance of 
modulus IZ! and ratio Q of reactance to 
resistance. In the case under consideration 
the impedance of the source is the effective 
impedance looking into the secondary of 
the aerial transformer. The curves clearly 
demonstrate the need for using a line of low 
attenuation and of reflecting as much resis- 
tance as possible from the primary to the 
secondary by using close coupling. 
2.3. Input circuit of the receiver 

For maximum sensitivity the search coil 
of the goniometer should be tuned and form 
the first grid circuit of the receiver. Appreci- 
able loss of sensitivity will result if an inter- 
mediate coupling circuit is used. 

The inductance of the search coil or 
secondary is determined by tuning con- 
siderations and the coefficient of coupling 
with the field -coils should be as large as 
possible. The magnification of the windings 
should be high and the self -capacitance low 
in order that the tuning capacitance for a 
given frequency band shall be as small as 
possible ; this enables a high dynamic 
impedance to be obtained and thus the con- 
tribution of the first valve to the background 
noise is minimized. 

The dynamic impedance will be reduced 
on account of the resistance (and reactance, 
if negative) reflected from the field -coil or 
primary circuits. In the directly -coupled 
aerial system the dynamic impedance is 
seen from Fig. 3 to be appreciably greater 
when the primary resonance is above the 
band than when below it, and this is a 
further argument for using the former 
condition. 

When the search -coil tuning capacitor is 
ganged with other tuning controls and no 
separate trimmer is provided, inaccuracies 
of ganging will result in a reduction of the 
equivalent parallel resistance D of the circuit 
below the dynamic impedance Do. If valve 
noise were absent, misganging would not 
affect the signal/noise ratio for the signal 
and thermal noise are reduced in the same 
ratio. The presence of valve noise, however 
makes it desirable to provide a separate 
trimmer capacitor for the search -coil tuning 
if maximum sensitivity is to be achieved. 
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An important limitation to the accuracy 
of ganging of the tuned search coil may arise 
from variability of the reactance reflected 
from the field -coil circuits, when the search 
coil is rotated. Thus if ZI and Z2 are the 
impedances of the field -coil circuits and 
M1 and M2 are their mutual inductances to 
the search coil, the impedance reflected into 
the search coil is 

Z' = W2M12 +w2M22 

Ideally ZI and Z2 should be equal, and MI 
and M2 should have the form M sin 0 and 
M cos 0, in which case Z' is constant. In- 
equalities in the impedances of the field -coil 
circuits or inaccuracies in the coupling law 
of the goniometer will result in the reflected 
impedance being dependent on the angular 
setting of the search coil. Misgauging and 
variable damping of the search coil are 
thereby produced and the effect on sensitivity 
may not be negligible ; the effect can usually 
be observed, if present, as a variation of 
circuit noise as the search coil is rotated. A 
secondary effect is the appearance of spurious 
minima in the signal, although in practice 
these are so flat as not to cause confusion. 
Displacement of the normal signal minimum 
will occur when this is flat but the effect is 
not of serious practical importance. 

3. Directional Accuracy 
In a four -aerial Adcock system unbalance 

in an aerial pair gives rise to a semi -circular 
error while amplitude inequality between the 
pairs gives a quadrantal error. The resultant 
error for a wave arriving at angle B with 
the plane of the NS aerial pair is given very 
approximately by 

e = e1 cos O + e2 sin B + Ep sin 20 
where ei and E2 are the errors for waves 
arriving from N and E respectively and 
eo is the quadrantal component of error. 
A further error due to the aerial system is 
the octantal component due to the finite 
spacing s, which has the maximum value 
of 23.5 (s/A)2 degrees for a wave of wave- 
length A arriving horizontally. 

The discussion in the following sections 
will be confined to the causes and elimination 
of those errors due to inequalities in the 
aerials and associated circuits and to un- 
balance in the aerial transformer or gonio- 
meter. 

3.1. The balance of the H -Adcock aerial pair 
Fig. 7 (a) represents an aerial pair of an 
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elevated H -Adcock system. APB and CQD 
are the two limbs of the system and EM is 
the vertical conducting column. The upper 
and lower halves of the dipoles have cap- 
acitances C2 and C3 respectively to earth, 
and Cg is the capacitance between the 
halves. C1 and C'1 are the capacitances 
of the limbs to the top of the column M and 
are composed of the capacitance of the aerials 
and feeders to M and of the lead-in wires 
and transformer primary (or goniometer 
field -coil) L1 to the screening box which 
houses them and is electrically connected 
to M. On account of the composite nature 

c 

l_ 
Q, 

` 
' 

I 

ELECTRIC 

I 1 

/ i.3C2 
T INCIDENT WAVE 

u3iTi 

j/iii///i/!i//1/. 
(a) 

(b) 
Fig. 7. Elevated H -Adcock aerial pair (a) and 

its approximate equivalent (b). 

of the capacitances C1 and C'1, they are not 
assumed necessarily to be equal, whereas 
accurate geometrical symmetry of aerials 
will ensure equality of corresponding 
capacitances C2, C3 and C4 for the two sides. 
Cd is the differential capacitor used for 
"balancing the capacitances of the limbs to M. 

The equivalent circuit is shown in Fig. 7 (b) 
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in which eA, eß, eo and eD are the aerial 
e.m.fs. induced by the incident wave while 
eD and Z are the equivalent induced e.m.f. 
and the impedance of the vertical column. 

Theoretically, a vertical conductor at the 
centre of an H -type aerial system can give 
rise to no errors providing mechanical and 
electrical symmetry is preserved. Serious 
trouble can arise, however, when these 
requirements are not met, particularly near 
resonant frequencies of the vertical conductor. 

The effects have been noted with H -type 
aerial systems having a long central column, 
but in the case of aerial circuits not involving 
tuning of the primary of the aerial trans- 
former, it has been possible to obtain good 
aerial balance right through the resonance of 
the column by very careful adjustment of 
the aerial balancing capacitors and also 
by ensuring that the aerial transformer 
is constructed as symmetrically as possible. 

The object of balancing the aerial pair is to 
arrange that when the plane of the pair is 
normal to the plane of propagation (and thus 
ee = eD and eB = e0) there shall be no 
resultant e.m.f. in the secondary (or search 
coil) L2. The problem can be resolved into 
two parts: 

(i) That the goniometer or transformer 
L,, L2 shall be free from unbalance in 
order that the secondary e.m.f. shall 
be zero when the p.d. across the 
primary is zero, whatever the mean 
potential of the primary with respect 
to the screening (i.e., to M.). 

(ii) That the aerial and column e.m.fs. shall 
be balanced to give zero primary p.d. 

The first aspect of the problem has been 
discussed in another paper3 with particular 
reference to the causes and measurement of 
unbalance in goniometers. It is possible 
to construct screened transformers for use 
in the line -coupled elevated H -system which 
have close coupling and yet possess a 
sufficiently high degree of balance. The 
design of tightly -coupled transformers to 
satisfy this requirement usually requires 
some form of concentric windings with 
provision for axial adjustment of the relative 
positions of the windings. With aerial 
circuits employing a tuned primary arrange- 
ment, however, it has proved quite impossible 
to arrange that the capacitances of the two 
sides of the tuning capacitor to earth remain 
balanced accurately enough to ensure that 
errors in the neighbourhood of the column 
resonance shall be small. 
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The second part of the problem will now be 
discussed by reference to Fig. 8. In Fig. 8(a) 
the aerial e.m.fs. and capacitances have been 
transformed and the condition for balance is 
seen to be such that the potentials of P and Q 
are equalized by adjustment of Cd; i.e., that 
CI and C'1 are equalized. The condition for 
balancing the column e.m.f. is seen from 
Fig. 8(b) to correspond to the balancing of an 
equal ratio capacitance bridge excited by e0, 
and again adjustment of Cd to give equality 
of C1 and C'1 is required. 

(a) 

(b) 
Fig. 8. Simplified equivalent circuits showing 

the method of balancing : (a) represents the 
equivalent circuit for the balancing of the 
aerial e.m. fs. (plane of aerial system normal 
to plane of propagation .. es = eD ; eB = eo) 
and (b) shows equivalent circuit for the balancing 

of the column e.m.f. 

Since, therefore, the balancing adjustment 
of Cd is the same for both types of e.m.f. 
when the dipole capacitances are equal, it can 
readily be seen that this adjustment should 
hold over a band of frequencies and for any 
ratio of column and aerial e.m.fs. This is 
found to be -the case in practice and the 
balancing process need only be carried out at 
the frequency where it is most critical, 
namely at the column resonance frequency 
or at the lowest frequency in the band. 

It will be appreciated that all the problems 
of balance or symmetry become increased at 
the quarter -wave column resonance, at which 
the column e.m.f. is the predominant source 
of trouble, for it will be very much greater 
than the aerial e.m.f. For example, if the 
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resistance or conductance losses in the 
capacitance arms of the bridge in Fig. 8(b) 
are unequal they will produce an unbalance 
whose effect is in quadrature with that of 
capacitance unbalance and cannot therefore 
be taken up by readjustment of Cd. If the 
causes of the losses cannot be removed, they 
may be at least partially remedied by con- 
necting suitable low -wattage composition 
resistors between either P or Q and M. 
Similarly at the column resonance, screening 
of the box at the top of the column housing 
the aerial circuits becomes particularly 
important, and it is also necessary to locate 
the tapping points P and Q accurately at the 
electrical centre of the feeders. 

Examination of Fig. 8(b) will show that the 
balance of Cd to make the potentials of P and 
Q equal does not also reduce their mean 
potential to that of M ; i.e. of the screening. 

Theory and experiment show that in 
typical cases the mean potential may be 
several hundred times the maximum direc- 
tional p.d. across PQ. For instance, it has 
been found that for one particular tuned - 
aerial system, with a long down lead, a mis - 
adjustment of the aerial balancing capac- 
itor which, at a frequency of I2 Mc/s, 
produced a reciprocal error of only 3 degrees 
and a slight flattening of bearings, caused 
a reciprocal error of over 3o degrees at the 
column resonance frequency, 15 Mc/s. It will 
be realized how difficult is the problem of 
designing a tuning capacitor maintaining 
the symmetry of its balance to earth with 
sufficient accuracy. 

The difficulty of balancing always increases 
as the ratio (s/A) of spacing to wavelength 
decreases and in practice this sets a lower 
limit to this ratio in the design of compact 
systems. Experience shows that (s/Ä) should 
not be less than 1/5o and may need to be 
larger if the column resonance frequency 
occurs near the lower end of the working 
frequency band. 

Difficulties due to column resonances are 
found, in practice, to be confined to fre- 
quencies near the first one or two resonant 
modes of the column. For this reason the 
effects are of greatest importance in the high - 
frequency band, practical considerations 
making it improbable that they will occur as 
either very low or very high frequencies. 

Since the column e.m.f. eo is the important 
one in balancing the aerial system, excitation 
of the column by a local oscillator provides a 
useful method of carrying out the adjustment 
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when the system is erected on a bad site in 
which local reradiation is pronounced. A 
suitable method of excitation is by means of 
a screened toroid which is arranged to 
embrace the base of the column ; a current 
in the toroid will excite a substantially 
lumped e.m.f. in the column. The unwanted 
electric field at the Adcock aerials due to the 
toroid will be sufficiently small to be 
negligible. 

3.2. Errors due to inequality between the aerial 
pairs in a four -aerial system 

If the circuits between the aerial pairs and 
the field -coils of the goniometer are not 
identical, a quadrantal error will be produced 
for inequality of amplitude and a quadrantal 
flattening of bearing for inequality of phase. 

In the directly -coupled system the only 
source of inequality is in the reactance of 
the aerial and field -coil circuits. A 3.5 % 
inequality of reactance will give a I -degree 
quadrantal error ; but since the system 
is used in the region of primary resonance the 
tolerances in the aerial and feeder capacitance 
or field -coil inductance will be more stringent. 

In practice it is necessary to equalize the 
capacitance and inductance to an accuracy 
of about z % if the quadrantal error 
is to be negligible at the edge of the band 
near the primary resonance. 

In the line -coupled system the problem is 
more complicated, for apart from inequalities 
in the transmission lines, any inequality of 
the impedances presented by the secondaries 
of the aerial transformers will be transformed 
to an extent which depends markedly on 
frequency. The quadrantal error in this 
system is greatest at the frequencies where 
the transmission lines, together with their 
terminations, resonate, and in practice one 
or more of the resonances will occur in the 
operative band. It is found in practice that 
these errors cannot be eliminated by striving 
for equality in the corresponding components 
of the two channels, for a very high degree 
of equality is required, and even if it could 
be attained it is doubtful whether the secular 
stability would be adequate. 

The most satisfactory remedy is to connect 
across each transmission line at its base 
where it is connected to the goniometer 
field -coil, a resistor of suitable value between 
about Zo and 34 The resistor introduces 
heavy damping at those frequencies where 
there would otherwise be a series resonance 
at the lower end of the line and the quadrantal 
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error at these frequencies due to inequalities 
is thereby considerably reduced. The sensi- 
tivity is also reduced at these frequencies, 
but since in the absence of damping the 
sensitivity would tend to be enhanced, the 
result is usually a more uniform overall 
performance. 

3.3. Effect of proximity of observer in a 
rotating -aerial system 

With rotating -aerial systems, the presence 
of the operator usually constitutes a de- 
parture from complete symmetry. This is 
particularly the case for small compact aerial 
systems and in nearly all portable instru- 
ments. If bearings are sharp and the operator 
places himself at the minimum he is, of 
course, symmetrically placed with respect to 
the aerials, and may be assumed to have no 
effect on the accuracy of the bearings. With 
such an instrument it was discovered that 
when the minimum, signal was not zero, the 
bearings taken with the operator between 
the transmitter and receiver and with the 
operator on the side of the receiver remote 
from the transmitter, differed by an amount 
which increased with increasing flatness of 
bearing. (The flatness of bearing might be 
due to any of several causes : e.g., site error, 
lack of correct aerial balance, polarization 
error.) The reason for this was found to be 
as follows. 

Let us assume the bearing to be perfectly 
sharp so that an exact zero of signal exists, 
and' that the operator places himself sym- 
metrically with respect to the aerials. If, 
while remaining stationary himself, he swings 
the aerials out of the minimum, he will 
observe a signal which increases as the 
aerials are rotated out of the position of the 
minimum. Part of this signal is the normal 
signal due to the phase difference introduced 
between the e.m.fs. in the two aerials, but 
part is due to the fact that the aerial balance 
has been disturbed through one aerial now 
being nearer the observer than the other. 
This second part of the signal is, to a first 
approximation, in phase quadrature with the 
other, and its phase will be reversed if the 
operator moves round through i8o degrees 
since it is now the other aerial which is nearer 
him. The sign of this part of the signal 
also depends on whether the aerials are 
rotated clockwise or anti -clockwise from the 
minimum. 

Now suppose there is no point of zero 
signal, because for some reason or other there 
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exists a component of pick-up in phase 
quadrature with the wanted pick-up, and 
suppose the aerials to be placed in the position 
of the minimum by some means with the 
operator removed. Now replace the operator 
at the minimum and let him remain 
stationary. As he rotates the aerials, first 
clockwise and then anti -clockwise, he will 
produce an unbalance current in the aerials 
due to his presence (in phase quadrature 
with the pick-up due to phase difference 
between the e.m.fs. in the two aerials as 
described above) which will aid or oppose, 
according to the sense of rotation of the 
aerials, the phase quadrature signal existing 
at the minimum. He will, therefore, actually 
observe the minimum to be displaced from 
the position in which he found the aerials 
and an error in bearing will result whose 
sign will depend on whether he has placed 
himself at the minimum on the side of the 
receiver nearer the transmitter or at the 
opposite minimum. 

The effect could be avoided by arranging 
that the operator remained rigidly attached 
to the aerial system in a position sym- 
metrical with respect to the aerials and 
rotated with it when observing a bearing, or 
by placing on the opposite side of the aerial 
system to the operator a " dummy " operator 
designed to have the same influence on the 
aerial impedances when the aerials move up 
to it as does the operator. 

The greater the aerial spacing and the 
shorter the wavelength the less is the effect, 
but as an example of its seriousness it may 
be mentioned that for an aerial system with 
a spacing of 1.2 metres and at a wavelength 
of 5o metres (6 Mc/s), for bearings which 
were flat to the extent of requiring a swing 
of ± 5 degrees in order to determine 
the minimum, a bearing error of 3 degrees 
or 4 degrees was observed. This is serious 
when one considers that bearings taken on 
ionospheric signals are usually rather 
flat, swings exceeding ± 5 degrees being 
by no means rare. 

These effects show that the hitherto 
accepted principle that no errors due to the 
observer will result if he places himself at 
what he observes to be the minimum, is not 
sound and may lead to substantial bearing 
errors. 

4. Polarization Error 
Since the Adcock systems here under 

discussion have vertical aerials, polarization 
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error arises from undesired reception of the 
wave component having its electric vector 
horizontal. 

A fundamental cause of polarization error 
in an otherwise ideal H -system is proximity 
to the ground, which introduces an asym- 
metry as was first demonstrated by Barfield'. 
The horizontally polarized field acting at 
the feeders (whether enclosed by a metallic 
" screening " tube or not) will produce a 
resultant output due to the inequality of 
the capacitances of the upper and lower 
portions of the aerials. Furthermore, the 
mere existence of the ground as a reflecting 
surface below the aerials, gives rise to 
polarization error in any H -type aerial 
system, however nearly symmetrical and 
carefully balanced. The mechanism of the 
effect is as follows. The horizontal electric 
field acting on the horizontal feeder wires 
or on any screen surrounding them sets up 
longitudinal currents in these horizontal 
conductors. In an electrically -balanced 
aerial system these currents should not give 
rise to any resultant circuital current 
through the receiving impedance, but the 
horizontal conductors constitute a horizontal 
doublet, which has an image in the ground, 
with the result that the secondary field, 
although arising from a horizontal doublet, 
has vertical components at the aerials. 
Thus an e.m.f. is induced in the vertical 
aerials which originally arose from the 
horizontal electric force. The effect is not 
to be confused with that mentioned by 
Barfield' due to the upper and lower dipoles 
having different impedances to ground, but 
represents a fundamental limitation to the 
perfection of the H -type of Adcock direction 
finder. 

The magnitude of the error should, 
according to simple theory, vary approxi- 
mately as the cube of the ratio of the aerial 
spacing to height above the ground. Calcu- 
lations made for a system described else- 
where suggest that this effect could only 
account for a fraction of the polarization 
error actually observed, and tests to dis- 
cover how the error varied with height of 
the aerial system tended to show that here 
also, the effect under discussion could not be 
the main cause of the error. It is of import- 
ance, however, to note that the presence of 
the earth below an H -type Adcock direction 
finder prevents it from having zero polariza- 
tion error, however nearly symmetrical and 
balanced the aerial system. 
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4.1. Effect of a metal mass near the lower 
halves of the dipoles 

The effects hitherto described represent 
inherent sources of polarization error in an 
otherwise ideal H -system due to its proximity 
to the ground. Experiment has, however, 
shown that in practical systems where there 
is a receiver or screening box between or 
near the lower halves of the dipoles the 
presence of the mass of metal can give rise 
to polarization error for these reasons: 

(i) the presence of the metal causes the 
capacitance of the upper and lower halves 
of the aerials to be unequal ; 

(ii) horizontal currents are induced in the 
mass of metal by the horizontal electric 
field, causing the mass to behave like a 
short horizontal doublet, which, because of 
its position relative to the aerials, reradiates 
into these aerials energy originally coming 
from the horizontal electric field ; 
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Fig. 9. Typical H -Adcock portable direction 
finder (to scale). 

(iii) circulating currents induced in the 
metal mass by the horizontal electric field 
reradiate into the aerials. 

A simple cure for (i) above would be to 
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place a similar mass of metal between the 
upper halves of the aerials but this would 
not reduce effects (ii) or (iii). The two 
masses being at different heights would be 
in different horizontal electric fields and the 
reradiation from them into the aerials would 
not cancel. 

That the presence of the receiver was 
responsible for a substantial portion of the 
error in a typical system (Fig. 9) was proved 
by lowering the receiver to the ground, 
extending the central column so as to leave 
the aerials at the same height above ground. 
A reduction of 3o% to 5o% of the 
error was the result. Further, when a 
bulkier receiver case was used the polariza- 
tion error was found to be very much greater 
than in the original instrument. This effect, 
due to the receiver, was enhanced because 
of the very small physical aerial spacing 
used. With greater spacing, the effect of 
the receiver would be less, but sufficient 
effect was found to show that the practice 
of placing the receiver close to the lower 
halves of the aerials is not a good one. 

4.2. Outstanding problems 
As a result of an examination of the per- 

formance of several experimental H -Adcock 
direction finders it appears that all the 
sources of polarization error have not yet 
been discerned. The causes enumerated 
in this section are certainly responsible for 
a significant part of the polarization error 
in certain direction finders but they have 
been found to be inadequate to account for 
the whole of the errors. Further work is 
necessary particularly on the manner in 
which the presence of the ground destroys 
the inherent accuracy of the ideal H -aerial 
system before the high performance of which 
it should be capable can be attained. 

5. Conclusions 
This paper sets out certain features which 

are of importance in the design of H -type 
Adcock direction finders for the high - 
frequency band (3-3o Mc/s approximately). 
Certain of these are relevant at other fre- 
quencies as well. The conclusions arrived 
at may be summarised as follows :- 
(a) Sensitivity 

In the frequency band referred to, the 
dimensions of most practical H -type systems 
are small in comparison with the wavelength 
of operation. In these circumstances maxi- 
mum sensitivity is obtained by :- 
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(i) Maintaining as high a ratio as possible 
of aerial capacitance to total aerial -circuit 
parallel capacitance ; 

(ii) Maintaining a high ratio of effective to 
physical length of aerials, by end -loading of 
the aerials where practicable ; 

(iii) Arranging for the primary inductance 
to resonate with the total aerial -circuit 
capacitance at a frequency just above the 
highest frequency in any particular band 
(in practice, at about 1.25 times the highest 
frequency) ; 

(iv) Tuning the search coil of the gonio- 
meter or secondary of aerial transformer 
whenever possible and avoiding further 
intermediate links ; 

(v) Arranging that the total working fre- 
quency band is covered in a series of sub - 
ranges each of the order of 1.5 to r in fre- 
quency by suitable switching or otherwise 
interchanging aerial transformers or gonio- 
meters. 

(b) Directional accuracy 
(i) The presence of a vertical column at 

the centre of an H -type aerial system com- 
prising the down leads and any metallic 
supporting structure or mast enhances the 
difficulties of aerial balancing in the neigh- 
bourhood of frequencies for which the column 
is resonant. In particular, the aerials and 
associated coupling circuits require to be very 
accurately balanced at the lowest natural 
frequency of the column occurring in the 
working band of the direction finder. 

(ii) In rotating systems in which the aerials 
come into proximity with the observer (e.g., 
portable H -type direction finders) errors can 
be caused by the presence of the observer 
even when he places himself at what appears 
to him to be the minimum. These errors 
only occur if the minimum is flat (due to site 
error, or some other such cause) and are of 
importance when the ratio of aerial -spacing 
to wavelength is small. In certain circum- 
stances it may be necessary to compensate 
for the présence of the observer by placing 
an equivalent dummy on the opposite side 
of the direction finder. 

(c) Polarization errors 
(i) There is no reason to doubt that, in 
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free space, an idealized H -type aerial, con- 
sisting of two equal dipoles connected to a 
very small receiver at the centre, would be 
free from polarization error. In practice, 
the presence of the earth, and in some cir- 
cumstances the presence of the receiver, 
introduce polarization errors. 

(ii) One essential source of polarization 
error due to the proximity of the ground is 
of interest because it represents a funda- 
mental limitation of the H -system. It is 
due to the image in the ground of the hori- 
zontal conductor formed by the feeder lines 
(and their screening tube, if any). This 
horizontal conductor, excited by any hori- 
zontal electric field in the wave produces, 
along with its image in the ground, secondary 
vertical electric fields at the aerials. The 
resulting polarization errors are however 
only important when the height of the centre 
of the aerial system above ground is small 
compared with the aerial spacing. 

(iii) The presence of the mass of metal 
constituted by the receiver and its housing 
has been shown to be a cause of polarization 
errors. In practice the receiver should be 
placed as far below the aerials as possible, 
preferably on the ground. 

(iv) The disturbing influence of the ground 
on the symmetry of the H -aerial system is not 
yet fully understood. It is not yet possible 
to account for the whole of the polarization 
error in existing systems. 
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SUMMARY. The results of a previous paper are applied to the discussion of the optimum 
adjustment and performance of a common -cathode amplifier (triode or pentode) at about 
5o Mc/s.$ 

The most important characteristics are the noise factor N, the input conductance Gi 
(which should both be small), and the effective bandwidth, which should be large and is taken 
to be expressed by the ratio (" A -ratio ") of the minimum to maximum gain within a band 
defined by an ideal filter. These three conditions are incompatible ; it is assumed that 
optimum adjustment is that which gives minimum N for a prescribed A -ratio (which is taken 
to be l), regardless of G{ and the absolute gain ; but some remarks are offered on the 
modifications necessary if these last two characteristics are important. 

In valves designed for operation near 5o Mc/s transit -time effects (in the usual sense) are 
inappreciable at that frequency ; but the effects of the inevitable inductance in the electrode 
leads are appreciable. A complete discussion of these effects would be almost intolerably 
laborious, though simple in principle. Accordingly it is assumed that the effects are small 
that the amplifier is adjusted to optimum performance in the absence of the inductances ; and 
that inductances having one (pentode) or two (triode) prescribed sets of values are then 
introduced. The difference produced by their presence can then be ascertained with 
considerable, but not prohibitive labour. It is discussed how far conclusions indicated by 
this method have practical significance. 

The main conclusions concerning the triode are given in Sections 5 and 6 with Tables I and II ; 

those concerning the pentode in Sections 8 and 9 with Tables III and IV. The triode and 
pentode are compared in Section Io. The appendix contains formulae relating to the effect 
of the inductances that would complicate the text unnecessarily. 

1. Introduction 
In this paper we apply the results of a 

previous paper,' here denoted by C, to prob- 
lems arising in common -cathode negative - 
grid amplifiers operating at about 5o Mc/s. 
The paper denoted in C by B will again be 
so denoted. Complete knowledge of these 
papers is assumed in what follows. 

At 50 Mc/s the inevitable inductance in 
the electrode leads has an appreciable 
effect. A completely general discussion of 
the problem therefore involves algebraical 
formulae which, though straightforward, 
are intolerably complex. Accordingly in 
much of the general discussion we shall 
assume that these inductances are all zero. 
Having arrived at practical conclusions 
valid on that assumption, we shall examine 
the effect of introducing inductances to 
which particular numerical values are 
assigned. Much of the algebra necessary 
in this second stage will be relegated to an 
appendix or omitted altogether. The 
practical significance of the results attained 
by this procedure will be discussed later. 

MS accepted by the Editor, January 1947. 
$ The use of the word " common " in this 

connection denotes that electrode which is common 
to input and output circuits. 
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The question arises whether, if the lead 
inductances have to be taken into account, 
the transit time of the electrons can be 
ignored as it was in C. Transit -time 
effects are dealt with in another paper.2 
Our conclusion is that, at 5o Mc/s in 
valves designed for that frequency, the 
effects usually associated with transit time, 
which involve the square and higher power's 
of the transit angles, are inappreciable. On 
the other hand, the first order effect, pro- 
portional to the transit angle, appears as 
the well-known change in the inter -electrode 
capacitances with the electron current. 
If the values assigned to these capacitances 
are those measured with the actual electron 
current flowing, then no further account 
need be taken of transit time at this 
frequency. Accordingly we shall continue 
to ignore transit time, but in all numerical 
work we shall use capacitances so measured. 

2. Common -cathode Triode-General 
Formulae 

We start with a common -cathode amplifier 
using a triode as shown in Fig. i. L1, L2, 
L3 are the inductances in the cathode, grid, 
and anode leads respectively. Y is the 
admittance looking into the output of a 
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potential transformer by which the input 
circuit is fed, Eu the transformed signal 
voltage effectively in series with Yu and 
yu the conductance in parallel with Yu 
that represents the transformer loss. (See 
C, Section 7). Cu is the capacitance to earth 

o- 

Fig. 1. Circuit for a triode including lead 
inductances. 

of the input pin of the walveholder. Y 
is the load admittance across which the output 
voltage is taken, and C is the capacitance 
of the valveholder_ at the output. Y45 
is the admittance of a mainly inductive 
impedor introduced in order to tune out 
the grid -anode capacitance C23 and thus 
reduce the risk of oscillation ; it includes a 

blocking capacitor of negligible reactance 
and any earth capacitance associated with 
it is included in Cu or C,,. G12 represents 
a conductive leak between cathode and grid, 
such as is often found in r.f. triodes. 
When the inductances are zero, it is directly 
in parallel with yu ; in this case we shall write 
Yu + G12=Yu 

Y45 must be connected across the outer 
ends of L2,L3, because the inner ends are 
inaccessible. It follows that L2 is common 
to the external circuits (0,2), (2,3), and L3 
to the circuits (2,3), (0,3). The conditions 
in which the formulæ of B apply are there- 
fore violated, if we recognise only terminals 
0,1,2,3. But if we recognise terminals also 
at 4,5, which, like the earth terminal, are not 
electrodes, these conditions are fulfilled ; the 
formula- of B can still be used, if it is remem- 
bered that there are now 6 terminals and 
therefore a determinant of 25 terms. Since 
the terminals 4,5 receive no electron current, 
and their potentials do not directly affect 
that current, a4, as, g4, g5 are all zero. 
Further there is no external admittance 
between 4 and I or 3, or between 5 and I 
or 2. Hence the elements (41), (51), (52), 
(43), (14), (34), (15), (25) are all zero and 

(II) (21) (3i) o o 

(12) (22) (32) (42) 0- 

(13) (23) (33) 0 (53) 
0 (24) 0 (44) (54) 
0 0 (35) (45) (55) 

where, writing Cu for the sum of the capaci- 
tances one of whose suffixes is n, 

d= 

(II) = IthwLl -}- (II)', where (I1)' = g2 -}- g3 + G12 +jwC1 
(Z1) = - g2 - G12 - jwC12 
(31) = - g3 - jwC13 

(i2) _ - G12 - jwC12 
(22) = I/jwL2 + (22)', where (22)' = G12 + jwC2 
(32) _ - jwC23 

(42) = - 1/jwL2 

(13) = - g2 - g3 -.%wC13 
(23) = g2 -.%wC23 
(33) = I/jwL3 + (33r, where (33)' - g3 +7wC3 
(53) _ - I/jwL3 
(24) _ - 1/jwL2 

(44) = 1/jwL2 + (44r, where (44r = Gu + G45 + yu +j(Bu + B45 + wCu wC45) 

(54) _ - G45 - .lB45 - .lwC45 

(35) = - 1/jwL3 

(45) = (54) 

(55) = 1/jwL3 + (55)/, where (55)'. = Gro + G45 +7(B + B45 + wC wC45) . . (2.2) 
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The quantities for which formulae are 
given in C, and on which we shall base our 
discussion, are the noise factor N, the signal 
gain A and the input conductance G041. 

The sources of noise are the conductors 
Gu, yu, G12, G,,, G45, and the electron current 
represented by Gu a. Hence, starting from 
C(Io.6), substituting for R,1Al2 from C(II.2), 
and replacing symbols p by 8-for this is 

merely ignoring the common factor I/4-we 
have 

and G'u=Gu+Yu+G12+G45; 
B'u=Bu+B45+w(Cu+C2+C45) 
G'=Gv+G45+g3; 
B' =B+B45+w(Cr,+C3+C45) 
B'45 = B45 + w(C23 + C45) 

g2= g2 - G45 . .. .. (3.3) 

The vanishingly small factor x3 in (3.I) 
will cause no difficulty as it always cancels 
out. 

2 
N = I +. {yul805,04I2 + G121605,1212 + G45,805,451 + G9)1805,0512I805,05I2 + alor21805,13I2}df 

fGul605,04I2 dJ¡ 

where 805,04 = 454 ; 505,12 = 452 - 451 , 
In using (2.3) to (2.7), we must replace the 

805.45 = Z15J5 - 464 ; 805,05 = 465 ; suffixes 4, 5 by 2, 3, for terminals 2, 4 and 
505.13 = 453 - 451 (2.4) 

2 3, 5 are now the same ; the ../.1(m, of (2.1) 

IA 12 = GuG, 8055..04 I (2.5) then become equal to the 4(m). of (3.Il. 
We thus have 

f{y uig2 -1B'4512 + G46IG'u + g'2 + jB'u - jB'45I2 + (G + aIol'2)IG'u + jB'u12} df 
N=I+ fGulgz -9B'4512df 

(2.3) 

lA 12 = G G, 
{G'uG' 

(3.4) 

g22+B'452 
+G45g2-B' uff +B'452}2+{G',B',+G',B'u+(b'2-G45)B'45}2 

(3.5) 

(g2 - 45)(G 45 +78'45) (3.6) 
Go41 = G02i = G'u + real part of G' + 7B'v 

.. 

4. The Problem of Adjustment 
where G, is the internal conductance of the 
signal generator, and 

d = (53)463 + (54)44 + (55)455 

(the terms in I/jwL3 from (53)453 

(55)456 cancel each other). 
G041 = real part of 4/444 (2.7) 

(2.6) 

and 

3. Triode without Lead Inductances 

We now assume that LI = L2 = L3 = o. 

In order to obtain the formulae for this case, 
we add the fourth row of 4 in (2.1) to the 
second, and the fifth to the third ; multiply 
the resulting first, fourth, and fifth rows by 
jwL1, jwL2, jwL3 respectively ; and equate 
to zero all terms with an L as a factor. If 
x3 means jwLj . jwL2 jwL3, we find 

x34 = (22)0 (32)o 
(23)0 (33)o 

(3 I) 

where 
(22)0 = (22)' + (44Y 

(32)0 = (32) + (54) = - G45 -78'45 
(23)0 = (23) + (45) = g'2 -7B'45 
(33)0 = (33)' + (55Y = G' +7B'v 

. . (3.2) 

I32 

Of the quantities involved in (3.4) - (3.6), 
g2, g3, Io, I'2 and the minimum values of GI, 
and of all the C terms are determined by the 
valve used ; they and G, may be taken as 
given. On the other hand Yu, Y,,, Y,,S are 
in principle at our disposal, except for some 
limitation on the approach of Gu, G,,, G45 to 
zero. yu is determined by the components 
of Yu. The problem to be discussed is how the 
disposable values should be adjusted so as to 
give optimum performance. In discussing it 
we shall assume that the amplifier includes an 
ideal filter on the output side, having a 
cut-off at f = fp + 8f, but constant trans- 
mission between the cut-off frequencies ; 

the integrals have then to be taken only 
between the cut-off frequencies. 

One feature of optimum performance is a 
small N. N cannot be reduced to unity, 
unless G45 and u are both zero ; but by 
making each B' zero at fo, N can be reduced 
to a minimum at that frequency by a suitable 
choice of G,,, which is not zero. (See C, 

Section 12). But other features are a flat 
response curve and a low input conductance ; 

the Gu that gives minimum N may give too 
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great a variation of IA 12 within the band and 
too great a G04i. The adjustment has 
therefore to be a compromise determined by 
the exact conditions in which the amplifier 
is to be used. In order to have a definite 
problem, we shall suppose that the band- 
width is fixed by prescribing a lower limit to 
the ratio of the minimum to the maximum 
value of IA 12 within the band, and that the 
input conductance is relatively unimportant. 
The main problem is then to find the 
minimum value of N that is consistent with 
the prescribed value of the said ratio, which 

losses in a tuning coil of approximately 
constant Q ; it might introduce appreciable 
error into the results for a really wide -band 
amplifier ; but in view of other uncertainties, 
the assumption is likely to be sufficient if 
8f/f0 does not exceed o.i. It is also assumed 
that yu is independent of G.; this will be 
very nearly true if the input " transformer " 
is an inductor across a small portion of which 
the signal generator is tapped. 

With these assumptions (3.4), (3.5) become 

N=r+G.+ 
G45{(G'u g'2)2 + Y2w02(Cu + C2 - C23)2} + (G4, + ajO1'2) {G'u2 + Y2w22 (Cu + C2+ C45)2} 

Gu{g'22 Y2w02 (C23 + C48)2} 

(4.3) 
g'22 + y2w02(C23 + C45)2 z -_ A GG$ 

{G'uG' -}- G4bg'2 - y2w02L(Cu + C2 + C45) (CT, + C3 + C45) - (C23 + C45)2] }2 + 
Y2w02 {G'u (Cv + C3 + C45) + G'v(Cu + C2 + C45) + (g'2 - G45)(C23 + C45)}2 

(4.4) 
In (4.3) y2 is the mean of y2 throughout the will be termed the A -ratio ; the prescribed 

value will be taken to be . 

Other simplifying assumptions will be 
made. First, that each B is the susceptance 
of a tuning inductor L in parallel with a 
capacitance C, which is the self -capacitance 
of the tuning inductor. In the case of Bu 
and B,,, this capacitance can be merged in 
Cu or C9, and thus requires no separate 
recognition. In the case of B45, it can be 
merged in C23 if, but only if, L2 = L3 = o ; 

accordingly it will be denoted separately as 
C45. The losses in the tuning coils are part of 
Gu, G9, G45. 

Secondly, it is assumed that the inductors 
are chosen so that each B' is zero at f0. 
IA 12 will then have its maximum near, but 
not necessarily exactly at, f0. This does not 
necessarily give precisely the optimum 
adjustment ; but, in at least one commonly 
used empirical method of adjusting to overall 
optimum conditions, departures from the 
assumed values will be small. If 

Y = f/fo - fog .. (4.r), 
we then have at any frequency 

B'u=yw0(Cu+C2+C45); 
B'v = yw0(Cv + C3 + C45) ; 

B'45 = yw0(C23 + C45) (4.2) 
Thirdly, it is assumed that each of 

Gu, yip G12, G,,, G45 may be taken as in- 
dependent of frequency within the band. 
This cannot be really true if any considerable 
part of these conductances represents the 
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band ; it is easily found to be given by 
y2=3Cg z S . 
f0) e(ff ) .. (4.5) 

It may be remarked incidentally that, since 
the width of the band enters only through y2, 
which is so easily calculated, the usual 
practice of identifying N with its value at the 
centre of the band is unnecessary. 

5. Adjustment of Triode without Lead 
Inductances 

It may be seen that the optimum values 
of the capacitances are their minimum values, 
and that this is especially true of C2, the 
total grid capacitance. For a large A -ratio 
requires that G,'G',,, the term in the de- 
nominator of (4.4) independent of frequency, 
should be large compared with any frequency - 
dependent term, of which the largest turns out 
in practice to be yw0G'C2. Since we shall find 
it necessary to choose G'u larger than that 
which gives minimum N, it is desirable to 
decrease G'0, and therefore to decrease C2. 
Indeed it may be said here that a general 
result of our inquiry into the triode and 
pentode is to show that the first requisite 
for a good performance in the optimum 
adjustment is a small grid capacitance. 

For the rest, sufficient increase of any of 
the conductances will make the A -ratio 
exceed (with some reservations noted 
presently). The question is which sufficient 
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increase produces the smallest N. G45 can 
be excluded on practical grounds ; actually 
it can be excluded on all other grounds and 
it should be the minimum set by the Q of the 
tuning coil L45. In order to examine the 
others, it is most convenient to assume 
numerical values for all the fixed constants ; 

for they are not likely to vary greatly in 
practice. The values in Table I are those 
measured on . a plane -parallel triode, de- 
veloped for use at a mean frequency of 

45 Mc/s with a bandwidth of 4 Mc/s. Values 
are also given for G8, G45, y'u. G, affects only 
the absolute gain, but not N or the A -ratio ; 

it is therefore unimportant. G45 corresponds 
to a Q of about 5o in the tuning coil L45. 
The smaller y'u assumes G12 = o, so that 
You = Yu, and that the signal generator is 

connected to a tapping on an input inductor 
whose Q is about 5o ; the larger assumes 
that G12 is equal to the yu represented by the 
smaller. 

N 

2-2 

2'0 

Ie 

0.7 

0'6 

0-5 

Gt7-2-Ommho 

Y'=0.10mmho 

ti 
,0o5mmo h 

, 
Gy-2Ommhol 
Y005mmhoi 

V0 

03 

fti 

a Ì' 

Y=OImmho " l I 

0 0 3 04 0.5 06 0 7 0.8 0'9 10 

mmho 

Fig. 2. Variation of N and A -ratio with 
generator coupling for the triode. 

The only variables are now Gu and G. 
We assume a series of values for the latter, 
and calculate how N and the A -ratio vary 
with the former. (It is more convenient to 
work with G' u, G' rather than Gu, G). The 
results are shown in Fig. 2, where the 
abscissa is G'0, the ordinate N in the upper 
part of the figure, the A -ratio in the lower 
part. It should be noted that both N and 
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1,412 are always given as ratios, not in 
decibels. Since G is always much less than 
G13o, N varies little with G' ; accordingly N 
is plotted only for G' = 2 mmho. Similarly, 
since the A -ratio, plotted against G'0, varies 
little with y'u, only part of one of the A -ratio 
curves is plotted with the smaller (and less 
probable) value of y'u. 

Since, for a given G' u, N increases with y'u 
while the A -ratio is nearly independent of it, 
y'u should be as small as possible ; it is 
highly desirable to reduce the leak within 
the valve. On the other hand, though N is 
almost independent of G', the A -ratio 
increases rapidly with G' when G' is small, 
but much less rapidly when it is large. Since 
a large G' means a small absolute gain and 
some increase in N, it is undesirable to 
increase it beyond the point where increase 
produces a marked beneficial effect. Accord- 
ingly G' should be about 2 mmho. At this 
value it is impossible to choose G'u so that N 
is a minimum and the A -ratio is 4 simul- 
taneously. But, when y'u = 0.1 mmho, the 
difference between N when the A -ratio is 4 
and minimum N is much less than 0.1, and is 
hardly important. When y'u = 0.05 mmho, 
the difference is rather greater ; but then it 
is impossible to attain minimum N however 
large G' is. So, if N and the A -ratio alone 
matter, there is no reason to depart from 
G' = 2 mmho. Then 

G'u = 0.62 mmho ; 

Gu = 0.50 mmho, if y'u = 0.1 mmho ; 

Gu = 0.55 mmho, if y',. = 0.05 mmho. 
Ify'u=o.i mmho, then atf0,N=1.83;IAI2 
= 170.7; A -ratio = 0.50; G041 = 0.69 mmho. 
It is to be observed that, in this optimum 
adjustment, Gu is not 4G041, as it would be if 
Gu were matched to the input con- 
ductance according to the usual convention. 
Indeed it is impossible to match, unless the 
conditions imposed are abandoned entirely. 

The main qualitative conclusions, which 
are likely to hold generally, are then these ; 

some of them, of course, are familiar. 
(i) G12, Yu, G45 should be as small as possible. 
(2) There is a limit beyond which it is 
undesirable to increase G, even if absolute 
gain is unimportant. (3) The optimum 
adjustment is definitely not that in which the 
effective conductance of the signal generator 
is equal to the input conductance ; con- 
siderable "overcoupling is desirable. (4) The 
effective conductance of the generator can 
be reduced, below that characteristic of 
optimum adjustment in respect of N and 
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the A -ratio, without increasing N but not 
without decreasing the A -ratio. 

6. Effect of Lead Inductances in Triode 
We now turn to the effect of the lead 

inductances, assuming that all the quantities 
other than these are chosen so as to give the 
optimum adjustment just discussed. It is 
most unlikely that this assumption will 
actually be true. For, if we imagine that 
the amplifier is first adjusted without the 

X3 54=- 

is better to proceed part of the way by 
algebra. This is quite easy if it is assumed- 
the assumption is very important-that the 
inductances are all so small that terms 
involving their products and squares may be 
neglected. For then, in developing a 
determinant, any sub -determinant with a 
factor L can be equated to zero. One 
example will be given to show how the work 
is thereby simplified. 

Consider db4 which, from (2.I), (2.2) is 
given by 

jwLl(21) jw4(31) 
I + jwL2(22)' jcoL2(32) 

(23) (33Y 
o -I 

Expanding by the first row we have 
I + jwL2(22)' jwL2(32) 

X3 d54 = - (23) (33)' 

} jwLl(2I) 

O - I 
o o -I 

(13) (33)' (45) 
O - I o 

(33) (45) - I jcoL3(45) 

- I 

(45) 

jwL3(45) 

-jcoL i(31) 

- jwL2(22)' 

- jwLI(II)r 

o I -I 
(13) (23) (45) 

o o o 

(33) (45) + jwL2(32) -I O 

O -I 
(45) 

jwL3(45) 

I O - I 

(23) (33)' (45) 
0 -I O 

(23) (45) 
o o 

+ (23) (33)' 
I - 

jwL1(Ir)' I - I (13) (33)' 
o - I (23) (45) 0 - I 

_ - {(23) + (45)} -{- jwLIL- (Z1)1(23) + (45)} + (21)(13)} - jwL2(22)'(45) - jwL3(45)(33) 
.. .. .. (6.i) 

If we write 
x34mn = Dmn -F wLI . dmnl 

+ wL2 . dmn2 + wL2 . dmn3 .. (6.2), 
inductances, and that they are then intro- 
duced, the " tuning " will be upset (e.g., 
maximum IA I2 will now be appreciably 
distant from fo and the amplifier will be 
retuned. But, if the effect of the inductances 
is small, this retuning is sure to affect. 
favourably some of the important charac- 
teristics, and is unlikely to affect any of them 
very unfavourably. Accordingly we may 
expect that our assumption will exaggerate 
the effect of the inductances, while leaving 
the conclusions qualitatively correct. 

If all that is required is the effect of a 
single specified set of inductances, the 
simplest method is to insert numerical values 
in (2.2), and to work out d and its cofactors 
numerically. And that may be the quickest 
way, if facility in the difficult arithmetic of 
complex quantities has been acquired. But 
if more than one set has to be considered, it 
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- jwLl(2I) 

we can find by such methods the values of 
the terms D and d given in the Appendix. 
From them we can calculate by straight- 
forward arithmetic, first the dm, and then 
N,IAI2, G04E given by (2.3)-(2.7). 

The result of the calculation is shown in 
Table II. 

At the head of the table are the assumed 
conductances other than those given in 
Table I. The inductances, if they are not 
zero, are taken to be 0.02 microhenry ; this 
is about the value that is found iñ practice ; 

but, in older to display separately the effect 
of L2, a set is included in which L2 = o, the 
others being non -zero. Values were actually 
calculated for 43, 44, 45, 46, 47 Mc/s, partly 
to provide a check, and partly to provide 
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data for the numerical integration of N, but 
only some of these are given in the Table. 
Suffixes indicate to what frequency a quantity 
refers, m denoting the frequency at which 
IA 12 is a maximum. 

sufficiently fulfilled. None of the effects on 
N,1A 12, G041 is really serious ; the increase 
in G041 is the largest. All the inductances 
contribute appreciably to the effects, and 

TABLE I 

Constants for the triode 

Frequency 
Capacitances (µµF) 

Conductances (millimho.) 

Electron current 

.fo 
Co' 

C13 
Cu 
C 
C,15 

g2 
, 

Yu 
I0 

= 45 Mc/s ; 8f = 2 Mc/s 

=3.6; C12=2.5; Co2 = 3.2 
=0.03; CO3= I.O; C23 = 1.4 

= I.0 (valveholder) + 2.0 (coil) = 3.0 
= 1.0 (valveholder) + 2.0 (coil) = 3.0 
= 0.3 (valveholder) + 2.0 (coil) = 2.3 

= 7 ; g3 = 0.07 ; G45 = 0.02 ; G3 = I000/75 
= 0.05 or O.I 
=romA; r2=0.175 

TABLE II 
Effect of lead inductances in the triode 

Gu = 0.5 mmho ; yu = 0.05 mmho ; G12 = 0.05 mmho ; G,, = 1.91 mmho 

G' = 0.62 mmho ; G'u = 2.0 mmho ; G45 = 0.02 mmho ; Gs 
I000 

= 
75 

L1=L2=L3=0; L1=L3=2 X io -8 H; L1=L2=L3=2XI0-3H; 
L2=0 

(451) 45 (µmho) o + jo 27.8 + 522.8 27.8 + 122.8 

(452)45 (µinho) - 698o + jo - 6940 + 52.3 -7020-515.8 
(453) 45 (µmhol + 620 + jo + 642 + 526.7 + 636 + 149.7 
(454) 45 lµmho) - 698o + jo - 6940 + 52.3 - 6940 + j6.8 
(455), (µmho) + 62o+jo + 623 + 526.9 + 618 + 149.9 
(4)45 (mho2 X I0-6) 1.38+jo 1.40 + 50.06 I.41 + jo.II 

f,u(Mc/s) 45.0 44.9 44.9 1 A127 170.7 162.6 161.2 

IA 1243 85.7 85.2 87.8 

I`41244 89.4 84.7 81.8 
A -ratio 0.502 0.521 0.507 

N,m 1.830 1.828 1.820 
N I.879 1.877 I.870 

(G041)43 (mmho) 0.728 0.720 0.751 

(G041)45 (mmho) 0.690 0.712 0.728 

(G041)47 (mmho) 0.725 0.763 0.784 

From the values of the Amu it appears that 
the assumption that the effect of the induct- 
ances is everywhere small, and that second 
order terms may be neglected, is everywhere 
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that of L2 is of the same order as those of 
the others. It appears, therefore, that 
attempts to decrease L2 by feeding the grid 
through several leads in parallel may be 
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misdirected ; for the benefit obtained by 
reducing L2 by such means is likely to be 
more than offset by the consequent increase 
in C2. (See Section 5). 

Fig. 3. Circuit for the 
pentode including 

lead inductances. 
4 

o 

7. Common -cathode Pentode without 
Lead Inductances 

We now turn to the pentode, whose 
diagram is given in Fig. 3. This differs from 
Fig. 4 of C in two respects. An internal leak 
G12 is shown ; this is not likely to be serious 
in the pentode, but is inserted in order to 
preserve parallelism with the triode. Again 
Yu is replaced by Y02 and Y by Y03 ; this 
is convenient in order that Yu, Y may still 
mean the admittance in series with the signal 
e.m.f. and that across which the output is 
taken. But Y02, Y03 do not consist entirely 
of Yu, Y. Their constitutions are shown 
in the left-hand parts of Figs. 4 and 5, in 

jwC12 by GI2 + jwC12 d then again 
reduces to the form (3.1). We shall again 
write 

jwL1(rr) = I + jwL1(ri)' ; 

jwL2 = z + jwL2(22)' ; 

jwL3 = I + jwL3(33)' (7.2) 

The modifications necessary 
when the inductances are 
taken into account will be 
given later. 

The sources of noise are the 
conductors Gu, Yu, G12, G,,, 
and the equivalent shot con- 
ductor G13o. In respect of the 
last of these we must take 
partition noise into account 
and use C(12.2), since Y14 = 

o 

Fig. 4. Equivalent input circuit for pentode. 

Y04 is infinite, and p1114 is zero. Hence 
with the same meaning of y'u as in Section 2. 

f[Y u1803.0212 + {G + aoc3I043r2+ 04)}1808, 0312] di N (7.3) = 
fGuI803, 0212 df 

with 1803.0212 = a2g22 + w2C232 , 1803.0312 = G' + B' u2 (7.4) 

IA 12 GuGB 803.02 12 
(7.5) d 

with 14 12 = (G'uG'v - B' t, + w2C282)2 + (Gu B'v + G' B' 
where 

+ a3g2wC23)2 (7.6) 

G'u=Gu+Y'u; B'u=Bu+w(Cu+C2) 
G'=G+3g3; B'=B+w(C,+C3) .. .. (7.7) 

We make the first assumption of Section 4 
about B'u, B', and the third about the 
conductances. We make the second assump- 
tion concerning B' u, so that 

B'u =yw0(C, + C2) .. .. (7.8) 

But, in order that the frequency -dependent 
terms in the denominator of IA 12 may vanish 
at f0, we must adjust Be, so that the second 
bracket of 7.6) vanishes. The resulting value 
of B' is 

which yu, Cu, C have the same meanings as 
in Section 2. In the immediately following 
discussion, in which the inductances are 
ignored, we have then, by virtue of C(3.12), 

Y02 = Yu + Yu + 9wCu ; 

Y=G+jwC .. .. (7.1) 

4 is then given by C(5.3), and its elements 
by C(5.4), if in those elements Yu, Y are 
replaced by Y02, Yo3 respectively, and 
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B' = ywo(C, -I- C3) 

G3g2 co 0C23 (7.9) 

The terms u,2C232 remain, but CE3 is so 
small, owing to the presence of the screen, 
that this term is completely negligible and 
will be ignored in what follows. For the 
input conductance we have 

Goer = 4/422 = G'u + (a term 
that is always small) .. (7.10) 

8. Adjustment of Pentode 
We now discuss the adjustment of the 

pentode on the lines of Section 6. We assume 
the values given in Table III as characteristic 
of a modern r.f. pentode, and plot in Fig. 6 N 
and the A -ratio with selected values of G',,. 
As before the A -ratio plotted against G'u is 
nearly independent of ÿ u, and N is still 
more nearly independent of G',,, since G13, is 
larger and G', smaller. Accordingly the A - 
ratio is plotted only with u = 0.05, and 
N only with G', = 0.4. 

The general features of Fig. 6 are the same 
as those of Fig. 2. At given G',,, N increases 
with y' u, which should therefore be as small 
as possible. When the A -ratio is near ¡, 
the variation of G'u with G',n is rapid when 
G',, is less than 1.0 and slow when it is 
greater. Since one of the main advantages 
of the pentode is its large absolute gain, 
it may be unwise to choose G',, larger than 
is absolutely necessary ; so we shall take 
G',, = 0.4 for further discussion. If y'u is 
as great as 0.05, it is then possible to 
choose G'u so that N is very near its 
minimum, but not if u is as small as 

0.025. Since we shall choose y'u = o.o5 for 
further discussion, we shall choose G'u = 0.4 ; 

Got: is practically the same as G't,, so again 
there is great overcoupling. With these 
values N = 1.8o ; 12112 = 104 at f0 ; the 
A -ratio 0.55. 

Fig. 5. Equivalent output circuit for pentode. 

9. Effect of Lead Inductances in 
Pentode 

In order to apply the method of section 6 
to the lead inductances, we must take into 
account L2, L3 in Figs. 4 and 5. One way 
of doing this is to introduce new terminals 
at 2', 3' and to develop the resulting 49 - 
element determinant. This is the most 
certain method, and the best for those skilled 
in handling determinants. Another way not 
available in Section 6, is to transform the 
left-hand parts of Figs. 4 and 5 into the right- 
hand parts of Thévenin's theorem ; it has 
the advantage of introducing the necessary 
modifications in a form in which their physical 
significance is evident ; it will be adopted 
here. 

TABLE III 
Constants of the Pentode 

Frequency 
Capacitances (µµF) 

Conductances (mmho) 

Electron current 

fo = 45 Mc/s 4f = 2 Mc/s 
C01=0.3 C12=5.0 C24 = 2.6 
CO2 =o.4 C13 = 0.002 C25 = o.8 
CO3=I.4 C14 = 0.05 C34 = 0.1 
C04=0.3 C15 = 0.3 C35 = 1.5 
C05=0.5 C23 = 0.005 C45=2.0 
Cu = C, = 1.0 (valveholder) + 2.0 (coil) = 3.0 

g2 9.4 
G, = 1000/75 ; G12 = o ; yu = y'u = 0.025 or o.050 or 0.075. 
IO =12.5mA; r2=0.175; oc3=o.8; a4=0.2. 
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If Yoe, Yo3 are still given by (7.1), we have 
Yoe 

Y'02 - I -1-£0.1-, j2 Y02' 

Y' - Yo3 
03 I + jwL3 . 

E'u = Eu . Yo/Y ; 

E'v=Ev.Yv/Y03 

Y03 

2 

22 

.. (9.I) N 20 

I8 

(9.2) 

Y'02, Y'03 must be used in place of Y02, Yo3 16 
in the elements of the determinant. To the 0. 
first order of the terms in L their real and 
imaginary parts are 

G'02 = (Gu + Yu){I + 2wL2(Bti + wCu)}; 

jß'02 = j(Bu + (oCu) 
{- j£01-2{(130 + wCu)2 - (Gu + Yu)2}, 

G'03 = G, {i + 2wL3(Bv + wCv)} ; ° 

jB'03 = j(Bv + (1)C v) á + jcoL3 {(Bu + wCv)2 -Gv2}.. (9.3) 
Also, in virtue of C(3.15), when considering 
gains, we must replace EuYu, EY,, by 
XuEu Yu, XvEvY respectively, where 

Xu = I/(I + jwL2. Y02) 
1Xu12 I + 2wL2(Bu + wCu) (9.4) 

Xv 

IXv12/( 
jcuLI 

+ 2wL ) 3(Bv+ (QC.) 

We thus have, using C(8.ii) for the partition 
noise, 

o. 

o 

04 

o 

02 

I, 
V -0.4mmho 

pj5cnmo 

y0 pp5mmh° 

y s0 

!°m0Immho r i 
- 

oe,mWO 

A 
o° _. 

40 ;mmho 

V°5 GVy 

A 
rvo"'mho *to"' 
6 25mmhO 

° 

01 02 03 04 05 

Gji mmho 

Fig. 6. Variation of N and A -ratio with generator 
coupling for a pentode with no lead inductances. 

N = i f[YuI5o3.o2I2IXuI2 + G12I8031212 + Go315o3.0sI21XvI2 d.% 

+ fGuI50a02121Xu121XvI2 df + 
f [aI o{I'21«3803.13 + «4803.1412 + x3x41503.13 - 803.141 }9 IXv 12 df 

fGuI503.02I2IXuI21Xv12 df 

IA 12 = GnG8 

where 
4 = (3i)á31 + (32)J32 + (33)433 

+ (34)434 + (35)435 (9.7) 
and the 8 terms refer to the 25 -element deter- 
minant of C(5.3). 

When we seek the input conductance, we 
must remember that Y02i of C(3.17), which is 
A/422, is the admittance looking into the 
terminals (0,2), while we require the con- 
ductance (say G'026) looking into the ter- 
minals (o,2'). Since Y026 is made up of an 
external admittance Y02 and an internal 
admittance (Y021 - Y02) in parallel between 
o and 2, we have 

Y'021 = Yu + Yu + jwCu + 

803.02 
A 

2 

XuI21Xv12 

Y021 - Yo2 

I + jwL2 (Y021 - Y02) 
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.. (9.8) 

06 0.7 0'8 

(9.5) 

(9.6) or 
G'021 ti Gu + Yu + (Go21 - Go2) 

{I + 2coL2(Bo2i - B02)} (9.9) 
The cofactors of A, retaining only the first 

order terms in L, can be found by the method 
of Section 6. They are given in the Appendix 
with the notation 

4mn=D,, +cL1.dmnt+wL2. 
dmn2 + "L3 

. dmn3 + 
cL4 . dmn4 + cLs . dmns .. (9.10) 

But, since the purpose of the screen is to 
make g3, C13, C23 small, these are ignored 
when they occur in the d terms and are 
multiplied by an L ; they are not ignored 
in the D terms. 

Measurements indicate that appropriate 
values of the L terms are L1 = 0.04, L2 = 
L3 = L4 = 0.02, L6 = 0.01 microhenry. The 
larger value of L1 is partly due to the 
inherent inductance of the cylindrical 
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cathode. The results obtained with these 
values are given in Table IV in the same 
form as in Table II. 

The larger first -order effect of the L terms 
on 433, 433, which is due to WL1 p2 a'C12 
being of the same order as G'u, shows that it is 
now much less safe to assume that the second - 
order effects are negligible. Accordingly, 
without an investigation of these effects- 
which would be so laborious that we have 
shrunk from the task-it is not certain that 
the effect of the L terms shown in the table 
is even qualitatively correct ; but since it is 
everywhere in accord with expectation from 
general principles, the doubt is not very 
serious. The large effect also makes it illegiti- 
mate to calculate the combined effect of all 
the inductances from the effect of each 
separately ; no useful purpose would be 
served by repeating the calculations with 
each L reduced in turn to zero. 

Assuming that the second -order effects 
can be ignored, the important changes due 
to the L terms are (I) a reduction of some 

2 db in the signal gain, (2) some increase in 
the A -ratio, with marked dis -symmetry in 
the response curve, (3) an increase of some 
0.5 db in N, (4) an increase of some 4o per 
cent in the input conductance. 

10. Comparison of Triode and Pentode 
A comparison of Tables II and IV with the 

inductances present shows that the pentode 
has the advantages of giving a much larger 
signal gain and a considerably smaller input 
conductance. The first of these is due mainly 
to a smaller G, the second to a smaller G. 
The reason why it is possible to use a smaller 
Gu and G in the pentode lies in the absence 
of the third tuned circuit between grid and 
anode ; for the presence of this circuit tends 
to narrow the response curve and therefore 
to require more damping, for a given A -ratio, 
in the input and output circuits. On the 
other hand the pentode has an appreciably 
greater noise factor. This is, of course, due 
primarily to the presence of partition noise : 

indeed it might be expected that the increase 

TABLE IV 
Effect of lead inductances in the pentode 

Gu = 0.35 mmho ; yu = 0.05 mmho ; G12 = o ; G = 0.397 mmho ; G'u = G' = 0.400 mmho. 

L1=L2=L3 
= L4 = L5 = 

L1=4 x Io -8H; L5=IXIo-8H; 
L2 = L3 = L4 = 2 x Io -8H. 

(4 31) 45 (µmho) o + jo + I19.8 +j 35.4 

(4 32) 45 -7500.0+jI.4 - 7397.4 + j 1.0 

(433)45 + 400.0+j0 + 518.6 + j1o4.2 

(434) 45 + o + jo + 31.1 -j 0.4 

(4 35) 45 + o + jo + 4.3 -j 0.2 

(4) 45 (mho2 x 10-8) o.161 + jo .209 + jo.03 

fm 45 Mc/s 44.6 Mc/s 

1 A 12m I.009 X 104 0.592 X I04 

IA 1243 0.577 X Io4 0.439 X I04 

IA 1247 
0.557 X I04 0.364 x 104 

A-ratio 0.551 0.614 

1.699 1.894 

N I.Boi 2.003 

(G'02í)43 (mmho) 0.398 0.545 

( 02i) 45 >> 
0.400 0.561 

(G'02i)47 ,, 0.408 0.587 
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due to this cause would be greater. It may 
be surprising that, in the absence of the 
inductances, the noise factor is actually 
greater in the triode. This is due to the 
choice of a larger y'u in the triode, arising 
from the assumed presence of a leak GI2 ; 

if the same y' were assumed in both cases, 
N would always be less in the triode than 
in the pentode. But that is not the whole 
story. G1, always appears in N multiplied 
by a factor that increases with Gu, while 
y'u is multiplied by a factor that decreases 
when Gu increases. Accordingly, though 
increase of Gnu increases N at constant Gu, 
it displaces the minimum of N to smaller Gu, 
and is therefore, if the minimum of N can be 

For Triode 

used, partly self -compensating. The possi- 
bility of approaching minimum N nearly 
both in triode and pentode, although Gu 
is much less for the latter, is again due to the 
smaller damping required in the pentode. 
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APPENDIX 
x84, = Dmn + wL1 . dm.nl + wL2 dmn2 + wL3. dmna 

D51 =d512=d51s=o 
d511 = + j[(12){(23) + (45)} - (13){(22)'+ (44)'} 

D52 = - {(23 + 45)} 

d521 = -j[(II)'{(23) + (45)} - (21)(13)] 

(422 = - j(44)'(23) 

D53 = (22)' + (44)' 
d5a1 = +j{(II)'{(22)' + (44)'} 

d532 = + j(22)'(44)' 

d533 = + i(32)(45) 
D59 = D52 d521 ; 

g2=g"2+g3+G12 

= g'2wC12 - G' wC1a - G12B'45 - (g2 + ga)B'ss + j{- g'º G13 

+ G' (g2 + g3) - wC12B'45 - wC13B'u} 

_ - g2 

= g'2wC1 - (g2 + ga)wC12 - (g2 + G12)wC1a - g"2 /3'45+ 
j {- g'2g"2 + (g2 + G12)(g2 + g3) - w2C12C1a - wC1B'º5} 

= g2B'4 - (G'u - G12)wC23 - g2wC2 + j{- g2(G'a - G12) 

+ w2C2C23 - wC88B' } 

d523 = - j(33)'(45) = - g3(B'4b - 0.)C 28) - G96wC3 +j{g3G45 - wC3(B'4S - wC23)} 

= G' + jB',. 
- (21)(12)] _ - G'awC1 + (g2 + 2G12)wC12 - g" 213% +j{g"2G'u - (g2 + G12)G12 + w2C122 - wC1B',.} 

= - (G',. - 2G12)wC2 - G12B'n + j{G12(G'a - G12) - wC2B' 
+ w2C22} 

_ - G45wC23 - jwCss(B'46 - wC2s) 

d549 = d523; d542 = - j(22)'(45) = - G4.501C2 - G12(B'48 - wC23) + j{G12G45 - wC2. 
(B'46 - wC25)} 

D55 = D53 , a551 = d531 d552 = d532 

d553 = + j((33)'{(22)' + (44)' }- (23)(32)] 

D44 = (33)' + (55)' 
daal = +j[(11)'{(33)' + (55)'} - (31)(13)3 

d442 = + j [(22)'{(33)' + (55)'} - (32)(23h 

d443 = + j(33)155)' 

_- G'uwC3 - g2wC2s - g3B% + j{gaG',. + w2C232 - wC3B'g} 

= G' ti + jB'2, 
= - G'9. wC1 + (g2 + 2g3)wC1a - g"2B'o +j{g"2G'n - ga(g2+ga) + w2C132 - wC1B'n} 

_ - G'o . cue - g2wC23 - G12B'o + j{G'oG12 + w2C232 - wC2B'} 

= - g3B'c - (G'o - 2g 3)(0C + j{ga(G'v - g3) 
+ w2Ca2 - wC3B'} 

For Pentode x34mn = Dm - wLld luL2 

D31=d312=d313=d314=415=o 
d311 = + j[(12)(23) - (13) (22)] 

D52 = - (23) 

d321 = -jL(II)'(23) - (21)(13)] 
422 = d323 = o 

d324 = -jL(44Y(23) - (24)(43)] 
d325 = - jL(55)'(23) - (25)(53)] 
D33 = (22) - wL2 . d332 

dmn2 + wL3 dmns + wL4 dmn4 + wL5 dmn5 

= a3g2 . wC12 + a3ß1 B',. + j{- asg1G'n - a3g2G12} 

= - as g2 + jwC2a 

= a3g2 wC1 + a3g1 wC12 + j{- G12a3(g1 + g2)} 

= a3g2 wC4 + a3g4 wC24 + a4g2 wC34 + j{- w2C24C34} 

= a3g2 . wC5 + (X3g5 . wC25 + j{- w2C25C35) 

= G'u + jB',. 
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dsai +jL(II)'(22) - (4(12)] 

61882 

61333 = 0 

43,2 = + j L(44Y(22) - (24) (42)] 

d335 = + jL(55r(22) - (25)(52)] 

D34 = d344 = d342 = d343 = 61345 = O 

444 = - j[(22) (43) - (23) (42)] 

D35 = d35I = d352 = d353 = d354 = O 

dass = - .i[(22)(53) - (23) (52)] 

D22 = (33) - WL3. 61223 

d22í +íL(11)'(33) - (31)(13)] 

61222 = o 

d223 = 
61224 = +244)'(33) - (34)(43)] 

d222 = +jL(55Y(33) - (35)(53)1 

_ - G' . wC1 + (g2 + 2G12)WC12 + (gI - G12)B'u + 
j {(- g1 + - (g2 + Gi2)G12 + w2C182 - cuci B'u) 

= 2(G'a - GI2)(B'u - wC2) +j{- (G',. - G12)2 + (Er.- WC2)2} 

= G' . wC4 - a4g2 . wC24 - 24g4B'n + j{a4g4G'Y 
+ w2C242 - B'u . WC41 

_- G' . WC5 + j{W2C252 - WC5 . B'} 

= - G'u . wC34 + «3g2 wC34 + 03g4 B'u 
j {«3g4Gu + wC34 B'u) 

_ - G'u . wC35 + a3g2 WC35 + «3g2 - 
j {ad aG'd + we so 

_ «3g3 + G + jB'o = G' + jB' 
_ - G,. WCI + (g,- GI2)B' +j{(- PI + Gi2)G - 
= 2G(B' - (..C3) + j{- G2 +(B' - wC3)2} 

= - G . WC4 - ado. WC34 - a4g4B' + j{a4g4G - wC4 . B' + w2C3421 

G . wC5 - ash's . WC3s + j{- wCsB + w2C352} 

DESIGN OF SHUNT EQUALIZERS 
By H. N. Wroe, 13.Sc., Ph.D., A.M.I.E.E. 

(Department of Posts and Telegraphs, Eire). 

SUMMARY.-A method of designing shunt equalizers with precision is described 
and examples of results achieved by its use are given. 

1. Introduction 
ALTHOUGH the shunt equalizer has had 

wide application in telecommunica- 
tion engineering, information on the 

theory of its performance and design, 
particularly with regard to its use as a line 
equalizer as distinct from its role as a cor- 
rector connected in the control -grid circuit 
of a valve amplifier, is not readily obtainable. 
Equalizers of this type are commonly 
regarded as being unamenable to calculation 
(indeed, in an article on equalization which 
appeared recently, it was explicitly stated 
that their design was simply a matter of 
guesswork), and as capable of yielding only 
mediocre results, a viewpoint in the estab- 
lishment of which their simplicity and cheap- 
ness may have played some part. 

It is the purpose of this article to describe 
a method for designing such equalizers 
with precision, and to show that by their use 
good equalization can be obtained. A typical 
shunt equalizer circuit is given in Fig. i. 

In a previous articles it has been shown 
how the performance of any given equalizer 

MS accepted by the Editor, January 1947. 

can be predicted and the results are, of course, 
applicable to shunt equalizers. It remains, 
therefore, to find means by which the values 
of the components of the latter can be calcu- 
lated to provide a given amount of equaliza- 
tion. For ladder -type equalizers a simplifica- 
tion can be effected by regarding the shunt 
arm as a frequency -variable potentiometer 
which caters for the main portion of the 

frequency distortion to 
be corrected, the series 
arm being built out 
so as to adjust the 
equalizer input impe- 
dance to equalize var - 

Fig. 1. Typical shunt 
equalizer. 

iations caused by reflection effects. With the 
shunt equalizer the problem of design is 
complicated by the absence of a series arm, 
which means that the potentiometer and 
reflection effects are mutually dependent, and 
that the input impedance of the equalizer 
is subject to wide variations with frequency 
which result in marked variations in reflec- 
tion losses. 
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The theoretical treatment which follows is 
based on the following assumptions : 

(a) Insertion loss is a suitable criterion of 
equalization. 

(b) Post -equalization is employed. 
(c) Transmitters and receivers, or their 

equivalents in the form of thermionic valve 
amplifiers, are ideal. 

(d) The circuit to be equalized is capable 
of passing zero -frequency currents. This 
reservation is made mainly to preserve con- 
sistency in the mathematical argument, and 
is normally of little importance in practice. 
In most instances where series capacitors are 
encountered, the design can be handled as 
if they were absent, the only effect being a 
cut-off at low frequencies which can readily 
be estimated in predicting the performance 
of the finished equalizer. 

b 
N 

I3 Iz 

ZB Z= ZA ZR 

Fig. 2. Basic elements of a circuit incorporating 
a shunt equalizer. 

2. Design Formulae 
In Fig. 2 is sketched the basic elements of 

the equalized circuit, N being a network 
equivalent to the circuit to be equalized, 
and ZT, ZR the impedances of the trans- 
mitter and receiver respectively. 

The objective in equalization may broadly 
be described by reference to Fig. 3, in which 
AB represents the insertion loss characteristic 
of N for terminating impedances Z,,, ZR, 
and f,, is the upper limit of the frequency 
range over which equalization is required. 
Ideally, the insertion -loss characteristic of 
the equalized circuit would be CD, which 
means, roughly speaking, that at any 
frequency f the equalizer must introduce a 
loss x which when added to w gives the 
constant y. In practice a result such as EF 
will be obtained. 

Referring to Figs. 2 and 3, let 
E = sinusoidal transmitter e.m.f. 
Z1= transmitter impedance. 
ZR = R.+ jXB = P/¢ = receiver im- 

pedance. 4= impedance looking back into N 
with the sending terminals of the 
latter terminated in ZR. 
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ZR = impedance presented by ZA and 
ZR in parallel. 

ZA = RA + jXA = impedance of equal- 
izer. I,- current to ZR when directly con- 
nected to ZT without any inter- 
vening circuit. I,- current to ZR. 

13= current leaving N. 

Ì3 = K, where K is, in general, corn- 
2 plex. 

Z =Zm=n/B=Rm+IXm. 
= overall insertion loss of the equal- 

ized circuit between impedances 
Zz, ZR. 

M = antilog10( 
x 
io) 

Then, as has been shown elsewhere) 
I 

A 0 = 20 logro jl 
z 

=w+2Olog K x 
ZB 

+ ZED (I) ZB + ZR 

NowK=Z"+ZR=I+ZR 2) 
ZA 

ZA4 ZB 
and ZR = 

Zs + ZR 
.. .' (3)" 

Substituting (2) and (3) in (I) we obtain 

ZB + K A0=w+2olog 

= W + 20 logro 

= w + 20 logro 

= w + 20 logro 

K. 
ZB + ZR 

Z. 
I+ZK 

K. R 

ZR 

K + 
ZB B 

+ 
B 

Ze Zm + ZR 

ZA Zm 
For design purposes we put A0 = y 

from (4) obtain 

x = y -w = 20 log10 
ZA 

Z, Z 

ZB 

t. 

or antilog10 (7o.)= M = Z, Z z ZR 
Z., m 

W + 20 logro (4) 

and 

2 

(5) 
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M= 
Hence 

(RA + jXA) (Rm +.lxm) + (RE + 9X R) 

Z, zm 

2 and R, = R I +,/M 
tRm (M -I) . . (IZ) f 

(RARm -XAxm + RE) +9(RmXA+ RAxm+ XE) 
ZA Zm 

n2 X,2 + 2X, (Rm XE - RE xm) + n2 R,2 + 2R, (Rm RR+ X. X.) -F- P2 = 

2 

or 

X,2(M - i)n2 - 2X, (Rm XE - RE xm) + R,2 (M - I) n2 - 2R, (Rm RE + xm XE) - P2 = o 

whence X, = (6) 

(Rm XE -RE x.)+ 1/(Rm XE-RE x.)2 n2 (M - 1) {n2 R,2 (M - I) - 2R, (Rm R.+ x. X.) -P2} 
n2(M-I) 

and RA= (7) 

(Rm RR + xmXE) (Rm RE+xm X R)2-n2(M-I) {n2 X,2 (M - I) - 2X, (RmXR-RRxm) - P2} 

n2 (M - I) 
Equations (7) and (8) both contain two 
unknowns. Providing that RA is independent 
of frequency-and this is almost invariably 
true-its value can be evaluated from (8) by 
considering the special case of very low 
frequencies when X, vanishes. Under this 
condition we also have, incidentally, xm = o, 
and n = Rm, and (8) becomes 

Rm RE + N Rm2 RE2 + Rm2 (M - I) P2 
RA Rm2(M-I) 

RR ±,,,/ R.2 + (M - I) P2 
Rm(M - I) 

RA having been determined, its substitution 
in (7) permits X, to be found. 

(9) 

f 

FREQUENCY - 
Fig. 3. Ideal and practical frequency response 

curves for an equalized network. 

In practice ZR is usually purely resistive 
and may be designated RLo. Putting R for 
ZR in (7) and (9) we obtain 

.. (8) 

In addition (4) becomes 

Ao = w + zo log10 ZA Z, R .. (12) z 
With regard to the apparent uncertainty 

created by the existence of two possible 
solutions for (io) and (ii) it will be found 
that, for practical purposes, there is no 
difficulty. Since M cannot be less than unity 
it is clear that in (ii) the positive value of 
the quantity under the root sign should 
always be taken. Since xm is usually 
positive, similar considerations normally 
apply to (Io). Where xm is negative any 
ambiguity which may arise initially will be 
cleared up as the design proceeds. 

It will sometimes be found that the value 
of X, obtained from (io) is imaginary. This 
is due to the fact that the value of RA found 
from (ii), while being suitable at very low 
frequencies, is too high for higher frequencies. 
The remedy is to choose a larger value of y 
(i.e., virtually to increase fo) and recommence 
the design. 

At first sight the collection of the circuit 
data required for the evaluation of RA and 
X, may appear to present a somewhat 
formidable task, but in fact this is not so. 
In the great majority of instances the circuit 
to be equalized is both uniform in composi- 
tion and electrically " long." It has been 

tAn alternative method of finding RA is given in 
the Appendix. 

-R xm + %/R2 xm2 - n2 (M - I) {n2 RA' (M - I) - 2RARRm - R2} 
X = 

194 

n2 (M - I) 
(io) 
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shown that under these conditions, Z0, the 
characteristic impedance of the circuit, can 
be used in place of ZB (except in (ii), but 
here merely a loop resistance is required), so 
that Rm and xm then become standard data 
for the particular type of circuit involved. 
The quantity w can similarly be so regarded, 
although for small -gauge cables actual 
measurements of w over the desired fre- 
quency band are desirable if high accuracy is 
required. 

15 

I 

4. Practical Examples 
As an illustration of the foregoing, consider 

the design of the familiar type of equalizer 
shown in Fig. I. Here RA = r, so that r can 
be found directly from (ii) or (18). 

L and C will resonate at some frequency ft. 
Ideally, since the transmission loss caused by 
the equalizer should be zero at f, , ft should be 
made to coincide with the latter. 

Writing we = 27rfe we have 

LC= 

0 liii 106mH 004µF 1111111 
45n 1111 
iiíL.......!ïïÏI!! 

400 BOO 1,200 1,600 2,000 2,400 2,800 3,200 

FREQUENCY (cis) 

3,600 

Fig. 4. Response of 19.2 miles of 4o -lb cable equalized : 
measured ; x -x -x calculated. 

3. Design Procedure 
From the foregoing, the following method 

of design may be deduced. 
(I) From the value of M corresponding to 

zero frequency RA is calculated by means 
of (II) or (18), the resistive component of 
the equalizer being thereby determined. 

(2) By using Oro) X, can then be com- 
puted for several frequencies and from these 
results the corresponding 
values of the reactive com- 
ponents can be found. It is 
improbable that the latter 
will be exactly the same for 
every frequency chosen and 
an average value must be 
struck. 

(3) The overall performance 
of the equalizer so designed 
can then be checked by means 
of (12) and the general trend 
of any trimming adjustments 
which may be necessary will 
be evident by inspection. In 

9 
J1 

á 
s 
laJ 

Also 

w2 O 

.. (13) 

X 
wL col-wL 

(14)A- 14) w I - w2LC w2 77 I 
2 we 

where n = I 

Hence 

L rl2e 
w 

.. (15) 

from which L can be found for f = `) 
27r 

corresponding to the value of X, obtained 
from (io). C follows from (i3). 

It will often be found that the equalization 
can be improved by arranging ft to be con- 
siderably in excess of fe, the penalty being, 
of course, some increase in the overall 
transmission loss, although this is normally 
of no importance. For these conditions 
wt = 21,ft will replace 
and (i5). 

we in (13), (14), 
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Fig. 5. Response of 6.33 miles of 20 -lb cable equalized as a music 
circuit ; measured ; x -x -x calculated. 

making alterations, the guid- 
ing principle is that RA will be determining 
at low frequencies and X, at frequencies 
towards the upper portion of the frequency 
band to be covered. 

It is to be noted that the resistance of the 
inductor L should be included in R, ; but 
can, for modern inductors, be neglected as 
far as the LC combination is concerned. 
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In Figs. 4 and 5 are shown frequency 
response curves for experimental cable 
circuits equalized by means of shunt -type 
equalizers (the circuits of which are shown 
inset) the insertion loss at Soo c/s being taken 
as zero datum line. The shaded lines show 
the C.C.I.F. quality limits for international 
audio (four - wire) and music circuits 
respectively. 
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The curve of Fig. 6 was obtained for a 
working four -wire repeatered telephone 
trunk, the cut-off at the lower extremity of 
the frequency band being, of course, due to 
the repeaters. 

In these examples R was 600 Lo ohms, and 
the designs were worked out by means of 
the method outlined above. It will be seen 
that there is close agreement between the 
actual and predicted performance. The size 
of cable employed is given in terms of the 
weight of one mile of single conductor. 
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APPENDIX 
Alternative Method of Determining RA 

The circuit conditions obtaining when f = o are 
as shown in Fig. 7, RL being the loop resistance of 
the circuit to be equalized. 

E E(RA + R) 
78 

RAR (Re+R)(R+RL)+RAR 
R+RL+RA+R 

RA E . RA 
16 I2 I2x 

RA -f -R (RA+R)(R+RL)+RAR 
( ) 

Now I = 
2R 

and zolog10 I 

I 
Z I.= y (Fig. 3) 

or 
Ìl I = antilog10 

\Zol 
= F say. 

2 

(1 7) 

Fig. 6. Response of 13.25 miles of 
io -lb cable repeatered and equalized. 

measured, x -x -x 
calculated. 

I 
Hence from (16) and (17), F =11 

2 

(RA + R) (RL + R) + RAR 

RAR 
R(RL+R) RL+R 

whence RA= - zRF- RL- 2R 2(F-I)-RL 
RL 

Fig. 7. Conditions in 
equalized circuit for zero 

frequency. 

I, IZ 

(18) 

The advantage of this method is that it does no` 
require a prior determination of w for f = o and, 
apart from F, involves only simple resistance values. 

Reference 
"Design of Attenuation Equalizers," by H. N. Wroe, 

Wireless Engineer, October 2946, Vol. 23, p. 272. 

THE TELEVISION SOCIETY 
A Midland centre of the Television Society has 

been formed with headquarters in Birmingham, 
and details are available from the Lecture Secre- 
tary, Dr. W. Summer, 169, Maryvale Road, Bourn - 
ville, Birmingham 3o. Meetings will be held at 
7 p.m. on the first Wednesday in every month 
except during July and August. 

PHYSICAL SOCIETY'S EXHIBITION 
The travelling -wave tube shown by Standard 

Telephones & Cables was quoted in the review of 
the exhibition in the May issue as operating at a 
frequency of Io,000 Mc/s. This figure should have 
been 3,000 Mc/s. 
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LITE RATURE 
Spontaneous Capacitance Fluctuations in Silvered 

Ceramic and Silvered Mica Capacitors. By H. F. 
CHURCH, B.Sc., Technical Report L/T 181. The 
British Electrical & Allied Industries Research 
Association, 15, Savoy St., London, W.C.2. Price 6s. 
(post 3d ). 

A catalogue describing Douglas and Macadie 
coil -winding machines has been prepared by The 
Automatic Coil Winder & Electrical Equipment 
Co. Ltd., Winder House, Douglas St., London, 
S.W.I. It gives details of the wide range of winding 
machines, including paper interleaving models 
and taping machines, which are produced by 
this firm. 
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NEW BOOKS 
"her Synchronisierung von Röhrengeneratoren 

durch Modulierte Signale 
By FRITZ DIEMER. Pp. 98 with 35 illustrations. 

Gebr. Leemann & Co. Stockerstrasse 64, Zürich 2. 
Price Fr. ro.8o (Swiss). 

This is a doctorate thesis from the Zurich Tech- 
nical Hochschule. It is well known that a valve 
oscillator can be held in synchronism by an ex- 
ternally applied voltage if the frequency deviation 
does not exceed a certain value depending on the 
oscillator characteristics and the magnitude of 
the synchronizing voltage. In this thesis the 
synchronizing voltage is assumed to be either 
amplitude or frequency modulated. If, for example, 
the carrier has been partly eliminated at the trans- 
mitter, it is necessary to re-insert it at the receiver 
and the question arises as to the ability of the 
received modulated signal to hold the locally - 
generated carrier at the correct frequency, phase, 
and amplitude. 

The first fifty-two pages are devoted to a theoreti- 
cal investigation and the remainder to the experi- 
mental verification of the conclusions. The work is 
necessarily mathematical and the reader is referred 
at the beginning to the treatment of Hill's differen- 
tial equation by Whittaker and Watson and by 
Strutt in his monograph on Lamé and Mathieu 
functions. From the more practical point of view 
special attention is drawn to several papers by 
Erdélyi in 1934 -.5 - 

Tests were made both with amplitude and 
frequency modulation and the results fully 
confirmed the theoretical conclusions. Circuit 
diagrams of the various experiments are given and 
numerous graphs of the experimental results. This 
is followed by a discussion of the technical applica- 
tions of the methods employed, and by a description 
of an actual 5-W 50-Mc/s relay station employing 
a synchronizea generator with frequency modulation. 

The booklet is well produced and constitutes a 
valuable addition to the literature of this subject. 

G. W. 0. H. 

Microwave Mixers 
By R. V. POUND and ERIC DURAND. pp. 381 + 

xii, with 221 figures. (Radiation Laboratory 
Series.) McGraw-Hill Publishing Co., Aldwych 
House, London, W.C.2. Price 33s. (in U.K.) 

This book is Vol. 16 of the M.I.T. Radiation 
Laboratory Series on radar and related techniques, 
and it covers most of the developments, chiefly on 
ro -cm and 3 -cm wavelengths, which have evolved 
during the war years, and up to more recent times. 
Although this book describes only the American 
developments, and British developments over the 
same period can by no means be ignored, neverthe- 
less the book provides comprehensively the 
theoretical and empirical data upon which mixer 
design is based, together with descriptions of 
representative mixers. 

Following a preliminary and extensive review of 
the receiver problem, of crystals, and of the principles 
of mixer design, the book describes their applica- 
tion to the design of the r.f. head for radar use. 
Thus, the functioning of waveguide and coaxial - 
line microwave circuits, including t.r. and anti-t.r. 
gas switches, and local -oscillator valves and feeds, 
are discussed and described. The book concludes 
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with a very informative discussion of the auto- 
matic -frequency control ' of microwave receivers, 
followed by a brief chapter on mixer measurements. 

There is, spread throughout the book, a very good 
theoretical and empirical analysis of the effects 
upon the noise factor of a receiver of variations in 
the design features, and also an excellent treatment 
of the significance in relation to mixer design of 
r.f. and i.f. admittances. For example, the effect 
of the local oscillator and of different forms of 
local -oscillator coupling in relation to receiver 
noise factor, and also of the relative importance 
of image -frequency terminations, are both thoroughy 
discussed. Multiple mixers for a.f.c., beacon, and 
signal circuits are described ; and an extensive 
description of the Magic -T and its applications in 
receiver design is also given. 

It is refreshing, in a text of this kind, to find 
waveguide and coaxial -line diagrams in which 
exact dimensions and mechanical tolerances are 
given. This book contains an appreciable number, 
and one could wish that even more had been given. 

It is unfortunate that this book, containing such 
excellent subject matter, is not equally well written. 
Because of indiscriminate and lengthy mixing of one 
subject matter with another, and of the lesser with 
the more relevant details, it is difficult to sort out 
any detailed information which the reader may 
require and, occasionally, to see what the author 
is driving at. There is also much repetition of 
statements of fact and of descriptions of design 
principles. Indeed, in some cases, almost identical 
sentences are repeated on different pages. 

The experienced worker who can sort out the book 
for himself will find it very useful for reference. 
The beginner will find it necessary to study the 
book completely, and not in stages, in order to 
obtain an understanding of the salient features of 
the subject. L. W. B. 

Television Explained 
By W. E. MILLER. Pp. 5o with 56 illustrations. 

Iliffe & Sons Ltd., Dorset House, Stamford Street, 
London, S.E.I. Price 3s. 6d. 

The various parts of a television set are simply 
explained and the book provides an introduction to 
television which is suited to those acquainted with 
ordinary wireless equipment. Covering the receiver 
stage -by -stage, it deals with aerials, r.f., i.f. and 
v.f. amplification, sync separation, time bases for 
electrostatic and electromagnetic tubes, cathode-ray 
tubes and power supplies. 

Radar Aids to Navigation 
Edited by JOHN S. HALL. Pp. 389+xiii with 

192 illustrations. (Vol. 2, Radiation Laboratory 
Series.) McGraw Hill Publishing Co. Ltd., Aldwych 
House, London, W.C.2. Price 3os. (in U.K.) 
Fundamentals of Radar 

By STEPHEN A. KNIGHT, F.R.S.A. Pp. 28+ vii 
with 97 illustrations. Sir Isaac Pitman & Sons Ltd., 
Kingsway, London, W.C.2. Price ros. 

Introduction to Wireless 
By W. F. PEARCE, B.Sc. Pp. 247 viii with 

175 illustrations. G. Bell & Sons Ltd., York House, 
Portugal St., London, W.C.2. Price 7s. 6d. 

197 



CORRESPONDENCE 
Letters to the Editor on technical subjects are always welcome. In publishing such communications 

the Editors do not necessarily endorse any technical or general statements which they may contain. 

Standard Terms and Abbreviations 
SIR,-Your Editorial of March 1948 on " Standard 

Terms " and, in particular, your reference to the 
faulty definition of magnetic susceptibility in the 
1936 edition of the B.S.I. glossary, prompts me 
to point out that a serious error remains uncorrected 
in the 1943 edition where mass susceptibility 
(Definition 1259) is stated to be " the quotient 
of the susceptibility and the magnetic flux density." 
Presumably the printer, seeing the word ' density' 
in the definition, thought that it must mean 
magnetic flux density, and altered it accordingly. 

Another standard term which merits consideration 
is ' magnetise ' (Definition 1254). It is the present 
practice of this firm to spell it with the -ise ending, 
following the authority of the B.S.I. glossary, and 
preserving the similarity to ' magnetism.' 

Should it be -ise or -ize ? The suffix is derived 
from the Greek -izo, therefore the Oxford English 
Dictionary gives ' magnetize', reserving -ise for verbs 
like ' advertise' and ' surprise' which do not contain 
the Greek suffix. Fowler's " Modern English 
Usage," the " Encyclopaedia Britannica," and 
most printing houses including The Times, also 
insist on ' magnetize,' which is universal in the 
United States, so often the source of spelling 
innovations. 

Treble and Vallin's " A.B.0 of English Usage " 
does 'advise' 'magnetise,' thinking it better to 

standardise' on one spelling than to insist on a 
pedantic division between those verbs which are 
entitled to -ize and those which are not. This may 
have influenced the compilers of the Glossary, but 
if I write ' magnetise' in an article for publication, 
the printer would probably correct the spelling in 
spite of the B.S.I. definition. Is it desirable that 
this should continue ? Which is the higher authority, 
B.S.I. or O.E.D. ? 

ALAN EDWARDS 
James Neill & Co. (Sheffield) Ltd., 

Sheffield. 

SIR,-As the author of " Absolute Bels " pub- 
lished in your Journal (May, 1946) I must protest 
against Mr. Odell's letter in your May issue. 

As the absolute decibel gives more information 
than the decibel, which is merely a power ratio, I 
purposely chose " dB " for the former in order to 
distinguish this clearly from the accepted nomen- 
clature of B.S.66r. The use of the capital letter 
for decibel at once removes this useful distinction. 

F. S. G. SCOTT. 
Rugby, Warwickshire. 

A Matter of Terminology 
SIR,-The publication, in your April issue, of 

two papers dealing with " polar diagrams " prompts 
me to draw your attention to the somewhat loose 
way in which this term is used by writers, and the 
consequent danger of confusion. 

I understand a polar diagram to be one in which 
a point is located by the use of polar co-ordinates- 
.a radius vector and an angle. In the case of the 
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" Polar Diagram of an Aerial," I understand that the 
angle is a direction from the aerial, but the nature 
of the radius vector is in doubt-it may represent 
field strength, power, or some function of either. 
Here is one source of confusion. 

When, in addition, I read the caption " polar 
diagram " under a diagram drawn in Cartesian 
co-ordinates, I am still more puzzled. 

Some examples drawn from the above -mentioned 
papers :- 

Page 103. " The horizontal polar diagram will be 
circular." 

This remark, taken in conjunction with Fig. 2 

(where Cartesian co-ordinates are used for a " polar 
diagram ") suggests the question " What does a 
circle look like when drawn in Cartesians ? " 

Page 114. . . a Gaussian function ... for the 
polar diagram of a directive aerial. Fig. 7 shows such 
a function." 

Fig. 7 is drawn in Cartesians. 
The author of the second article is properly 

careful as regards the captions of his figures: 
Cartesian curves are called " radiation patterns " ; 

polar co-ordinate curves are called " polar dia- 
grams." 

An Interservice committee, which started meeting 
during the war, realized this difficulty, and inserted 
the following definition in a Radio Glossary, pub- 
lished for " Service " use in October 1946. 

Polar diagram. A mathematical term for a 
diagram using polar co-ordinates. Its colloquial 
unqualified use is deprecated. 

May I suggest the use of the following terms :- 
Radiation (etc) pattern (in any co-ordinate 

system) (qualified, in addition by " horizontal," 
etc., if necessary). 

The term " polar " to be added (if necessary) if 
polar co-ordinates are used. 

Haslemere, L. H. BAINBRIDGE-BELL. 
Surrey. 

Aerial Gain and Polar Diagrams 
SIR, -I have read with interest the paper 

" Determination of Aerial Gain from its Polar 
Diagram " by J. A. Saxton, published in the April 
issue of your journal. 

In 1945 a paper on the same subject was prepared 
by S. Martin and myself as an internal report at 
S.R.D.E. In this paper we have given formulae 
for calculating the gain of a highly -directive 
aerial system derived from a knowledge of the half - 
power or half -voltage beam width of the aerial ; 

i.e., in a form corresponding to equation (31) of 
Dr. Saxton's paper. 

Dr. Saxton has considered an ellipsoid of revolution 
as the approximation to the actual polar diagram 
of a highly -directive aerial system. In our paper 
we have discussed two slightly different approxima- 
tions (a) a cone terminated by one-half of an 
ellipsoid and (b) an elongated spheroid with an 
envelope of the form E = Eo cos nB. 

It was found that the ` elongated spheroid " 
results were in very good agreement with experimen- 
tal data obtained for paraboloidal reflectors 
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whereas the " cone -ellipsoid " approximation gave 
too high gains. The gains calculated from Saxton's 
formulae appear to be slightly smaller than those 
obtained by us. In our paper calculations were 
also given of the gain of a paraboloidal reflector 
fed by a radiating waveguide as compared with 
dipole feed. 

We hope to publish these results shortly. 
B. J. STARNECKI 

Signals Research and Development 
Establishment, Christchurch, Hants. 

Intensity -Distance Law of Radiation 
SIR,-In radio work, even with centimetre waves 

and ' optical ' mirrors, it is normally assumed that 
the performance of the aerial system can be 
expressed in the usual way as a gain of so many db 
over an omni-directional aerial. This implies that 
the field -strength versus distance law is the same 
for the beam as for omni-directional radiation 
(otherwise the gain of the directional aerial would 
appear to vary at different ranges), and therefore 
the energy intensity in a beam radiated into free 
space should vary inversely as the square of the 
distance from the source. But on the other hand it has been pointed out that the beam from an 
optical searchlight maintains its intensity at a much 
higher intensity than would be indicated by the 
inverse square law. The question then arises, what 
is the dividing line between the optical case and 
the radio case ? 

If one had a perfectly parallel beam (to which the 
optical searchlight is an approximation) the cross- 
section of the beam would be the same at all 
distances and equal to the aperture area of the source, 
and the intensity would then be reduced only by 
absorption in the medium of propagation. But 
radio beams normally have a beam -width which 

can be specified as an angle ; i.e., the volume 
occupied by the beam approximates to a cone 
rather than a cylinder. In the cone, the area of 
section increases as the square of the distance, and 
the energy intensity in such a beam will obey the 
inverse square law. Now the limit to the conical 
approximation to beam ' shape is that the finite 
size of the source prevents the cone from extending 
back to its apex, and the condition for it to apply 
is therefore that the distance from the source should 
be sufficient to make the beam section large com- 
pared with the source aperture. The beam diameter 
is equal to rB where O is the angle of divergence and 
r the distance from the vertical source at the apex 
of the cone, so the condition for the inverse square 
law to apply is rO i d where d is the diameter of 
the aperture of the actual source. But O is a 
function of ratio of wavelength to aperture diameter, 
and if O is defined as the half -power point, 
O = sin-1(o.52A/d) reto.52A/d (if A, d) for ideal 
illumination of the mirror. The required condition 
is therefore o.52rA/did or o.52rA/d2 . I. An 
appropriate ' critical distance ' parameter might 
then be ra = d2/o.52A. 

Perhaps the sharpest radio beam that might be 
considered with present technique corresponds to 
A = o.or metre (r cm) and d = 2 metres. Then 
ro 800 metres. If A were increased to o. i metre 
(Io cm) with the same mirror diameter, ra would be 
8o metres. With an optical searchlight of I -metre 
diameter, and A 5 X Io -7 metre, r0n 4 x Io' 
metres. It is evident that in the optical system 
the limit is set by imperfections in the apparatus 
(e.g., finite size of light source) while in most v.h.f. 
radio systems the diffraction effect prevents the 
achievement of a truly parallel beam and introduces 
inverse square law attenuation at most practical 
working distances. D. A. BELL. 

British Telecommunications Research Ltd., 
Taplow. 

WIRELESS PATENTS 
A Summary of Recently Accepted Specifications 

The following abstracts are prepared, with the permission of the Controller of H.M. Stationery Office, from Specifications obtainable at the Patent Office, 25, Southampton Buildings, London, W.C.2, price l/- each. 

ACOUSTICS AND AUDIO -FREQUENCY CIRCUITS J. D. Cockcroft and J. Ashmead. Application 
AND APPARATUS 

589 834.-Phonograph reproducer in which the 
movements of the stylus are applied to detune 
separate high -frequency circuits, which are coupled 
to a pair of balanced diode rectifiers. 

Radio Corporation of America. Convention date 
(U.S.A.) 29th March, 1944 

DIRECTIONAL AND NAVIGATIONAL SYSTEMS 
589 8o9.-Directional receiver, for use with a beam 
transmitter, in which a rotary aerial system feeds a 
cathode-ray indicator calibrated by marker signals. 

Hazeltine Corporation (assignees of B. D. Loughlin). 
Convention date (U.S.A.) loth September, 1943. 

589 958.-Toroidal resonator which is periodically 
impulsed to control the flow of energy through one 
or other of the limbs of a forked waveguide feeding 
the aerial of a radiolocation set. 

date 27th August, 1943. 

590 065.-Directional 
positional indications 
repeated at a remote po 

Hazeltine Corporation 
and J. F. Craib). 
20th September, 1943. 

receiver in which the 
shown are automatically 
int. 
(assignees of B. D. Loughlin 
Convention date (U.S.A.) 

590 206.-Device to maintain sufficient water - 
vapour pressure in the gas -discharge tube used for 
switching the aerial feeders in radiolocation sets. 

G. B. Banks and J. Buckingham. Application 
date 11th January, 1945. 

590 260.-Automatic direction -finder in which the 
cathode-ray indication is shown as a radial line - 
trace, this being produced by periodically switching 
the steady voltages normally applied to the deflect- 
ing plates of the tube. 
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Standard Telephones and Cables Ltd. and R. F. 
Cleaver. Application date x4th April, 1945. 

590 261. -Means for repeating at a remote point 
cathode-ray indications of the kind described in the 
preceding patent (No. $90 26o). 

Standard Telephones and Cables Ltd. and R. F. 
Cleaver. Application date x4th April, 1945. 

590 413. -Directive aerial of the single -slot type 
with coupling means designed to ensure efficient 
operation over a wide frequency -band. 

Standard Telephones and Cables Ltd. and E. O. 
Willoughby. Application date Ist January, 1945. 

590 459. -Marking -out a navigational course, par- 
ticularly for surface vehicles, by radiating pulses 
in predetermined time -relation from beacon stations 
located on opposite sides of the course. 

Standard Telephones and Cables Ltd. (assignees of 
A. Alford). Convention date (U.S.A.) 8th October, 
1942. 

RECEIVING CIRCUITS AND APPARATUS 
(See also under Television) 

589 898. -Diversity receiving system in which the 
outputs from two spaced aerials are so coupled to a 
common load as to give substantially the benefit of 
a third aerial. 

Marconi's W.T. Co. Ltd. (assignees of W. I. 
Matthews). Convention date (U.S.A.) 3oth March, 
1944. 

589 968. -Automatic gain -control system, par- 
ticularly for receiving interrupted c.w. signals, 
wherein the optimum level is determined by each 
signal -impulse. 

Marconi's W.T. Co. Ltd. (assignees of R. L. 
Hollingsworth). Convention date (U.S.A.) 3oth 
December, 1943. 

590 2o3. -Impedance -transforming network, com- 
prising two coils wound partly in parallel and 
partly in series, for matching say a push-pull 
amplifier to an aerial. 

" Patelhold" Patentverwertungs etc. A.G. Con- 
vention date (Switzerland) 16th October, 1943 

590 2o9. -Diversity receiving system with means 
for automatically selecting the best signal combina- 
tion, whilst preventing signal cancellation or 
distortion. 

Marconi's W. T. Co., Ltd., (assignees of M. G. 
Crosby). Convention date (U.S.A.) 14th January, 
1944. 

590 2i o. -Frequency -discriminating circuit, com- 
prising a pair of grid -controlled rectifiers and means 
for preventing degenerative feedback, for receiving 
frequency -modulated signals. (addition to 561954) 

Marconi's W. T. Co., Ltd., K. R. Sturley and 
B. Easter. Application date 24th January, 1945. 

TELEVISION CIRCUITS AND APPARATUS 
FOR TRANSMISSION AND RECEPTION 

590 o39 Process for depositing an insulating film 
on the mosaic screen of a television storage camera. 

Cinema -Television Ltd., and R. B. Head. Appli- 
cation date loth April, 1945. 

590 215.-Transitron valve, with time -delay net- 
work, for generating equally -spaced pulses, suitable 
for synchronizing, say in television. 

E. W. Anderson and T. J. McDermott. Applica- 
tion date 16th February, 1945 

SIGNALLING SYSTEMS OF DISTINCTIVE TYPE 

590 o66. -Multi -channel signalling system utilizing 
pulse -phase modulation, with a distinctive series 
of pulsed signals for synchronizing the transmitter 
and receiver. 

D. G. Reid. Application date r5th August, 1944. 

590 o67. -Multi -channel signalling system, utilizing 
centimetre waves and sequences of pulse -groups, 
in which fixed intervals occur between individua 
pulses with variable intervals between the groups. 

D. G. Reid and P. J. Nowacki. Application date 
15th August, 1844. 

CONSTRUCTION OF ELECTRONIC -DISCHARGE 
DEVICES 

589 580. -Process for making a metal -to -metal seal 
in the manufacture of electron -discharge tubes. 

Standard Telephones and Cables Ltd., and C. N. 
Smyth. Application date r4th March, 1945 

SUBSIDIARY APPARATUS AND MATERIALS 
589 592. -Composition and preparation of crystal 
rectifiers and mixers of the silicon type. 

The General Electric Co., Ltd., C. E. Ransley, 
J. W. Ryde and S. V. Williams. Application dates 
28th May, 18th July and zoth August, 1941. 

589 6o6. -Delay network comprising polarity -revers- 
ing means for triggering a flip-flop multivibrator in 
the process of re -conditioning a train of pulses of 
irregular shape and amplitude.. 

D. G. Reid and C. C. Cradwick. Application date 
loth July, 1944. 

589 787. -Variable tuning inductance of the slide - 
wire type particularly suitable for coils of small 
diameter. 

The Plessey Co., Ltd. Convention date (U.S.A. 
5th May, 1944- 

589 935. -Shaped and perforated strip -elements 
adapted to be conveniently inter -engaged, so as to 
form a support or chassis for wireless components. 

A. M. Jones. Application date 3rd April, 1945- 

589 952. -Stack of metal -contact rectifiers so 
spaced and supported as to provide adequate 
cooling space between adjacent electrodes. 

Standard Telephones and Cables Ltd., (assignees of 
A. J. Miller). Convention date (U.S.A.) 24th April, 
1944. 

590 242. -Means for measuring the width or 
duration of rectangular pulses by applying them 
to shock -excite a tuned circuit. 

Standard Telephones and Cables Ltd., (assignees of 
E. Labin and D. D. Grieg). Convention date (U.S.A.) 
26th March, 1943. 

590 278. -Application of the " contrast -inversion " 
scanning process, as used in television, to project 
a positive picture from a cinematographic negative, 
directly after development. 

Cinema Television Ltd., and A. G. D. West. 
Application date 18th October, 1944. 
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