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RECTANGULAR SHORT-WAVE FRAME AERIALS FOR
RECEPTION AND TRANSMISSION *

BY

L. S. PALMER and D. TAYLOR
(The University College, Hull, England)

Summary-Previous work on the optimum dimensions of tuned rectangular
frame aerials for the reception of short waves has been continued, and the theory
has been extended to include an additional condition, the fulfillment of which results
in a large frame current.

The analogous problem of the optimum dimensiOns of a tuned rectangular trans-
mitting frame actuated by a local oscillator has also been investigated, and the critical
dimensions for maximum frame current have been deduced from the theory, and
tested experimentally.

The critical dimensions of the frame for maximum radiation in a given direc-
tion are not necessarily the same as those for maximum frame current. From the
theory developed it is concluded that, for maximum radiation perpendicular to the
sides and in the plane of the frame, the height and width of the frame should be 0.40X
and 1.0X, respectively, and for no other dimensions (less than one wavelength) will
the radiation be as great for the same applied electromotive force.

I. INTRODUCTION

WHEN a frame or loop aerial is tuned, the current produced in
it by a passing wireless wave will be increased many hundred-
fold compared with the current produced in an untuned frame

of the same dimensions. With wavelengths which are long in compari-
. son with the dimensions of the frame the only other method of increas-
ing the current is to increase the area of the frame. The increase in
current by the usual theory is then proportional to the increase of the
frame area. If the length of the wave is of the same order as the dimen-
sions of the frame then it is found that the current, even in a tuned
frame, may be still further increased many hundredfold not by increas-
ing the area of the frame, but by critically adjusting the ratio of the
frame dimensions to the wavelength. In a previous communication'
this process was described and a theory outlined which accounted for
the experimental values of the critical ratios frame height/wavelength
(H/X) and frame width/wavelength (W/X) for which the received cur-
rent became abnormally large. The process of adjusting the frame di-

* Decimal classification: R325.3. Original manuscript received by the Insti-
tute, May 16, 1933. Revised manuscript received by the Institute, September 8,
1933.

1 Palmer and Honeyball, PROC. I.R.E. vol. 20, pp. 1345-1367; August,
(1932).
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94 Palmer and Taylor: Short-Wave Frame Aerials

mensions was tentatively called "formatising." Since that time (August,

1932) the work has been continued and a further formatising condition

has been determined, whilst the investigation has also been extended

to transmitting frames.
The objectives of the present paper are to give the complete forma-

tising conditions for tuned receiving frames and to determine the cor-

responding conditions for transmitting frames. Furthermore, the con-

ditions for a large current in a transmitting frame are not necessarily
the same as those for maximum radiation from the transmitting frame.
Hence the final portions of the theoretical and experimental sections
will deal with the question of the best conditions for maximum radia-

tion from a tuned rectangular transmitting frame.

II. THEORY

1. Reception

The current which circulates in a receiving frame is due to the elec-
tromotive force in the frame which is a consequence of the incident
wireless wave, whilst the magnitude of the current depends necessarily
on the magnitude of the electromotive force and on the value of the
impedance of the frame. In order to simplify the present problem a
tuned frame will be considered. The impedance of the frame will then
be equal to the ohmic resistance and, compared with the variations
discussed below, may be assumed to be reasonably constant with fre-
quency, whilst the current will be in phase with the electromotive force
produced by the passing wave.

If the wave only acted directly on the several wires of the tuned
frame producing a current in phase with the electromotive force the
problem would be comparatively simple, but at any point in the frame
the effective electromotive force is not only that due to the direct ac-
tion of the passing wave because the wave is indirectly effective in
two other ways as well. For convenience these two additional indirect
effects or electromotive forces may be considered separately.

(a) Effect of Incident Wave

Let us consider first the direct action of the wave. This was dis-
cussed in the previous communication where it was shown that, for a
tuned frame oriented in the plane of wave propagation and for an
angle of incidence y between the wave front and the vertical wires
of the frame,2 the currents produced in the horizontal wires distant H
apart would tend to differ in phase by a' sin y, and the currents pro -

2 See Fig. 1 of the previous paper.
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duced in the vertical wires distant W apart would tend to differ in
phase by a cos y, where a' = 2irH/X and a = 27W/X, X being the wave-
length. If the several wires of the frame were tuned and independent
of each other then these would be the actual phase differences between
the several currents. The amplitudes of the currents in similar parallel
wires would be approximately the same so long as the wires were many
wavelengths distant from the transmitter.

Let us now suppose that the wave has produced a current in the
near limb of the frame and then, for the sake of discussion, ceases to
be propagated and does not affect the other limbs. In spite of this,
currents would be produced in the other limbs because the current al-
ready produced by the wave would itself affect the other wires of the
frame. Thus, indirectly, the wave would cause currents to flow in all
the wires, even though its direct effect was limited to the one wire.
The indirect action of the wave takes place in two different and inde-
pendent ways. The first is due to the fact that the field of the initial
current may cut the other wires and so induce currents in them. In the
previous paper such currents were termed the "indirect" currents to
distinguish them from the "direct" currents produced by the wave it-
self. To distinguish these indirect currents, due to the field, from the
second indirect currents mentioned below, they will here be called the
"first indirect" currents.

If we now make a further,supposition and imagine the wires of the
frame to be effectively screened from each other, then, even though the
wave itself and the field of the initial current be both inoperative on
the other wires of the frame, there will still be a current in these wires
,because they are metallically connected in the form of a frame. ,We
shall distinguish this indirect current from the "first indirect" current
by calling it the "second indirect" current.

(b) First Formalising Conditions
The previous communication dealt with the former or "first indi-

rect" current. It was there shown that the amplitude of this component
was sensibly independent of the frame dimensions as long as the parallel
wires were not closer than about 0.2X, and furthermore, the phase dif-
ference between the initial current in one limb and that induced in a
parallel wire a distance H or W away was - (a' -01+7r/2) or - (a -
+7r/2), respectively, where = tan-la'/(1 - a")and 4. = tan-' a/(1- a2).

If the two effects, that is the direct action of the wave and this in-
direct action of the current in any particular limb of the frame, tend
to produce currents in a neighboring wire in the same phase, then the
resultant current will be a maximum because the amplitudes are sen-
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sibly independent of a and a'. This condition, namely, a cos 7 =
- (a -q5 +r/2), or a' sin 7 = - (a' - ' +7r/2) was developed and led
finally to the equations

:tan [a(1 + cos 7) - Ipj = (a" - 1)/a (1a)

and,

tan [a'(1 + sin -y) = (a'2 - 1)/a' (lb)

in which IP is any arbitrary phase angle. The solutions of these equa-
tions give respectively the critical ratios W/X and H/X for which the
frame current will be a maximum. For convenience these conditions
will, in the present paper, be termed the first formatising conditions.

(c) Second Formatising Conditions
The phase relations of the "second indirect" current lead to a sec-

ond formatising condition. This was not discussed in the previous
paper and will therefore be considered more fully here. The initial cur-
rent produced directly by the wave at any part of the frame may be
represented by /0 sin wt where w = 2irc/A, c being the velocity of the
wave. This disturbance travels round the frame (of perimeter 2H +2W)
with negligible loss of amplitude so long as radiation is negligible' and
with a velocity approximately equal to c or that of the wave in the
surrounding medium. Consequently, the disturbance returns to the
point under consideration lagging behind the initial disturbance by an
amount equal to the time taken to travel round the frame. -This "sec-
ond indirect" current, to use the expression suggested above, will be
represented by

471-(H +
/0 sin [wt

X

Using the previous argument, the initial direct and this indirect com-
ponent will combine to give a resultant current which will be a maxi-
mum when the components are in phase, that is when

471-(H + W)
= 0 or 2nir

where n is an integer.
If as before we put 27rH/X = a' and 27W/A = a this equation reduces to

a + a' = (2)

The justification for this assumption is given in Sections II (3) and III (2)
below.
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Thus we conclude that when this condition is fulfilled, the frame
current will tend to be a maximum. Since (2) may be written in the
form

2(H + W) = nX

it follows that the frame perimeter must be an integral number of
wavelengths. This is also the necessary condition for the establishment
of permanent stationary waves round the frame. Equation (2) gives the
second formatising conditions, but whereas the first formatising condi-
tions depend on the two ratios H/X and W/X separately and therefore
on the shape of the frame, the second formatising conditions depend
only on the ratio of the perimeter to the wavelength and are therefore
independent of the shape of the frame.

Furthermore, the second formatising conditions are independent
of the nature of the initial direct electromotive force and will apply
equally well whether the original disturbance was produced by an in-
cident wave or by a local valve oscillator, but this does not apply to
the assumptions underlying (1). In other words, (2), but not (1) will
apply equally well to a frame aerial whether it is used as a receiving
frame and actuated by an electromagnetic wave, or as a transmitting
frame and actuated by a local oscillator. This point is referred to again
in the following subsection on transmission.

The first formatising conditions for a receiving frame have al-
ready been tested experimentally and discussed in the previous com-
munication. The experimental verification of the second formatising
conditions was carried out on a transmitting frame (to which this con-
.dition also applies) and is described below in Section III.

2. Transmission

Corresponding to the two formatising conditions for a receiving
frame there are two formatising conditions for a transmitting frame,
the fulfillment of which will ensure maximum frame current.

(a) First Formatising Conditions
Consider the first formatising conditions. The direct current will be

that due to the local oscillator coupled to (say) the lower horizontal
limb of the frame, and may be written /0 sin wt. The "first indirect"
current component in the upper horizontal limb will, as before, be
sensibly independent of the frame height and will differ in phase from
the "direct" current in the lower limb by an amount - (a' - +7/2)
where a' = 27rH/X, H being the distance between the horizontal wires
of the frame. The "first indirect" current in the lower limb will result
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from reradiation from the upper limb, and the consequent phase dif-
ference between the two component currents in the lower limb will be
- 2(a' -0'-1-7r/2). For these two currents to reinforce with a maximum
resultant current, their amplitudes must be independent of a', and their
phases must ,be the same, i.e.

- 2(a' - y5/ + 7/2) = 0 or 2n7r.

Similarly, for the "direct" and "first indirect" currents in the vertical
wires of the frame to be in phase, we have

- 2(a - + 7r/2) = 0 or 2n7r.

These equations lead to the transcendental equations
tan a'= (a"- 1)/a'

giving the critical values of H/X for the first formalising condition
in a transmitting frame; and

tan a = (a2- 1)/a
giving the corresponding critical values of W/X. The solutions  of
these equations are

or,

a = a' = 4.45, 7.7, etc.

W/X = H/X = 0.71, 1.2, etc.

As was pointed out in the case of a receiving frame, these last equa-
tions give both maximum and minimum conditions. Experiments show,
however, that the odd solutions give the conditions for maximum trans-
mitting frame current. Thus it is concluded that a square frame for
which

H = W = 0.71X

will have a large current circulating in it when directly coupled to a
local oscillator. This result may be compared with the corresponding
conditions for a receiving frame, namely when

H = 0.71X, W = 0.33X or 0.85X

and the frame was not square for a direction of wave propagation
parallel to the horizontal wires [i.e. 7= tP = 0° in (1) ].

Now the early experiments showed that if the critical widths be
altered, then a large current would still be maintained by suitably
varying the height. This can be explained, as in the previous paper, by
extending the above reasoning as follows :

Suppose the frame width be increased so that the phase angle be-
tween the current components, be not 2777r but (2717r -2) say, then

- (a - 7/2) = n7r - 3)
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The new width may be considered to act as an added inductance
producing the undesirable phase lag IP. If now the height be decreased
just sufficiently to produce a phase lead of 2nr-I-21,G in the currents in
the horizontal wires of the frame, then the effect on the frame current
is similar to that of introducing a capacity of sufficient magnitude to
compensate for the inductive effect of increasing the frame width.
Thus,

- (a' - + 7r/2) = nor + (4)

02 FIRST FOR MATISING

/ CONDITION

Fig. 1-Graph showing the theoretical dimensions of a transmitting frame for
maximum current.

Equations (3) and (4) reduce to

(a2 - 1)/a = tan (2n7 ± a - ik) = tan. (a - (5a)

and,

(a'2 - 1)/a' = tan (2717 + a' + ip) = tan (a' + Vi) . (5b)

The frame dimensions (that is the values of H/X and W/X) for
different values of can be calculated from the above transcendental
equations. This has been done by a graphical method and the relation
between H/X and W/X is shown by the graph marked "first formatising
condition" in Fig. I.

Thus any point on this graph gives the frame dimensions in terms
of H/X and W/X for which the initial "direct" current will be in phase
with the "first indirect" current and the resultant current will there-
fore be a maximum.
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(b) Second formatising conditions
It has already been shown that the second formatising conditions

for a receiving frame will also apply to a transmitting frame. Conse-
quently we have the second set of critical frame dimensions for maxi-
mum current given by

a + a' = nr . (2)

If, as before, we take W/X to be abscissas and H/X to be ordinates,
then (2) is represented by a series of straight lines cutting the axes at
45 degrees. These are the graphs marked "second formatising condi-
tions" in Fig. 1. Thus it is concluded that if the dimensions of a tuned
transmitting frame satisfy a point on any of the curves drawn in Fig. 1,
then an abnormally large current will circulate round the frame.

3. Radiation
In the present paper consideration will be restricted to the case of

transmission along the earth's surface in the direction of the plane of
the frame. With this limitation the conditions necessary for maximum
radiation from a transmitting frame are

(i) large frame current, and
(ii) the correct cophasing of the component fields radiated from

the several wires of the transmitting frame at the particular
point P (say) on the earth's surface at which the radiation is
being received.

Conversely, the radiation to P will be small if either the frame cur-
rent be small or the fields at P due to the currents in the several wires
of the frame be not in phase.

Equations (5) and (2) give the conditions for maximum frame cur-
rent, whilst (1) (with y = 0° since P is on the earth's surface) by the
reciprocity theorem, gives the conditions for the component fields at P
to be in phase. The graphs of all these equations are shown in Fig. 2
which may be compared with Fig. 1. From Fig. 2 it is apparent that
within the range 0.2X to 1.2X, (5) and (1) are simultaneouly satisfied only
at the point of intersection X. Consequently, only for a transmitting
frame of these particular dimensions (namely, H/X = 0.40 and W/X
= 1.00) will the radiation be good. For other frame dimensions given
by (5) the current will be large but the fields due to the currents in the
parallel limbs will not completely reinforce at P, and hence the re-
ceived radiation at P will be less.

Turning now to (2) giving the second formatising conditions; the
graph of this equation has also solutions in common with those of (1),
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but in this case radiation is not to be expected as a result of the ful-
fillment of the stipulated conditions. The reason for this is that, with
free permanent stationary waves, that is for frames the perimeters of
which are integral numbers of wavelengths, the whole of the energy
is dissipated in the frame and not in external radiation whether the
conditions given by (1) are fulfilled or not.4

w/A

Fig. 2-Graph showing the theoretical dimensions of a transmitting frame for
maximum radiation.

III. EXPERIMENTAL INVESTIGATION

1. Transmitting Frame
(a) Apparatus

As in the previous work on reception, ultra -short waves were used
in order that the dimensions of the frame could be kept within reason-
able limits. For various reasons the valve oscillator described in the
previous communication was unsuitable for the transmitting experi-

4 See, for example, Macdonald's "Electric Waves," Cambridge University
Press, p. 62 et seq.
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ments and a new oscillator was therefore utilized. Fig. 3 shows the
circuit employed. By using a single turn inductance coil and a con-
denser of capacity 0.0001 microfarad in the tuned circuit a wavelength
range from 5.5 to 11.4 meters was obtained. An L.S.6.A. Osram valve
with about 400 volts on the plate gave adequate power for transmission
over a distance of several wavelengths.

RETROACTION
CONCENAER

'Ft RDI0FREouENcY
CHORE COILS

fLT

Fig. 3-Circuit diagram of the short-wave transmitter used.

The transmitting frame was directly coupled to the inductance L
(see Fig. 3), the coupling being carefully screened. With this particular

Fig. 4-View of adjustable frame aerial.

type of coupling (see Fig. 5) the change in the radiated wavelength as
the frame dimensions were varied was very small, provided the mini-
mum inductance of the frame was very much larger than that of the
inductance L. This was so in the present experiments, and hence the
radiated wavelength remained appreciably constant whilst the dimen-
sions of the frame were varied.
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The frame was capable of expanding and contracting in either or
both dimensions. This was effected in the preliminary measurements
in the manner described by Palmer and Honeyball in the previous com-
munication. That method, however, suffers from a number of disad-
vantages which, whilst of little consequence in the reception experi-
ments, were conducive to important errors when used for transmis-
sion. The actual arrangement of the new frame used in the later ex-
periments is shown in Fig. 4. The chief advantage of this frame over
that used previously for reception is that all the adjustments necessary
for varying the dimensions can be carried out by an observer stand-
ing some distance from the frame. This is very important because any
one standing near the apparatus may introduce several spurious effects.

Fig. 5-The coupling of the frame to the oscillator.

The frame current was measured by a thermojunction and a micro -
ammeter, the thermojunction being inserted in the frame where shown
in Fig. 5. Since observers moving near the frame may seriously distort
the radiation characteristics, all the measurements were carried out
from a distance using a telescope and a periscopic arrangement of mir-

rors.

(b) Current Measurements

As in the previous work two main experimental methods were used.
In the first method the width of the frame was varied whilst the height
of the frame was kept constant. For each value of the frame width the
corresponding variation in the frame current was measured for a con-
stant input electromotive force and constant wavelength. In the second
method the height of the frame was varied and the width maintained
constant. Occasionally also a third method was employed. With this
method the dimensions of the frame were kept constant and the radi-
ated wavelength was varied by changing the capacity of the oscillatory
circuit of the transmitter. With this method, however, the observer
had to be continually near the apparatus and therefore the results ob-
tained were not so reliable as those obtained by using the first two
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methods. In view of this fact, only the experiments obtained by varying

the frame dimensions will be described here.
The general procedure adopted in the first method was to ar-

range a frame one meter in height (say) and then gradually vary
the width, taking readings of the frame current for each value of the
width. The experiment was repeated for frames of various heights vary-
ing from 1 to 6 meters. Fig. 6 shows some results obtained by this
method, whilst Fig. 7 shows a set of curves obtained by the second
method.

It is apparent from these two figures that a variation of the frame
dimensions affects the frame current to a very marked degree, and
that the current for a given input electromotive force can be adjusted
to a maximum value by correctly proportioning the dimensions of the
frame.

Some of the curves shown in these figures are very irregular and in
every case where an irregularity was found, the curve had to be re-
solved into two or more smooth curves. This has been done for ex-
ample in curve 2 of Fig. 6, and it was found that within the errors of
the measurements the theory accounted for the positions of the re-
solved peaks.

In order to compare the dimensions of the frames with maximum
currents with the dimensions predicted in the theoretical section, it
was necessary to calculate the values of H/X and W/X for all the cur-
rent peaks. This has been done and the results are shown in Fig. 8.
For comparison the theoretical curves of Fig. 1 are included on the
same graph, and it is apparent from this that the theoretical conditions
developed in Section II account for the majority of the experimental
results. It is also apparent, however, that certain experimental points
(those marked X) are not accounted for by the theory. An explanation
of these points will now be considered.

(c) Reflection Effects

In the above experimental work the frame was quite close to the
ground, whereas in the theoretical discussion it was assumed that the
frame was well removed from the influence of all other bodies, and
it is therefore necessary to consider what modification (if any) must
be made to the theory given in Section II, Part 2.

If the frame be near to the ground, the waves radiated from the
frame may be reflected back at the earth's surface and then possibly
received again by the frame. Under these circumstances the waves re-
flected back to the frame will be incident at an angle 7 = 90 degrees
(using the nomenclature of the previous paper). Consequently the
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Whi

Fig. 6-Variation of the frame current with the width of the frame
(height constant).

X = 5.85 meters
For the curve marked
1. H/X =0.14
2. H/X =0.35
3. H/X =0.52
4. H/X =0.72

So

LL

4.0

40

0
04. aB

HIA

Fig. 7-Variation of the frame current with the height of the frame
(width constant).

X =5.9 meters
For the curve marked
1. W/X=0.17
2. W/X = 0.36
3. W/X = 0.51
4. W/X =0.83
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fritne will receive !hese reflected WILVPS bel-11 (that is it NVill tie forma -
Its"! 1(11' these vIt\'es) when the first fruiiiiitising,' conditions fur reeep-
tiun at this angle nre satisfied, that is When equations (I) with y
degrees are satisfied.

w/A

Fig. 8-Comparison of the experimental results with the theoretical
curves of Fig. 1.

With this condition, equations (1) reduce to

tan (a - (a2 - 1)/a (6a)
and

tan (2a' + %G) = (a'2 - 1)/a'. . (6b)

VI/A

04

07.

0
O 0.4 Wih 0.8 hi

Fig. 9-Graph showing the theoretical dimensions of a frame for the reception
of waves reflected from the ground.

The solutions of these equations in terms of H/X and W/X are
shown in Fig. 9 together with the unexplained experimental points of
Fig. 8, and it would seem from this graph that these experimental
points are due to the effect of the reflected waves. A more conclusive
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test of this, however, was obtained by carrying out some additional
experiments with the use of a modified apparatus shown in Fig. 10.

The general procedure in these experiments was to use a frame of
height (say) one meter and then to vary the width in exactly the same
manner as in the first method.' After this experiment had been per-
formed, the whole frame, together with the oscillator, was elevated
through a given distance (usually about a meter) and the experiment
repeated. This procedure was then carried out with the frame at vari-
ous distances from the ground. In this way a series of current variations

Fig. 10-View of the adjustable frame aerial used:for the
reflection experiments.

were obtained in which the effect of the reflected waves became of less
and less consequence, whilst the normal formatising effects remained
unaltered. This method enabled the current variations due to the re-
flected waves to be identified. In actual practice, if the frame be ele-
vated sufficiently, the current variations due to the reflected waves
may be eliminated entirely. This is shown in Fig. 11 in which the full -
line curve represents the current variations when a frame (of height 3
meters) was near to the ground and the dotted curve represents the
current variations when the frame was well removed from the ground.
A peak at about W/X = 0.23 completely disappeared when the frame
was elevated. On reference to Fig. 9 it will be seen that the peak in
question is represented by the second cross from the left for which
H/X = 0.51 and W/X = 0.23. In a similar manner the other peaks

6 Cf. Current Measurements on page 103.
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marked by crosses in Figs. 8 and 9 were found to disappear or were
reduced in value when the frame was removed from the neighborhood

of the ground, whilst the peaks which remained unaffected by the ele-

vation of the oscillator and frame were those predicted by the formatis-

ing conditions. Actually it was found possible to eliminate these spuri-

ous effects entirely only when the ground was fairly dry. If the ground

was moist then the current variations due to the reflected waves be-

came more pronounced. This was evidently due to the increase in the
electrical conductivity of the ground consequent upon the increase in
the moisture content of the surface layers. The peaks could be arti-
ficially reproduced by drenching the ground with a hose.

so

b 4 Wh
1.2

Fig. 11-Variation of the frame current with the width of the frame
(height constant).

X =5.85 meters; height H =0.51X
frame near to the ground.
frame elevated a considerable distance above
the ground.

From these experiments it is concluded that the unexplained ex-
perimental points of Fig. 8 (i.e., the points marked X) are due to those
waves which are transmitted downwards, and reflected by the ground
back to the transmitting frame.

2. Radiation Measurements
For the purpose of testing the conditions for maximum radiation,

a Hertzian dipole receiver was erected several wavelengths from the
transmitting frame. Measurements were taken with the receiver in
the same vertical plane as the frame. A complete description of the
Hertzian dipole receiver has already been given in a previous paper.'

6 Jour. I.E.E. (London), vol. 67, p. 1045; August, (1929).
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The procedure usually adopted in these experiments was to take
simultaneously readings of the frame current and the current received
by the Hertzian rod as the dimensions of the frame varied. The frame
current measurements have already been described, and Fig. 12 shows
a set of curves obtained from observations of the Hertzian rod currents.
In Fig. 13 the values of the critical frame dimensions (that is, the
values of W/X and H/X) for the Hertzian rod peak currents have been
calculated and compared with the theoretical curves obtained in Sec-
tion II. For convenience, the experimental points in Fig. 13 are let-
tered to correspond with the curves of Fig. 12. The chief points arising
from a consideration of these figures will now be summarized and dis-
cussed.

1. There are, in general, for each value of the transmitting frame
width W, two critical values of the frame height H less than
one wavelength for which the radiation is a maximum. Corre-
sponding pairs of points are marked with the same letter in
Figs. 12 and 13.

2. The value of the width of the transmitting frame, for which the
radiation is a maximum, decreases as the height of the frame in-
creases, and vice versa.

3. Of the experimental points shown in Fig. 13 some of them lie
approximately on the graph given by the first formatising con-
dition, whilst the remainder of the experimental points (those
marked X) are not accounted for by the foregoing theory. None
of the experimental points lie on the graphs given by the second
formatising conditions.

4. The two frames indicated by points F and D' in Figs. 12 and 13
radiate more effectively than frames of any other dimensions.

The general variations in frame dimensions indicated by points A
to G are those predicted by the theory of Section II, whilst their quan-
titative agreement with the theory is shown by the distribution of the
points along the first formatising graph of Fig. 13.

The positions of the points marked X may be explained as follows.
In subsection III, 1, (c) it was shown that, due to the effect of the
reflected waves, the transmitting frame current would be large when
its dimensions satisfied (1) in which 7 = 90 degrees. This is also the
graph upon which the unexplained points X in Fig. 13 lie. Hence
it may be concluded that the radiation from frames of these par-
ticular dimensions is due to the fact that ;the frame is so shaped
that it was capable of receiving waves reflected from the ground and



110 Palmer and Taylor: Short -Wave Frame Aerials

cc
cc

t.0-+

0
0

Z
cc 40,

vo-

0
0 04 0$ 1.2

Fig. 12-Radiation measurements.
Variation of the Hertzian rod current with variation in the height of

the transmitting frame of constant width.
X = 5.9 meters

For the curve marked
A W/X =0.17
B W/X =0.36
C W/X =0.497
D W/X =0.52
E W/X =0.66
F W/X =0.88
G W/X =1.04

0.4 wig,

Fig. 13-Comparison of the experimental results shown in Fig. 12 with the
theoretical curves of Fig. 2.
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this energy was reradiated more or less efficiently to the Hertzian rod
receiver. In this way, the positions of the points X may be explained
and are, in fact, a natural consequence of the points X in Fig. 8.

The absence of points in Fig. 13 on the graphs of the second forma-
tising equation shows that there is no radiation from the frame when
its dimensions satisfy these particular conditions, that is, when such
free stationary waves occur round the frame, in spite of the large cur-
rents present. This point can be seen more clearly from Fig. 14 in which
both the transmitting frame currents and the Hertzian rod currents

100

FIRST FORMRTISI tO CONOiTtONS

C.0,4 PIT ko

'o

H/ji

Fig. 14-Variation of the transmitting frame current and the Hertzian rod cur-
rent with the height of the transmitting frame (width constant).

X 5.5 meters; TY/X =0.36

are plotted on the same graph. This is an interesting confirmation of
the conclusion on page 101 that there is no effective radiation when the
length of wire is an integral number of wavelengths.

Turning now to the fourth and last of the points arising from Figs.
12 and 13, namely, the abnormal radiation from frames the dimensions
of which are indicated by points D' and F; on reference to Fig. 13 the
peak F is seen to correspond to the frame, the dimensions of which ap-
proximate the theoretical dimensions of the frame indicated by the
point X in Fig. 2. On page 100 it was concluded that abnormal radia-
tion might be expected from a frame of these dimensions. This con-
clusion followed from the facts that the frame was so proportioned
that not only would large currents circulate round it, but the currents
in its vertical limbs would propagate fields which would reinforce each
other at points on the earth's surface which lie in the plane of the
frame. The simultaneous fulfillment of these two conditions will re-



112 Palmer and Taylor: Short -Wave Frame Aerials

suit in a larger radiation field than when only one of the conditions is
satisfied. This is perhaps the most crucial test of the foregoing theory.
Actually the point G (Fig. 13) is slightly closer to X than point F,
but it is thought this discrepancy is due to the experimental errors
caused by the difficulties inherent in these short-wave measurements.

Concerning the abnormal radiation from the frame indicated by
the point D' in Figs. 12 and 13, it has already been shown above that
for a frame of these dimensions there will be a large frame current due
to the efficient reception of reflected waves for which the frame is form -

1.2

08

H/A

04

Fig. 15-Graphs showing the theoretical dimensions of a frame for the reception
and reradiation of waves reflected off the ground.

atized. But these conditions, namely those given by putting 7=90 de-
grees in (1), are not necessarily the same conditions as those for effec-
tive radiation across the earth's surface. These latter conditions are
given by putting 7=0 degrees in (1). If now the graphs of these two
conditions be plotted on the same figure it will be seen that they inter-
sect at the point X' (Fig. 15) and hence for a frame of these particular
dimensions, namely H= W = 0.47X, both conditions will be satisfied
simultaneously and an abnormally large radiation field may be ex-
pected.

On reference to Fig. 15 it will be seen that point D' lies very close
to the point X'. Hence we may explain the abnormally large radia-
tion from the frame indicated by the point D' by realizing that, it is
not only *formalised for the reception of reflected waves from the
ground, but is also formalised for reradiation across the earth's sur-
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face, and for no other of the frames under consideration are both these
conditions simultaneously satisfied.

IV. CONCLUSIONS

The results of the foregoing investigation may be summarized as
follows :

1. When an electromagnetic field is incident on a tuned rectangular
frame aerial, the current produced in the frame will be a maxi-
mum when the ratios of the frame dimensions to the wavelength
fulfill either of the conditions given by

tan [a(1 ± cos 7) - = (a2 - 1)/a
and, (1)

tan [a'(1 + sin -y) + = (a12 - 1)/a' 1

or,

a + a' = mr. (2)

These have been called respectively the first and second formatising
conditions for reception.

2. When the current in a tuned rectangular frame is produced by a
local oscillator, then the current is a maximum (for a given in-
put electromotive force) when the ratios of the frame dimensions
to the radiated wavelength fulfill either of the conditions given
by

and,

or,

tan (a - tp) = (a2 - 1)/a 't

tan (a' ± 1p) = (a'2 - 1)/a' f (5)

a + a' = mr. (2)

These have been called, respectively, the first and second forma-
tising conditions for transmission.

3. Radiation will occur when the conditions given by (5) are ful-
filled, but not when the conditions given by (2) are fulfilled.
Furthermore, the radiation will be a maximum in a given direc-
tion when the dimensions of the frame satisfy (1) and (5) simul-
taneously. For the particular case of radiation along the earth's
surface in the plane of the frame [7 = 0 degrees in (1) ], both
equations are satisfied simultaneously only by a frame of dimen-
sions

H = 0.40X and W = 1.0X.
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