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Editorial. 
A Chapter in the History of Radio Measurements. 
AT an international conference in con- 

nection with the accurate determina- 
tion of time held in Paris in October, 

1912, Prof. Schmidt of Halle, and Dr. Robert 
Goldschmidt, of Brussels, proposed the 
formation of an organisation to co-ordinate 
the efforts which were being made in various 
countries to investigate the propagation of 
radio waves and to develop radio measure- 
ments. Dr. Goldschmidt not only placed 
his powerful transmitting station and labora- 
tories at Laeken, near Brussels, at the disposal 
of the organisation, but gave 50,000 francs 
to cover the preliminary expenses. In 
October, 1913, a meeting was held in Brussels 
at which Mr. Duddell was elected President, 
Prof. Max Wien vice-president, and Dr. 
Goldschmidt secretary ; the other members 
of what became known as the International 
Scientific Radiotelegraphic Commission were 
as follows :-Abraham (Paris), Ferrié (Paris), 
Benndorf (Graz), Schmidt (Halle), Vanni 
(Rome), and Wulf (Holland). 

A provisional programme was drawn up 
and consisted of four items, viz. : (1) To 
determine the best means of ensuring con- 
stancy in the signals sent out from Laeken ; 

(2) to make relative measurements of the 
variation in signal strength from day to 
day at different receiving stations and with 
different wavelengths ; (3) to compare signal 
strengths in different directions and at 

different distances ; (4) to make simultaneous 
measurements of atmospheric disturbances. 

In each country represented on the Com- 
mission a national committee was set up, 
the British National Committee being con- 
stituted as follows : Mr. Duddell, Dr. Eccles, 
Prof. Howe, Sir Oliver Lodge, Prof. Marchant, 
Sir Henry Norman, Prof. Thompson. This 
committee met several times during 1913- 
1914, and discussed, among other things, 
the efforts of several of the members to 
measure the strength of the signals emitted 
by Laeken and by the Eiffel Tower. The 
Commission met for the second time at 
Brussels on the 6th, 7th and 8th of April, 
1914 ; the writer was unable to be present, 
but England was represented by Messrs. 
Duddell, Eccles and Marchant. In June, 
1914, was published the first Bulletin of the 
Commission containing an account of the 
proceedings at the two meetings. This 
first Bulletin was destined to be the last, 
and its ambitious plans for international 
co-operation in radiotelegraphic measure- 
ment were completely shattered by the out- 
break of war within two months of its 
publication. On the approach of the German 
army the transmitting station at Laeken 
was completely destroyed. When conditions 
once again permitted the resumption of 
such schemes of international co-operation 
in radiotelegraphic measurement, the sub- i 
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ject had developed in a way which could 
not have been foreseen in 1914. 

As very few of our readers will have seen 
a copy of the Bulletin, or even have heard 
of the Commission and its short-lived 
activities, we thought that it would be of 
interest to recall this pre-war organisation 
and to devote a few pages to describing 
what was done by the members of the British 
National Committee during the spring of 
1914. 

The transmitter at Laeken employed a 
spark gap consisting of a copper tube with 
its axis normal to a copper plate ; the spark 
jumped from the end of the tube to the 
surface of the plate. The tube formed a 
nozzle for a powerful air blast which played 
directly on to the plate and escaped radially. 
The oscillatory spark -gap circuit was loosely 
coupled to the aerial which was tuned to the 
same frequency. The wavelength employed 
was 3,50o metres. The results obtained from 
this station were not so good as those ob- 
tained from the Eiffel Tower spark trans- 
mitter, which worked on a wavelength of 
2,200 metres and which sometimes, thanks 
to the co-operation of General Ferrié, sent 
out a succession of io -second dashes. 
Measurements were made by Mr. Duddell 
at his laboratory in Victoria Street, London, 
by Prof. Marchant at Liverpool University, 
and by the writer at South Kensington. 
Whereas the two former members, in com- 
mon with all the other observers, used some 
form of detector in combination with a 
delicate galvanometer-Prof. Marchant ob- 
tained photographic records by means of 
an Einthoven galvanometer-the writer 
measured the high -frequency current set 
up in the receiving aerial by means of a 
thermo-galvanometer, and thus made a 
direct measurement of the energy collected 
by the receiving aerial from the passing 
wave. 

The aerial employed consisted of a single 
No. 14 copper -coated steel wire suspended 
from the tower of the Imperial Institute, 
26o feet above the ground and carried in a 
single span of 53o feet to a chimney stack 
on the City and Guilds Engineering College. 
It had a fundamental wavelength of 900 
metres, and was connected to earth through 
several tuning coils wound with 27/36 
multiple -stranded silk -covered wire. These 
coils formed the primary winding of a variable 

mutual inductance, the secondary of which 
was wound with similar wire ; the object 
of this will be seen in a moment. When the 
aerial is tuned to exact resonance with the 
received wave it acts as a non -inductive 
resistance Ra ; Ra is the equivalent resist- 
ance of the aerial. If now the heater of a 
thermo-galvanometer is inserted between 
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the aerial and earth the aerial current is 
reduced from E/Ra to E/(Ra-{-R;), where 
R. is the heater resistance. Although the 
total energy E2/(Ra+R,) abstracted from 
the wave is reduced, that supplied to the 
heater increases as R. is increased until it 
reaches a maximum when R. = Ra. As 
R; is still further increased, I2R, decreases. 

Although the writer was fortunate in 
possessing a very sensitive Duddell thermo- 
galvanometer, the resistance R, of its heater 
was 1,175 ohms, which made it quite un- 
suitable for inserting directly in the aerial. 
The heater was therefore coupled to the 
aerial by means of what was really a current 
transformer ; it was connected between 
the terminals of a coil of inductance L 2, 

which was coupled to the aerial tuning coil. 
If the mutual inductance is M it is easy to 
show that this is equivalent to inserting a 
resistance directly in the aerial, where 

uw2M2 
R, =R,Ri2+W2L22 

We neglect the resistance of the coil in 
comparison with that of the heater, and 
we neglect the error due to the wave being 
damped and not continuous. Any effect 

-Ra- 
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of the coupling on the tuning of the aerial 
can be corrected by retuning. It will be 
seen that by varying M, that is, by varying 
the coupling between the coils, the equivalent 
resistance inserted in the aerial can be 
varied. By adopting this arrangement we 
were enabled to determine not only the 
power, and thus the E.M.F. induced in the 
aerial, but also the equivalent resistance of 
the aerial. To determine the latter, it was 
only necessary to vary Rf until the maxi- 
mum power was absorbed by the heater ; 

that is, until the deflection was a maximum ; 

this occurs when Ri' = R. 
We shall illustrate the method by giving 

the results of a test made on long dashes 
sent out from the Eiffel Tower at a wave- 
length of 2,200 metres, with about 45 
amperes in the transmitting aerial between 
7 and io p.m. on Thursday, 26th March, 
1914. The calibration of the thermo- 
galvanometer gave the result I = 5.781/0, 
where O is the deflection in mm. and I is 
in microamperes ; a deflection of 5o mm. 
was thus obtained with a current of 41 
microamperes. The results of the measure- 
ments are given in the table ; L1 is the 

L1 L2 M O R,' I, I, P 

µH µH µH mm ohms µA µA µW 
184 211.6 112 42 7.65 37.5 465 1.65 
184 1,850 285 65 18.0 46.7 377 2.55 
184 2,850 365 75 29.5 50.1 316 2.96 

184 1,850 175 24.5 6.77 28.8 379 0.97 
1,600 1,850 1,260 31.5 352 32.5 59.5 1.24 
1,600 1,850 890 58 176 44.1 114 2.28 
1,600 1,850 470 88.5 48.8 54.5 267 3.48 
1,600 1,850 228 42 11.54 37.5 377 1.64 

self inductance of the primary coil ; that is, 
of the part of the aerial tuning inductance 
which was used for coupling ; L2 the self 
inductance of the secondary coil, and M 
the mutual inductance between them ; the 
value of M was read off a calibrated scale. 
I2 is the current in the secondary circuit 
as determined from the deflection B, and 
I1 the corresponding aerial current. This 
can be calculated from the equation /12R,' 
= I22R,, the right-hand side being the 
actual power dissipated in the heater and 
the left-hand side its primary equivalent. 
The last column gives this power P in 
microwatts. 

Since I1 = E/(R, + Re') where E, the 
E.M.F. induced in the aerial, and the re- 
sistance R, may be regarded as constants, 
a straight line should be obtained on plotting 
1 /h against R.'. Fig. 1 shows that although 
the observations cannot be regarded as very 
accurate they enable R. to be determined 
fairly accurately by producing the line 
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backward to meet the base ; the value 
obtained is about 49 ohms. The ordinates 
of Fig. 2 represent the power supplied to the. 
heater of the thermo-galvanometer and it 
is seen that this reaches a maximum of about 
3.5 microwatts when the equivalent re- 
sistance inserted in the aerial is equal to 
the equivalent aerial resistance. 

Since 

E=I1(R,+Ri')= RÌ%IR` =cotan a (Fig. 1), 
1 

the E.M.F. induced in the aerial Could 
be determined to a high degree of ac- 
curacy ; in the present example it was 
24.4 millivolts. It must be remembered, 
however, that, although the current in the 
Eiffel Tower aerial was always adjusted to 
45 amperes, the observations on Fig. 1 were 
spread over about three hours ; the rela- 
tively small deviations from the straight 
line indicate that the transmission con- 
ditions remained fairly constant during 
this period. These measurements were made 
on the evening of 26th March, the results 
were worked out and sent to Mr. Duddell 
on 3rd April, and communicated by him 
to the Commission at Brussels on 7th April. 
In a letter Mr. Duddell said : " They created 
considerable interest as they were the only 
results in which an actual measurement 
of the power received in the aerial had been 
made." We fear that it would be prac- 
tically impossible to use the same method 
at the present day, as the receiving aerial 
was very flatly tuned and susceptible to 

C 2 
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interference. In 1914 the ether was com- 
paratively empty, and few of the ro -second 
dashes were missed owing to interference ; 

when it did occur it was usually due to the 
Admiralty station in Whitehall, and one 
immediately switched off to prevent the 
heater of the thermo-galvanometer being 
burnt out. 

The following extract from the Bulletin 
of the Brussels meeting is of historical 
interest : "Ala fin de la séance, M. Drumaux, 

dans un exposé remarquable, décrit le 
renforçateur ` von Lieben -Reiss,' avec lequel 
il a fait d'intéressants essais, en vue de la 
résolution du problème de la téléphonie 
avec fil à grande distance. Cet appareil 
est certainement appelé à rendre de grands 
services également en télégraphie sans fil." 

This was the thermionic valve amplifier 
just appearing on the horizon. 

G. W. O. H. 

. A Direct -reading Valve Tester. 
By Marcus G. Scraggie, B.Sc., A.M.I.E.E. 

IT is quite a simple matter, given a 
generous array of multi -range instru- 
ments, to measure the characteristics 

of a valve. The usual methods, however, 
are not ideal unless time is no object and 
great precision is required. There are many 
circumstances in which a comparatively 
rough measurement is all that is required, 
provided it can be performed in a few 
seconds and without the risk of bad errors 
due .to mental calculation. When this can 
be done, and with equipment that is not 
unduly lavish, then the method can be con- 
sidered useful to those persons who wish to 
check the characteristics of more than a 
very few valves. 

Before going on to describe an instrument 
which fulfils these requirements, let us be 
perfectly clear as to what one wants to 
measure. The most important character- 
istic of a valve is the relation between anode 
current and anode and grid voltages. There 
are innumerable other characteristics which 
it would be possible-and doubtless very 
interesting-to observe, but for rapid tests 
they cannot be considered. This funda- 
mental relation between the three above - 
mentioned variables is represented graphically 
by a surface in three dimensions, but as 
it is not generally convenient to employ 
a sculptor for the purpose of portraying 
one's valve characteristics, a quicker but less 
expressive method is adopted by drawing the 
profiles of various cross -sections of such a 
surface, which then appear as the valve 

curves of commerce. By drawing a number 
of these curves on a sheet of paper, a clever 
person is able to fill in the gaps mentally 
and get quite a clear picture of the electrical 
behaviour of the valve. If the cross-section 
is taken at right -angles to the anode voltage 
axis (which is equivalent to considering the 
anode voltage to be constant at some amount 
represented by the distance of the section 
from the origin of that axis), then the profile 
of the section takes the familiar form of a 
grid voltage/anode current curve. Other 
such curves are formed by taking sections 
representing other fixed anode voltages. 
If, on the other hand, the sections are taken 
at right -angles to the grid voltage axis, then 
one obtains the outline of anode current/ 
anode voltage curves ; a less familiar but 
more useful type than the previous one. 
The curves obtained by taking sections at 
right -angles to the anode current axis are 
not commonly drawn out, but are indirectly 
used, as will be explained later. 

Though more practical than a solid model, 
even a set of curves involves some labour, 
and is out of the question for rapid testing, 
because even if an automatic curve tracer 
is used for speeding up the job, it is not 
always immediately obvious which of two 
curves refers to the better valve, particularly 
if they are plotted to different scales. So 
it has become customary to specify three 
so-called constants ; anode impedance or 
slope resistance, magnification ratio and 
mutual conductance. There is an unfor- 
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tunate lack óf standardisation regarding 
these cumbersome terms and the symbols 
used to represent them, but in this article 
they will be referred to as R µ, and G 
respectively, and the three important vari- 
ables related in the characteristic surface, 
namely, anode amperes, anode volts, and 
grid volts, as i,,, v., and V. 

The three " constants " are in reality very 
far from being constant for a given valve, a 
fact which is often obscured when ascribing 
figures to a particular type of valve. Of 
the three, µ is the most nearly constant. 
R. decreases as v, and v, increase ; while 
G, which is not independent but is equal to 
µ/R consequently increases. A useful 
amount of information is, however, provided 
by measuring two of these quantities (from 
which the third follows) at some known 
setting of v, and v,. The fact that is so 
nearly constant over a wide range of v, and 
v, makes it possible to simplify matters 
somewhat. The anode current i, is a 
function of (v, + µv,) ; hence it is con- 
venient to consider the " lumped voltage " 
v, _ (v, µv,), for whatever the values 
of v, and v within limits, a given value 
of v, will result in very nearly the same 
values of R. and G. So it is not necessary 
to specify all the possible settings of y, and 
y, corresponding to a certain R. and G ; 

a single v, covers them all. 
It has already been mentioned that there 

are three main types of valve curves, and 
the three " constants " are derived one from 
each of these types. R. is the slope of 
the v,/i, curve ; G is the slope of the i,/v, 
curve, and p, the slope of the v,/v, curve. 
The slopes would, of course, only be constant 
if these curves were straight lines throughout 
their lengths, whereas that is far from being 
the case. It is necessary, therefore, to 
measure them at the particular points 
corresponding to the settings at which 
the valves are to be worked. A valve used 
as an anode rectifier, for example, has a 
higher R. than the same one used as an 
amplifier, because it is worked at a bend 
where the slope is less. This makes it 
necessary to apply some thought to the 
common cases where the same valve is used 
for both purposes, and not to fall into the 
error of applying the figure for R. measured 
under normal amplifying conditions to a 
valve worked at the lower bend. 

There are various methods of measuring 
R µ, and G. The subject offers splendid 
scope to the theorist for applying the differ- 
ential calculus, but for practical purposes 
it is sufficient to measure two points on the 
curve, one a little below and the other a 
little above the point of reference, and to 
assume that the slope of the straight line 
joining these points is the same as the slope 
of the curve at the point of reference. An 
example will make this clear. A valve is to 
be used as an amplifier with a lumped 
voltage of 6o. To find the R. at this voltage, 
the v,/i, curve at v, = o may be drawn 
from readings, as in Fig. i. (Note that it 
is more usual to plot it as an i,/v, curve, 
which means that the slope has to be con- 
sidered relative to the ordinate instead of 
the abscissa). Then R. is the slope of the 
tangent to the curve at the point where 
v, is 6o. On the other hand, it is much 
quicker and nearly as accurate to measure 
i, at 5o and 7o volts and divide the differ- 
ence in voltage by the difference in current, 
say, 0.70 mA or 0.0007 amp. 

R. = Zo = 28,600 ohms 
00007 

The same applies to the measurement of 
p. and G. It is obviously not necessary to 
measure more than two, as the third follows 
from µ = GR,. It is also clear that these 
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three quantities are arbitrary, in that one 
might equally well consider their reciprocals ; 

thus the anode conductance might be used 
instead of the anode resistance, being the 
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slope of the is/va curve, which is the more 
usual form for expressing this relation. 

The most important of the three for 
purposes of design is R as it largely deter- 
mines the correct anode load or amplifier 
coupling. Of a number of valves equal as 
regards R the choice then falls on the one 
having the largest G. A convenient form 
of test measures Ra primarily and G 
secondarily ; µ may then be derived if 
desired. 

The straightforward test consists, as has 
just been described, of four readings, two 
subtractions, and a division. It would be 
much simpler to boil this down to one reading 
and no calculations. With a view to ex- 
ploring this possibility, the is and Ra at a 
fixed v, of a very large number of valves 
were measured ; valves of almost every 
type-tungsten, thoriated and coated fila- 
ments of 2, 4 and 6 volts ; power valves and 
extra high resistance -coupling valves ; old 
French Rs and LS5A's. Ra and the recipro- 
cal of is for all these were plotted on 
logarithmic paper ; three sets of points 
corresponding to v, of 5o, ioo, and 15o volts. 
Some of the low resistance valves were 
omitted in the 15o -volt set as they showed 
signs of saturation. As had been hoped, 
the points in a given set were grouped fairly 
close to the best straight line through them, 
and the three lines corresponding to the 
three sets were practically parallel. The 
most extreme cases could be covered by a 
band of about ± Io per cent. about the 
central line, and the majority were much 
closer. Hence to obtain a measurement of 
Ra to this accuracy (which is sufficient for 
most purposes) it is only necessary to measure 
is at the v, in which one is interested. 

An attempt to differentiate between 
thoriated and coated filaments, and between 
2 and 6 volt filaments, did not lead to very 
definite results, but there are indications 
that for a given va/ia coated filament valves 
have a somewhat lower Ra than thoriated. 

If VL is the lumped voltage chosen and 
I. the corresponding anode current, then 
the best lines arrived at experimentally can 
be defined very closely by the empirical 
relation 

Ra-o.6VL 
Ia 

It must be confessed that it was not until 
an attempt was made to reconstruct the 
generalised valve curve from this equation 
that it was realised that the foregoing work 
amounted to an experimental verification 
of the familiar expression for the anode 
current of a valve- 

-= A (va+I.L.v,)B= Ay, B 

where A and B are constants. The latter 
is often assumed to be 1.5, but has been 
placed by various investigators at values 
between 1.5 and 2. It is not in actual fact 

Fig. 2. 

a constant, but is itself to some extent a 
function of v, ; hence the disagreement. 
Assuming our experimental equation, we have 

dv, o.6va 
dia is 

and solving is = Cvo e, thus giving an 
index for average valves of 1.67. This 
result, though perhaps outside the scope of 
this article, has been included as being of 
somé general interest. 

The general scheme of an instrument for 
giving direct readings of Ra on these lines 
is obvious, and a convenient practical 
arrangement will be described shortly, but 
in the meantime let us consider an extension 
of the method for the purpose of indicating 
G also. It would be possible to provide 
means for impressing a known negative bias 
on the grid of the valve (which has been held 
at zero potential for the measurement of 
R.), say one volt, and the resulting drop in 
anode current would be a measure of G. 
This method necessitates a voltmeter for 
ensuring that the correct bias is applied, 
and also a special biasing battery. Both 
these extras are dispensed with by utilising 
the principle of automatic grid bias, which 
also carries with it the important advantage 
that the amount of the bias is always suited 
to the type of valve being tested. The 
principle of this method is illustrated in 
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Fig. 2, where a resistance R, which is normally 
short-circuited by a push-button switch is 
shown interposed between negative H.T. 
and filament. The grid of the valve is 
connected to negative H.T. A milliammeter 
indicates the anode current at zero grid 
potential, and can if desired be made to 
read R. direct in ohms. A better method 
will be described further on. If now the 
push-button be pressed, putting R in circuit, 
the grid will be biased negatively, and the 
anode current will consequently be reduced. 
The drop in current is related to the G of 
the valve, as will now be shown. Let Il be 
the anode current with the resistance R 
shorted, and consequently with an anode 
voltage V, (say) and a grid voltage of zero. 
When the resistance R is inserted, the 
current falls to I2 and the anode voltage is 
then V.- 12R and the grid voltage is - I2R. Now, from the definition of it it 
follows that the drop in anode volts I2R is 
equivalent to a drop in grid volts of I2R/µ. 
The effect, therefore, is the same as that due 
to a grid voltage of - I2R (i -{- i/µ), the 
anode voltage being maintained at Va. G 
is defined as the change in anode current 
divided by the change in grid voltage 
responsible, at constant anode voltage. 
(To the mathematician this is an inexcusably 
loose statement, as it only gives a rough 
average over a portion of the characteristic 

curve instead of the more elegant 
dv 

but 
0 

is nevertheless well suited to practical 
requirements). 

Thus G = (I, - I2)/I2R (I + I/p) 
= (I, - I2)/I2R (I I/GRa) 

I = (I, - I2)/I2R (G 

and G=I1-I2-I 
I2R Ra 

If I/Ra is neglected and the milliammeter 
(Fig. 2) is controlled by a variable shunt, 
so that for every valve the needle is brought 
to a fixed mark by the current Il, then the 
scale can be marked off to read G directly 
when the button is pressed. For example, if 
R is 1,000 ohms and on pressing the button 
the current is reduced to two-thirds of the 
original value, then G = 1/2,000, or in more 
usual units 0.5 milliamps per volt. A table 
can be drawn up in this way connecting (I,- I2)/I2R and G, and the instrument 
calibrated accordingly. The error due to 

the neglect of i/R, obviously is most serious 
when R. is small. Thus if in the above 
example, R, is 4,00o ohms, the correct value 
of G is only 0.25 mA per volt. As R, is 
presumed to be already measured, it is not 
a difficult matter to make this correction. 

Having now discussed the matter theoreti- 
cally, a practical form of apparatus will 
be described in which the foregoing calcu- 
lations are made absurdly simple. The 
gear involves only one measuring instrument, 
apart from any that may be used for testing 
filament consumption, etc. The circuit dia- 
gram is shown in Fig. 3, and the numerical 
values of the components are those suitable 
for testing almost any type of receiving 

Fig. 3. 

valve, ancient or modern. V and A are 
low consumption meters, Weston type 301 
reading up to 6 volts and i ampere respec- 
tively for setting to the correct voltage and 
checking the current. The filament rheo- 
stat R2 is of the Burndept dual type with 
a graded element ; maximum resistance 
6o ohms. mA is a milliammeter reading 
up to I mA full scale when the potentiometer 
shunt R3 is at its maximum. It can easily 
be shown that when connected as illustrated 
the full scale current of the meter is in- 
versely proportional to the resistance to the 
left of the slider, and hence if the resistance 
is uniformly wound the scale of the shunt 
when calibrated to read R, direct in ohms 
is linear. " Full scale " need not necessarily 
be what is usually understood by that term, 
but any convenient mark. Thus Fig. 4 
shows a suitable form of calibration for the 
meter and shunt. The latter is a Burndept 
rotary potentiometer uniform with the 
filament rheostat, especially wound to 64 
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ohms, and is calibrated o -6o,000 ohms. 
The outer concentric scale is the reciprocal 
of the inner, so gives the correction to be 
subtracted from the value of G indicated 
by the meter. When the shunt is adjusted 
so that the milliammeter needle is brought 
to the prominent mark towards the right 
of the scale, then Ra can be read off directly 
in ohms. The procedure in testing a valve 
is first to adjust the filament to the correct 
voltage ; then if the valve is to be tested 
for normality the shunt is set to the normal 
Ra (the scale may be marked with the names 
of various types of valves according to this 

Fig. 4. 

value), and the pointer indicates the varia- 
tion from normal. Before actually taking the 
reading the safety resistance R4 is shorted out 
by the key K,, after it has been noted that the 
anode of the valve is not touching the grid or 
filament, which would be indicated by an 
unduly high reading on the milliammeter. 
The needle is then brought to the central mark 
(the shunt pointer then reads actual Ra) 
and the key K2 pressed, putting resistance 
R1 of r,000 ohms into action. The needle 
of the milliammeter will then take up a 
new position indicating G on the lower scale. 
Finally this value of G is corrected by sub- 

tracting from it the amount indicated 
by the pointer of the shunt. It will be noted 
that a disconnection or misconnection of 
any of the elements of the valve will be shown 
up by one or other of these tests. µ if 
desired is obtained by multiplying Ra and 
G already found, being, of course, in amperes 
per volt for this purpose. 

A little refinement that is useful concerns 
the value of R4. The accuracy of the 
instrument obviously depends on the anode 
battery being maintained at Zoo volts (or 
whatever figure is chosen). R4 is therefore 
made of such a value that with anode and 
filament valve sockets joined and shunt 
slider at maximum (right), the milliammeter 
reads full scale, or any convenient mark, 
when the battery is correct. It is inadvis- 
able to press K1 when making this pre- 
liminary test. 

It is possible for a relatively unskilled 
operator to test valves very rapidly using 
this apparatus, which is not by any means 
costly, and its convenience outweighs, for 
many purposes, its limitations as regards 
accuracy. For example, if it is desired to 
pick a particularly good valve out of a 
dozen samples, it would be quite tedious 
to do so by the more usual methods. Or 
if one does a large amount of experimental 
work with apparatus involving valves, it is 
extremely irritating to find one's results 
vitiated by the presence of a valve past its 
prime. The test -gear just described is so 
rapid that it is no hardship to make a practice 
of testing all valves before each experiment. 
The details of construction may, of course, 
be adapted to the particular requirements 
of the situation. 



I. 
LOOP PERMEABILITY. 

IN view of the frequent use of iron -cored 
chokes and transformers with a direct 
current through the winding, there seems 

some need for considering the appropriate 
properties of iron used in such instruments. 

As explained in a recent Editorial,* when, 
in addition to the applied alternating 
fluctuations, there is a direct current through 
the winding producing a constant flux 
through the core, a cyclic curve representing 
the alternating fluxes must be drawn about 
some point on the B-H diagram given by the 
magnetic condition of the iron. 

This part of the paper is concerned with the 
property of the iron when there is a direct 
current maintaining a constant H in the 
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Loop Permeability in Iron, and the Optimum 
Air Gap in an Iron Choke with D.C. Excitation. 

By A. A. Symonds, M.A. 

induction, denoted here by 8B, as being 
considerably smaller than the D.C. com- 
ponent. In the experimental work to be 
described the R.M.S. value of 8B never 
exceeded 20 per cent. of the D.C. induction.* 
With values of SB nearly equal to or larger 
than the D.C. component of induction, ex- 
traordinarily shaped curves occur,- but these 
are not dealt with here. 

Ewing has shown$ that loops of the sort 
we are dealing with are always lenticular in 
shape, very narrow, and materially inde- 
pendent of the frequency, and that their 
mean slope is far less than the slope of the 
reversal curve at the point where they are 
taken. Also the form of the loops assumed 
for relatively small amplitudes of SB is 
nearly obliquely symmetrical with respect 
to local axes of B and H, see Fig. i, so that 
if 8B is a simple harmonic variation of 
induction with time, then the corresponding 
variations of magnetic force, SH, will have 
only odd harmonics, and one can assume 
that the current is a simple harmonic 
function of time with a maximum given by 
the appropriate value of 8H. Thus to a 
degree of accuracy which the above simpli- 
fication allows, the only important quantity 
is the slope of the major axis of the loop, 

8 SB/SH. This is the loop or incremental 
permeability of the iron, and is written 

With this view of the loops they will 
appear to differ only in the slope of their 
axes, and as is shown by Ewing4 this 
decreases from a maximum in the neigh- 
bourhood of B = 5,000 lines per cm.2 
roughly as the slope of the reversal curve 
decreases. Below this value of B it decreases, 
and µ' is certain to decrease also, for it is 
obvious that if SB is considerably smaller 

H AMP. BURNS PER Cm. 

Fig. 1. 

iron. The complete solution of the problem 
requires knowledge of all the cyclic curves 
and local loops in the iron over the range 
of operation, and the previous history 
of the iron with respect to the D.C. 
component of induction, and, in addition, 
the phase and magnitude of the A.C. 
component. This is not attempted. The 
problem is limited by taking the D.C. 
component of induction as being defined by 
the reversal curve for the iron, and the 
amplitude of the alternating component of 

* E.W. & W.E., Feb., 1928. 

* The experimental work was carried out at the 
Cambridge University Engineering Laboratories. 

1 " Hysteresis Loss in Iron taken Through 
Unsymmetrical Cycles of Constant Amplitude," 
M. Rosenbaum, J.I.E.E., Vol. 48, PP. 534-545. 

$ " Magnetic Induction in Iron and Other 
Metals," by J. E. Ewing, 3rd Ed., Sections 77 and 
78. 
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than B, µ' cannot be greater than µ. No 
quantitative measurements were, however, 
made at these low inductions. Spooner has 
given a method of calculating µ' very 
approximately,* and a few experimental 
figures ; but his method of measuring 
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Fig. 2a. 

8B/8H is complicated by other objects in 
view, and the accuracy attempted is not 
great. 

In connection with the above simpli- 
fication it is interesting to note that the 
slope of the axes of local loops is not much 
changed when the induction in the iron is 
very far from being defined by the reversal 
curve. In the experiment to be described 
a reading for µ' was taken for a certain 
value of D.C. induction which, since the iron 
had been demagnetised by reversals, would 
be as defined by the reversal curve. The 
direct current was then increased by 5o 
per cent. and reduced again to its original 
value, and the resulting µ' was inappreciably 
changed when the induction for which the 
measurements were made was less than 
II,000 lines per cm.2 Since the moment of 
closing, the switch, and hence the transient 
conditions of current, had no apparent 
effect on µ', it is reasonable to suppose that 
the A.C. loops in the iron do not follow any 
rigorously defined paths till after some 

* J.Am.I.E.E., 1923, PP. 42-47- 
t Physical Review, 1925, pp. 527-539. 

cycles of A.C., and in evidence of this is the 
fact that the mean slope of a small change of 
induction varies, falling off in value after 
the first change till it finally takes up some 
constant value. T. Spooner has given 
quantitative measurements of this falling 
off in value of µ', showing the change to be 
some 20 per cent., and to become constant 
after about 5o cycles.. Thus 8B/8H has 
different values-one for the case of a single 
reversal of a small current and another for 
the case of a continuously applied A.C. 

The values of 8B/8H for Stalloy, with the 
meaning and limitations already discussed, 
are given in curves in Fig. 2, (a) and (b), 
where, to facilitate their use in practical 
design, the units of magnetic force used are 
ampere turns per cm. of iron. These units 
are used in the curves throughout the paper ; 

the change to absolute units is easy as one 
has only to use the factor 47r/1o. 

The loop reluctivity p' corresponding to 
the loop permeability µ' is shown in Fig. 3. 

These curves were taken by measuring the 
alternating current necessary to produce a 
selected virtual voltage across the terminals 
of a transformer, through one winding of 
which a known direct current C was passing. 
The circuit used is shown in Fig. 4. 

The iron was 27.9 cm. in length and 4.97 
cm.2 in cross section. Two windings were 
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employed, a primary of i,000 turns and a 
secondary of 200 turns, tapped at convenient 
stages. 

A winding of sufficient section to carry 
both the alternating and direct currents 
necessarily occupied a considerable space. 
When there is a direct current in the winding 
8B/8H is not very large, so that the in- 
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ductance is appreciably affected by stray 
fluxes, and thus it was necessary to measure 
the fixed alternating P.D. (V2, Fig. 4) across 

cross section, at ioo cycles. This method 
of giving the results provides a convenient 
means of determining the 8B that will occur 

TABLE A. 
Showing the method of deriving SB/8H from experimental data. 

C Vz Na 8B R V1 8I 8(11\711) CNIl 
8B 
bil 

µ 

note) 

.1 I 40 890 21.3 .96 .0451 1.61 3.58 S52 440 

NOTE.-In the last column but one, as throughout this paper, 8H is in ampere -turns per cm. ; in the 
last column µ" gives the corresponding value if SH is in the usual absolute units. 

a separate secondary. This secondary was 
wound as close to the iron as possible. 

The value of the alternating current 81 
producing the 8H was obtained by measur- 
ing the voltage across a known resistance 
R by means of a thermionic voltmeter V, a 
condenser of 4µF. capacity being included in 
the circuit to exclude the D.C. drop across R. 

A D.C. ammeter, as shown at C, and a 
reversing switch (not shown) for the purpose 
of removing residual magnetism from the 
iron when so desired, were included. 

The D.C. ampere turns per cm. in the 
primary of 1,000 turns are known, and 8B 
was obtained from V2 since we have, 

V2=ASBN221rn X ro -8, 
where A = cross section of the iron, 
and n = cycles per sec. 

Table A gives a sample of the reduction 
of results, where the experimental readings 
were collected and the conversion to 8B/SH 
carried out. The A.C. supply was at 90 cycles. 
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The values of 8B given in the curves I, 
II, III, and IV correspond to selected 
applied E.M.F.'s of .56, 1.12, 2.2 and 5.6 
volts R.M.S. per z,000 turns per cm.2 of iron 

for any given values of dimensions, turns, 
applied E.M.F. and frequency. 

N2.200 N1 =1000 
TURNS TURNS 

4 mfds 

Fig. 4. 

II. 
THE OPTIMUM AIR GAP. 

It will be seen from Fig. 2 how µ' decreases 
as the D.C. excitation increases, and this 
explains the falling off in inductance of iron 
cored chokes and transformers, as is shown 
in a paper recently published by L. B. 
Turner.* It is the object of this part of the 
present paper to consider the application of 
the experimentally determined specific pro- 
perties of the iron in the determination of 
the optimum air gap for a core, and the 
value of the consequent inductance. This 
inductance will be the maximum obtainable 
from the iron core for the assigned conditions 
of turns and direct current. Conversely, 
given any fixed direct current, the number 

* " Measurement of a Stalloy Core with D.C. and 
A.C. Excitation," L. B. Turner, E.W. & W.E., 
Oct., 1927. 
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of turns for any required inductance can be 
found, and the correct air gap.* 

Suppose we apply a direct current to an 
iron cored choke with a small air gap cut in the 
iron. Consider any fixed value of induction 
B throughout the magnetic circuit ; we have, 

M = Hil + Ba 
where M = the M.M.F. required. 

Hi = the magnetic force in the iron. 
l = the length of the iron. 
a = the length of the air gap. 

Hi is given by the reversal curve for the 
iron for the value of B considered, so that 
the consequent loop reluctance of Stalloy 
with this induction can be found from Fig. 3. 
Thus for a change of induction SB, 

SM = p'l6B + a6B 
and hence, writing 11M1/í = ni, 

SB/Sm =11(p' + all) .. .. (1) 

This 8B/8m obviously depends on the 
value of In, and curves between 8B/8m and 
m are shown in Fig. 5 for various constant 
ratios of air gap length to iron length all. 
These curves are obtained by the use of 
Fig. 3 and equation (1), since for any B we 
know the value of Hi from the reversal 
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curve. As would be expected, these curves 
begin more or less flattened at low values of 

* The method employed for obtaining the maxi- 
mum SB/SH is similar to one given in the Editorial, 
loc. cit., from a paper, " The Design of Reactances 
and Transformers with Superposed D.C.," C. R. 
Hanna, J.Ani.I.E.E., Feb., 1927. 

m when the loop reluctance in the iron will 
be small and the constant air gap reluctance 
relatively large. 

Considering any constant m, Fig. 5 shows 
what value 8B/8m will have for any of the 
air gap ratios for which curves are drawn, 
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Curves (I), SB = 89 R.M.S. lines per cm.2 
Curves (4), SB = 890 R.M.S. lines per cm.2 

and by drawing the envelope to the curves 
shown in Fig. 5 we get a derived curve show- 
ing the maximum 8B/8m that it is possible 
to obtain for any given m. 

On the assumptions made with regard to 
local loops on the B-H curve we can 
define the inductance of a coil with an iron 
core as the rate of change of flux turns with 
current. 

1000 

L = d(çN)/dI 
so that for a composite iron and air gap core 

N2 
L = Al SB/Sm X 10-2 henries .. (2) 

where A = cross-section of the core. 
N = total number of turns. 
m = M.M.F. per cm. of magnetic cir- 

cuit length, in amp. turns per 
cm. units. 

Now with the aid of the envelope of Fig. 5, 
obtained for the appropriate value of SB, 
it is a simple matter to take any constant 
direct current and with the help of (2) to 
plot inductance per unit area of cross-section 
and length of core, against number of turns 
per cm., for Stalloy. This is done in Fig. 6 
(a) and (b) for cases where SB = 89 and 89o, 
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for a number of direct currents between 
io and ioo mA. 

In Fig. 5 any point where one of the 
curves touches the envelope is a point of 
maximum possible 8B/8m. Thus from Fig. 5 
can be derived a curve connecting air gap 
ratio all and m. This curve is shown in 
Fig. 7 for 8B = 89 curve I, and for 8B = 890 
curve IV. 

It can be seen from the curves of Fig. 5 
that the loss of inductance due to an air gap 
ratio erring on the large side is less than the 
loss due to an air gap ratio erring on the 
small side. For instance, in Fig. 5 take the 
point where m = 52 amp. turns per cm. 
The maximum 8B/8m given by the envelope 
is 143, and this for an air gap ratio 6/1,000. 
If the ratio had been 8/1,000 8B/8m would 
have been 129, whereas if the ratio used had 
been 4/1,000 the 8B/8m would have been 89. 

So far only constant known applied A.C. 
voltages have been considered, which is by 
no means likely to be the only practical 
condition ; in fact, this case seems to be 
confined to A.C. rectifiers designed for a 
constant output. 

If instead of plotting 8B/8m against m, 
as in Fig. 5, we plot .8B/8m against B, we get 
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another series of curves, each curve being 
drawn for a particular ratio ail. Selecting a 
value for B we can compare the 8B/8m 
obtained with this B and some particular 
air gap ratio, as found from this curve, with 
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value of m giving the selected B, an*hus 
we can find the diminution of 8B/8m resulting 
from using conditions other than the opti- 
mum. By this means an air gap cut to 
allow an induction of 9,000 lines throughout 
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the core will be found to cause a diminution 
of possible 8B/8m of only 9 per cent. over 
the range of D.C. excitation and applied 
voltages considered here. This is about the 
best average value possible and should be 
used whenever the applied A.C. volts are 
known to vary in amplitude or frequency to 
any considerable extent. 

The stray flux is now an important con- 
sideration. Most of the stray flux is in the 
neighbourhood of the air gap, and the effect 
of this is to reduce the effective reluctance 
of the air gap. 

Consider an air gap of length a'. Let a 
be the length of the air gap which, with no 
stray flux, would have the same reluctance 
as the gap a'. Let q be the dispersion 
coefficient. Then, since the flux crossing 
the gap a is the same as the flux crossing 
the gap a' plus the stray flux, 

qa = a' .. .. (3) 

The dispersion coefficient depends on tAe 
configuration of the iron, and on the air gap, 
and its value is best found experimentally. 
Two specimens of the iron core to be used, 
made up with different air gaps of about 
the expected length, will give a short curve 

a 
o o 

m- 
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between q and a', by means of which, with 
the aid of equation (3), a graphical solution 
for q is obvious. 

An example of the use of the curves 
follows. 

A smoothing choke was required for an 
A.C. rectifier giving 6o mA. D.C. at full load 
output. Considerations of ohmic drop and 
space available for winding led to 8,ioo 
turns being the maximum that could be 
wound on the core, 28 cm. long and 5.6 cm.2 
in cross-section. The A.C. fluctuations were 
calculated to produce 40 volts R.M.S. across 
the choke at full load, the worst conditions, 
and at loo cycles. The corresponding 8B 
in the iron will be 78, for which curves (I) will 
be near enough. 

The D.C. excitation is 
.o6 

28 
,loo - 17.4 

amp. turns per cm. 
From Fig. 6 (a) curve (1) for 5o mA. and 

290 turns per cm. the inductance is .20 H. 
per unit cross-section and length. For 
8o mA. the inductance is .16 H. For 6o mA., 
therefore, the inductance will be approxi- 
mately .19 H. Hence the inductance of the 
choke should be .19 x 28 x 5.6 = 29.8 H., 
and from Fig. 7 curve (1) the optimum air gap 
ratio for 17.4 amp. turns per cm. is 2.5/1,000, 

hence the air gap length should be 
28 x 2.5/1,000 cm.= .7 mm. 

The dispersion coefficient for the iron core 
was 1.41, and since the equivalent air gap 
a required is .7 mm. we have from equation 
(3) that a' = .99 mm. This is the air gap 
to be cut in the iron core. 

With the object of comparing actual with 
predicted results an applied voltage was 
adjusted to give a 8B of 78, and the induct- 
ance measured. This was found to be 31.2 H. 
The winding itself had a small inductance of 
about i H. not associated with the iron core, 
and this added to the predicted inductance 
gives 30.8 H., which should be compared 
with the actual inductance of 31.2 H. 

The close tallying of the predicted with 
actual figures is, no doubt, partly fortuitous, 
as in fact the actual air gap was 1.5 per cent. 
smaller than specified ; but the figures show 
the practical utility of the method. 

With a plain iron core and no air gap, the 
nductance of the choke would have been 
6.8 H., from which it can be seen that the 
gain in inductance due to suitable air gap is 
nearly 400 per cent. 

I have been privileged in having the kind 
assistance of Mr. L. B. Turner in the 
preparation of this paper. 

A view of the Burndept research laboratory. A valve -testing set is seen on the right. The platform 
over the bench is mounted on rubber cushions and carries a mirror galvanometer. 
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Some Output Power Measurements on a 
Moving Coil Drive Loud Speaker. 

By H. A. Clark 

1. Introduction. 

DLRING the course of some experimental 
work in which a moving coil cone 
loud speaker was employed the instru- 

ment was suspected of having a very pro- 
nounced resonance at a low frequency. 
Some measurements were made therefore at 
these frequencies. It was also decided to 
make a complete test on the instrument over 
the acoustical range. 

Owing to the increasing use of this type of 
reproducer it is thought that the results and 
the method of obtaining them will be of 
general interest, particularly by showing, as 
they do, the weak points in the design of 
this particular instrument. 

2. Description of Loud Speaker. 

The instrument on which the measure- 
ments were made is representative of a large 
number now in use. It consists of a Tin. 
diameter right-angled conical diaphragm of 
stiff drawing paper varnished to prevent 
moisture absorption and carrying a moving 
coil wound on an extremely thin ebonite 
former. The diaphragm is suspended at its 
periphery only by means of a tin. width of 

Fig. I.-Illustrating type of loud speaker on which 
measurements were made. 

oiled silk attached to a wooden ring which 
is screwed to a vertical wooden panel con- 
taining a 7gin. circular opening. The coil 
is free to move in a kin. annular gap in the 
usual form of cylindrical field magnet 
excited by o.6 ampere at 6 volts. 

and N. R. Bligh. 

The moving coil consists of ioo turns of 
No. 38 S.W.G. enamelled copper wire, the 
leads being brought down the diaphragm to 

Fig. 2.-Method of clamping diaphragm. 

the edge, where they are joined by a pair of 
spiral fine wire leads to the input terminals. 
The instrument was used with a 6ft. square 
baffle. 

Measurements Required. 

It was required to find the resistance and 
reactance of the instrument over the audible 
range of frequencies both with the loud 
speaker in its normal operating condition and 
also with the diaphragm rigidly clamped in 
order that the acoustical output may be 
reduced to zero. In doing this care has to 
be taken that the moving coil remains in 
the same position as when the diaphragm is 
free to move. It was found that the most 
satisfactory method of ascertaining this was 
to use a pair of wooden cylinders, one having 
an external cone and the other an internal 
cone turned on their ends to fit the re-entrant 
cone of the diaphragm perfectly and of such 
a diameter that one will just enter the former 
of the moving coil. Its length must be such 
that when resting on the surface of the pole 
piece of the field magnet the diaphragm is 
closely in contact with it when the moving 
coil is in the correct position. A recess must 
be made to accommodate the bolt head 
securing the pole piece. When the inner 
cone was thus fitted the instrument was 
arranged with its axis vertical and then the 
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upper cone put in position. A cross bar of 
wood was laid across the end of this and 
weights hung from the ends to hold the 
diaphragm perfectly rigid. A total of 8 lbs. 
was found sufficient. It is important to note 
that the connection between the coil and 
the diaphragm must be sufficiently rigid to 
prevent the former moving independently of 
the latter. 

3. Principle of Method. 
As the reactance to be measured may 

change from positive to negative at some 
frequencies, a method of measurement in 
which this may be accommodated without 
change in circuit connections, etc., was 
required. The Heaviside equal ratio induc- 
tance bridge was therefore decided upon. 
This is illustrated in the accompanying 
schematic diagram (Fig. 3). 

R1 and R2 are two identical resistances. 
R is a variable known resistance of very low 
or known inductance. M is a variable 
standard of mutual inductance. 

The apparatus under test is put in circuit 
at will at X. The bridge is supplied at ac 
with an alternating voltage and some form 
of detecting device placed across the points 
bd. 

Now suppose X to be short-circuited and 
that the bridge is balanced with settings of 

b 

c 
Fig. 3.-Theoretical Circuit of Bridge. 

M' and R' respectively on the mutual 
inductometer and R. Now let X be put in 
circuit and the bridge rebalanced to give 
values of M" and R". Then it may be 
easily shown that the inductance added at 
X = L = 2(M" - M') B, where O is a 
small correction due to unbalanced residual 
reactances in the balance arm and due to the 
reactance of the resistance R, and the resis- 
tance added at X=r=R"-R'+2p"-2p'ß8', 

where p is an impurity in the mutual induc- 
tance and is due to an E.M.F. induced in 
phase with the primary current and O' is an 
error due to inequality in the bridge arms 
which can be eliminated by interchanging 
them. 

Now, for the order of accuracy required 
in this work both the impurity of the mutual 
inductance and the reactance of the resis- 
tance R may be neglected, giving the simple 
results 

L = 2(M" - M') 
and r=R"-R'. 

If now the effective inductance L becomes 
negative, the arm of the mutual inductometer 
will swing on to the negative part of the 
scale. For large negative values it is only 
necessary to reverse the connections to the 
primary of the inductometer. 

4. Practical Arrangement of Apparatus. 
In practice a number of additions were 

required to the simple bridge circuit shown 
above. To render the arrangement sensitive 
a two -stage amplifier was used at the output 
terminals to supply a pair of telephones in 
which the balance of the bridge was judged. 
It was found desirable to earth the bridge at 
the point C and also to enclose the resistances 
R1 and R2 in earthed screens to reduce direct 
pick-up. The source of AC and the amplifier 
were also earthed, and to prevent throwing 
large capacity loads across the bridge screened 
and balanced transformers were used for 
both input and output. Owing to the fact 
that the mutual inductometer was not 
screened, it caused considerable pick-up by 
induction. As screening would probably 
alter the calibration rather seriously this was 
put at some feet from the rest of the appa- 
ratus. The inductance and capacity of the 
leads are of no moment as they produce an 
error which cancels out owing to the 
difference method explained above. 

The loud speaker was put in an adjoining 
room owing to the acoustical output making 
balancing in the telephones difficult. The 
inductance of the long flex leads produces 
another error which cancels out as the short- 
circuiting device was put at the loud speaker 
terminals. This consisted of a copper link 
making contact in mercury pools in a block 
of paraffin wax. 

For frequencies above 200 cycles per second 
a valve oscillator was used. This was of the 
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ordinary feed-back type, and produced a 
reasonably good wave -form. The amount of 
harmonics present was not sufficient to 
render balance difficult. The whole oscillator 

MAINS 

SPEED 
REGULATOR 

high-class components were used in the 
amplifier to enable this to be done. Greater 
accuracy was obtainable, however, with the 
galvanometer. The only disadvantage of 

Fig. 4 -Practical Arrangement of Apparatus. 

was placed in a heavy brass screen which 
was earthed. To measure the frequency a 
Campbell frequency bridge was used. 

Below 200 cycles the oscillator was un- 
satisfactory as the output at the fundamental 
frequency was found to decrease considerably, 
also aural balancing was fòund to be of 
increasing difficulty. The supply was there- 
fore taken from a coupled set consisting of 
a D.C. shunt motor with a field regulator 
for speed variation and a single phase alter- 
nator with a transformer with a number of 
tappings for various voltages. 

A Campbell type of vibration galvano- 
meter was used as a detector below 200 cycles. 
The amplifier was also left connected, 
however, and it is interesting to note that 
quite a fair degree of accuracy could be 
obtained by aural balancing as low as 70 to 
8o cycles. It should be mentioned that 

(:)VIBRATION 
GALVANOMETER 

L.F 
AMPLIFIER 

MAINS 

SPEED 
REGULATOR 

this instrument for this type of work is that 
it has to be tuned for every frequency used ; 

this is a tedious operation when numerous 
readings are required. 
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Fig. 5.-Curve A-Resistance with diaphragm free. 
Curve B-Resistance with diaphragm clamped. 

Curve C-Motional Resistance. 

The frequency was read on a direct reading 
frequency meter by the Weston Electric, 
Instrument Co. Below 6o cycles the coupled 

010 500 1 000 2 000 5000 0 000 
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set had to be run at such a slow speed that 
the frequency was not constant. A rotary - 
convertor capable of covering a range of 
3o to 6o cycles was therefore used, together 
with an L. C. Wild type of direct -reading 
frequency meter, made by R. W. Paul. 
On these very low frequencies the Campbell 
galvanometer was found to be unsatisfactory 
and a Drysdale type, by Tinsley, was 
substituted. As will be seen from the results 
which follow it was of the greatest importance 
to keep the frequency very constant while 
taking measurements at low frequencies. 
The complete layout of apparatus is shown 
in Fig. 4. 

5. Experimental Results. 

The figures obtained for the effective 
resistance both for clamped and free dia- 
phragm have been plotted and are shown in 
Fig. 5. The difference between these is due 
to the acoustical work done* and is repre- 
sented by so many ohms. The reactance 
has also been plotted as found by taking 27/ 
times the effective inductance. It is quite 
obvious that the suspicions entertained were 
justified. A very sharp resonance was 
undoubtedly present at about 40 cycles. 
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iFig. 6.-A-Reactance diaphragm clamped. 
B-Reactance diaphragm free. 

Now, the power in any circuit is given by 
the effective resistance multiplied by the 
square of the current in the resistance. 
Hence, if the current through the moving 
coil = I amp. (R.M.S.) and effective resis- 
tance with the diaphragm free = R1 ohms, 
then the total power supplied to the loud 
speaker = 12R1. 

If the resistance with diaphragm clamped 
= R2 ohms, then the output or acoustical 

* See Appendix. 

radiated power = I2(R1 - R2), assuming no 
losses in moving the diaphragm other than 
the load produced by the air. 

Hence, if the current through the moving 
coil were constant at all frequencies, the 
output power characteristic would have the 
shape shown by the output resistance curve. 
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Fig. 7.-A-Impedance of loud speaker alone. 
B-Impedance of loud speaker, transformer and 

valve. 

This, however, is not the case. Assuming 
a constant voltage across the loud speaker 
terminals, the current will vary inversely as 
the impedance. Now both the effective 
resistance and reactance vary very largely 
with frequency, and hence the output will 
vary within very wide limits. 

The impedance of the loud speaker at 
various frequencies has been calculated from 
the resistance and reactance figures. This is 
shown in Fig. 7. Assuming a constant 
voltage supply, the current and hence output 
power can be calculated. The curve shows 
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Fig. 8.-A-Output for r volt across loud speaker. 
B-Output for 24 volts across primary of transformer. 
C-Overall characteristic for loud speaker and 

amplifier. 

that the output power varies from 13.3 per 
cent. at 6,000 cycles to 23o per cent. at 40 
cycles, taking the power at ioo cycles at 
loo per cent. 

Neglecting small iron and eddy current 
losses, the force on the diaphragm will be in 

î 4 

2 
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phase with the current. The phase of the 
current relative to the E.M.F. across the 
terminals can be calculated, and hence the 

` phase distortion " of the loud speaker can 
be found. 

6. Effect of Step-down Transformers and 
Valve Impedance. 

In actual practice the loud speaker is 
used in conjunction with a step-down trans- 
former the primary of which is in the anode 
circuit of the output valve of an amplifier. 
It can be shown that this transformer has a 
very considerable influence on the perform- 
ance of the loud speaker. The constants of 
the transformer being known, it is possible 
to calculate its effect at any frequency by 
using an equivalent circuit. This equivalent 
circuit is shown in Fig. 9. 

The values for the step-down transformer 
normally used with the loud speaker are as 
below :- 

Primary inductance with normal polari- 
sing current (L1) = 25 henries. 

Equivalent self -capacity of primary (C) 
= 700 µFds. 

Total leakage inductance referred to 
primary (l) = 0.25 henry. 

Secondary resistance (R,) = 0.455 ohm. 
Primary resistance (R,) = 800 ohms. 
A.C. anode impedance of valve (Ra) 

= 4,700 ohms. 
Step-down ratio of transformer (a) 24 

to I. 
All these values have been referred to the 

secondary for the purpose of the equivalent 
circuit. 

Fig. 9.-Equivalent circuit of loud speaker, 
transformer and valve. 

It has been found that this circuit may be 
considerably modified for various frequencies 
with sufficient accuracy, thus making cal- 
culations much more simple. These circuits 
are shown in Fig. io. 

The total impedance of the circuit was 
calculated, and hence the total current 
assuming I volt across the terminals. This 

ai 

bi 

ICI 

Fig. 1o.-Simplified Equivalent Circuits. 
(a) For frequencies above 4,000 cycles. 
(b) For frequencies below 4,000 cycles and 

above 400 cycles. 
(c) For frequencies below 400 cycles. 

corresponds to 
o 

volts on the grid of the last 
FL 

valve, where v = step-down ratio of the 
transformer and µ = amplification factor of 
the valve. 

From the total current the current passing 
through the moving coil was found and 
hence the output power. The phase angles 
were calculated as before. Fig. 8, curve B, 
shows the output power with the transformer 
in circuit. It will be seen that the overall 
effect of the transformer and valve is to 
flatten the characteristic particularly at the 
lower end. 

7. Effect of the Amplifier Characteristic. 
If the overall voltage amplification char- 

acteristic of the amplifier is known, the 
overall performance of the loud speaker and 
amplifier may be found. As the loud speaker 
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had a falling characteristic the amplifier was 
made to have a rising curve in an effort to 
compensate for this. The resulting overall 
characteristic for a uniform input to the 
amplifier is shown as a dotted curve which 
approximates to a horizontal line over the 
useful frequency range. 

8. Conclusion. 
The results are instructive in that they 

show two faults in the design of the speaker. 
First, there is a serious resonance in the 
order of 4o cycles. This undoubtedly is due 
to the diaphragm, as when it was tapped and 
the ear placed close there was a definite very 
low -frequency note produced. This resonant 
frequency could be lowered by increasing 
the effective mass of the diaphragm or 
reducing the elastic control of the suspension. 
The latter is by far the more favourable 
method. To find this resonant point more 
exactly the resistance was plotted against 
reactance for clamped and free diaphragm. 
By joining points of equal frequency on the 
two curves the motional impedance is found 
for any frequency. The maximum motional 
impedance occurs at the resonant frequency. 
The frequency scale is very open round the 
loop of the curve, enabling the resonance 
point to be found with great accuracy. 

The other undesirable feature is the falling 
off of output power at the higher frequencies 
due to the increased reactance. Less in- 
ductance in the moving coil would decrease 
this effect at the expense of overall efficiency. 

It should be noted in passing that the 
DIAPHRAGM 
CLAMPED 

DIAPHRAGM 
8 FREE 

32 35 

z 2 

W 
O 

F 
-2 

á -4 
W 

°C -6 

38 

40 

20 36 RESISTANCE 
64 IN OHMS 

55 
48 

45 
43 

@41 

Fig. 1 I.-Reactance-resistance Diagram. 

output resistance divided by total resistance 
will give a figure for the efficiency of the 
instrument alone. This is about i6 per cent. 
at ioo cycles, and falls to 6;4 per cent. at 

6,000 cycles. This rather high figure is, of 
course, reduced in practice owing to the 
losses occurring in the rest of the resistance 
in circuit. 

In conclusion, therefore, a much better 
instrument would result by reducing the 
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Fig. 12.-Motional Impedance Circle. 

elastic control on the diaphragm and using 
fewer turns on the moving coil. 

The authors are indebted to the Northamp- 
ton Engineering College, London, for the 
experimental facilities provided and to 
Mr. A. C. Jolley for his keen interest 
throughout the work. 

APPENDIX. 
Equations of Motion for a Moving Coil 

Loud Speaker. 
In deriving the equations of motion for the 

diaphragm we have a force F acting on the moving 
coil. Three assumptions are made, as follows 

I. The actual distributed mass can be con- 
sidered as a concentrated mass intimately 
associated with the moving coil. 

2. The elastic restraint produces a force pro- 
portional to displacement and can be considered 
as concentrated and fixed to the equivalent mass. 

3. The output power can be considered as a 
frictional force, concentrated and acting on the 
moving coil, and its magnitude is proportional 
to the velocity of movement. This seems to be 
substantiated by previous investigators, and it is 
of interest to note that some output power is 
absorbed by the air viscosity and the viscosity 
of the diaphragm and suspension materials, and 
that such viscosity produces a force proportional 
to the velocity of relative displacement. We 
therefore write 

F = (MD2 + KD + K1)x 
where M is the equivalent mass and has dimen- 

sions MLT-2± LT -2 = M 
K is the equivalent resistance and has 

dimensions MLT-2 _ LT' -1 = MT -1 
K1 is the equivalent elasticity and has 

dimensions ML T-2_ L = MT -2 
x is the displacement in the direction of the 

force. 
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The greatest difficulty is to decide the magnitude 
of the various components. Since the edge of the 
disc is only semi -free it does not vibrate as a plane 
disc, but bends in a manner similar to the prong 
of a tuning fork, and the effective mass will be some 
fraction of the static mass which will vary with 
frequency, while at low frequencies the inertia of 
the air must also be allowed for. 

The resistance component is only approximately 
an equivalent output resistance, as at the higher 
frequencies especially losses take place in the 
diaphragm material itself. For losses other than 
those proportional to the velocity of movement the 
effect will be to modify the reactance components 
as well as to increase the losses. 

The effective elasticity, though probably given 
correctly by a static test for the lower frequencies, 
is not correct at the higher frequencies, when the 
disc probably vibrates in a complex manner, 
dividing into various resonating sections at various 
frequencies (see E.W. & W.E. Editorial, Dec., 1927). 
The elasticity thus varies with frequency, and 
since the efficiency is so high some allowance must 
be made for the air elasticity. 

To find the force on the moving coil let B be the 
flux -density, 1 be the active length of wire in the 
coil and I cos wt the current flowing. 

F = 1BI cos wt = (MD2 + KD + Kl)x 

On solving for the steady state, i.e., neglecting all 
transient effects, 

x= 

Let 

E 1B 1B (Ki 
M\Mw2)Icoswt-I-M M 

wI sin wt 

K 2 K2 
1 wz + w2 

M 

l ( 
(M)lM2 

(- 
\M w2)2 + 2w2 

=Z2. 

The coil movement induces into itself a back 

E.M.F. given by el = 1B 
cli. 

If the coil circuit has inductance L and resistance 
r and letting current flowing in it be I cos wt as 
above, we have that 

-wLI sin cot -}-rl cos cot =e-e1 
where e is the applied E.M.F. 

Now el = (má2 1 wI sin cut + Ì 
MZe 

cu sin wt 

+ (1B) z Kw2I cos wt 
M2Z2 

e1="A" "B "C 

Consider K and K1 non-existent, then el = "B." 
Therefore 

a - (L7 sin wt + rI cos wt + wM sin cut = e. 

Hence term " B " represents a condenser and has a 

capacity C = (18 2. This gives dimensionally 

M r 

µML12 12L T2' which are the dimensions of a 

capacity. 

The dimensions of K are MT-', of K1 are MT-' 
and of Z2 are T-4 
Now consider the term " A." 

Dimensionally we have µML 
MZT 

MT 
-2 

= µL 
4 

which are the dimensions of an inductance and 
since the term has a multiplier col sin cut we can 
consider this term as having a positive reactance 

given by an inductance of value ll = ((/3/3222 K 
Z 

Considering term " C " we have dimensionally 

AML T-2 . MT -2 =µL1 M2T-4 

i.e., the dimensions of a resistance, and this is also 
shown as the impedance gives an E.M.F. in phase 
with the current. We can therefore write 

L + ( )2 1 lwI sin wt - I r + 2zw2 I 

/ 
I cos wt 

_ w2 sin wt = e. 
MZ2 

Hence we can represent the arrangement by the 
equivalent circuit as shown 

11111 11111 - 
C 

L - Loud speaker static inductance, 

- 
Mz 

2Z2 
K1 or reflected inductance due to motion. 

r = Loud speaker static resistance to A.C. 
z 

R = 
MBz22 

w2K or reflected resistance due to motion. 

z 

G = (lB)2w4 or reflected capacity due to motion 

/ z 

Z2 = I 

K1 - w2) + (K 012 
M M 

Thus the reflected impedance components vary 
with frequency especially about the region of 
K1 = w2 

Consider three frequency bands :- 
I. When w is small, 

M w2 and also »MK w . Z = 

R=(113): Kwz, 
K Kl 

1B lB Mw' 
Thus at very low frequencies the output resistance 

2 

is proportional to (K and the advantage of 
1 

reducing the elastic control is easily seen. For very 
low frequencies the reactance due to the condenser 
will decrease at a rate proportional to w2, but this 
only occurs at very low frequencies. 
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2. When 
M 

= cu2, i.e., Z2 = 
\MIC /zm2 

-101( 

Now considering the reactance components, we 
have 

MZx 

a 1_(113)2w2), 
- 

x x 

L + \MZ2 M (I )J w7 sin wt. 

This reduces to wLI sin wt when = wx. The 
added reactance is zero and the effective reactance 
is given by wL. If wL is very small the mechanical 
resonance is at the same frequency as the electrical 
resonance which was confirmed by tapping the 
diaphragm. 

z 

The resistance at resonance is given by R = K . 

3. At high frequencies where 

K2 2K w2" 
MI 

- Z wa 

(1B)2 Kr 
11 M2 w4 
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C= M 
(lB)2 

R = (1B)2 K 
M2 

At such frequencies the addition of 11 is negligible, 
and the reactance of C is also negligible. This 
confirms the experimental results, as at high fre- 
quencies the motional and static reactance were 
the same. 

The greater the frequency the smaller the output 
resistance, but it is independent of the elasticity. 
It is plain that the mass of the diaphragm seriously 
curtails the output at higher frequencies. Owing 
to the disc vibrating in various modes at these 
frequencies, however, other resonances take place, 
and the effective mass is probably reduced. 

The assumption has been made that the driving 
force is in phase with the coil current and that the 
induced back E.M.F. is in phase with the coil 
motion. If the eddy current losses and hysteresis 
losses are low this should be so, and as the circle 
diagram gives a very small or inappreciate dip 
below the resistance axis these assumptions are 
probably justified. 

National Physical Laboratory Annual 
Matters of Wireless Interest. 

THE annual inspection of the National Physical Laboratory, 
Teddington, was held on' Tuesday, 26th June, and was, 

as usual, largely attended by visitors interested in every branch 
of science. As in former years, all departments of the laboratory 
were open to visitors, who were afforded an excellent idea of the 
extent and variety of the work carried out, and of the highly useful 
function which the establishment serves in industrial science. 

While many exhibits of great interest were on view in every 
department, we are compelled by space to limit ourselves to those 
of more or less direct wireless interest, especially in the different 
sections of the electricity department. 

Wireless Section. 
In the wireless section many items of interest were to be 

seen. 
A short-wave transmitter for wavelength range of 2 to ro0 m. 

was on view, working in conjunction with a Lecher wire system 
for measurement of the wavelength. This was demonstrated in 
operation by the location of voltage nodes. A small portable 
transmitter for use with experimental direction -finding receivers 
was also shown, as was apparatus for the transmission of standard 
calibration waves. Wavemeters on view included the oscillator 
(described by Colebrook), suitable for the generation of C.W. or 
of modulated oscillations from 5 to 20,000 m., while a wavemeter 
more especially for the short waves was also shown in operation. 

Amongst receivers was one for waves of 5 to roo m., while a 
complete D.F. receiver (with its frame aerial electrostatically 
screened for the elimination of vertical) was shown in operation 
in conjunction with its supersonic amplifier. 

Another interesting exhibit was of apparatus for electric and 
magnetic screening. This comprised boxes (of commercial pro- 
duction) made of plywood covered with metal, suitable for the 
housing of receiving apparatus, oscillators, etc., while another 
group included coupling coils suitable for measuring purposes, 
electrostatically screened from each other, and boxed for screening 
from external fields. 

In this section also, were exhibited high-grade variable air 
condensers, using quartz pillars (commercially produced to N.P.L. 
model and specification) and apparatus for measuring capacity 
and losses in condensers by a quick and sensitive method. 

In another section, there was on view a Cathode ray oscillograph 
apparatus for the study of wave -forms from amplifiers, oscillators, 
etc. A linear time -base permits the ready examination of the 
wave form of the voltage applied to the plates of the tube producing 
vertical deflection of the fluorescent spot. Arrangements for the 
measurement of amplification were features of considerable interest. 
These comprised a high -power amplifier for the fundamental study 
of amplifier operation under various conditions. Apparatus for 
receiver measurements generally comprised a large screening 

Visit. 

chamber for radio and audio -frequency oscillators, the whole 
chamber being closed by a mercury seal. The output was led 
through careful screening to another screened room where the 
receiver was located, and where accurately known values of modu- 
lated or unmodulated H.F. voltage could be injected into the 
receiver under test. 

Standards Division. 
In the Electrical Standards and Measurements Division, were 

to be seen many exhibits of the high degree of precision associated 
with this division. 

Amongst these was the standard harmonic wavemeter for the 
accurate measurement of radio -frequencies from ro k.c. to 5o mega- 
cycles (30,000 m. to 6 m.). A novel exhibit was an inter-ferometer 
for examination of the modes of vibration of quartz crystal plates, 
this being shown in operation. 

Apparatus for dielectric measurements included a method for 
the measurement of the permittivity and power factor of dielectrics 
in the form of thin sheets, and apparatus for the measurement of 
power factor and permittivity of dielectrics at radio -frequencies, 
and at known temperatures and conditions of humidity. 

Several interesting A.C. bridge methods were also on view. 
Amongst these was a Schering bridge, shown in operation in con- 
junction with a screened input oscillator, for the measurement of 
inductance, capacity and effective resistance at radio -frequencies. 
A bridge method of measuring the mutual conductances of valves 
was also on view, while a form of Hay's bridge permitted measure- 
ment of the effective inductance and resistance of iron -cored chokes 
carrying both D.C. and A.C., each component being adjustable 
to any desired amount. 

In this section, also, was apparatus for measuring the amplifica- 
tion and phase relationship in amplifiers at frequencies from 25 
to 6,000, while, among magnetic tests, was equipment for measure- 
ment of the total power losses at power and at telephonic frequencies 
in magnetic sheet materials. 

One Million Volts. 
Although not directly of wireless application, a demonstration 

of extraordinary interest was shown in the High Voltage Labora- 
tory. Three transformers in cascade, capable of developing up 
to about r,000,000 volts were shown in operation, the voltage being gradually built up until it flashed over an insulator of about 
6 feet. The transformers are specially designed to facilitate re- 
search measurements at extra high voltage, and the display is 
believed to be the highest voltage so far used in this country. The 
copious brushing from the conductors during the building up of 
the voltage was itself spectacular, but the final flash over was a 
sight unique to those accustomed to more modest voltages. 
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A Graphical Construction for Resistance 
Amplifiers. 

By W. A. Barclay, M.A. 

IN a recent issue of this journal Mr. A. L. M. 
Sowerby deduced a series of equations 
from which the best values of anode 

resistance, grid bias, etc., to secure maximum 
output for a particular amplifying valve 
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> 

CURRENT 
X1 IMIN 01 X 

Fig. I 

might be calculated. [E.W. & W.E., April, 
1928, " Calculations for Resistance Ampli- 
fiers," by A. L. M. Sowerby, M.Sc.] A simple 
graphical method of solving these equations 
will now be described by means of which 
not only the external resistance R to be 
used, but also the various other quantities 
dealt with in Mr. Sowerby's article may be 
readily obtained. The method depends on 
the properties of the parabola, but one curve 
having been set out once for all as described 
below, the same diagram may be made to 
serve for any number of valves. The 
symbols employed and the numeration of 
the equations are those of the article in 
question, to which readers are referred. 

In the diagram of Fig. 1, let current in 
milliamps. be measured along 0'X' to the 
left of O' to any convenient scale of repre- 
sentation, while voltages are measured 
upwards from O' on the vertical line, again 
to any desired scale. Then, if y be the 
voltage drop across a resistance R due to the 
passage of a current i, a measure of R will be 
afforded by the slope of the line joining v to 
i on their respective scales. We shall seek 

on this diagram the points corresponding to 
the voltage E - Eo and to the current I,,n. 
for our particular valve, and shall refer to 
the gradient of the resulting slope line as G. 

We now prepare another diagram, Fig. 2, 
whereon the x-axis is graduated linearly in 
resistances to any convenient unit, while 
vertically above each resistance graduation 
a point P is taken such that the slope OP is 
identical with the slope of the same resistance 
taken on the diagram of Fig. 1. It is easy 
to show that the locus of these points is a 
parabola to which the x-axis is tangential 
at the origin, and that the ordinates to the 
curve are proportional to the squares of the 
corresponding resistances. 

If, now, a line of slope G meets this 
parabola at a point P whose abscissa is 
R Ro, the ordinate PQ will be (R R0)2. 
But from equation (3) of Mr. Sowerby's 
article 

(R-I-Ro)2-E-Eo==G-PO 
Ro Im,n. NQ 

so that NQ will represent Ro. Hence ON 
will measure R, the value of external resis- 
tance to be used. 
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This property is made use of practically 
as follows. From 0 in the reverse direction 
OX' set off OH equal to Ro and through H 
draw a line of slope G to meet OY in K. 


