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MULTIPLE SIGNALS IN SHORT-WAVE TRANSMISSION*
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Summary-This paper presents an analysis of the facsimile records obtained
recently in the transmissions between New York, U. S. A., and Somerton, England.
Since the speed of the scanning spot in the facsimile apparatus is accurately known,
these records permit the measurement of the time intervals between the various signals
which produce the distortion in the received record. Thus the facsimile apparatus
can be used as an oscillograph for Kennelly-Heaviside layer measurements after
the method employed by Breit and Tuve and others.

The results of the analysis confirm, in general, the results of other experimenters
and extend them in the direction of giving information as to the angle within which
the useful radiation is confined at the transmitter. A knowledge of this angle is then
shown to yield important information on the distortion to be expected on different
wavelengths. A detailed summary of the results is included at the end of the paper.

INTRODUCTION
Tp HEORIES of short-wave transmission depend in the main

on pre-knowledge of the Heaviside layer; and on the other
hand this pre-knowledge must be based on some theory of

short-wave ray transmission, for the Heaviside layer can only be
probed by means of short wireless waves, and the interpretation of the
results involves the transmission theory. The methods used for prob-
ing involve the reception of more than one ray, generally a direct ray
over the surface of the earth and an indirect ray which has travelled
up to the Heaviside layer and back. Either the difference in time of
arrival of short groups is measured or a sustained signal is sent with
a varying frequency, and the variations of interference are made to give
the requisite information. Information may also be obtained by ob-
serving the directions of the incoming waves. The first method has
been extensively used in America, and the second by Appleton in Eng-
land. The first method has been thoroughly discussed, on the assump-
tion that the wave follows a ray path determined by the ionic density
in the Heaviside layer.

On the assumption that the gradient of ionic density is everywhere
vertical, the difference in time of arrival of the direct signal and the
reflected signal gives at once the angle of transmission and the height
of the apex B of the ray, i.e., the equivalent height of the layer.
(See Fig. 7.)

*Dewey decimal classification: R113.6.
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Eckerstey: Multiple Signals in Short-Wave Transmission

The method, however, fails for short-distance transmission on suffi-
ciently short waves where the density of the layer is not sufficient to
bend the rays down. In fact, the method fails where the receiver is
within the skip distance.

In recent tests by Kenrick and Jen' the experiments were success-
ful on a 67-m wave, but nothing was received on a 33-m wave, suggest-
ing that the latter was too short a wave. In order to get results on
shorter waves than this, experiments must be made outside the skip
where the time between the direct and echo signals can be made to
yield very definite information. An opportunity for examining such
a case on a 22-m wave was afforded by the facsimile records obtained
recently in the transmissions between New York and Somerton.
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Fig. 1-Echo duration (October-November, 1928) and signal strength. (Station
WAJ, 13480 kc.)

The interpretation of the results is fundamentally the same as the
above with the proviso that the rays are more nearly horizontal than
vertical in such conditions. For the purpose of the analysis of the
results, the facsimile apparatus is considered in the nature of an oscil-
lograph. The signals made by the transmitter are in general of suffi-
ciently short duration not to overlap with the echoes. In fact the
arrangement is essentially similar to the type of apparatus used in the
experiments of Breit and Tuve and other experimenters in America;
a faithful record of each signal made at the transmitter and modified
in transmission is made at the receiver. For the present purpose it is
hardly necessary to enter into details of the apparatus, and it is suffi-
cient to state that practically perfect reproduction is obtained over
short distances where the transmission distortions are not present.

'PROC. I. R. E., 17, 711; April, 1929.
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108 Eckersley: Multiple Signals in Short-Wave Transsmission

SHORT ECHOES

A preliminary analysis of short echoes (3 or 4 millisec.) exhibited
by the facsimile records taken on the circuit between New York and
Somerton on 13480 kc or 22.255-m wave during the period August,
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Fig. 2-Echoes.

1928, to January, 1929, has brought to light facts which may be of con-
siderable practical importance in facsimile working. They are also
of great significance in constructing a working model of the Heaviside
layer and giving a rational explanation of the bewildering variety of
results obtained in short-wave interception.

In a preliminary survey something like 20 or 30 cases of the echo
signals shown on the facsimile photographs have been measured up,
and these are typical selections from the large amount of material
accumulated. A fairly close examination of the main bulk of the ma-
terial suggests that very little will be added but repetitions by mea-
suring it all.
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Fig. 3-The Heaviside layer.

Anyone who knows the actual mechanism of the facsimile gear
will realize that it gives an excellent record of the mutilation of sig-
nals in their passage from the transmitter to receiver, a comparison
of the transmitted and received picture immediately showing up the
signal mutilation.
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Examination of the records shows that if one short signal (<0.5
millisec. duration) is transmitted this may be reproduced as 1, 2, 3, 4,
5, or even 6 separate signals at the receiver. Thus if a single line
(drawn perpendicular to the direction of scan of the light spot) is
transmitted, it is reproduced as a group of 2, 3, 4, or 5 lines closely
spaced.

Fig. 4-Limiting angle for transmission.

We may call the first signal that arrives the main signal and the
latter short echoes of it. If the distance between the lines on the re-
ceived photograph is measured it is possible to calculate the time in-
tervals when the speed of the scanning spot is known.

Fig. 5 Ionic recombination.

The speed of the scanning spot is determined by the frequency of
the controlling fork and is accurately known.

It is therefore possible to make accurate measurements of the time
intervals between the main signal and the various echoes. With a

109



110 Eckersley: Multiple Sigqnls inW Short-Wave Trans?mission

300-cycle fork the scanning speed is 30 min. per sec. and clearly sepa-
-rates short signals (of the order of 1/5000 sec.) with time intervals
less than a millisecond.

Most of the pictures were run off near the middle of the day (when
signals were strongest) and the information on night transmission is
in eager.

It appears that during the hours 1200 to about 1500 echoes up to
the number of three or four are prevalent in nearly every case, with
delays up to 3.8 millisec. and in one case up to 5.3 millisec.

In the evening echoes are still prevalent, but the extreme delay
(between first and last) seems to decrease throughout the night and
to be a minimum about sunrise here and to increwse rapidly as the
sun rises at New York, tending to its maximum value when the sun
is on the meridian half way between Somerton and New York. (See
samples in Figs. 8, 9, and 10.)
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Fig. 6-Observed curve.

The results are plotted on curve 1 showing the total echo duration
as a function of the local time for the period between October 15th and
November 7th. It shows a diurnal variation very similar to the signal
strength curve of WAJ, the station used during this period, showing
that when signals are strong multiples are prevalent and disappear
as the signal weakens.

The time between each echo appears to be between 0.7 and 1.2
millisec. and the later ones are more widely spaced than the earlier
ones (of any given group).

The times of individual echoes are rather irregular, but on partic-
ular occasions we have found a very regular arrangement repeated
again and again within the period of a minute or so.

These are represented in Fig. 2 and may be taken as a representa-
tive set of echoes.
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The maximum delay (between the first and last signal) may be
used to give very interesting data concerning the Heaviside layer
which can be used to determine the behavior as regards facsimile
echoes on other wavelengths. This use depends on the following rela-
tion derived from the ray theory.

HEAVISIDE LAYER

Fig. 7-Theoretical recombination curve.

If the gradient in the layer is purely vertical (as we may assume is
the case when conditions are nearly uniform between transmitter and
receiver) and if the ray does not depart from the earth's surface more
than a small fraction of the earth's radius, then the time of travel of
any one of the echo signals, say the nth, is

d 1
Tn=-

c cos On

the echo time is T. --

d [ 1 11
_[co:_ __co Trn-rl
c CocOs CoscOs

since d, c, and r, - r1 are known

1 1

Cos 6. Cos 0

is given.
This gives a relation between 61 and O., but not 01 and 0E separately.
The assumption made here is that 0 is very small so that 1/ cos 01

is practically unity. This can be justified in the present case from our
knowledge of the Heaviside layer. Thus we know from various experi-
menters, notably Appleton, that there is a maximum density of 105
electrons per cu. cm at the height of very closely 100 km- See Fig. 3.

On a 22-m wave all rays with initial angles of elevation less than
9 deg. are bent down by this layer, so that if we assume that the first
signal is produced by rays which are confined to regions below this
first layer

ill
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1 1

cos 01 cos 9 deg.

i.e.,
1

-1.0123.
0.9877

The effect of assuming 01=0 gives an error in timing of less than
0.2 millisec., which amounts to an error of less than 5 per cent in cases
of the extreme echoes of about 4 millisec.

The assumption enables us to calculate cos OJ, and if n is the last
echo, it gives the maximum angle of elevation of the transmitted ray.
Presumably longer echoes and higher angle rays are not present be-
cause such high-angle rays would penetrate the layer and not be re-
turned to earth. Values of o,n determined in this manner are given
below.

N.

Date G.M.T. 0, h =240 km h =340 km

Oct. 20th 1517 30 deg. 57 min. 7.80 X105 8.40 X 105
. 21st 2315 20 " 16 a 4.5 X105 5.2 X105
a 21st 1302 29 " 46 a 7.40 X105 8.05 X105

30 " 07 " 7. 60 X 105 8. 15 X 105
Nov. 12th 1321 28 a 35 a 7.05 X105 7.70 X105

7th 1328 28 35 a 7.05 X 105 7.70 X 105
28 30 " 7.0 X 105 7.65 X 105

1536 34 36 " 9. 1 X 105 9.8 X 105
34 23 a 9.0 X 105 9.6 X105

Nov. 2nd 1435 31 47 a 7.8 X105 8.8 X105

Mean Value 30 47 7.75 X 105 8.43 X105

The maximum value o o,n is therefore less than 35 deg. and the
mean 30 deg. 47 min.

We may therefore state that on 22 m over the Somerton-New
York circuit the ray angles of the transmitted rays are less than 35 deg.
and usually less than 31 deg.

The higher angle rays are usually weaker than the others, and it
follows that the main energy is transmitted along rays<20 deg. eleva-
tion.

This is a complete confirmation of our previous results obtained
with the cardioid receiver, i.e., that long-distance communication is
effected with relatively low-angle rays.

These results determine the ray angles with immensely greater
accuracy than any balanced aerial system is likely to do.

These ray angles can now be used to calculate the maximum density
(at the apex of the rays) from the relation
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R+h y y Ne 2C2 no2
cos 0= - = 1- or /1--

R jo Ao 7mn2 n2

where h is the height of the ray above the earth at its apex.
when h/R = x is small and 0 is small

no2 Ne2c2
_ =_ =sin2 0+2x
n2 7rmn2

from which N can be determined.
This contains the unknown quantity x, the ratio of the height of the

layer to the earth's radius, so that N cannot be accurately determined
unless x is known. If 0 is large, however, so that sin 0>>2x, for even the
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Fig. 8-Specimen taken October 21, 1928 at 2335 G. M. T., Somerton. Speed,
300 cycles. Lighter limit. Many drop outs. Showing decreasing echo time at
midnight. High-angle echo tending to drop out. About 1.48 millisecond delay.

maximum possible values of h, the effect of x on N in inappreciable.
Unfortunately in this case sin20 is of the order 0.25 and 2x may be 0.08
so that an error of 30 per cent may be made, but the actual error will
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probably be much less since x can be estimated within fairly narrow
limits from the other observations and the error in 2x is not likely to
be greater than 0.03, giving a percentage error in N of about 12
per cent.

Two sets of N values are given, one with h assumed to be 226 km.
(Derived from measurements made by Appleton,2 and Breit, Tuve,
and Dahl3 on 100-m and 75-m waves, respectively. (Kenrick and Jen)'.
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Fig. 9-Specimen taken October 22, 1928 at 0620 G. M. T., Somerton. Speed,
150 cycles. Showing decreasing echo time at early morning. Iligh-angle
echo tending to drop out.

The other set is with h= 340 km, this value being given by the mea-
surement of the echo times (also by Kenrick and Jen.)'
N appears to be of the order 8 to 9X105, i.e., nearly 10 times the

maximum value of N in the 100-km layer.
At this point it is necessary to sketch briefly our knowledge of the

Heaviside layer as determined by other experiments.
'Nature, p. 445, March 23, 1929.
'PRoc. I.R. E. 16,1236; September, 1928.
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Interference experiments made by Appleton and Hollingworth
and signal-strength measurements made by the author on long waves
show that the electron density increases rapidly above 75 km and rises
to a maximum of 105 at 100 km (in daylight.)

Recent experiments made by Appleton on 100-m wave and des-
cribed in Nature2 show that the measured effective height of the layer
(by interference methods) jumps discontinuously at irregular times
from 100 to 226 km, which may be interpreted on the assumption that
the lower layer is so nearly only just sufficient to reflect the 100-m
wave that a very slight diminution in N from time to time exposes a
higher layer at 226 km. The density between N= 105 at 100 km and
N= 105 at 226 km is then everywhere less than this value.

Measurements made on 75m and 67m show that in the daytime
the signal is reflected at an effective height of 226 km, and that the
density there is 2.4 X 105 or greater. We may therefore sketch in the
average day density as in Fig. 3, which is derived from the average
of the data. There is a fairly well-defined layer up to N = 105 at 90 to
100 km, another at least 2.4 X 105 at 226 km.

Finally at nighttime Kenrick and Jen' results seem to show another
layer exposed by the recombination of ions below about 344 km height.
From these data it seems reasonable to suppose that the 22-m echo
rays are reflected between 240- and 340-km heights, and the maximum
densities in the layer are calculated for these two heights and give
the probable limits. The mean densities corresponding to the two
heights are 7.75 and 8.43, the latter probably more nearly correct.

MAXIMUM DENSITY IN THE LAYER

The fact that there is a certain maximum delay implies a certain
maximum angle of transmission, approximately 35 deg. It is well
known that corresponding to a certain maximum density in the
layer there is a limit to the angle of projection of the ray if this
ray is to return to earth again. It seems certain that higher angles are
not present in the 22-m transmissions because rays of such angles
escape through the layer. The values of N given above represent fairly
closely the limiting density in the upper layer.

With this data it is possible to plot a curve giving the limiting angle
6 as a function of the wavelength. It may be derived from the relation
cos 6 =R+h/R Mmin/,O

Since knowing Nmax, A.tmin/'o is known for every wavelength.
This curve is shown in Fig. 4.
It will be observed that it meets the x axis at 8.6 m. Implying that

for wavelengths less than 8.6 m the relation above cannot be satis-
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fied because even glancing angle rays of higher frequencies are not
sufficiently bent to come to earth.

8.6 m is in fact the short-wave day limit.
This acts as a check on the values of N, for we find, in fact, that

this is very close to the day-wave limit. Thus 10-m waves transmitted
in England have been received in Australia, New York, and Buenos
Aires.

Fig. 10-Specimen taken November 8,1928 at 1415 G. M. T., Somerton. Speeds:
1st column, 150 cycles; 2nd column, 100 cycles; 3rd column, 300 cycles.
Showing increased echo-signal separation with increased scanning speed.

Sporadic and very occasional reception of an 8.67-m beam at
Poldhu has been recorded in New York. Reports of occasional long-
distance transmissions on waves shorter than this have been received,
but definite instances of such transmissions appear to be wanting,
and they are probably exceptional.

We may therefore say that there is considerable evidence that the
short-wave limit lies between 8 and 10 m in confirmation of the above.
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Experiments with a balanced frame and vertical setup to determine
the ray angles from the 28 to 32-m Dutch stations, though not of a
high order of accuracy on account of the blurring of the balance point
by scattered energy, also provide confirmatory evidence.

The angles found lie between 50 deg. and 68 deg. and the corre-
sponding maximum densities (which can be determined independently
of the value of x) lie between 8.4X105, and 1.3X106 with a mean
9.3X 106, a figure slightly greater than that determined from the echo
measures, i.e., 8.43 X 105. Considering the relative inaccuracy of these
experiments the agreement is as good as could be expected.

The mean height of the layer determined from these values of
0 is 250 ± 55, which lies between the limits set out previously.

These results giving the limiting density of the upper atmosphere
seem to rest on a very secure basis and to be much more definite than
previous deductions of the layer density in the Heaviside layer. This
maximum density it will be observed is derived for full daylight con-
ditions.

The curves (Figs. 1 and 5) show, on the same reasoning as previous-
ly given, that the maximum echo time decreases throughout the night,
and it follows that the density decreases during the night hours and
is a minimum just before sunrise.

The absence of rays of higher angle than 35 deg. has been attri-
buted to the insufficiency of electrons.

It is certainly a Heaviside layer effect as the 0min depends on the
local time and is very much less at night.

The only other effect besides electron limitation which can limit
0 is attenuation which, however, is likely to be reduced the higher the
ray angle, so that the electron limitation hypothesis seems almost un-
assailable.

In Fig. 4 we have plotted the maximum ray angle as a function of
X, but this maximum ray angle also gives by relation (1) the maximum
echo time; we can therefore plot the maximum possible echo time
(max. duration between main and echo signal) as a function of X.
This is given in Fig. 6 for daylight conditions. It will be seen that it
decreases very rapidly with X and is only about 0.8 millisec. at X = 16m.
This has a very practical significance in facsimile working.

The maximum echo lag on a 16-m transmission to New York is likely
to be only 1/5 of that on 22 m.

Four or five times the speed of picture transmission could be used on
such a service.

(This is neglecting scattering echoes which do not seem to be serious
in the picture service, at least on 22 m and when signals are relatively
strong.)
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Summarizing, we may say that this conclusion is logically reached
contingent on the two assumptions.

(1) That the main signal (first received) is transmitted at practical-
ly glancing incidence.

(2) That the lag of the last echo is limited wholly by insufficiency
of electron density in the upper layer, both of which seem to be open
to very little criticism or doubt.

ORIGIN OF THE MULTIPLE ECHOES

So far we have been considering the time interval between the
first and last signal giving the maximum transmission angle and the
maximum density in the layer.

The individual echo signals, as has already been stated, are rather
irregular; there is the possibility that they may overlap, in some cases
producing phase opposition which obscures the main position of the
echo signal. Cases have been found where, however, the echoes are so
definitely repeated that they represent without doubt the true sequence
of the echoes. Those are represented in Fig. 2.

They represent a set of five signals each implying a definite ray
starting in the five definite directions 01 <5deg.; 62 =16 deg. 45 mim.;
03= 21 deg. 34 min.; 04= 29 deg. 32 min.; and 05 = 34 deg. 36 min.

The question arises, what is the path of these different rays?
The simplest supposition is that they represent the multiple re-

flection between earth and Heaviside layer, and the internal evidence
for this seems fairly strong. This hypothesis is represented diagram-
matically in the figure below (Fig. 7) where four rays are separately
represented by the four lines 62-605-

If the upper layer were so well defined that the apex of each of the
rays, or rather the equivalent height defined by the apex of the trian-
gle (at B) is the same for all rays, then the height calculated by the
triangulation of each of these rays should be constant.

This triangulation may be carried out as follo'ws:
Suppose according to our hypothesis that the fifth signal is by the

ray which cuts up the distance d into five equal parts; then the ele-
mentary triangle to be calculated is shown in Fig. 7. 6o is given by the
delay time, do is one fifth d, the distance between receiver and
transmitter, the height h is then determinate, and is given bythe relation

h sin _0
=--= - -15-/sin 40+4y2-4 sin20.
R 2 2

where 0 is the angle which do subtends at the center of the earth, and
y = d1/R where di is the length of the ray to the apex B.
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di is directly known from the difference in time of the main signal
and echo signal. Taking echoes 3, 4, and 5 we get the corresponding
values of h'

No. of Echo h
3 343
4 338
5 340

No. 2 echo is less accurately determined and as it will be more
affected by its passage through the lower layer (100 km) it is therefore
not included.

The extraordinary consistency of the three independent measures
of h in this table makes it very probable that the hypothesis of multi-
reflection between the earth and Heaviside layer is correct, the rays
at any angle reaching the same virtual height.

In confirmation of this we have the results of Kenrick and Jen,' who
in a 67-m transmission with the pulse method have indicated a layer
at this height. (344 km) (This layer appears to be exposed to a 67-m
wave only at night.) See Fig. 3.

This of course is not conclusive, but the agreement seems more than
accidental.

These facts would seem to imply that the bending of the ray takes
place in a very limited height (of the order of the discordance of the
values obtained for h).

It follows therefore that for waves of frequency large compared
with 3 X 106 (the critical frequency for the lower layer) the ray paths
are very approximately the triangles exhibited in Fig. 7 with only a
slight deviation near the apex.

The triangle will be approximately the same for all waves in the
range which satisfy this condition, i.e., X<<Xo = 100 m, and therefore
the time lags of individual echoes should be practically independent of
the wavelength. The effect of a reduction of wavelength is therefore
to reduce the number of echoes but not materially to alter the time
between individual echoes.

SHORT-WAVE ATTENUATION
The information disclosed by the facsimile echo measurements

has a great significance with regard to short-wave attenuation in the
range between 14 and 50 m.

Take the typical example of the 22-m wave. A typical ray has an
angle of elevation between 0 and 30 deg. Consider one with an angle
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of about 20 deg. It passes along nearly a straight line at 20-deg. eleva-
tion, through the lower layer at 100-km height and is bent back at B
(Fig. 7) to earth again. It is the region near the 100-km layer which is
attenuating. It passes almost straight through this attenuating layer.
(It can only suffer 5-deg. deviation in the layer N being so small.) The
total attenuation that the wave will suffer is

x=X2f 1_ds
8XocrC8

where .X0 and T8 are the values of Xo and r (the time between collisions
at a distance S measured along the ray.) sXo and r8 are only functions
of the state of the Heaviside layer.

So that a=K8X2.
Now it is obvious from the geometry of the system that the ray

will be the same for anyother wavelength (within the range considered).
The attenuation will therefore be proportional to X2. This is precisely

what is found on analyzing the results obtained in the year's inter-
ception at Broomfield (for daytime transmission). We have in these
results a rational explanation of the behavior of short-wave day
attenuation.

NIGHT TRANSMISSION
The information as regards night transmission is less definite.
The following conclusions, however, appear to be pretty certain.
We have found that the echo delay time decreases throughout the

night, being a minimum just before sunrise. This may be definitely
interpreted as a gradual decrease of the maximum ionic density Nmax in
the upper layer as the night progresses. But Nmaxc determines the
short-wave limit for transmission according to the relation

Ulmin R

yo R+h

Nmaxe2c2 = R ]2
orrmn2 _ R + h-

Nmaxe2X2 R ]2
or =-1-

rmn2 _R + h_

2x
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2X7rm
or =min= N ae2Nmaxe

and the smaller the value of Nmax the greater Xmin.
We should therefore expect a progressive increase in the short-

wave limit as the night progresses. Thus in the early evening shorter
waves can be used for long distance transmission than in the later
hours of darkness. This is a well-known fact derived from the analysis
of the results obtained in the year's interception.

We can give approximately the values of X limit as a function of
the time elapsed from sunset. Thus see Fig. 5.

Hours after sunset. X N
approx. 0 8.6 9.3X105

2.5 11 6.5X105
7 14 4.2X105
10.5 20 2 X 105

from the echo delays we have the values
6 4.8X105
7 4.2X105

in rough agreement with the above.
We may picture the effect somewhat as follows:

As the time after sunset increases N decreases, the maximum ray
angle consequently decreases and the useful fraction of the energy
radiated, i.e., from 6=0 up toO ='O, decreases and consequently the sig-
nal strength decreases.

The relation between signal strength and echo delay and conse-
quently Omin is strikingly given in Fig. 1.

The controlling factor determining signal strength at night is
electron limitation and not attenuation, and to complete the theoretical
aspect we should give reason why the attenuation appears to be negli-
gible at night. The reason appears to be that the attenuating layer
(100 km) rises at night, effectively increasing r perhaps tenfold;
also N decreases, both of which factors decrease attenuation.

Summarizing we may say that the picture transmissions indicate
the presence of four or five or 'even, in extreme cases, six separate rays
between New York and Somerton (on 22 m).

From the measured delay time between the echoes we may state
that the maximum angle of elevation of the rays is 35 deg. in all but
exceptional cases, and that the main energy is transmitted along rays
less than 20-deg. elevation, i.e., practically glancing incidence.
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The maximum daylight density in the upper layer is approximately
8.3 to 9.3X105 electrons per cu. cm, which corresponds to a daylight
minimum wave of 8.6 m.

The total echo delay (between first and last signal) decreases rapid-
ly with the wavelength being 1 millisec.- at 16m and decreasing to zero
at 8.6 m.

With less certainty we may conclude that
(1) Transmission takes place by multiple reflections between earth

and Heaviside layer, the latter being fairly sharply defined-for this
wavelength-at a height of 340 km.

(2) In the daytime attenuation takes place in the lower layer (100
km height) and is practically proportional to X2.

(3) Throughout the night the attenuation proper ceases to play
an important part, but the limiting wavelength increases (on account
of recombination) from 8.6 to nearly 20 m in extreme cases of long
winter nights.

List of Symbols Employed
R = radius of earth
n = frequency
no = critical frequency of medium
e =charge on electron
m =mass of electron
N = number of electrons per cu. cm
c =velocity of light
A= refractive index


