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?. I he paper :lt!scriixt; the apparatus set up at  the Radio Ealrrora- 
tory of ihc Institure to measure the field strength of radio stations 
working :.;it !requcncies lehs than ro%ycIes per second. The method 
atlopleci is i!int tlrvclopcd l ~ y  J. IIoilingworth at the National Physical 
1.aborntory. 'L'hc workiug of the apparatus and the precautions 
taker] tc secure ni:cuwcy are explained. 

To illustrntc: tfic procedure, an example of the observations on 
Madras (Fort) Itndio is given along with the necessary calculations. 

Ililoln the daily ob5erved values and weekly averages of the 
field intensity of Mad~as  (Fort) Radlo VWM working at 75 kc. per 
iecond, and f ~ o m  an an'tly\ls ol the existing conditions the probability 
that the obierved h ~ g h  nrtenuatlon maj be due to the inlerierence of the 
direct and the indirect rays is suspected. Further work designed to 
ey'lain observed phenomena is also outlined. 

PART I. 

The measurement of the intensity of received radio signals has 
become indispensable for two important reasons. First, we have the 
great problem of determining the laws of propagation of electro- 
nlagnetic waves round the surface of the earth ; secondly, there is the 
purely commercial aspect of the question, namely, installing just that 
amount of plant at the transmitting station which wiII ensure perfect 
radio communicatiofi with the distant receiving station under the 
most advet-se circrlmstances. A t  present, with the cxisting stations, 
the electric intensity of the received signals at the receiving- station 
lies anywhere between ~ o ~ v / m .  and ~oopuim. when the distance is large 
and between roopujm. and 1.0 mu,'m. at shorter distances. A t  ihe 
Bureau of Standards, Washington, L. W. Austin has measured the 
field strength of Cavite (NPO) to be zru/m. 

Early methods of obtaining the field strength directly by insert- 
ing the measuring instrument, usually a Duddell thermo-galvanometer, 



in the aerial circuit have been discarded By most experimenters, except 
for measuring the effective height of aerials ; they have been replaced 
by the substitution method, first proposed and used by W. ti. Eccles, 
using vacuum tube amplifiers. 

In India, some work on field-strength measurement has been 
conducted by the Marconi Wireless Telegraph Co. and by 1'. $. 
Edmunds (Edectvicin7r, 1923,  $1, r64), at Karachi for the (;overnment 
of India. The measuring apparatus in the Radio Laboratory of the 
Indian Institute of Science, Bangalore, has been installed to measure 
the field strengths of the long wave radio stations. 

The first measurements have been made on the station nearest to 
and strongest at Bangalore, viz., Madras (Fort) Radio, working at 
75 kc. per second with a current normally of about 50 amperes at the 
base of its aerial, 260 ft. in height. Other long wave stations will be 
taken up subsequently. 

The method developed and adopted a t  the National Physical 
Laboratory by J. Hollingworth (J. Inst. Edec. &c., rgz3, 61, 501) 
was selected as the most suitable for the work in hand for the follow- 
ing reasons :- 

(a) Comparative simplicity of apparatus and cheapness of 
construction ; 

(6). Ease and quickness of operation without any sacrifice of 
accuracy in the results ; 

(c) Large frequency range and absence of any necessity for 
elaborate and systematic shielding ; 

(d)  Measurement being made on the basis of galvanometer 
deflections and not of the sound in a pair of telephones, the method is 
objective and therefore free from the comparative insensitivity of the 
telephone as well as from personal equation which is associated with 
it. 

3. PRINCIPLE OF THE METHOD. 
The radiation from the station under observation induces an 

electro-motive force in a properly orientated tuned coil aerial, the 
constants of which are known. The coil electromotive force is 
amplified by a 3 or 4-stage resistance-capacity coupled amplifier 
using capacity reaction between the first and second triodes to control 
the effective resistance of the receiving set. The amplified signal 
produces a deflection in a sensitive galvanometer inserted in the 
anode circuit of the last triode (Fig. I ) .  



,* : he voltage protli~cing the deflection is known from the calibra- 
tion of the amplifier, effected by a lvcal oscillator which incorporates 
a caliLrated niutml inductance. The field strength is calculated 
from the effcctivc rcsisiance of the receiving arrangen~ent and the 
constants of the frame coil. 

T h e  existing arrangement is not suited for measurements with 
routine transmission on account of the long period of the galvano- 
meter. Acciirate measurement is possible only with stations which 
transmit an experimental programme. A long dash of at least one 
minute duration, with the current in the aerial kept steady at a know11 
value throughout the period, is the form of the test signal adopted. 

If an Einthoven string galvanometer is used in place of the 
pointer instrument, it is posslble to obtain an almost continuous 
record of the va~iation in  field intensity throughout the day without 
any disturbance to the ordinary routine of the transmitting station. 



I .  AERIAL. 

The apparatus iin daily use at  the I,aboratory cluscly follows the 
description given by PTo!!ingrorth'of the design imde I)y hinn for the 
National Physical Laboratory. 

While the nictbocl does not preclude the us? oi an open aerial, 
preference is @en to the frame acriai lor two rcascins; tirst, its 
clil-ectional PI-o1:crty is a distinct advantage and secondly, tire ~Jiysical 
constants of this lypc of aerial are ~ b t a i l ~ e d  11iol.c ;-uadily tilail those 
of an open aerial. 

On the other hand the closed typc h : ~  two in'tcrcie~!endent 
disadvantages :- 

(a) For a given field strength I', the clectro~imtivc force 

-- , wliereas it is I"/( induced in a coi! aerial (see Appendix) is ?"a7'.'Ii 
h 

for an open aerial of height h. A s  x i n c r ~ a ~ e s ,  the elect~omolive 
force induced in the frame aerial correspondingly decreases, e v e r y t l h g  
else remaining unaltered. 

(6) As  a result of this, the number of stages of amplification 
with a coil aerial is necessarily larger. Any increase In the ~ m i i b e r  
of stages tends to make the amplifier and thereby the whole apparst~ts  
less easy to manipulate. 

The  coil used throughout the experiments consists of No. 18 
S.W.G. hard-drawn bare copper wire mound, with & inch spacing, 
round a frame, so that the sides along the wire lneasui-c five leet each. 
It is divided into three sections of YO, 20 and 50 turns and provided 
with a three-way two-pole selector switch. T h e  switching arrange- 
ments, with the tuning condenser and the adjustable series resistance 
are shown in Fig. 2. T h e  aerial, in which the selector switch, the 
aluminium pointer and the degree dial can be seen, is shown in 
Fig. 3. 

2. AMPLIFIER CIRCUITS. 
The  amplifier (Fig. 4) consists of a resistance-capacity coupled 

arrangement of the usual type. I t  is mounted on a vertical board fol- 
accessibility, thus :- 

(a) Mini~llising inter-triode capacity, which in cramped spaces 
may prove disturbing and troublesome ; 



(6) Suiting drtailed el;wrinii.nt~ on  resistance-capacity coupled 
amplifier circuils ; 

( r )  Making it easy to introduce any necessary modifications ; 
( t i )  Making possible individual control of each stage in the 

amplifier. T h e  obvious objection is that i t  is exposed to damp, dust 
and changes in temperature. 

T h e  high tcnsion supply for the anodes consists of a battery of 
small 1.5 anqwre-hour accumulators which have proved to be very 
steady and reliable. 

T h e  amcle vt~ltnge used is 170, and may appear rather high ; but 
with 105 ohnis anode resistance, the voltage actually impressed on 
the triode i s  only about forty or fifty volts. Experiments have shown ' 

that reducing the 1)sttery voltage below about 15u makes the amplifier 
less efficient, while an increase to about 250 or 300 causes a distinct 
jmprovement in its working. For ordinary reception and ' listening 
IU , a low filament current and a smaller anode voltage with a high 
anode resistance are possible and even advantageous in many respects 
(W. W. a d  i?nd Rcv., 1925, 17, 395; also, Jahr. Dr. TeL., 
1925, 26, 52). 

T h e  well-known I\'lullard carbonised cotton cellulose anode 
resistances and grid leaks (EQ. Wi~e tess  a d  W. Eng., 1924, 1, 
328) are used. I t  has been found that they are reasonably steady 
though a gradual change appears inevitable. Wire-wound resistances 
will be tried later to ascertain whether perfect steadiness both with 
time and wavelength can be secured. 

A grid potentiometer is used at the first triode ; it  consists of 
a 500-ohm rheostat across a small &volt battery. This is very valua- 
ble for controlling the amplifier and preventing self-oscillation. 

A reaction condenser, between the anode of the second triode and 
the grid of the first, provides another means of controlling the ampli- 
fier. Its maximum value is about noppf and the minimum is very low. 
A slightly different arrangement, first used by the French Navy, may 
be noted (L'Ond8 Electrzpe, 1922, 1, 1 0 1 ) .  

T h e  presence of this condenser has a profound effect on the 
apparent input-impedance of the amplifier and therefore on the 
behaviour of the apparatus. 

T h e  connections of the last triode, which acts as a detector, are 
shown in Fig. 5. I t  may be used as a measuring triode after suitable 
calibration, 
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A few of the more important points to .which attention is drawfi 
are shown in the figure. As usual, the ~ i v a n o n ~ e t t t l -  and the other 
indicating arrangements arc all 011 the negative side of the high 
tension battery, A separate six-volt 60 ampere-hour battery is 
required to maintain the filament current steady. At1 ' iron-in-hydro- 
g e n '  resistance made by the General Electric Cu., is inserted in the 
filalnent circuit to maintain the current constant, ior al! likely 
variations in the filament battery voltage. Fig. 5 (6) shows that lor a 
change of voltage from 1.8 to 3.75, the greatest change in the current 
is only 0.015 ampere or about ; per cent. of the mean value, i.e., 
0.525 ampere. 

The normal anode c ~ ~ r r e u t  of the triode, preferably a dull emitter, 
is balanced by a 2-volt accumulator with the potentiometer arrangement 
as shown in Fig. 5. The  galvanometer used is a o-3opA range (rno 
divisions) semi-suspended pointer instrument. I t  was found after a 
good number oi trials, that to secure stability and reliability in 
working, it was absolutely essential that resistances used for the 
balancing potentiometer arrangement, the filainent circuit and in fact 
everywhere, should be of the stud-contact type. Otherwise, the 
inevitably varying nature of the contact causes creep of the zero. 

The  6 p f  condenser across the galvanometers is intended to take 
up transient changes in the anode current, whether due to atmos- 
pherics or other causes. When the effective resistance of the receiver 
is low and the galvanometer reading high, this condenser is  not very 
effective, sudden large deflections indicating the presence of atmos- 
pheric disturbances. 

By means of a double-pole throw-over switch, telephones are 
thrown into the circuit. I t  was found expedient to use two galvano- 
meters; the coarser with a shorter pointer and a correspondingly 
small scale (a Weston Model 375 galvanometer) is  used for the preli- 
minary adjustments. During the preliminary Morse signal, the set is 
tuned to the incoming wavelength as accurately as possible, after 
which the more sensitive instrument is thrown into the circuit and 
final adjustments are carried out before the ' long ' is made by the 
transmitting station. 

3. GAEIBRATINQ CIRCUITS. 
The  calibrated oscillator fitted for the calibration of the amplifier, 

consists of the usual arrangement shown in Fig. 6. T h e  main 
oscillating inductance is a long single layer coil wound on a 5% inch 
paxolin tube with the secondary mounted a short distance from 
it. High frequency current in the primary is measured by a vacuo 
thermo-junction (Cambridge Instrument Co., 1 5  mA., 47.9 ohm heater) 



and a suitable gaivanometer ; for this purpose a Gambrel1 micro. 
ammeter has proved very satisfactory. 

T h e  secondary consists of several separate sections having 2, 4 or 
8 turns and corresponding values of mutual inductance ; any one of 
these sections may be used by means of a selector switch. The values 
of the mutual inductance are o'?gyI-I, ~ r 3 6 p H  and 5.1gzpH. These 
secondary coils give the voltage applied to the amplifier. Fine varia- 
tion is obtained by adjusting the anode voltage by means of a poten- 
tiometer connected across the anode accumulator battery. The  
change in the oscillator wavelength due to a change in the anode 
potential from 23 to ga volts was found to lie between roo and 120 

metres and this might be expecfed to cause inaccuracies. This has been 
pointed out  by I-Iollingworth to be of no great consequence ; and in 
order to find whether this was so or not the following test was made :-- 

T h e  amplifier was calibrated with a certain value of M but with 
no correction applied for the change in the oscillator wavelength 
caused by the alteration of the anode voltage from 23 to go volts. 
T h e  deflections of the galvanometer at  the output end of the amplifier 
and the corresponding primary current obtained by a thermo-junction 
and galvanometer were noted and graphed. Next, at each change of 
anode volta;;e, the wavelength of the oscillator was adjusted to the 
correct value by the tuning condenser with the help of a heterodyne 
wavemeter. T h e  wavemeter was then shut off, the primary current 
and the galvanometer deflection being again noted and graphed. The 
maximum diiference between the two cases never exceeded 8 to 10 

per cent. 

I t  might be thought necessary that the oscillator frequency should 
differ slightly from the incoming signal frequency in order to avoid 
' pick u p  ' by the calibrating inductance. This 'pick up ' is quite 
small and may be avoided by proper orientation of the coil. I t  has 
been possible on a few occasions to check this when, just before the 
transmission of the test signal, there was nQ radiation from the Madras 
Station. During this interval the amplifier was calibrated by noting 
the primary current and the corresponding deflection on the galvano- 
meter. Afterwards when the station was working on its routine, the 
main coil was orientated so as to have the maximum induced electro- 
motive force due to Lhe incoming field. A calibration curve was again 
obtained and no difference could be seen between the two sets of 
readings. With a powerful field, however, it is advisable to take 
every precaution to avoid direct [ pick up'. 

Defer&natzon of the Mutual  Intlz/ctafzce &'.--This does not 
present any difficulty. The  arrangement used for determining its value 
under normal working conditions is shown in Fig. 6. T h e  current in 



the primary is measured by a good Chermo-junction and micro- 
ammeter, variations being made by adjustnmzt of r ~ ~ o c k  voltage 
without any change in waveiength. The secondary circuit is connec- 
ted to a Duddell theril~o-galvanonuetcr with a 101.7 ohm heater. Pk 
lower resistance heater was not i o u ~ ~ d  quile satislsctory for the values 
of M requiring rneasuretnent. 

l$ current I, in the primzry at a f req~~ency J induces in the secon- 
dary an electmmotive force zaf MI, where RII IS the mutunl inductance 
to be determined, if the total resistance and reactance of the second- 
ary circuit consisting oi the secondary turns, the heakr  of the thermo- 
galvanometer and the connecting leads be R, and X,, a i d  the secondary 
current as shown by the deflection of the ther~no-galvanol?~eter be 1,, 
then 277f bZTI = 1% ( R a Z  + X y Z ) :  ; i.e. M = (1,,'9,) ( K S Z  + X , 2 ) J  

(zirJ)-l. In this particular apparatus, the resistance of the secondary 
winding and connections i s  negligiblc, as also is the reactance X,, 
when compared with the resistance of the heater of the galvanometer. 
Similarly, variations in the resistance due to changes of frequency are 
swamped. Thus  in the above equation ( K S 2  i- XS2)? = R(;, the 
resistance of the beater of the therino-galoanoine'cer : 

;. M = (I,/I, ) R,;/zT f = R,; I , iwI ,  
In order that I, rnxy  be sufhcient to give a reasonable deflection, 
i t  is necessary to increase I, by using a higher anode voltage, particu- 
larly when measuring very small values of M. From 50 to 200  volts 
was found sufficient for this purpose. When calibrating the thermo- 
galvanometer with continuous current, i t  is necessary to note the 
deflections for the same value of current reversed and to take the 
mean of the two deflections. T h e  same p roced~~re  is advisable when 
calibrating thermo-junctions. 

By thus determining M under working conditions at  the required 
frequency and by mounting the secondary at a short distance from the 
primary, any capacity coupling xvhich may exist will be included in 
the value of M so determined. The uncomfortable suspicion that an  
indefinite amount of energy may Le reaching the secondary through 
accidental capacity coupling need not arise. T h e  control detailed 
above, both for rough and fine variations in the secondary voltage, is 
more than sufficient for the measurements. 

That  M does not remain the same for all frequencies is shown in 
Fig. 7 and only emphasises this point. When working on different 
stations, i t  is necessary that the appropriate value of M, read from the 
curve should be used for calculations. 

T h e  mutual inductance method of getting small known radio 
frequency voltages has been successfully used in field strength 



To avoid some of its disadvantages, such as t l ~ e  variation of 
primary currcnt and Escquency through changes in anode voltage and 
the changes in M with wavelength, it has been decided to adopt the 
currcnt transfimner method in place of the present mutual inductance 
mcthocI. A large voltage range over a reasonably wide balld of 
frequency will lx sccured without changes in anode-voltage, oscillating 
current and frequency ; and, except for the low values of voltage, the 
pcrcenla!;e accuracy is the same throughout ( Jah~ .  Dr. Td., 1923, 22, 
56;  J. ?mf. /.;'!a. flus:, I925, 63, 597 and 1926, 64, 253;  ELek, A7ach. 
Tech., r o a g ,  2 ,  416). 

T h e  alternative method employing a resistance ~>otentio~neter 
arrangement is also free from the disadvantages of the mntual 
inductance method and further is capable of measuring potential 
differences of the order of micro-volts (Phys. Kcv., 1925, 26, 118). 
The  Wcsterr? Electric Co. has developed this method and used it 
successfully. Everything considered, the current transformer method 
within certain limitations is perhaps the cheapest and the easiest to 
construct. 

T h e  above method of obtaining the necessary locally generated 
voltage makes the determination of the effective resistance of the 
receiving circuit essential for every reading. The variation in the 
resistance is partly intentional and partly due to ageing of the triodes, 
etc., and dust on leaks. The intentional variations arise from the bias 
given to  the grid of the first triode of the amplifier and the setting of 
the control condenser, apart from any changes that may be made in the 
filament-current, anode-voltage and number of stages of amplification. 

T h e  amplifier input-~mpedance acts as a load on the oscillating 
circuit and .tbsorbs a fraction oi the power induced in the aerial by the 
incoming signal and has to be considered in the working of the 
apparatus. This has been discussed by Miller (Bw. Stad, Sc. P., 
NO. 351, 1919)) Weinberger (Proc. Imt. Rad Ew., 1920, 8, 334), 
Thomas (J. Imt. E k .  E72g., 1926, 64, 253) and others. If L, K 
and C denote the constants oi the oscillating circuit, the effect of the 
input-impedance oi the amplifier may be represented by a resistance 
R, and a series capacity C,  in parallel with the tuning capacity C. A 
very sllght alteration in C1 modifies the effective resistance of the 
receiving apparatus. 

2 



i MRh 
In  the fosnlula s f;i-7i6;, it is not the wire resistirnce of the 

coil aerigl, but the total eflective resistance of the whoic receiving 
arrangement, at the working frequency which is used for It, consisting 
of the of the oscillating circuit and thc amplifier across it, 
being modified by the grid bias on the first triodc and the setting of 
the control condenser. 

&fasurmzent of Efective IZrsi§tmtrr.-The resistance variation 
method of measuring the effective resistance of the receiving circuit was 
qdopted on account of its simplicity. 

A five-stud switch introduces into the oscillating circuit, consisting 
of the coil aerial and tuning condenser, a series resistance of 0.58, 1.0, 

1.41 or 2-71  ohms. The  test signal or the local uncalibrated oscillator 
shown in Fig. I may be used as the source of radiation for this 
measurement. If the latter is employed, its waveiength is adjusted to 
that of the test signal. Experience has shown that it is better to use 
the distant station itself for this purpose; by so doing the signal may 
be watched and at the same time the observations for ine3suring the 
resistance are made under working conditions during the time the 
signal lasts. The  only assumption involved is that during the interval 
of one or two minutes there will be no changes of signal intensity. 

In practice, with zero added resistance, the control condenser and 
grid bias are adjusted to give almost full scale deflection ; and then, the 
deflections are taken Lor different values of added resistance. 

The voltages corresponding to these deflections are found on 
calibrating the amplifier by the local calibrated oscillator. From these 
voltages and the known values of the added series resistances, the 
effective resistance of the receiving circuit is calculated as follows :- 

Let R, be the effective resistance to be measured ; and K,, R,, 
R, and R, be the added series resistances. Let io, ill i*, is, and 
be the corresponding currents in the primary of the calibrated mutual 
inductance. Since the gradient F, whether due to the distant station 
or to the lacal uncalibrated oscillator, remains constant throughout, it 

i MRh. follows from the formula F = zk that i x R is constant; i.e., 

Any two of these five equations give a value for R, ; and the mean 
a£ the ten possible v o l w  i s  the required effective resistance. 

In actual practice, it i s  sufficient to use only two o~ three 
positions of the switch, particularly when the duration of the signal $6 



short.. An  example of these measuremenis is as follows :-3-w, 3.d4, 
3.58, 3.40, 3'79, the mean value being 3'66 ohms. 

T h e  percentage accuracy as seen by the above series, which is 
normal, is not very high; but improvement to any appreciabke extent 
does not seem to be easy. H. A. Thomas, in his experiments on 
amptifiers, rejects this method and employs the resonance curve 
obtained by noting the deflections of the galvanometer at the output 
end ol the amplifier, due to changes in the capacity of the calibrated 
tuning condenser of the local oscillation generator. H e  claims higher 
accuracy and great consistency. For work on signal strength measure. 
ment, the rcsonailce method has the drawback of being cumbersome 
and rather dificult. The  degree of accuracy attainable with the 
resis ta~~ce variation method appears sufficient. 

T h e  above series of resistance values was obtained with a grid 
bias of zero at  the first triode and the control condenser scale set at 
I j3". With grid bias unaltered aud the control condenser at 120°, the 
effective resistance of the receiving circuit was found to be 8.56 ohms. 
T h e  continuous current resistance of the coil is 3'95 ohms and the 
resistance at  the working frequency of 75  kc. per second is 114 ohms. 
These figures show the profound influence of the control condenser 
setting. 

T h e  effect of the strength of the signal on the resistance of the; 
amplifier has been dealt with by Hollingworth and need not be 
considered here. 

5. PROCEDURE IN WBRLINO. 

(a) Prelim?zary Arrmzgements.--In getting the apparatus to work 
on any station, it is of the greatest importance to guard against any 
tendency of the ampIifier to oscillate. Stability in working should be 
secured, if necessary, at the cost of a reduction in the amplification 
factor. 

A point of some importance is the difference in the behavimr of 
the amplifier with galvanometer or with telephones at its wtput  end 
(Fig. 5). Using only two or three tricrdes, the set works stably 
w ~ t h  galvanometer or telephones. A heterodyne is necessary for 
audible signals, but with four or more triodes a heterodyne is un, 
necessary; the signals are heard clearly because the ampliiier ascillates. 
If the galvanometer is now switched on, it may be found that &ere i3 
no oscillation at all and the set is quite stable, This difference is 
sometimes observed even with three stages. That the set oscillates an 
telephones io no proof that it still oscillates when on the gdsanmeter. 
I t  behaves entirely differently with the galvanometer. It may k 



said that the set is usually more stable with the ga~vanometcr than 
with telephones. 

~~~t for Os&xti&.--The first important step in getting the 
apparatus ready is to test for oscil!atiou. 

Everything is connected for receiving the incoming signal except 
the r 70 volts anode supply to the amplifier. 'The high tension of 40 
volts lor the last triode is connected and the !ilanleut currents are 
adjusted to their working values. The galvanometer in the anode 
circuit of the last stage, which functions as a detector of the cutuulative 
grid-rectification type, is then balanced by the potentiometer armnge- 
ment shown in Fig. 4,. The  170 volt battery is then switched on. If 
the galvanometer needle does not move, or moves slightly owing to 
the extra load on the high tension battery, the set is not oscillating. 
If, on the other hand, the galvanometer needle flies over, the set is 
oscillating. 

P v e v m t i o ~ ~  o f  0scillntioz.-If the set is oscillating and the 
galvanometer needle flies over, the control condenser cal~acity 
should be reduced until oscillations cease. If oscillations persist even 
when this condenser is disconnected, the application of a very slight 
positive bias to the grid of the first triode, by means of the grid 
potentiometer (Fig. 4), efiectively stops any tendency to oscillate. 
The positive bias thus applied should be as small as possible. This is 
more convenient than slight alterations in the 270 volt anode supply. 

In  trying for a new station the following procedure may be 
adopted. By means of a wavemeter the frequency of the local 
uncalibrated oscillator is set to that of the station. Using only three 
triodes in the amplifier and disconnecting the control condenser, any 
tendency to oscillate is prevented in the manner explained above. 

If  now the local uncalibrated oscillator is placed close to the coil 
aerial, it becomes the source of a powerful and easily found signal 
which induces a large electromotive force in the coil. This, tuned by 
the condenser across the coil, causes a deflection in the galvanometer. 
The oscillalor is now placed at  such a distance from the coil as to give 
almost a full scale deflection. At this stage, the resistance of the 
receiving set, measured in the manner described I eviouslp, is com- 
paratively high ; consequently the tuning is flat, and requires relatively 
large variations in the value of the tuning condenser to produce a given 
change in the galvanometer deflection. In this connection, ~t is 
important to emphasise the need for, and the extreme usefulness 01, a 
vernier condenser, the capacity of which may vary from IOO to several 
thousand micro-microfarads depending upon the working frequency. 



Even at  this atagc, there is a pure resonance curve with well- 
marked zeros olr both sides of the resonance or peak value (Fig. 80.) 

Thc coutrol condenser is then connected up and kept at  about its 
minimum value. This slightly detunes the receiver and causes a 
reduction in the galvanometer deflection. By adjusting (usually 
increasing) the vernier condenser, tuning is restored ; the galvano- 
meter shows a larger deilection than before, proving that the resistance 
ol the receiving set hns decreased. 

Thc value oi ihe control condenser is increased a little more and 
the set retuned with the vernier condenser. This gives a still larger 
galvanolneter deficctio:l due to a further decrease in resistance. If 
the needle goes off the scale, the source is moved away from the 
coil, 

This  procebs of gradually reducing the resistance of the set, 
making it more sensitive by increasing the value of the control 
condenser, and retuuing at  each step is continued until oscillation sets 
in. This  can LC stopped immediately by reducing the value of the 
control condenser. 

T h e  set is now ready to receive the distant station. In fact, when 
the local source is adjusted accurately to the signal frequency it will be 
found that in the process of making the apparatus sensitive, apart 
from the deflection due to the local source, the galvanometer shows 
the incoming signal as well, provided the coil aerial is properly 
orientated. 

Otherwise, the frequency is adjusted as close as possible by the 
local source thus inducing a powerful signal. The oscillator is then 
shut off and the set made more sensitive as detailed above. A search 
is made in the neighbourhood for the incoming signal by proper varia- 
tions of the vernier condenser. After a few trials in making the set 
more or less sensitive as circumstances require, the galvanometer 
shows the signal of the routine transmission. 

If the signal is very weak, the effective resistance of the set should 
be made very low when working with three triodes ; or better, four 
triodes may be used and extreme sensitiveness avoided. 

T h e  notable feature in the above process of increasing the sensiti- 
vity of the apparatus is the large decrease in resistance caused by a 
small increase in the value of the control condenser. For this reason, 
the condenser consists of only two or three plates, having a maxi- 
mum value of between 20 and so micro.microfarads, with a fine control 
and good insulation. The condenser is also provided with a long 



When the set is O I ~  the !mint ot oscillating, Phc eKcclive rcsistance 
of the receiving set is esircinc:Iy itrw a.nd can aciju~:ecl to a snlall 
fraction of an ohm. i n  this coi:clitii.m the ;il)paratus I:? very unstchle 
and vioient oscillations are ~mdi:ced on approxhi i~g tlic nmpliiici-, or, 
as observed by I-iollingworth, 1.y rncrcly towhing ihe klcl~honeu 
separated though they be by a piirce1;:in nmrintetl tl~)ui~lc~-polc throw- 
over switch and a tclcphone transior~rier. I t  is ttit:relvi-e Inore con- 
venient to work with t!le rcsistance (PI the S C ' ~  i t t  not less thml one 
ohm. 

Under tiiesc conditions, the timing is cnli-eniely si~arp,  as sl:own 
by the steepness of the resonance curve in  Vig. B L ,  with the resistance 
of the receiving set st 3.66 olrinu. 'The alxcissac rcfcr to a roo-rnicro- 
microfarads condenser with 180 scale clivisicini. This conc:t!ilser is in 
p a d l e t  with a variable air condenser of 2,000 niicro-microfarads. 

R resonance cutve of this n a t ~ u e  is a satisfactory proof that all is 
well with the apparatus. 

Sharpness of tuning is the only way, perhzzps of securing selecti- 
vity with this apparatus. This Is the reawn why it i s  not of much 
consequence if the incoming signal i u  not of the schcdulerl frequency ; 
on the other hand, it is  oC the utmost importance that the station 
should keep its wavelength extremely 5teady. 

Referring to curve (d), Fig. 8, it  is seen that the tuning is very 
sharp. .I change in wave-length ol I O  metres corre\pnncling to about 
2'5 per ccnt. change of the total value of the tuning condenser causes 
the galvanometer deflection to decrease by 6o per cent. of the value 
when accurately tuned. 

When the effective resistance is higher, as it1 Fig, 8u, tuning is 
less sharp. The same change in wave-length brings about a reduction 
of 18 per cent, in the deflection of the galvanometer and the curve is 
comparatively Rat. 

On account of the extremely sharp tuning when the apparatus is 
very sensit i~e,  it is necessary to vzry the vernier condenser slowly ; 
otherwise, it is qurte possible to run through even comparatively sti'o:~g 
signals without noticing them on the galvanometer becausc of the long 
period of its needle. With an Einthoven string i~istrument, having a 
period of 0.01 second, there is no chance of missing the signal, the 
string responding accurately to the higbeit speed t~aasmission, 



Baumler at  the Telegraphentechnische Reichsamt, Berlin, uses a single 
string electrometer in his investigations (&c. Inst. R d o  Egtg,, 1925, 
12, 5) .  

( I )  Fimd Adjwtmem? and Obserunfio~as.-The preliminary 
arrangements and testing of the apparatus are preferably completed 
between 15 to j o  minutes before the test signal comes in, so that the 
apparatus will have Lime to settle down to a steady condition. Obser- 
vations can be satisfactory only when the measuring set is free from 
any erratic, though small variations. 

As soon as the test signal comes in, the vernier condenser is 
varied slightly until accurate tuning is secured as given by the 
maximum deflection on the gaivanometer with well marked zeros on 
either side. T h e  deflection, as remarked earlier, should be about 85 
per cent. of the full scale. 

Next, by means of the series resistance switch, the galvanometer 
deflection for each of its positions is taken. The switch is brought 
back to its first stud corresponding to zero added resistance. There- 
after, the signal is closely watched for any variations. The needle 
generally remains steady at its maximum reading, unless the field 
strength alters suddenly in the small interval of time during which the 
signal lasts. Such an instance of variation shown in Fig. rou on 6th 
March o r  on  6th May is not very frequent. 

Immediately the signal stops and the needle returns to zero, the 
amplifier is switched on to the calibrated local oscillator, the 
wavelength of which has been adjusted to that of the signal. The 
deflections of the galvanometer and the current in the primary of the 
calibrated mutual inductance are noted for varying anode voltages, 
the range of voltages being such as to give deflections on the 
galvanometer a little above the maximum and a little below the 
minimum of the deflections obtained with the test signal. This gives 
thc calibration curve of the amplifier (see Fig. 9). On this curve arc 
read off the primary currents (i.e., the secondary voltages) correspond- 
ing to the deflection obtained for each position of the series resistance 
switch. T h e  effective resistance of the receiving circuit is calculated 
as described in Section 4. 

From the resistances so obtained, the value of M used, the 
primary current and the constants of the coil, the field strength is 

the various quantities calculated from the equation F = GL , 
being expressed in proper units. 



. EXAMPLE AND OBSCRVATBONS. 

As an example oE the procedure exlhineci in Section $, the 
fol!owing readings and caEculalions of Mardl 23, 1926, are given :- 

1. Deflection of galvanometer with zcro adclerl res. = 95-25 
divisions. 

2. Deflection of galvanometer with 1-41 ohms ndtled rci, = 7 2 " ~  
divisions. 

3. Deflection of galvanometer with 2.71 obrns added res. = 58.8 
divisions. 

Calibration of amplifier (with the local oscillator). 

Current iu primary of M. OJ N i. (seco~ldnry voltage) 

9.00 mA. 9.063 m v .  
8.00 ,, 8.056 ,, 
7-00 ,, 7'049 ,, 
6.00 ,, 6042 ;, 
5'oo ,, 5'035 > >  

4.12 ,, 4'LS ,, 
2-80 ,, 2'82 ,, 

Deflection of $:ilvanometer 

108.5 divisions. 
83.5 r ,  

67.5 ,, 
50'5 > t  

35'5 7 ,  

"3'5 ,, 
14'0 9 ,  

These readings are graphed in Fig. 9. Prom this curve, the 
currents corresponding to 95.25 divisions, 72.2 divisions and 58.8 
divisions are 8'52 mA, 7-32 rnA and 6.52 mA respectively. 

Taking (I) and (2), the effective resistance KO = 7.32 
8-52 - 7-32 

= 8.60 ohms. 

Taking ( I )  and (3), the effective resistance R, = 6~5?-X1'71 
8.52 - 6-52 

= 8.84 ohms. 
~ a k &  ( 2 )  and (3 ) ,  the effective resistance 

6-52 x 2-71 - 7.72 x 1.41 R, = ---- -- , 
7'32 - 6.52 9.1 g ohms. 

Mean of these three values = 8.88 ohms. 

i NIRx In the formula F = e-, 
2lranL 

i, = Current (r.m.s.) in the primary of the calibrated M correspond- 
ing to zero added resistance = 8'52 mR. 

M = Value of mutual inductance = 2'136 pH. 
R = Effective resistance of receiving circuit = 8.88 ohms. 



x = Wavelength of the signal = 4000 metres. (75 kc. per second). 
n = Arca oi coil aerial = 5 ft. x 5 ft., or 23,226 sq. ems. 
n = Number of turns in the aerial = 20. 

I., = Eflective inductance of the coil at  7 j  kc, per second = 2.8 
millihenries a t  4000 metres. 

Substituting these values in the equation, we get 
(8.52 x 10 -') x (2.136 x 10 +) x 8.88 x (4000 x 103 F - .  - 

av x 23,226 x 2 0  X (2'8 X 109) 
= 79 I .2/micro-volts per metre. 

T h e  aerial current on this day was 60 amperes giving a field 
strength of 13.2 pu/m per ampere in the aerial. 

7. DISCUSSION OF RESULTS. 

Curve (a) of Fig. l o  gives, in micro-volts per metre, the daily 
values of the potential gradient per ampere in the transmitting aerial 
at  Madras Radio. In spite of the short distance between Madras and 
Bangalore (295 Km.), the variations from day to day are very large. 
O n  three days, there have been abnormaliy high values, about 1 4 ~ ' ~ / m  
per ampere. The lowest is 4 '8plm per ampere on March 16. 
i ipar t  from these extreme values, a large percentage of the readings 
lie between 8.5 and loPn/m per ampere. 

Curve (d) of Fig. ro is the average of the readings for each week. 
Points on this curve lie most closely about the line 9.4p/m. per ampere. 
There are only three points which lie far out fro% this, viz., r ~ ~ ~ l m .  
for week ending with March 27 and 7'gru/m, for weeks ending with 
April 10 and May 15. 

In  Appendix I is given the calculated value of the potential 
gradient on the basis of one ampere in the transmitting aerial, 

I 2 0 ~ 1 h  
using the formula F = --- In this the effective height of the 

x d  ' 

aerial is taken to be 0.5 of its geometrical height. This very 
conservative figure has been assumed in the absence of other data. 
According to this assumption, the gradient works to 1 2 . 8 j ~ ~ / r n .  The 
Austin-Cohen and the Fuller coefficients for the present case are 
about the same, viz., 0.81. Applying this factor, we get ~o.Qu,'rn. per 
ampere. 

Compared with the observed figures, even this is a little too high. 
Curve (c) of Fig. 10 gives the ratio of the observed value LO the 

3 



calculated value I a . 8 d ~ p v j h .  This ratio is very close to 0.8, since the 
points crowd round this line. 

The explanation of the low observed figure i s  not easy to see., 
The attenuation factors considered above are not strictly applicable 
to transmission completely over land. There arc two sources of 
uncertainty, one in the x r i a l  current, and the other in the possible 
distortion of wave form when the current in the lransrnitting aei.ia.l is 
increased from 50 amperes to 80 amperes. 

A. correct knowledge oE the aerial current and of the effective 
height of the aerial will, it is hoped, lead to an expi:mttion of the high 
attenuation observed. The  transmission is completely ovel land 
between two places one on the sea coast and the other on a plateau 
over 3,000 feet in altitude without any intervening moi~ntains. 

Arrangements are being made to measulr the effective height by 
the three aerial method, originated by Pession (/iad.ICv., i c ~ ~ r ,  2, 2 2 8 )  

and by the cod aerial method as a check (Rod. Rro., I 92 I ,  2, 77 and 
1. Imf.  ELec. E7q., 1925, 63, 936). 

I t  is possible that t h e  laboratory is so situated that the direct ray 
and that partly reilected and partly refracted from above interfere. This 
is worth considering, in view of the very short distance of transmis- 
sion and the improbability of the effective height being only half 
the geonletrical height. If the effective height is 0.7 times the 
actual height, the gradient works out to 16.grv/m ; and the ratio of 
the mean observed value to 16-g~v/m. is about 0.63. This figure 
favours the suspicion regarding the interference hypothesis. This can 
be confirmed only by continuous and systematic observations, both 
at the Institute and a few other carefully chosen places. At present, 
however, it is too early to arrive a t  any definite conclusions on data 
based on only twenty weeks' work. 

The incorporation ol an Einthoven galvanometer enabling 
observations to be made at  all hours of the day will doubtless help in 
explaining to some extent the observed value in relation to the 
calculated figure. 

I gratefully acknowledge the assistance given by the Wireless 
Authorities of thc Government of India in transmitting test signals 
every day at 0756 I. S. T. T o  Professor J. K. Catterson-Smith, under 
whose direction this rather difficult experiment has been carried out, 
my warm thanks are due. 

Besides the fact that the apparatus and the experiment closely 
fdlow the description given by Mr. Hollingu~orth, 1 am grateful to 



him for many va?~:al~ll: suggestions readily given as the result of his 
owl> c ~ ~ ~ i t . i - i ~ ~ i ~ ' i . .  'Thcse havc considerably iightened my work and 
a s s i ~ t i d  i:ic i l !  rcnching the measurement stage earlier than would 
have becn ; I ~ M : ! ! !  wiilmut his he!p. Many points omitted here are 
~vcll covcrcd i n  his uriginn1,paper. 

My beht hanks  are due to Mr. V. Krishna Moorthy for the 
valuable help rcndercd in the later stages of the experiment. 



The principal trans!nission formula used is the wd!-known one 
originally given by Herb for a perEcct plane conducting grotlnd and 
a perfect dielectric for the medium oi propagation. Thc  formula 
is (Bur. Sikztd., Sc. P ,  No. 354, 442). 

1.0- I h  F = z--' 
Xfb 

where 
F = Electric intensity of the received signal. 
I,=Current in the transmitting aerial. 
A,= Effective height of the transmitting aerial. 
h= Wavelength. 
d= Distance between the transmitting and receiving stations. 

4 iactor h/&- by which the above equation should be multi- 

plied takes into consideration the curvature of the earth. 

In  the present case the distance between Madras ( 1 ~ ~ 5 ~ ~  '7'' N, (80°10' 56" E) 
0 and Bangalore ("" s8' N, is so small that I - -.,- is negligible. 

( 7 7 O  38' E) s ~ n  0 
R,= Effective height ; this is taken to be 0.5 of the geometri- 

cal height in the absence of a figure determined by 
experiment. 

= 264 x 0.5 ft. or 40.25 metres. 
L= 4000 metres. 
d= 183 miles= 295 km. 

Field strength per ampere F = L % . x B x E ~ ! ! E ~  x ro6pv,'m. 
( ~ O O O  x LOO) x ( ~ 9 5  x lo5) 

= 12.85plmetre per ampere neglecting attenuation. 
The Austin-Cohen coefficient for this wavelength and distance works 

-0.0015 x 2951114 -0.0015 x 29512 
out to € = f =0.8019. 

After applying this correction factor for attenuation, the field strength 
per ampere works out to 1 2 . 8 5 ~  o.8019= 10.3pjrnetre. 



* > I Izerr: is not niucl~ difference between the two atlelluatiol~ factors 
over- this shorl. distancc. 

APPENDIX IL 

Let: the coil Fig. I r (a) he of vertical height A and length Z and 
havc IL complcte turns. Let the r. m. s. electric intensity of the 
i~lcoii~ing radiation be I;; if Lhe wave-front is not vertical but is 
inclined to the vert.ical as is generally the case, then F refers to the 
vertical cv~npoi~ent  of the electric field. 

T h e  cleclromotive force induced in each wire on each side of the 
aerial is Fh, :;o that the total electromotive force on each side is %FA. 
T h e  phase difference between the two electromotive forces is the phase 
angle between the values of the field at a distance 2 apart in the 

8 1 
wave, Fig. I i (6). Hence the relation - = 

277 X 
(1) 

Ti OA, OB be the two electromotive forces then OC the 
resultant has the value V = wFA x 2 (I  - cos8)' 

-= 2 12Fh sin 012 (2) 

n being quite small, V = n F h  
Substituting for 0 fro111 Equation (I), we have for the resultant eiectro- 

motive Iorce driving the current round the coil where a= lh, 

is the area of the coil. 

When the coil is tuned to X, the current flowing in the tuned 
z7ranF 

circuit of resistance R is aR (3) 

The voltage across the tuning condenser i.e., resonance volts 
zva& 

applied lo the nrnplifier is VR = jRZ t m 2 L Z )  t where L is 

the effective self-inductance of the coil. RZ is negligible compared 
zvaaLFta 

with 02L2, SO that V, = (4) 



The local calibrated osciliator being adjusted 1u givt: the same 
deflection on the galvanometer as the radiatioii Ci.o!u the distant 

a r m 1  Fd 
station, it follows that ------I-- 1: wi,l\l. a K (5) 

,? ;??2>!2;;.:. i[[. 

Effectiue 11md~~c2n~zcc and R c s i ~ t f f 7 i ~ ~ ~  0 f Coi/.- 111 the formula 
i MRh F = "------  for field strength, it is important to substitute the value znnnL 

of L at the working irequency; otherwise very crroncous results are 
bound to occar. A t  very long wavelegths, the value of the inductance 
is not far different from its value with continuous current ; but with 
rise in frequency, the distributed capacity of the coil becomes 
increasingly important. The  curve in Fig: 1 2  was obtained with the 
30 turn section and shows that the effect~vc inductance increases at  
first slowly with frequency and then much more rapidly. The  
steepness is very marked for wave-lengths below 3.5 k n ~ .  

Whilst the resistance-capacity coupled amplifier used in the set 
works satisfactorily down to 2 km., the apparatus as a whole is 
difficult to manipulate below about 3.5 km. 'The effective inductance 
and high frequency resistance of the coil increase so rapidly that 
stable working becomes extremely difficult. T h e  value oi the tuning 
condenser becomes so small, that tiny variations in it cause large 
frequency changes. 

Fig. I 3 shows the change in the effective resistance of the same 
section with frequency. The  steepness of this curve is greater at  
every point than that of the inductance curve. With a continuous 
current resistance of 3'95 ohms, that at  7 lim. wavelength is 14'6 
ohms, a t  5 km., 3 1  ohms, and a t  3.95 kin., 120 ohms. Below 3 km. 
it was not possible to carry out measurements, because of the gradual 
approach to the natural wavelength of the coil. 

I t  is therefore necessary to use a coil possessing large area-turns 
but only a small inductance. This means that for frequencies above 
IOO kc. per second a large coil with a small number of turns we11 
spaced from each other should be used in preference to a smaller coil 
with a larger number of turns. Experience shows that the tuning 
capacity should not be less than 1,500 micro-microfarads to z,ooo 
micro-microfarads. For these two reasons, the 30 turns section could 
not be used for measurements on Madras Radio. Only 20 turns have 
been used, and the curves relating effective inductance and resistance 
with wavelength are not steep in the neighbourhood of 4 km. 
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