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THE SIGN CANCE OF PROPAGATION
RES1F,AiCH

IT is sometimes considered that propagation research is a highly specialised and
academic subject remote from the realities of radio and often used as an exercise
in abstruse mathematics. Admittedly when a paper on propagation is read the

audience will usually be small compared with that which would be attracted by one
on colour television, high fidelity reproduction, ferrites or transistors, except when

some topic such as forward scatter propagation catches the popular imagination.

It must be conceded that the mathematics of propagation can be extremely
difficult when a rigorous treatment is attempted, though in many cases the essential
results can be obtained quite simply by a more direct appeal to physical principles.
In fairness, however, it must be said that many other branches of radio are now
leading to mathematics of considerable complexity and that propagation is not
alone in producing papers that can be appreciated by only a few specialists.

The present issue of the Marconi Review is a reminder that propagation is in
fact a subject of wide interest and that, in many of its aspects, it is intensely
practical.

Even the mathematical paper aims at adapting an idealised theory more closely
to the practical realities of tropospheric propagation, by drawing attention to the
factors of prime importance in the use of propagation curves for great heights and
distances, namely the position of the horizon and the rate of attenuation of signal
with distance in the diffraction region.

Apart from its use for communications, radio has proved to be a scientific
tool of great power. Radio sounding of the troposphere and ionosphere is furthering
our knowledge of the structure and constitution of the atmosphere, while the science
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The Significance of Propagation Research

of radio -astronomy has led to immense advances in the study of outer space and
the nature of the universe. In these applications the interpretation of the experimental
observations depends primarily on an appreciation of the propagation characteristics.
The transmission of radio signals from rockets and satellites is not merely for com-
munication and telemetry but also for the study of the propagation medium itself.
The possibility of observing round -the -world echoes on the signals from satellites is
an interesting example of propagation research that throws fresh light on a well-
known but not fully understood phenomenon in high -frequency communication.

Although the explanation of whistlers on very low frequencies is based on a
knowledge of magneto -ionic theory, their study is, nevertheless, playing an important
part in the observational programme of the International Geophysical Year.

Whatever one may feel about the imminence of space travel, the prophets are
already looking ahead to the problems that will arise when hundreds of satellites
are encircling the earth and the moon with radio signals passing to and fro, and when
communication with and between space -ships will be a vital necessity. It is even
now being urged at international conferences that many channels should be reserved
in all parts of the radio spectrum for astronautical purposes, with a claim for priority
of treatment where problems of mutual interference arise between them and existing
services.

Thus, while propagation may have earned the reputation of being academic,
it is in fact full of romance. Not only is it basic to the whole of radio, but it also
deserves to share something of the glamour of the more spectacular aspects of the
field of electronic engineering that has developed from the radio art.

G. MILLINGTON.
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PROPAGATION AT GREAT HEIGHTS IN
THE ATMOSPHERE

BY G. MILLINGTON, M.A., B.Sc., M.I.E.E.

This article considers tropospheric propagation over the earth through an atmosphere
which is standard at small heights but in which the refractive index approaches unity
asymptotically at great heights. The departure from the linear decrease leads in the
geometric -optical region to a reduced horizon distance and in the diffraction region to a
reduction in height -gain. The latter may be interpreted as an equivalent change in
distance which is found to be effectively independent of frequency and identical with the
decrease in horizon distance. It follows that the shape of the propagation curve as a
function of distance is maintained and that the important thing to establish is the position
of the horizon for the assumed model of the atmosphere. The theory is illustrated by using
a refractive index that decreases exponentially to unity.

Introduction
T is now twenty years since the theory of ground -wave propagation over a smooth

1 spherical earth was first given in its general form by Wwedensky (1), van der Pol
and Bremmer (2), and Eckersley and Millington (3). Their results have formed

the basis of many sets of propagation curves covering practically the whole range of
radio frequencies. In most cases for frequencies above 30 Mc/s account has been
taken of height -gain effects by giving curves for various heights of the terminals,
while allowance has been made for standard atmospheric refraction by using an
increased radius of the earth.

The atlas of curves published by the C.C.I.R. (4) has been recommended for
international use, and more recently their range has been extended to still higher
frequencies and greater heights by the Japanese (5) in partial fulfilment of a further
C.C.I.R. Resolution (6). It has long been recognised that the idealisations upon
which these curves are based become extreme at frequencies where the irregularities
of the terrain can be large compared with the wavelength and variations in the
troposphere can lead to profound modifications in the mechanism of propagation.

It is the purpose of the present article to deal with one specific point, namely
that even under normal tropospheric conditions the so-called standard atmosphere
does not obtain at the great heights now under active consideration in the preparation
of further C.C.I.R. curves. The standard atmosphere is based on the concept of a
linear decrease of refractive index with height, the gradient being such that the
constant radius of curvature of the nearly horizontal ray paths in the geometric -
optical region is four times the radius of the earth, leading to a transformation in
which the ray paths become straight and the radius of the earth is increased by a
factor of four -thirds.

As is well known, the refractive index at the surface of the earth is greater than
unity by only about 3 x 10-4, and the gradient in question would reduce it to unity
within a height of 8 km. It would be much more realistic to take as a model a
refractive index variation that simulates a standard atmosphere near the earth but
decreases smoothly towards unity asymptotically as free space conditions are
approached at great heights. The precise manner adopted can be decided from
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Propagation at Great Heights in the Atmosphere

experimental evidence, but the order of the modification to the propagation based
on a linear variation can be determined by taking, for example, an exponential
decrease from the value at the earth to unity at infinity.

Although the actual changes in the refractive index are so small, discontinuities
in the gradient can be all important. It is known, for instance, that the model
assumed by Carroll and Ring (7), of a linear gradient up to the height where the
refractive index has reduced to unity and then remains so, produces a profound
modification to the attenuation with distance over the surface of the earth. In
physical terms, at the level where the change in gradient occurs there is a partial
reflection which at the small angles of elevation involved is sufficient to reduce
greatly the attenuation of the propagation modes, so that relatively high field -
strengths extend out to considerable distances.

FIG. I

Reduction of horizon distance in the geometric -optical region.

These difficulties are overcome if a smooth and sufficiently gradual variation of
refractive index is assumed. If it is effectively linear with height up to a certain
level, the attenuation with distance round the earth is the same as if it continued
so indefinitely. Below this level the field -strength is unmodified, but above it gradually
falls below the value for a standard atmosphere.

The problem of propagation in such a modified atmosphere may thus be solved
in terms of a height -gain correction to the solution for the standard atmosphere.
This argument can be applied to each term of the diffraction formula expressed as
the sum of an infinite number of exponentially attenuated modes, but it is sufficient
to restrict it to distances beyond the horizon at which the first term is predominant
even at the greatest height considered. In practice on the very high frequencies
used in tropospheric propagation, the field -strength beyond the horizon drops away
rapidly and becomes exponential with distance quite near in.

It was pointed out by Eckersley and Millington (3), (8), that at sufficiently great
heights, an increase in height is equivalent to remaining at the same height and moving
closer to the transmitter by a distance equal to the change in the horizon distance
of the receiver, assuming that one is still below the horizon of the transmitter. The
reduction in field -strength due to the departure from the standard atmosphere may
similarly be regarded as equivalent to being at the same height in a standard atmos-
phere but at an increased distance from the transmitter. This in turn may be
interpreted as remaining at the same distance but referring the curve of field -strength
against distance to a reduced horizon distance.
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Propagation at Great Heights in the Atmosphere

Within the horizon, where the geometric -optical theory may be used, the
modified atmosphere implies a decrease in the curvature of the ray path where the
refractive index no longer decreases linearly with height. This results in a decreased
horizon distance associated with a given height above the earth, as indicated in

Fig. l where the horizon of the
00 point P moves in from A to B.

50 frequency and is in fact essentially
40 equivalent to the corresponding
30 reduction in the geometric -optical
20300 region. It is clear from an
,0 inspection of propagation curves

such as those contained in the
C.C.I.R. atlas (4) that beyond the

20
last maximum of the interference
region within the horizon, the
curves for different heights are
similarly shaped, and that one can
be very nearly superimposed on

another by sliding it along the free -space inverse distance curve shown in Fig. 2.
It will thus appear that the practical effect of the modified atmosphere is simply

to move the field -strength curve without change of shape back towards the trans-
mitter along the free -space curve by a distance that is a function of the height but
is independent of the frequency. The implications of this conclusion on the use of
existing propagation curves will be discussed.

90 It is one of the purposes of
60 the present article to show that
70 the equivalent reduction in horizon

distance in the diffraction region
60 is effectively independent of the

50 100 150 200 km

FIG. 2
Similarity of propagation curves for different heights.

The Geometric -Optical Region
In the earlier article (9) published in the Marconi Review, a detailed analytical

treatment was given of the geometry of ray paths in a standard atmosphere in
terms of an equivalent radius of the earth defined by re where

1 1 1

re ru Ru
(1)

in which ro is the actual radius of the earth and Ro is the radius of curvature of a
ray travelling horizontally near to the earth.

Here it is simpler to develop the analysis afresh with the simplifications which
arise when considering only rays that leave the earth tangentially and when small
path differences are not in question. If h is the height at a point P on a ray at a
distance s from the point of tangency shown at A in Fig. 3, the angle of elevation
of the ray is very small. Thus for the element PQ of the ray path, the corresponding
8h given by MQ can be taken as

81/ (2)

Here 8s is the projection of PQ and PM on the earth, but both PQ and PM
may be taken as equal to 8s since h <<ro and cos can be taken as unity.
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Propagation at Great Heights in the Atmosphere

If PM subtends an angle ay at the centre of the earth and PQ an angle ag, at
the centre of curvature of the ray path at P, then

= 8so - 84) (3)

where from the above argument
8s 8s8cp = - - and 84) = -
ro

in which R is the radius of curvature of the ray path at P, so that from eqn. (3)

L Y

ri 1R8,
o

-R,Bs

3

Ray path geometry.

(4)

In the analysis, -h may be neglected in comparison with unity and the refractive
Yo

index u may be put equal to unity when changes in p. are not involved. For the
tangent rays under consideration, it is thus possible to put

1 dp.

dh (z))

and for the standard atmosphere in which
h
' is constant, R can be put equal to Ro.

As = 0 when s = 0, eqn. (4) can be integrated directly with the aid of eqn. (1)
to give

Eqn. (2) then integrates to
re

s2h =
2re

leading to the well-known horizon distance formula
s = (2reh)1

( 146 )
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Propagation at Great Heights in the Atmosphere

dp,
When is not constant, it is necessary to express s explicitly as an integral with

respect to h. Substituting eqn. (5) into eqn. (4) and using eqn. (2),
r dp.

Lro dhj,h
so that

2 h

=r o+

where po is the refractive index at the surface of the earth.
Eqn. (2) is then put in the form

h dh

So

where as a function of h is derived from eqn. (7).

As p decreases from po to unity with height, it is convenient to write
p, = 1 ±

(7)

(8)

(9)

where g is a function of h that is unity at h = 0 and approaches zero as h is increased.

Then
tko = 1 +

where is about 3 x 10-4.

From eqns. (9) and (10)
- (10 =

so that eqn. (7) becomes

-
2 ro

(1 - g)

(1 - g)

(10)

(11)

(12)

For small values of h, g may be taken as

g- 1+ g'(0) . h g"(0) .

so that, from eqn. (9)

dh
= g' (0) + g"(0) . h

(13)

(14)

Thus, in order that the refractive index variation may correspond to a standard
atmosphere near the earth, it follows from eqns. (5) and (14) that

1
g' (0) =

Ro
so that eqn. (14) becomes

This gives

h2
g 1 Rog"(0) . -2

h2
7) (1 g) 7)g (0) .

( 147 )
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Propagation at Great Heights in the Atmosphere

which suggests writing

-r,(1 -

so that

=1

=-
R

(1 -

1 7°

(16)

(17)(1 - g)

From eqn. (15), for small values of h

E Ro g" h (18),(9)--

Thus from eqns. (17) and (18), is a function that progresses from 0 to 1 as h increases
from 0 to oo.

By using eqns. (1) and (16), eqn. (12) may be written
2 h re 0

2 Y e R0 )

If now the equivalent radius re is written as

re = mr0

for the standard atmosphere m = 3. It follows from eqn. (1) that

so that eqn. (19) becomes

Eqn. (8) now gives

R0 -=
m -1 -

2 h

9 r= (1 + [m 1])
e

s
fh (re2h)1 (1 + [m - 1] dh
0

(19)

(20)

(21)

(22)

(23)

For the standard atmosphere, E is zero at all heights and eqn. (23) reduces to

S e- d h (24)2h

which leads to the value in eqn. (6).

The horizon distance in eqn. (23) is smaller than that in eqn. (24) by A, where
d ( r e)1 [i ____ [m - 1] Eldh 211

In order to remove the small difference aspect, it is useful to transform this
expression to the form

dh

dA re= [m 1] E (2h) [(1 [m - 1] E) + 1 + [m 1] E (25)
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Propagation at Great Heights in the Atmosphere

For small values of h, from eqn. (18) is proportional to h, so that
dA

cc h- and
dh

d
>A- 0 as h -> 0. Eqn. (25) leads to a simple numerical integration and g(h) itself

dh
can be defined by numerical values subject to the condition in eqn. (15).

50

HEIGHT (km)

FIG. 4.

Curve for F, as a function of the height.

In order to examine the order of the effect under consideration, g (h) can be
taken as an exponential function satisfying eqn. (15), e.g.

h 1
g(h) = exp

R0i
(26)

-r)

It has in fact been found by Miss Stickland (10) that such a function gives a
reasonable approximation to the normal type of variation found in the troposphere.

Using eqn. (26)

so that eqn. (18) gives

1

g"(0) = R02

h

2r R0
(27)

for small values of h.

In the calculations has been put equal to 3 X 10-4 and m =
3

4
, so that from
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eqn. (21) R0 = 4r0. Taking r0 = 6370 km., 1 = 0.131 so that
k -o

g(h) = exp [- 0.131h]
\\there h is in km.

From eqn. (17)

= 1 -
It

7-64 (1 - exp [-0-1314])

with the initial form from eqn. (27) of
0-065h.

(28)

(29)

iO 20 30 AO
11E ,G02

FIG. 5

OMITfor as a function of the /,eight.

iAFig. 4 shows as a function of Ii and Fig. 5 similarly gives t

computed from eqn.
dh

(25) which takes the form
dA =dl m 7 321.72 [ ' 1 '- Ti (30)

with the initial value of

dh
= 0-710h'

Fig. 5 can then be used to find A by numerical integration and the result is given

( 150 )
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Propagation at Great Heights in the Atmosphere

in Fig. 6. It will be seen that at a height of 10 km. the assumption of a standard
atmosphere overestimates the horizon distance by over 11 km.

The Diffraction Region
In the diffraction region the field as a function of height above the earth and

distance from the transmitter can be expressed in the spherical co-ordinates r and 0,
where r is distance from the centre of the earth, so that if d is the distance measured
over the surface of the earth

while

70

60

SO

40

A
(k r^)

30

20

,0

i

10 20

0 =.-
d_
To

r = ro ± h

HEIGHT(km)

t

(31)

(32)

1 I

30 40 h so

FIG. 6
Curve for A as a function of the height.

As only relative values of field -strength are under discussion, it will suffice to
work in terms of a height -gain function y defined so that the field is proportional to
y/r. The inverse distance term is included to simplify the differential equation,
derived from the wave equation by using a separation constant p, and which takes
the form

d2y

(2x)
2

dr2 -I- k x )
2

CI.2 f3r221Y = 0
(33)

where X is the wavelength. The accompanying variation with 0 in the diffraction

region is of the form of 0--i exp [ j270] and the values of p corresponding to
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Propagation at Great Heights in the -1tinospnefre

the various propagation modes are found from the boundary conditions at the
surface of the earth.

As the phase velocity at the surface of the earth contained in the exponential

i.e..term exp -j'---in exp - /27'J'i . 1 froexpected'.(31), may be expected to[i.
- i. ro

approximate to that of a plane wave propag.ited through a medium of retract' \ e
27,3 a' 07:

index :,/,, it may be anticipated that . is approximately equal to :J.,,d, so that
't.: to i.

,3 is nearly equal to :4,ro.

It will therefore be written
.toro (1 x) (341

where 7. is very small but has a positive imaginary part so that the real part of
- i3 is negative and accounts for the attenuation of the wave over the earth.

By substituting eqn. (34) into eqn. (33) and changing the variable to It by means
of eqn. (32)

(3)'
(12y 97: 2

:-102 ( 1 ) 21tih2

YO

As even at the great heights in the troposphere under consideration It
legitimate to write

(11

It

2

1 2 (7 h
(36(

It

to

so that eqn. (35) may be written
(12v

(the
where

2)

0 (37)

(38)

in which v.02 has been put equal to unity in the second term since 12 is seen to be the
sum of two small terms.

and

so that

Thus from eqn. (16)

As -r, is very small, eqn. (9) gives

1 7-- 2y:,

:J.- - (1 - g)

211

- :102 A (1

Nvhere -; is defined by eqn. (17) as before.
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Thus eqn. (38) becomes

Ei)

which with the aid of eqns. (1), (20) and (21) becomes
°IIF - 2x i (1 n. - 1 E.;) (39)
r,

It is interesting to note that the second term is the value of in 111, (29' of

the previous section.
Near the earth where the variation of refractive index is effectively linear and

- 0, eqn. (39) becomes
h

and the equation for y, i.e., eqn. 37), takes the form
2v

dh2

(277.(i h

By a linear transformation this equation may be converted to the. standard
form of Airy's equation. The solution required is that which corresponds to a single
upward travelling wave. This problem has been studied in great detail in mato,
papers, and here only the results required for the present argument will be given.

The solution takes the form of a single upgoing wave at heights somewhat greater
than he, where

)4(n

(41)

ho r, (42)

where is the real part of 7..
At this height the function 1: in eqn. (4(1) is near a zero, and below this height

the Stokes phenomenon develops. Physically this means that the solution transforms
into an upgoing and downcoming pair of waves which at the surface of the earth
satisfy the reflection condition. At the frequencies considered here, it can be shown
that the value of 7 derived is very nearly independent of the earth constants and the
prilarization of the waves. and can therefore be found by assuming that the total held
at the surface of the earth is zero.

From the known roots of the .1iry functiiins this leads to the result that

x

where p is a constant given approximately by

x -

inin which n is 0, I, 2.... for the successive modes. For the first mede, this grees

p = I -842 while the accurate value is actually
Using the latter value and converting from wavelength to frequency, eqn. i33)

gives

7. 5.87 ,/ 10 'f-
E'\1'E'\1'[
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Propagation at Great Heights in the Atmosphere

where f is the frequency in megacycles per sec.
It is to be noted that in eqn. (43) it is re and not Yo that appears, and in deriving

eqn. (44) m has been taken as 3. Eqn. (42) now gives

ho = 2.49P (45)
where h, is measured in km.

Returning to the value of F in eqn. (39), the nature of the Stokes phenomenon
close to the earth is not significantly altered provided that is still very small at
the height ho. If this is so, the field conditions below this level are unmodified and
the value of a is still given by eqn. (44). The attenuation round the earth is
unaltered and the effect of the non-linear variation in refractive index is only to
affect the height -gain at greater heights.

Attention can therefore be concentrated on the difference in height -gain, as the
absolute value for a standard atmosphere continuing to indefinitely great heights
has already been studied extensively.

Above the height 1/0 where the solution has the form of a single upgoing wave,
the form of the solution of eqn. (37) may be represented by the W.K.B. approximation

y cc F-1 exp [ -1127F dh] (46)
X

The lower limit is left indefinite, since, in differencing the height -gain, the integral
can be taken along the real axis from the point where the difference in the integrands
becomes appreciable. If yo and Fo are the values of y and F for the standard atmos-
phere, then

Yo

.277:= exp [ (Foi - F1) did (47)

Only the modulus of LI° is required, so that the imaginary parts of Foi

have to be found, while the factor (F/F0)1 contributes only a
change and can be omitted.

From eqns. (39) and (44)

where
F + jlal -V3

a = -H 2h---

re

The required imaginary part of Fi is given from eqn. (48) by

I.P. of Fi =

Similarly

I.P. of Foi =H

where

3(' 1

2 La + (a2 + 3 I2)i

1

[ ao (ao2 31aI2di

ao = - 2h
a I +

( 154 )

and Fi

fraction of a decibel

(48)

(49)

(50)

(51)

(52)



Propagation at Great Heights in the Atmosphere

Writing

and

the difficulty in
given by eqns.

I.P. of [Foi

where

A = (a2+ 3Ic4i2)/

Ao = (cte2 310c

(53)

(54)

computing the difference between the imaginary parts of Fot and
(51) and (50) may be removed by algebraical manipulation, giving

Fi] =_ 1,1 j [a aol ri a + ao l
I 2 BR A± Aol (55)

B "10)i (a + [(ao 2.10)} + (a + A)i] (56)

The small difference is isolated in the term a - ao in eqn. (55) which, from eqns.
(49) and (52), is given by

a - a0 =2h [m - 1] (57)
re

It thus follows from eqns. (47), (55) and (57) that

Yo = exp

Returning now to

1" 2h

B
[2n

I cc 2j3 [m 1] J
re

the attenuation round the earth

+ a ± dh (58)

;27, di

[1.
A ± Ao

given by exp
ro j

and giving p its value in eqn. (34) where p., may here be taken as unity, the modulus

[determining the attenuation is given by exp - 2-7 a, d . The value of ai from eqn.
X

(44) is
3

I a I so that this attenuation, say L, is given by
2

3VL = exp[-27c lad d] (59)

If now by the comparison of equations (58) and (59) a distance A is defined such
that

2-IHA
2.777 V3X2X .1' 2h

[m-1] 1]8132 reBL
r1

i.e.,
h 21/2 [rn - 1]

h
reB

(1 ± a ± ao)
dh (60)

A Ao

then the decrease in height -gain is equivalent to retaining this standard atmosphere
and moving away from the transmitter by the further distance A.

In this argument the 0-I factor in the expression for the dependence of the field
on 0 has been omitted, since its effect is negligible in comparison with the exponential
term in deciding the value of A.

When A has been found, the height -gain in decibels, say D, corresponding to
eqn. (58) is most conveniently found by using equation (59) with d = A so that

D = 20 log,9L

i.e. D = 8.686
2X

277

(61)
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As eqn. (58) is put in the form of ,v°, this decibel value actually gives the number of

decibels by which the field -strength is decreased at a given height by changing from
the standard atmosphere to the one under consideration.

As h has been expressed in km., in eqn. (61) is in km. Thus from eqns. (44)
and (61) the decibel change is given on reduction by

D 0.0925 A (62)

At first sight the integrand in eqn. (60) looks cumbersome for computation, but
actually it is found to be quite simple and straightforward in use. Moreover, although
h is very small, it rapidly becomes large compared with 7.1 as the height ho is
re
left behind. Then A and A, in eqns. (53) and (54) approach a and a0 respectively,
so that eqn. (60) gives

where from eqn. (56)

so that

(1 41' 2 na - 1 h?",

dla reR

13 --- (2a0)= (2a)1 ir(2a0), (2a)1l

dJ 2 in 1

dli re (0 (0

Now from eqns. (49) and (52)
`)/ta = (1 ill 1 F,)

and
2h

so that finally on reduction

d la
()/(;) [(1 _in

This is identical with the value obtained in eqn. (25) from the geometric -optical
argument.

From eqn. (45) the following table may be constructed

30 Mc s

300 Mc 's

3,000 Mc s

30,000 111c s

10 m.

1 m.

10 cm.

1 cm.

ho

258 m.

55.6 m.

120 m.

2.58 m.
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It is thus clear that on 30,000 Mc/s, the curve for
dh
---- derived from eqn. (60), i.e.

from
dA 21/2 [m - 1..]14 a ± aol
dh reB A ± Ao

differs imperceptibly from the curve in Fig. 5, and indeed this holds true when the
scale is opened out as in Fig. 7. In the latter figure is also shown the curve for a
frequency of 300 Mc/s. which approaches within 0.7% of the geometric -optical value
at h = 10 km. It is terminated at h = 0.1 km. which is less than twice the value of
/to. Below this height the curve formally crosses the other one and becomes of h2
type.

a6
FROM HEIGHT - GAIN DIFFERENCE

AT 200 Mc/,cc

-

GEOMETRICAL OPTICS

a B 10 h 12

FIG. 7

Curves for -di in the diffraction region.

It is in this region that the Stokes phenomenon occurs and the assumption of a
single upgoing wave represented by the W.K.B. approximation no longer holds.
This does not, however, affect the general argument concerning the height -gain
difference D, given by eqn. (62), between the case of the standard atmosphere and of
the actual refractive index variation, provided that the latter is effectively linear up
to a height of say 2h0.

On 30 Mc/s where ho = 258 m. this condition is beginning, to break down, but
this means that the non -linearity of the layer is appreciable in the region where the
Stokes phenomenon occurs and so affects the boundary condition determining the
value of cc. Also on vertical polarization over sea the earth constants begin to affect
the value of p in eqn. (43), reducing its modulus and making it complex. At great
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Aenough heights, however, d
-- still becomes independent of a, so that the general
dh

relationship between the equivalent change in distance in the diffraction region and
the reduction of horizon distance in the geometric -optical region is maintained.

With decreasing frequency the height -gain difference decreases as shown by
eqn. (62), corresponding to the decreasing slope of the propagation curves in the
diffraction region. In Fig. 8 are given curves for D for frequencies of 300, 3,000 and
30,000 Mc/s based on the integrated curve of A in Fig. 6. The small corrections shown
in Fig. 7 at the lower heights are negligible when finding A and the corresponding D
from eqn. (60). It will be seen that these differences in height -gain can be very
considerable under some practical conditions.

HEIGHT 9,
- GAIN

DIFFERENCE NO

(44)

HEIGHT (, ri)

FIG. 8
Curves for the reduction in height gain.

Conclusion
The analysis given in Sections 2 and 3 bears out the general picture anticipated

in the Introduction where the similarity of the propagation curves for various heights,
sufficiently large compared with a height now identified as Ito, was pointed out and
illustrated in Fig. 2. The agreement between the A values in the geometric-optical
and the diffraction regions, together with this similarity in the shape of the curves,
leads to the conclusion that the effect of the non-standard atmosphere on the
propagation curve of field -strength against distance at a given height is to shift the
curve for the field at the same height in a standard atmosphere to the left, i.e. towards
the transmitter, by the distance A.

This effect is shown in Fig. 9 for a height of 10 km. for the conditions of Fig. 2,
i.e. a transmitter at a height of 200 m. radiating 1 kW on 300 Mc/s. The curve is
shown for the modified atmosphere with a displacement of A = 11.3 km. derived from
Fig. 6 and the accompanying decrease D is 7 db in agreement with Fig. 8. In Figs. 2
and 9 details of the earth constants and of the wave polarization are not given, as for
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the conditions shown the curves are effectively independent of these factors. It
should be pointed out that these figures are not constructed to high accuracy as they
are only meant to illustrate the nature of the solution.

A great deal of time and effort has been spent in computing propagation curves
to a high accuracy based on a precise mathematical formula for an idealized model
of the earth and the surrounding atmosphere. Such curves are of great value as a
background against which the propagation conditions for actual practical situations
can be examined.

,o0 There is a danger, how -
90 - ever, that such curves may

300 Mcis lead the radio engineer to
so - TRANSMITTER HEIGHT 20Orn think that field -strengths
70 1101 RADIATED can be estimated to a far

EE
60- greater accuracy than is

Asovi so- practicable.

9'i' .0
It has been the purpose

STANDARD of the present paper to show
- MODIFIED

30 ATMOSPHERE that the field -strength at a
ATMOSPHERE

20- given height and distance
0- can be considerably modified

1 by using a more realistic
0 - model of the atmosphere.

-io - The effect of a standard
-20 450 500 550

atmosphere is usually in -
GROUND DISTANCE (.m) corporated in the propaga-
FIG.

tion curves by the use of an
9 increased radius of the earth.

Curves showing the shift due to the modification in refractive It may well be argued that
index at large heights. the curves should be com-

puted for the type of atmos-
phere considered here which has a refractive index decreasing asymptotically to unity
at great heights. Such an atmosphere based on an exponential law might be adopted
as a new standard atmosphere which has the same properties and leads to the same
propagation conditions at lower heights as the presently defined standard atmosphere.

However, the point which emerges strongly from the above analysis is that the
really important factor is the position of the horizon distance to which the propagation
curve has to be referred. A comparatively small change in this distance, causing a
shift of the curve to the left or right, can make a considerable change in the field -
strength in the diffraction region at a given height and actual distance from the
transmitter, on account of the steepness of the curves. A strong case can in fact be
made for providing the engineer with a technique for adjusting curves of a given
shape with respect to the inverse distance curve for an estimated horizon distance.
For this process the distance scale used in constructing the propagation curve must
be linear in order to preserve its shape when shifted laterally.

Finally it may be stressed that this article has been restricted to the consideration
of a specific point, namely to the use of a modified but still idealized atmosphere.
In practice the atmosphere may be far from standard and a note of caution should
be sounded that the use of propagation curves of the type under discussion may be
quite unjustified at distances where the effects of partial reflections from inversion
layers and of scattering from inhomogeneities can be dominant.
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BOOK REVIEW

Reflex Klystrons, by J. J. Hamilton. Chapman and Hall, London, 1958. 45 -.
The Reflex Klystron has established itself as one of the " tools of the trade " of the microwave

engineer, but very often he has only the most rudimentary understanding of its principle of
operation. In Mr. Hamilton's book, he has the opportunity to remedy this deficiency without a
severe load on his time or energy.

In a book devoted almost entirely to one type of valve, it is, of course, possible to treat the
subject matter in some detail, and the author has managed to present a good deal of both practical
and theoretical information in a manner which makes it easily assimilated.

The first two chapters are devoted to a summary of the basic principles of the reflex klystron
and of the characteristics of the microwave circuit, which is essential to its operation. They
contain much useful information about cavity design and measurements, which will be of interest
as much to the general microwave engineer as to the specialist embarking on valve development.
In the next chapter the author describes the small signal theory of klystron operation and presents
an outline of its extension to signals of large amplitude. This is followed by a description of the
behaviour of the valve under practical operating conditions, which will be of considerable value
to the everyday user of reflex klystrons.

The chapter on techniques of valve manufacture is necessarily somewhat restricted but
presents a useful summary of the methods in current use. It is followed by a description of some
representative types, and a list of valves which are commercially available. This is by no means
comprehensive, but is sufficiently detailed to indicate the range of applications for which the
reflex klystron is now in common use.

The final chapters on unconventional types and future trends seem to have been added as an
afterthought, and do not contribute materially to the general theme of the book. They do,
however, point out the limitations of the reflex klystron, and mention is made of the travelling
wave tube and other devices in which some of the difficulties are overcome.

The book has been well prepared and is easily read. In this lies its greatest merit, since most
of the information it contains is already available in a less convenient form elsewhere.
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METEOR ACTIVITY AS A FACTOR IN
IONOSPHERIC SCATTER PROPAGATION

BY G. A. ISTED*

Ionospheric scatter links .for both experimental and communication purposes have
been operating now for some years but, so far, no completely satisfactory theory has been
advanced to explain all the observed propagation effects. Of the theories so far advanced,
meteor activity and turbulence in the I --region are the most popular, and each is held by
some to be self-sufficient to maintain the medium in the state necessary for the scattering
of useful amounts of energy in the forward direction.

There can be no doubt that ionization by meteors does contribute to the general
phenomenon of ionospheric forward scattering; indeed, much can be said for the theory
that meteor activity may be responsible for a greater part of it. From time to time,
however, certain characteristics have been observed which make the theory less plausible.

In recent years the author has suggested that weather -cloud discharges may be capable
of producing bursts of ionization similar to those produced by meteors. Evidence has been
found, for example, of groups of bursts having regular spacing between bursts ; furthermore
some of these groups are associated with thunder -cloud discharges in a manlier which cannot
be ignored. Interesting evidence has conic to light which shows that the seasonal variation
of relatively local lightning activity has clearly defined minima at each of the equinoxes,.
similar well-defined seasonal minima have been observed in the United Kingdom during
independent investigations of ionospheric forward -scatter propagation-this, despite the
fact that the meteor theory would predict maximum ionization at the autumnal equinox.

One of the natural phenomena associated with ionospheric forward scatter transmission
is the large number of audible Doppler beats which are present at most times. It has
generally been accepted that they arc produced, in association with a radio frequency
wave, by meteors entering the earth's denser atmosphere. The careful analysis of these
Doppler disturbances discloses the fact that there are as many which ascend in frequency
as those which descend. The probability that the ascending type of beat could be caused
by meteors has been investigated and the conclusion is reached that out of six Doppler
disturbances only one should ascend.

Doppler disturbances have a similar diurnal distribution to that of transient echoes
observed at vertical incidence on a frequency of 10 .lJc s, and it is suggested that they are
each caused by a common mechanism not of meteoric origin.

Meteor activity may be found to play a relatively small part in ionospheric forward
scatter propagation and it is possible that the weather -cloud discharge, or some other
mechanism as vet unidentified, may instead prove to be the dominant factor.

Introduction
COMMUNICATION by means of scattering processes in the E -region of the

ionosphere is now \veil established, and invaluable communication circuits,
operating in the lower V.H.F. band, now exist between the United States of

America and the United Kingdom, via intermediate relay stations situated in
Greenland and Iceland; their performance outmodes all previous means of radio
telegraph communication over routes which pass near or through the auroral zone.

* This paper, and the three following, were presented at the Congres International sot la
Propagation des Ondes Radio-Electriques held in Lii:ge, October 6th-l1th, 1958. The Conference
was sponsored by the Belgian Posts and Telecommunications.
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This is particularly apparent when magnetic disturbances render useless the orthodox
modes of H.F. communication utilizing the F2 reflecting processes while, at the same
time, the ionospheric scattering processes are observed to relatively immune to such
disturbances.

Although satisfactory means have been found to make the best use of ionospheric
scattering processes it cannot be said that agreement is unanimous upon the precise
propagation mechanisms involved; of the theories so far advanced meteor activity
and turbulence in the E -region are the most popular, and each is held by some to
be self-sufficient to maintain the medium in the state necessary for the scattering of
useful amounts of energy in the forward direction. Many of the less dogmatic of the
theorists are in favour of a combination of both mechanisms in varying proportions.

There can be no doubt that transient echoes, caused by meteor ionization,
contribute to the general phenomenon of ionospheric forward scattering; indeed,
much can be said for the theory that meteor activity may be responsible for a major
proportion of it. The principle characteristics in favour of the theory are the frequent
burst -like character of the signal, the pronounced evening minimum and the systematic
deviation of the angle of arrival with respect to the great -circle bearing-the latter
two characteristics being dependent upon local time. From time to time, however,
certain observations have been made which make the meteor theory less plausible
and the object of this paper is to examine some of the unique characteristics of
transient echoes in relation to the observed characteristics of ionospheric scatter
propagation. Certain experiments will be described which have been carried out in
an attempt to obtain a better understanding of the mechanisms involved in ionospheric
scatter propagation.

Characteristics of Scattered Signals
A brief description of the salient characteristics of the scattered signal will

enable the discussion which follows to be better understood. The outstanding feature
of the signal in general is undoubtedly its extremely variable amplitude

; it would
appear to consist of several components, not all of which are present together.

(a) The Background Signal. This component varies rapidly in amplitude by some
tens of decibels, with fading rates of the order of a few cycles per second.
It is always present, but it nevertheless exhibits marked diurnal and seasonal
variations.

(b) Transient Echoes or Bursts. Frequent sudden enhancements, with durations
of the order of a few seconds, are super -imposed upon the background signal.
Some of these bursts are accompanied by Doppler frequency shifts which,
together with a direct C.W. signal, give rise to a musical note ascending or
descending in frequency.

(c) Long Bursts. Occasional enhancements of signal by some 30-40 dB which
last several minutes are observed on frequent occasions. It is believed that
this type of burst is the result of drifting clouds of ionization, but just how
these are produced is not clearly understood.

(d) Sporadic -E Activity. On occasions, the median signal level increases by
some 60-80 dB for periods lasting from several minutes to several hours; this
is more likely to occur in the summer months during the hours of daylight,
although it has also been observed at other seasons and during darkness.
As its name implies it is sporadic both in time of occurrence and geographical
situation.
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(e) Seasonal and Diurnal Variations. The signal resulting from a combination of
the components (a), (b) and (c) above shows a marked minimum of amplitude
each day at about 1800 hours local time. The maximum occurs sometime
before noon, but its exact location seems to depend upon the horizontal
beamwidth of the combined transmitting and receiving aerials. Well
defined seasonal minima have been observed (1) (2) at both equinoxes from
transmissions along great -circle routes running approximately North and
South.

(f) Doppler Frequency -shift Effects. As stated in (b) above short enhancements
of signals are often accompanied by a Doppler frequency shift which produces
a musical note, either ascending or descending in frequency, when a C.W.
signal is being observed. It has generally been supposed that this frequency
shift is the result of a reflection from the moving head of a column of
ionization, possibly produced by a meteor in its rapid flight through the
atmosphere. It has been observed (3) that Doppler beat notes of this type
have a well defined diurnal variation reaching a maximum of 0200 hours and
a minimum at 1800 hours local time.

Examination of Unique Characteristics of Transient Echoes and Ionospheric
Scatter
Height of Scattering Region

By general agreement it is considered that the mean height of the effective
scattering region is somewhat below the normal E -layer, its mean height being about
86 Km. above ground. The height of this scattering region has been investigated
by Bailey et al (4) and Pineo (5) who, with a one-way pulse transmission, used the
observed height of the tropospheric scattering region as their reference; later a go -
and -return pulse technique was used.

The results of these oblique incidence experiments indicate that a continuous
narrow stratum of ionization is present most of the time, and it is probably this stratum
which sustains the continuous background signal. The theory that the background
signal is the result of overlapping of many reflections from ionized meteor trails at
diverse heights above the ground would therefore seem to have been proved untenable.

However, on the other hand, Eastwood and Mercer (6) as early as 1946 carried
out a series of experiments using wartime radar installations operating on frequencies
between 22 and 44 Mc, s ; in these experiments interest was concentrated on " transient
echoes " and from their description it is clear that they were similar to those echoes
which investigators to -day would consider to be reflections from meteors. Eastwood
and Mercer established beyond reasonable doubt that the transient echoes which
they observed were concentrated in a well-defined stratum at a height of 85-86 Km.
above the ground. Thus it is probable that the transient echoes observed by them
constitute the continuous stratum observed obliquely by Bailey et al. Eastwood
came to the conclusion that in many respects the characteristics of transient echoes
were similar to those which would be expected from meteor activity; it is difficult,
however, to understand why this activity should be concentrated in a narrow stratum
at a height which would seem much too low for exclusive meteor effects.

From the foregoing it would seem there is strong evidence in support of the
theory that the scatter background signal results from numerous transient echoes
of the type observed by Eastwood ; while there is some evidence associating transient
echoes with meteor ionization, other evidence is not altogether convincing.
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Assocation of Electrical Discharges with Transient Echoes
Wilson (7) in 1925 suggested that, as the height is increased above the ground,

the electric force required to reach the critical break -down value decreases much more
rapidly than the electric field due to a charged weather -cloud and, because of this,
he predicted that weather -clouds would be sufficient to produce ionization at a height
of about 80 Km.; furthermore, in extreme cases, a sudden discharge of the upper pole
of a charged cloud to the upper atmosphere might occur, but this discharge need not
be in the form of lightning.

Wilson (8) had previously suggested that the earth's vertical electric field was
maintained by upwardly directed thunder -cloud discharges, and he considered that
the E -region was the means by which the energy so discharged was transferred to
areas of clear sky; the energy there leaks down to the ground by conduction through
the atmosphere, and gives rise to the observed vertical electric field.

Pawsey (9), Bauer and Flood (10) and Graf (11) have all observed transient radio
echoes from thunder -cloud discharges; Rumi (12), who conducted a radar investigation
into meteor reflections, stresses the fact that many of the returns which he analysed
cannot in fact be explained in terms of known meteor reflection characteristics. He
states that they can be attributed to upwardly directed discharges from weather -
clouds to the ionosphere.

FIG.
Examples of regularly spaced bursts of
ionization observed at a frequency of 53 .11c/s,

500 Km. from the transmitter.

(a) (b)

FIG. 2
Examples of the association of lightning, with

regularly spaced bursts of ionization.

The author (13) (14)) has investigated the signals received from a high -power
continuous -wave transmitter radiating at a frequency of 53 Mc s. The transmitter
was situated nearly 500 Km from the receiver; at this distance the transient echoes,
reputed to be caused by meteor activity, could be observed to the exclusion of the
continuous tropospheric signal. When the signal was made to operate a high-speed
recorder, it was observed that groups of signal bursts frequently occurred in which
the individual bursts were equally spaced in time from one another.

Fig. 1 shows such a record where groups of three equally spaced bursts can be
seen clearly at A, B and C. In this record time advances from left to right and is
marked off at second intervals along the foot of the record; increases of amplitude
appear as upward deflections. A unique characteristic to be noted in all three groups
illustrated is the progressive decrease in amplitude of the individual bursts in a group.

During relatively local thunderstorm activity the recurrent bursts of the type
described appear to be associated with lightning. High-speed records of this effect
were made with the aid of a twin channel recorder operated by two separate but
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similar receivers ; one of them was tuned to the signal frequency of 53 Mc; and recorded
on the top trace; the other receiver was slightly detuned to an adjacent free channel
and recorded on the bottom trace. Disturbances due to relatively local lightning
flashes would record on both traces simultaneously, while the wanted radio signal
would appear only on the top trace. Thus, from Fig. 2 (a) it can be seen that radio
signal bursts A and B precede a lightning flash C, the time spacings between AB and
BC being equal. In Fig. 2 (b) radio signal bursts A and C are equally disposed in
time on either side of the lightning flash B.

It has been shown by Briggs (15) that among a random distribution of signal
bursts grouping and regularity in spacing-within given limits-would be expected
on a statistical basis, nevertheless the unique characteristics described above, and
the growing number of reports which associate transient echoes with weather -cloud
discharges, suggest that all meteor -like bursts of ionization may not in fact he clue
to meteors.

Association of Electrical Discharges with Seasonal I'ariations of E -region Scatter
In the preceding section the possible instantaneous effects of weather -clouds

discharging to the E -region were considered; the long term trends in this respect are
also worthy of note. In this connection it is interesting to compare the long-term
measurement of atmospherics made by Reiter (16) in Munich, with the long-term

measurement of signal level carried out by Bray
et al (1) and by Isted (2), during separate investi-
gations of ionospheric scatter propagation.

Reiter counted the number of impulses due
to lightning occurring within a radius of
2,000 Km., which he observed in the frequency
range 4-12 Kc. s. His results showed that over
a period of five years two well-defined minima
and two maxima occur per year; the first

3: maximum occurs in the summer months and can
be explained by the frequency of thunderstorms
in Central Europe. The second maximum occurs
in the winter and is not so easily explained, but
in his analysis of the main weather processes,
Reiter found that during the winter months

FIG. 3
violent invasions of polar air -masses into the
Mediterranean area take place and form moist
unstable gradients over the relatively warm sea
which give rise to thunderstorms.

Reiter's results are reproduced in Fig. 3.
The curve labelled " Strong Atmospherics "

represents the seasonal variation averaged over a period of five years; the summer
and winter maxima are clearly seen. In the top right-hand part of the figure the
number of observed invasions of polar air into the western Mediterranean during
the winter months is shown ; it would seem that the explanation given by Reiter for
the winter maximum of atmospherics is well founded. The centre curve represents
the seasonal variation of the mean signal level observed during an investigation
carried out into the propagation characteristics of ionospheric forward scatter between
Gibraltar and the United Kingdom, at a frequency of 37 Mc/s (17) (2). The similarity
between Reiter's " Atmospheric " curve and the mean signal level of the ionospheric
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scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al ('), during the Shetlands -
Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.

The similarity in trend between these independent observations indicates the
possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.

Two suitable test paths were available
near Chelmsford, England; one long iono-
spheric scatter path to Gibraltar in the
south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background ; of these signal bursts, those
which exceeded a given amplitude were
counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al (1), during the Shetlands-

Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.
The similarity in trend between these independent observations indicates the

possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.

Two suitable test paths were available
near Chelmsford, England; one long iono-
spheric scatter path to Gibraltar in the
south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background; of these signal bursts, those
which exceeded a given amplitude were
counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al (1), during the Shetlands-
Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.

The similarity in trend between these independent observations indicates the
possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.
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spheric scatter path to Gibraltar in the-5 south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background ; of these signal bursts, those
which exceeded a given amplitude were
counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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Meteor Activity as a Factor in Ionospheric Scatter Propagation

Assocation of Electrical Discharges with Transient Echoes
Wilson (7) in 1925 suggested that, as the height is increased above the ground,

the electric force required to reach the critical break -down value decreases much more
rapidly than the electric field due to a charged weather -cloud and, because of this,
he predicted that weather -clouds would be sufficient to produce ionization at a height
of about 80 Km.; furthermore, in extreme cases, a sudden discharge of the upper pole
of a charged cloud to the upper atmosphere might occur, but this discharge need not
be in the form of lightning.

Wilson (8) had previously suggested that the earth's vertical electric field was
maintained by upwardly directed thunder -cloud discharges, and he considered that
the E -region was the means by which the energy so discharged was transferred to
areas of clear sky; the energy there leaks down to the ground by conduction through
the atmosphere, and gives rise to the observed vertical electric field.

Pawsey (9), Bauer and Flood (10) and Graf (11) have all observed transient radio
echoes from thunder -cloud discharges; Rumi (12), who conducted a radar investigation
into meteor reflections, stresses the fact that many of the returns which he analysed
cannot in fact be explained in terms of known meteor reflection characteristics. He
states that they can be attributed to upwardly directed discharges from weather -
clouds to the ionosphere.

FIG. I

Examples of regularly spaced bursts of
ionisation observed at a frequency of 53 Akis,

500 Km. from the transmitter.

(a)

FIG. 2
Examples of the association of lightning with

regularly spaced bursts of Ionization.

The author (13) (14)) has investigated the signals received from a high -power
continuous -wave transmitter radiating at a frequency of 53 Mc 's. The transmitter
was situated nearly 500 Km from the receiver; at this distance the transient echoes,
reputed to be caused by meteor activity, could be observed to the exclusion of the
continuous tropospheric signal. When the signal was made to operate a high-speed
recorder, it was observed that groups of signal bursts frequently occurred in which
the individual bursts were equally spaced in time from one another.

Fig. 1 shows such a record where groups of three equally spaced bursts can be
seen clearly at A, B and C. In this record time advances from left to right and is
marked off at second intervals along the foot of the record; increases of amplitude
appear as upward deflections. A unique characteristic to be noted in all three groups
illustrated is the progressive decrease in amplitude of the individual bursts in a group.

During relatively local thunderstorm activity the recurrent bursts of the type
described appear to be associated with lightning. High-speed records of this effect
were made with the aid of a twin channel recorder operated by two separate but
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similar receivers; one of them was tuned to the signal frequency of Mc and recorded
on the top trace; the other receiver was slightly detuned to an adjacent free channel
and recorded on the bottom trace. Disturbances due to relatively local lightning
flashes would record on both traces simultaneously, while the wanted radio signal
would appear only on the top trace. Thus, from Fig. 2 (a) it can 1w seen that radio
signal bursts A and B precede a lightning flash C, the time spacings between Ali and
BC being equal. In Fig. 2 (b) radio signal bursts A and C are equally disposed in
time on either side of the lightning flash B.

It has been shown by Briggs (15) that among a random distribution of signal
bursts grouping and regularity in spacing ----within given limits-would lw expected
on a statistical basis, nevertheless the unique characteristics described al -1 rye and
the growing number of reports which associate transient echoes with %veather-(loud
discharges. suggest that all meteor -like bursts of ionization may not in fact be due
to meteors.

Association of Electrical Discharges Seasonal I -ariations tit 1:-ry,,;oo1
In the preceding section the possible instantaneous effects of weather-douds

discharging to the E-rei:ion were oonsidered; the long term trends in this 1-4'',11.eCt are
also Nvorthy of note. I 1 this connection it is interesting to c..mpare the long-term
measurement of ;autos Therics made by Reiter ,,16) m Munich, with the htng-term
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Meteor Activity as a Factor in Ionospheric Scatter Propagation

scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al (1), during the Shetlands-
Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.

The similarity in trend between these independent observations indicates the
possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.

Two suitable test paths were available
near Chelmsford, England; one long iono-
spheric scatter path to Gibraltar in the
south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background ; of these signal bursts, those
which exceeded a given amplitude were

FIG. 4 counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al (1), during the Shetlands-

Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.
The similarity in trend between these independent observations indicates the

possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.

Two suitable test paths were available
0 near Chelmsford, England ; one long iono-

spheric scatter path to Gibraltar in the
south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background ; of these signal bursts, those
which exceeded a given amplitude were

FIG. 4 counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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Meteor Activity as a Factor in Ionospheric Scatter Propagation

scatter signal is impressive. More impressive still, however, is the comparison shown
in Fig. 4 of Reiter's atmospherics observation with the seasonal variation of mean
signal level for the same period observed by Bray et al ('), during the Shetlands -

Slough ionospheric scatter tests carried out at a frequency of 41 Mc/s.
The similarity in trend between these independent observations indicates the

possibility that weather -cloud discharges might, in fact, have a major influence on
received scatter signal intensities.

It should be noted from these results that, in the United Kingdom at least, the
intensity of scatter signals is a minimum at each of the equinoxes while the meteor
theory would predict that the highest signal levels should occur at the autumnal
equinox.

Relation of Transient Echo Activity to Ionospheric Scatter Signal -levels
Many of the signal bursts observed in scatter propagation certainly behave as

though they had been produced by meteor activity but, so far as the author is aware,
no one has yet related scatter signal levels to an independent measurement of meteors.
Probably a test which would inspire a degree of confidence would be one which was
largely self -checking. Such an experiment has been attempted. It was assumed
that two adjacent and independent routes having similar great -circle bearings will
be affected equally by sporadic type meteors, and that the influence of general
meteor activity observed on one route would be observed simultaneously on the other.

Two suitable test paths were available
0 near Chelmsford, England; one long iono-

spheric scatter path to Gibraltar in the
south, and a short path to the B.B.C.
Television Transmitter at Kirk-o-Shotts,
Scotland, in the north. Bursts of signal
from the Kirk-o-Shotts transmitter, reputed
to be caused by meteor ionization, could be
observed to the exclusion of the continuous
background ; of these signal bursts, those
which exceeded a given amplitude were
counted by means of an electro-mechanical
device. The Gibraltar ionospheric scatter
signal was integrated over a period of 20
seconds and recorded; the mean level was
then estimated by eye.

Fig. 5 shows the number of signal bursts received per hour from the Kirk-o-
Shotts transmitter, plotted against the mean signal level received from Gibraltar
for the appropriate time and day.

A cursory glance is sufficient to show that the straightforward correlation
sought for was not found. This lack of correlation could imply that the Kirk-o-
Shotts signal bursts and the Gibraltar scatter signal are each influenced by a different
mechanism or, alternatively, that each may be influenced by a common mechanism
which is relatively local in effect-such as weather -cloud discharges. In any event,
from this test, it would seem that the contribution of sporadic type meteors to long
distance scatter propagation is very small indeed.

Transient Echo Activity at Vertical Incidence
When investigating the behaviour of scatter propagation from the E -region at

oblique angles of incidence it is appropriate to give some consideration to the
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Meteor Activity as a Factor in Ionospheric Scatter Propagation

equivalent frequency at vertical incidence. Most of the data concerning ionospheric
scatter refer to the lower end of the V.H.F. band; therefore the equivalent frequency
at vertical incidence is in the region of 10 Mc/s.

Observations of transient echo activity were made by the Marconi Company in
the years 1944-45 by means of an ionospheric sounder. The transmitter, operating
at a fixed frequency of 10.6 Mc/s, was modulated by pulses of 100(.1. sec. duration,
at a repetition rate of 25 per second. The peak -pulse power radiated from a half -
wave horizontal dipole situated A/4 above ground, was 25 Kw. A rhombic aerial,
the main lobe of which was directed vertically, energized a suitable receiver the output
of which was connected to an " A scan " cathode ray oscilloscope; the transmitted
pulse was arranged to trigger the oscilloscope time -base, and a continuously moving
film through a camera recorded the information given by the system. A five-minute
sample was recorded at hourly intervals over a period of nearly two years. The
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FIG. 5
Relation between the Gibraltar -United Kingdom scatter signal levels and transient echoes received from Kirk-o-Shotts.

complete analysis of the diurnal distribution of the transient echo activity observed
under these conditions is presented in a simplified form in Fig. 6 (a) where the diurnal
distributions are embodied in three curves-winter, summer and yearly mean.

Two outstanding points of importance are illustrated by the curves; firstly, the
time of maximum activity throughout the seasons is constant at 0400 hours G.M.T.
and secondly, the minimum of activity is correlated with sunset time; the latter effect
is shown in greater detail in Fig. 6 (b), where the calculated sunset times for each
month are compared with the observed times of minimum transient echo activity.
These observations do not altogether agree with similar observations made by
Eastwood and Mercer(6) at frequencies between 22 and 44 Mc/s and by Lovell(18)
at a frequency of 70 Mc/s.
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Lovell has reported that the analysis of his observations has shown a distinct
seasonal variation; this, he claims, is due to the significant effect of day -time meteor
streams. He shows that the diurnal distribution for January, observed on an aerial
array rotating twice per minute, has a maximum activity at about 0400 hours G.M.T.,
while in June the maximum activity was observed at about 1000 hours G.M.T. ;
moreover, twice the number of echoes were observed during daylight in June than in
January during night-time.

The results obtained by Eastwood and Mercer agree very well with those of
Lovell except that they observed the same degree of activity throughout the year.
The diurnal distributions for the months of January and June observed by Lovell
are reproduced in Fig. 7 (a) and, for comparison, those observed by Eastwood and
Mercer in Fig. 7 (b).
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activity compared to sunset times.

Lovell took over a quarter of a million echoes into account in his analysis and
the reality of his results must be accepted; however, more than half a million echoes
were included in the analysis of the Marconi investigation at 10 Mc, s, and the results
obtained must be accepted as equally real. Considering that one set of observations
was made at a frequency of 70 Mc/s and the other at 10 Mc s, it seems likely that two
entirely different phenomena, giving similar manifestations, are observed at the two
frequencies in varying proportions.

Meteor Activity and Doppler Frequency -shift Effects
One of the interesting phenomena of ionospheric scatter transmission over long

distances is the large number of audible Doppler beats which can be heard in the form
of musical tones descending or ascending in frequency. These can be heard in varying
numbers throughout the day and night.

In the past it has been believed that the Doppler beats observed are the result
of meteors which are entering the earth's atmosphere from outer space. The audible
beat is believed to be caused by a direct radio wave mixing with a wave which is
reflected from the moving head of a column of ionization ; the ionization is thought
to be produced upon combustion of the meteor in its rapid flight into the earth's
denser atmosphere.
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Meteor Activity as a Factor in Ionospheric Scatter Propagation

An analysis has been made of the Doppler beat activity observed during the
investigation into ionospheric scatter propagation between Gibraltar and the United
Kingdom (2) (3) (17), at a frequency of 37 Mc/s. Samples of the Gibraltar signal were
taken by arranging a magnetic tape to record the audio output from the receiver

for a period of one minute
at half-hourly intervals ;
the receiver, having a
band -width of 1000 c/s,
was used without the
B.F.O. The samples
were later analysed by

2 playing back the record
and counting the number

15 of beats which could be
heard above a certain

6 io threshold value. The
5

analysis disclosed that
Lo

there were two main
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0 types of beats-those
which ascended in fre-
quency and those which
descended-and further-
more, that the two types
were present in approxi-
mately equal numbers.

200 Beats descending in
'so frequency usually became

audible between 1000-
W'°° 500 c/s and fell in fre-
0" quency until they became

inaudible below 50 c/s.
5

0 Ascending beats on the
other hand, became aud-
ible at a frequency of
about 50 c/s and rose to
about 500 c/s. The low
frequency limit of audi-
bility of 50 c/s was im-
posed by the combined
frequency response of the
electronic equipment and
the human ear. To

observe frequencies below 50 c/s, however, a high-speed stylo-pen recorder was used;
typical records are shown in Fig. 8 where time advances from right to left, and vertical
deflections correspond to increases of amplitude. Second time -marks are recorded
at the bottom of each record. In Fig. 8 (a) an unusually long descending beat is
indicated by the arrow; the beat ends within a cycle or two of zero beat, and is
followed by a period of greatly enhanced signal. This is typical of the behaviour of
a meteor. A more common type of descending beat is shown in Fig. 8 (b) while an
equally common type, but ascending in frequency, is shown in (c). A unique charac-

FIG. 7
Seasonal variations of meteor echoes as measured (a)

by Eastwood.
by Lovell and (b)
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teristic of the ascending beat is the sudden commencement at, or very near to, zero
beat.

The diurnal distribution of both types together shows that the maximum number
occur between the hours of 0200-0400 G.M.T., and the minimum number at around
1800 G.M.T. A typical diurnal distribution-that for August-is shown in Fig. 9 (a),
where it is seen that there is a maximum rate of occurrence of about 35 per minute,
and a minimum rate of 3 or 4 per minute.

The ascending and descending types of Doppler beat were counted separately
and the ratio of one to the other is shown in Fig. 9 (b).

Assuming that beats are caused by sporadic meteors the probability of an
ascending beat being produced was investigated, and the number of meteors producing
this effect deduced as a fraction F of the total number observed; the assumptions

made as regards the average
velocity of the meteors, the

TIME height at which reflections
occur and the lower limit of

I '

audibility (50 c/s), were
chosen with a view to mak-

(A

I

ing the fraction F nearest to
unity. Under these con-
ditions the predicted value
of F is 0.17, i.e. one ascend-
ing beat for every six which
descend. Furthermore, the
fraction F can be shown to
be inversely proportional to

A il
11- \\?t) the relative velocity of

meteors with respect to the
(

scattering region ; the velo-
city of sporadic meteors
relative to the earth is
determined largely by the
earth's orbital velocity, com-
ponents of this velocity
being added to, or sub-
tracted from, the meteor
velocity depending upon the

earth's rotational position with respect to its orbit. The average relative velocity of
sporadic type meteors should therefore reach a maximum at 0600 hours local time
i.e., when the observing point is on the crown of the leading hemisphere considered in
relation to the earth's orbit. Minimum relative velocity should occur at 1800 hours
local time. A diurnal distribution of the fraction F would therefore be expected.
In terms of the ratio of ascending to descending Doppler beats, therefore, the diurnal
variation should show a maximum at 0600 hours, and a minimum at 1800 hours local
time.

Reference to Fig. 9 (b) will show that this situation is far from being fulfilled,
in fact, if any real deviation exists in that direction, it is at 1800 hours and not at
0600 hours as predicted; it is believed, however, that the actual deviations observed
were caused by errors in counting because, at that time, the signal/noise ratio was
low and the number of observable beats was small.

FIG. 8
Examples of Doppler Beats.
(a) Long descending beat.
(b) Short descending beat.
(c) Short ascending beat.
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The origin of these transient
40 bursts of ionization is, how-

ever, by no means certain;
4J3 30

while there is no doubt that
ionization is produced by
meteors, some very perti-

20

\r,
nent questions must be

(0) : answered by those who hold
the view that the origin is
wholly meteoric.

Why, for example, is
3 the effective scattering

region concentrated in a
narrow stratum situated at
an average height of 86 Km?

2 Is there, in fact, a
strong connection between
weather -cloud discharges3

4

Meteor Activity as a Factor in Ionospheric Scatter Propagation

The fact that the analysis showed the ratio of descending to ascending beats to
be only slightly greater than unity, and the fact that no systematic diurnal variation
in this ratio was present, is probably significant evidence that a mechanism other than
meteors alone must be producing the beats. Having made this point it is interesting
to compare the diurnal distribution of Doppler beats shown in Fig. 9 (a) with the
diurnal distribution of transient echoes observed at vertical incidence shown in
Fig. 6 (a). The similarity of the diurnal distributions shown in the two curves very
strongly suggests that they each represent a manifestation of a common mechanism;
the evidence does not, however, suggest that the mechanism is of meteoric origin.

Conclusion
From the foregoing examination of the unique characteristics of transient echoes

and ionospheric scatter it is clear that further investigation will be needed before it
can be said that propagation by the ionospheric forward scatter mode is completely
understood.

There would seem to be strong evidence in support of the view held by many
investigators that an ionospheric scatter signal is produced, to a large extent, by the
overlapping of many transient bursts of ionization which occur at a height of about

86 Km. above the earth.50

AUGUST 1956

(e)

and transient echoes, or are
we to believe that, given suit-
able conditions, a meteor will
itself initiate an electrical
discharge? The electrifica-
tion of clouds is one of the

1956. greatest of terrestial natural
phenomena. Is it so in-
conceivable that it could

profoundly affect the state of ionization in the E -region through which the resulting
discharged energy is known to be dissipated?

00 02 04 06 08 10 12 14

G M.T

FIG. 9

16 18 20 22 2,

(a) Diurnal variation of Doppler beats.
(b) Ratio of descending to ascending beats for August,

Frequency 37 A/c/s.
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It is possible that the ascending Doppler beats which are observed on ionospheric
scatter signals provide an important link with upwardly directed weather -cloud
discharges. If these discharges do take place could they not cause a very intense
pocket of ionization which would rapidly expand in the manner of a shell -burst, and
give rise to the observed ascending Doppler beat frequency? It is certainly difficult
to explain the ascending Doppler beats in terms of meteoric activity, particularly
when the beat commences at zero frequency.

In the examination of some of the unique characteristics of transient echoes and
ionospheric scatter propagation, considerable evidence is found which is inconsistent
with the theory that meteor activity is an important factor in ionospheric scatter
propagation. The author has come to the conclusion that meteor activity may, in
fact, be found to be relatively unimportant, but it is possible that the weather -cloud
discharge, or some other mechanism as yet unidentified, may instead prove to be
the dominant factor.
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BOOK REVIEW
Calculus for Electronics, by A. E. Richmond. McGraw-Hill Book Co., Ltd., London, 1958.

Price 46/6.
This is an introductory textbook of mathematics suitable for radio and electronics engineers

who are already acquainted with fundamentals of algebra and trigonometry, including operations
with complex numbers. The author provides at each stage of his argument well chosen examples
(both worked out in the text and offered as exercises) and selects his material with great care.
Such topics as Taylor's and Fourier Series are carefully and clearly introduced, while the last
chapter deals with simple differential equations.

By limiting his subject matter to the needs of electrical engineers, Mr. Richmond is able to
expand his treatment of functions of several variables and partial derivatives, which is not often
found in books of this kind. Hence, such topics as differentiating and integrating circuits, valve
characteristics, harmonic generation and analysis can he treated with the clarity and vigour
they deserve.

The book is carefully edited and amply illustrated.
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ROUND -THE -WORLD ECHOES
BY G. A. ISTED

Much is already known about the phenomenon of round -the-world echoes but, so far,
no completely satisfactory explanation has been given for its unique behaviour. It is
known for example that even after four or five circuits round the world the signal suffers
very little distortion and that the attenuation between successive echoes is only of the order
of a few dB. The observed facts indicate that the mode of propagation is unlikely to
depend upon the conventional multi -hop reflection between the earth and the ionosphere.

Observations, made during an investigation into ionospheric scatter propagation at
a frequency of 37 Mc/s, have shown that round -the -world echoes were present along a
south -north route even when both the transmitting and receiving terminals were well inside
the daylight hemisphere. Under the conditions of the experiment the signal seemed to
have been propagated through areas where, in the normally accepted sense, the F2 region
could not have been the supporting mechanism.

Round -the -world echoes have also been observed from the signals radiated at 20 Mc/s
by Satellite 1957 Alpha. At the time of the observation square -wave signals of 100
milliseconds duration were being radiated with an interval between them of approximately
240 milliseconds. Analysis of the records revealed the existence of two distinctly different
beat notes, one from the square -wave signals themselves the other occurring during the
intervals between them. The maximum time -delay between the two components was of the
order of 140 milliseconds, which fairly identifies the component observed in the intervals
between the radiated signals as a round -the -world echo. The difference in the beat note
of the two components can be explained in terms of Dopplerfrequency shifts and divergent
propagation paths.

The suggestion is put forward that transmission round the world is made possible
by launching a radio wave against the ionosphere at an extremely small angle of incidence
to produce a succession of reflections which are confined to the ionosphere itself. Such
a shallow launching angle would be easily achieved by transmissions from satellites
flying just below the ionosphere, but a tilted layer would be necessary initially to achieve
the required launching angle from the ground.

Introduction
SOON after the systematic exploitation of short radio -waves for world-wide com-

munication, it was observed that, from time to time, undesirable echoes followed
the main signal received from a distant transmitting station ; the time -delays of

these echoes are quoted by Eckersley(1) to have been of the order of second

and second. In the light of our present knowledge it seems likely that the shorter
time -delays could have been caused by F2 back -scatter in the manner described by
Crow et al (2); on the other hand similar short time -delays would be observed if signals
transmitted from the antipodes could be propagated simultaneously round each
hemisphere. The use of directive aerials would, under such conditions, eliminate
the deleterious effects of the signal propagated along the unwanted route, and it is
interesting to note that under similar conditions the Beam Service from the United
Kingdom to Australia was maintained for several years on a single frequency by the
simple expedient of switching the beam arrays through an angle of 180'; the need
for separate day and night operating frequencies was thus avoided.

( 173 )



Round -the -World Echoes

Eckersley (1) in 1927 pointed out that the echoes having time -delays of second
on the main signal had undoubtedly been propagated once round the world ; this
type of echo, he stated, had been observed by J. G. Robb in the United Kingdom
during the interception of transmissions from Poldhu, England, in 1925.

Transmission completely round the world, by the multi -hop mode of propagation,
would seem to be perfectly feasible under suitable conditions of the ionosphere; there
appears to be, however, another mode of transmission capable of propagating a radio
signal round the world. The object of this paper is to review what is already known
about round -the -world echoes or circulating signals as they will now be called, to
resuscitate interest in the phenomenon and to draw certain conclusions from observa-
tions made of circulating signals received from the U.S.S.R. Satellite (1957 Alpha)
and from V.H.F. Ionospheric Scatter transmissions.

Review of Past Investigations
Much is already known about the phenomenon of circulating signals but, so far,

no completely satisfactory theory has been put forward which would account for many
of the observed facts. The bibliography on the subject is very short and some of the
references to the phenomenon are of a cursory nature and add little to our knowledge.
Probably the most intensive investigation was carried out during World War II
by von Schmidt and Hess, based on the very early work of Quaeck and Moegel in
1926; this investigation, carried out in Germany and Denmark, was described in
detail by Hess (3) in 1948. A later investigation on a more modest scale was carried
out in Holland by de Voogt (4) and described by him in 1950.

The propagation of short radio waves to great distances is sufficiently understood
to state that true circulating signals possess certain unique characteristics ; these
appear to be very different to those which would be expected by the orthodox mode
of multi -hop propagation.

Among the many known unusual characteristics of circulating signals, their
ability to pass several times round the world without suffering serious distortion,
and without being subjected to serious attenuation, are probably the most out-
standing; nevertheless other characteristics are of great interest and it is worthwhile
reviewing the situation in more detail.

Distortion
Hess (3) and von Schmidt (5) have both pointed out that the circulating signals

are much less mutilated than a direct signal which has travelled a much shorter
distance by a series of reflections or hops between the ionosphere and the ground;
circulating signals which have passed three and four times round the world have
failed to show appreciable distortion as shown by Hess (3), Humby et al (6)
and Isted (7) ; this is in sharp contrast to the destructive phase interference and
dispersive effects suffered by signals propagated by the multi -hop mechanism. Hess,
in his paper, shows convincing records which demonstrate the difference which
exists between the two modes of propagation.

_4 ttenuation
Hess first drew attention to the low attenuation suffered by successive

circulating signals round the world. This low attenuation has been confirmed
more recently by Humby et al and Isted who have made measurements of circulating
signal amplitudes ; it would appear from their results that, although the first circulating
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signal is heavily attenuated, each successive circulating signal thereafter is attenuated
only by some 5-10 dB.

Circulating Time
Hess investigated at great length the time taken for signals to circulate round

the world and he claims to have measured it to very great accuracies; he found that
the average time taken in one complete circuit was 0.137788 second. De Voogt
states that his measurements indicate time delays between 137 and 139 milliseconds.
Quaeck and Moegel, von Schmidt and Isted all mention a figure of 138 milliseconds
but Luscombe (8) finds a value of 140 milliseconds. It is clear that most investigations
have shown that the circulating time is very close to 138 milliseconds. The influence
of the radio frequency employed, time of day, season, ionospheric conditions and
geographical position upon the circulating time is, by general agreement, small or
negligible.

A ctivity
Quaeck and Moegel state that the propagation path followed by circulating

signals is confined exclusively to the twilight belt round the world, but Marconi (°)
and other investigators have found that this statement is not strictly true
because circulating signals have been observed at places well displaced from
twilight. The general opinion has been formed, however, that the greatest activity
is likely to occur when the great circle path joining the transmitter and receiver lies
within or near the twilight zone. These observations have led to the belief that the
1-79 region of the ionosphere is implicated in the propagation mechanism because the
highest mean density of ionization would be expected around the twilight belt.
The opinion has also been expressed that circulating signal activity will be most
likely to be observed for longer periods in the higher latitudes because of the longer
twilight period there.

Direction of Arrival
Both Hess and de Voogt have carried out tests \vith directional aerials and they

have both found that, generally speaking, circulating signals can be observed from
both great -circle directions but on frequent occasions the signals arrive from only
one direction of the great -circle route. Luscombe also carried out measurements on
the direction of arrival of circulating signals along a route where the great -circle
joining the transmitter and receiver was displaced 12' from true north; he found that
the direction of arrival was close to the great -circle path. As regards the vertical
angle of arrival von Schmidt states that his measurements indicate angles of the
order of 200; this is confirmed by Katowski, Shuettloeffel and Vogt (1°) who have
measured angles between 15' and 25

Theories of Circulating Signals
So far as the author knows only two theories have been put forward to account

for the circulating signal. The first is probably the most obvious that of multi -hop
reflections between the ionosphere and the ground ; this, as de Voogt rightly points
out, involves on the average some 16 hops at a frequency of 20 Mc s; he shows at the
same time that the period taken by a signal to encircle the world by this mode of
propagation would vary throughout the seasons from 1385 to 145.5 milliseconds.

In the second theory von Schmidt has suggested that propagation of certain
radio waves in the ionosphere is analogous to the propagation of seismic waves in the
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ground. It is known from experiments in explosion seismology that, under certain
conditions, shock -waves are propagated along a boundary separating two different
media beneath the surface of the ground; it has been shown for example that if the
velocity of wave propagation in the medium above the boundary is slower than that
in the medium below it, rays with angles of incidence greater than the cut-off angle
will be propagated along the boundary and will be continuously radiated into the
upper -medium. Von Schmidt then views the mechanism upside down and, making
the assumption that the velocity of radio -wave propagation is greater in a higher
altitude medium than in one below it, shows that rays with an angle of incidence
smaller than the cut-off angle enter the upper medium and are lost, those rays with
angles of incidence greater than the cut-off angle will, however, be propagated along
the boundary and will be radiated continuously downwards towards the ground.
Von Schmidt, considering the theory in relation to circulating signals, claims that it
provides an accurate assessment of the F2 skip distance and the period of circulation
of a radio wave round the world.

Hess concludes that, in order to account for the highly constant time interval
which he has measured between successive circulating signals, the mean height of
the boundary required in von Schmidt's theory is between 203-204 Km. above the
surface of the earth.

Circulating Signals at a Frequency of 37 Mc/s
For the purpose of investigating the propagation characteristics of ionospheric

scatter signals a test circuit was set up between Gibraltar and the United Kingdom (").
The conditions of the test were as follows:-

Transmitter located at Gibraltar: 36°8'N, 5°19'W. Receiver located at East
Hanningfield, Essex : 51°41'N, 0°34'E. Distance of Gibraltar to East Hanningfield:
1,110 miles. Transmitter power (cw): 30-40 kW.

Transmitting aerial: 4 x4 curtain array with parasitic reflectors; plane -wave
gain of 16 dB relative to a half -wave dipole. Horizontal polarization.

Receiving aerial: 1 x 8 stack of half -wave dipoles with parasitic reflectors;
plain -wave gain of 12 dB relative to a half -wave dipole.

Orientation of transmitting array: 12° E of N.
Operating frequencies: 37.3 Mc/s, 48 Mc/s and 70 Mc/s.
During the tests at the frequency of 37.3 Mc/s, conducted mainly during 1956,

a troublesome source of self -interference was found to be due to the effects of F2
back -scattered signals having time -delays between 30 and 80 milliseconds on the
main signal (2); at times however an additional serious form of self -interference was
observed to be present. When the transmitted pulse width was reduced to 10 milli-
seconds and the repetition rate decreased to four per second this latter form of
interference was found to be due to signals which, having passed over the receiving
point, continued onwards round the world and arrived again at the receiver after an
interval of 138 milliseconds. At about the time of the autumnal equinox, 1956,
these circulating signals were observed for about 50% of the days between 0900
and 1100 hours G.M.T. On many occasions the propagation conditions were such
that the circulating signal was observed to have been repeated four or five times, each
successive delay being 138 milliseconds.

Fig. 1 is a reproduction of a high-speed record, made on November 19th, 1956,
between 0915 and 1207 hours G.M.T., on which the effects of both F2 back-scatter
and circulating signals are clearly shown. Increases in amplitude are denoted on
the record by vertical deflections of the pen from the base -line. A range of about
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30 dB in amplitude can be accommodated between the base -line and the saturation
point of the apparatus. Time advances from right to left. Strip (a) in the Figure
is typical of the signal pulses received by the ionospheric forward -scatter mode of
propagation in the absence of other spurious components. The sequence of events
under conditions of F2 back -scatter and circulating signals, resulting from the trans-
mission of a single pulse, " P," will be described with the aid of Strip (b).

The pulse propagated by the forward scatter mechanism is marked by an
arrow at " P "; a further clean pulse displaced by 138 milliseconds from " P " is
marked by an arrow at " 1," this pulse represents the first circuit round the world
resulting from the original transmitted pulse " P "; successive circulating signals
are indicated by arrows marked 2, 3 and 4, all of which are separated successively
by a time interval of 138 milliseconds. There are indications that a fifth circulating
signal was sometimes present; this can be seen as a small amplitude pulse falling in
position on the left-hand side of the circulating signal marked " 3 " in the figure.

The signal resulting from F2
back -scatter is indicated by
the arrow marked " S ";
this follows the initial trans-
mitted pulse after a time
interval of 10-15 milli-
seconds. Strip (c) of the
Figure was recorded about
two hours after Strip (b)
and shows clearly that the
circulating signals have
disappeared leaving only the
relatively short time -delayed
signals due to F, back -
scatter.

It should be pointed
out that the complicated
pattern of the signal as
shown in the Figure is due
mainly to the fact that the
transmitted pulse was
repeated at 250 millisecond
intervals and that the cir-
culating signal was repeated
at intervals of 138 milli-
seconds. The second cir-
culating signal would there-
fore be received 276 milli-
seconds after the initial
transmitted pulse, i.e. about

26 milliseconds after the succeeding transmitted pulse.
In a previous paper (7) a more detailed reproduction of the record was given

which demonstrated that the onset of the circulating signal was coincident with the
commencement of F2 back -scatter. This present record serves to illustrate that
F2 back -scatter can be present after the circulating signal activity has ceased ;
furthermore it can be seen from this record that the small amount of distortion and

;
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FIG. I

High-speed amplitude recording of circulating signals.
(a) Forward scatter signal alone.
(b) Forward scatter signal together with circulating and 12 back -

scatter signals.
(c) Forward scatter signal together with F2 back -scatter signal.

Pulse duration : s o milliseconds.
Repetition rate : 4 per second.
Frequency : 37 Al 1./s.
Path: Gibraltar-East Hanningfield, Essex.
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the low attentuation suffered by succeeding circulating signals, described by other
investigators, is readily observable.

Circulating Signals from Satellite 1957 Alpha
What are considered to be circulating signals resulting from transmissions,

radiated at a radio -frequency of 20 Mc/s from the U.S.S.R. Satellite 1957 Alpha
were recorded at the Marconi Research Laboratories, Great Baddow, England
(51°45'N, 0°30'E) at approximately 0030-0033 hours G.M.T. on October 8th, 1957.

A standard communication receiver connected to a half -wave dipole aerial
installed 4a above the ground formed the basis of the receiving apparatus. The
incorporated beat frequency oscillator of the receiver was adjusted to give a convenient
but arbitrary audible note at the output of the receiver; a permanent record of the
signal was made by means of a magnetic tape recorder connected to the output of the
receiver. During the period to which these observations refer, the satellite was
radiating square -wave signals of 100 milliseconds duration at a repetition rate of
approximately three per second.

TIME 0030. 00 G T

(± 30 SECS.)

TIME 0030.35

TIME 0031.35 G.M.T.

TIME 00 31  55 G.M.T

TIME 0032.20 G.M.T

S

014 SECS

C

C

0

TIM:

C

C

C

C

C

C

C

C

0

C 0

-- 1000

- 500

- 0
- 1000

500

- 1000

500-- 0

- 1000

- 500

- 0
- 1000

- 500

- - 0

FIG. 2
Illustration of relative beat frequencies of direct and circulating signals received from US .S .R. Satellite. October 8th

0030-0033 G.I.T.,1

The orbit of the satellite on this particular occasion tracked up from South
America in the dark hemisphere, and passed between Iceland and Scotland at
approximately 0030 hours G.M.T., continued over Norway and entered the twilight
zone at approximately 0043 hours G.M.T. over Russia. The experimental timing
arrangements at this very early stage of the satellite investigation were rather
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elementary, consequently times cannot be quoted to greater accuracies than± 30
seconds.

Subsequent analysis of the record obtained on this particular occasion disclosed
the fact that two distinct signals, each with a different beat frequency, were present ;
one beat frequency corresponded to the direct signal radiated from the satellite, the
other occurred in the intervals between the radiated signals. Fig. 2 is an illustration
of the signal made by playing back the original magnetic tape recording into a chart -
recorder which gave an amplitude deflection proportional to frequency. In the portion
of the record for 0030.00 hours G.M.T. the direct signals are shown at " D " and it
will be seen that their beat frequency was 1100 c/s; the signals received in the
intervals between the direct signals and marked " C " in the Figure gave a beat
frequency of 920 c/s. The interesting point to note is that the time -interval between
the commencements of the " D " and " C " signals was approximately 140 milli-
seconds ; this time -interval strongly suggests that the " C " signal was the original
transmitted signal which had circulated once round the world. The reason why the
circulating signal was about twice the length of the original direct signal is not
immediately apparent but the original record suggests that a second circulating signal
followed the first one. The illustration shows that by 0030.35 hours G.M.T. the
beat frequency of the direct signal had decreased to 870 c/s but the beat frequency
of the circulating signal had remained practically unchanged. By 0031.35 hours
G.M.T. the beat frequency of the direct and circulating signals had decreased to
580 c/s and 640 c/s respectively. At 0031.55 and 0032.20 hours G.M.T. the respective
beat frequencies remained unchanged.

The decrease in the beat frequency of the direct signal was due to the Doppler
frequency shift associated with the satellite's nearest approach to the observer; this
effect is well known and need not be enlarged upon here. The different rate of change
in the beat frequencies of the direct and circulating signals suggests that different
transmission paths were followed by each of the signals. There is good reason to
believe that the transmission path of circulating signals is often associated with the
twilight zone and it might therefore be expected that, if the satellite crossed this
fixed transmission path, a Doppler frequency shift similar to that observed would be
superimposed upon the circulating signal. Reference to Fig. 3 will show that the
satellite was in fact near to the twilight zone at the time of the observation and that
it crossed it obliquely. However, if the transmission path was in fact the twilight
zone, it might have been expected that there would have been two components
of circulating signals arriving from opposite directions. The evidence suggests that
in this particular case the transmission path was unidirectional and, because of the
fact that the Doppler beat frequency of the circulating signal decreased, the direction
of transmission must have been approximately as indicated by the arrow in Fig. 3.

Discussion of Recent Observations
An examination of the new data concerning circulating signals brings to light

one or two important points which, up to the present, have not been commented upon
in the relevant literature.

The first points now to be commented upon concern the pulse transmissions from
Gibraltar.

The receiving site, being less than 2000 Km from the transmitter was within
the " skip -distance " by normal F2 propagation; therefore there was no possibility of
receiving the short -path direct signal propagated by the F2 mechanism although, as
previously described, the effects of F2 back -scatter were readily observable.
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It has long been suspected that the circulating signal mode of propagation
is intimately associated with the F2 region of ionization and the fact that they have
been observed at frequencies as high as 37 Mc/s during a period of record high sunspot
activity may therefore cause no undue surprise.

In describing the conditions under which the tests were carried out it was stated
that signals, in the form of pulses, were radiated from Gibraltar by a directional aerial
system oriented 12° East of North; Luscombe, who contemporaneously observed
circulating signals resulting from the Gibraltar transmissions, confirmed that their
azimuthal angle of arrival did not deviate from the great -circle path. It would
therefore appear that the circulating signals had passed approximately through
latitudes 80° North and South of the equator. An inspection of the published

APPROXIMATE

SATELLITE

ORBIT

TWILIGHT TOPE

FIG. 3
Diagram illustrating relation between orbit of Satellite and twilight zone. October 8th, 19S7,0030-0033

Maximum Usable Frequency (M.U.F.) prediction charts for the appropriate time and
period shows that the F2 normal mode of propagation could not have been supported
at latitudes higher than 50° North and South of the equator. The M.U.F. in the
region of Latitude 80° North was no greater than 22-24 Mc/s, while at Latitude 80°
South it was no greater than 16-20 Mc/s. Thus the fact emerges that, in spite of the
restricted M.U.F. for normal F2 propagation, circulating signals were nevertheless
propagated at 37 Mc/s through regions near to the Poles. It might of course be
argued that, in the case of a multi -hop mode of propagation, it is unnecessary to rely
upon a high M.U.F. over the Poles provided that a ground reflection occurs within the
Polar Regions. If this condition was indeed being fulfilled evidence of a signal
propagated by the multi -hop mechanism should have been observed; applying the
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criterion that a signal so propagated would exhibit considerable distortion due to
destructive phase interference and dispersive effects one must conclude that, because
this distortion was not observed, reflections between ground and ionosphere were not
involved.

The record shown in Fig. 1 indicates that the average attenuation between
successive circulating signals is approximately 5 dB ; this low attenuation is in
sharp contrast to the great attenuation involved between the initial radiated signal
and the first circulating signal. The inference to be drawn from the observed
attenuation characteristics is that a transmission mechanism encircles the world
in which the attenuation is very low but a wave which succeeds in energising it is
first subjected to a very high attenuation.

From the evidence provided by the Gibraltar-U.K. experiments the influence
of F2 ionization upon circulating signals cannot be determined with any degree of
certainty. The most that can be said is that whenever circulating signals were
recorded the ionization density of the F2 region was sufficient to support the normal
mode of F2 propagation at 37 Mc/s in the region of thetransmitter ; this is demonstrated
by the simultaneous presence of F2 back -scattered components of the transmitted
signal. The converse, however, does not hold because the F2 back-scattered com-
ponent could be recorded for many hours of the day while the circulating signal
would be completely absent.

The final point of comment here concerns the twilight zone. Much of the
published literature associates circulating signals with the twilight zone but, during
the Gibraltar -United Kingdom experiments, it was observed that circulating signals
were received four to five hours after local sunrise; this represents a considerable
displacement of the twilight belt from the great -circle path followed by the circulating
signal. It can therefore be concluded that the great -circle path followed by the
37 Mc 's circulating signal included large extremes of solar illumination and it is
therefore demonstrated that the association of circulating signals with the twilight
belt is not very rigid.

In considering the observations on the signal radiated from the satellite, an
examination of the F2 M.U.F. prediction charts shows that at the time of the
observations the Satellite was flying through an area in which the M.U.F. was only
of the order of 10-14 Mc's and therefore the signal radiated at 20 Mc s was unlikely
to have been propagated to great distances by the normal F2 multi -hop mode of
transmission, nevertheless the signals observed in the intervals between the direct
signals radiated from the satellite had undoubtedly been transmitted round the
world. In most other areas of the world however the M.U.F. values at that time
would have supported propagation at frequencies greater than 20 Mc/s.

The most interesting aspect of the round -the -world transmission of signals
radiated from the satellite lies in the fact that, in spite of the very low power radiated,
the conditions necessary for circulating signal propagation were achieved; bearing
in mind that a very high attenuation has normally been observed between a signal
radiated from the ground and its first circulating component, it would seem that in
this particular case the circulating signal observed from the satellite could not have
been subjected to that initial attenuation ; it is concluded therefore that the satellite
was at that time actually flying within or near the medium responsible for the
circulating signal mode of propagation. From the published data (12) it would appear
that the height of the satellite at the time of the observation was 240 13 Km.
above the earth; it was therefore within the lower part of the F2 ionized region.

From the foregoing it seems probable that the F2 region is in some way the
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supporting mechanism for circulating signals; on the other hand there is no evidence
which suggests that the normally accepted mode of multi -hop transmission between
the ionosphere and the ground is in any way involved; indeed, the observed low
attenuation suggests that the signals are not propagated to any great extent through
the absorbing D region.

Many of the unique characteristics of circulating signals can be explained if it
is assumed that a radio wave can be launched against the ionosphere at an extremely
shallow angle of incidence, such as might have happened in the case of the satellite
when it was at a height of 240 Km., a succession of glancing reflections confined to
the ionosphere might then follow even when the density of ionization was very low.

To achieve the same necessary glancing
angle at the ionosphere by a radio trans-
mission from the ground a tilted ionized
layer would have to be invoked (see Fig. 4).
A tilted layer is a well-known feature
of the F2 region and its occurrence at
twilight might be expected; a tilted
layer, furthermore, would provide a
ready explanation for the unidirectional
characteristics so often observed in cir-
culating signal propagation. The signal
which is observed on the ground would
be due to a small amount of energy
scattered downwards each time the cir-
culating signal passed overhead.

It is possible therefore that a series
FIG. 4 of reflections confined to the ionosphere

Suggested mechanism of circulating signals itself could explain all the known charac-
by a tilted layer and shallow ionospheric teristics of circulating signals with thereflections.

possible exception of the highly constant
time interval of circulation measured byHess; this, it would seem, should be dependent upon frequency, time of dayand season.

F2 LAYER

Conclusion
It has been shown that circulating signals are not restricted to frequencies

below the normal F2 M.U.F. as at present generally understood but that they arecapable of being propagated through areas of low ionization densities.
It is possible that the observation of signals from the satellite may provide animportant clue to the understanding of the mechanism responsible for circulatingsignals and the suggestion that this mechanism is associated with reflections atglancing angles of incidence which are confined solely to the ionosphere may beworthy of further consideration.
It is possible that some of the other unusual propagation phenomena observedon the signals radiated by satellites (12) (13) may be explained in terms of circulating

signals.
Although, up to the present, circulating signals have not caused serious disruption

to orthodox modes of communication the phenomenon assumes considerable
importance in connection with the operation of ionospheric scatter communication
links.
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BOOK REVIEW

Long -Wave and Medium -Wave Propagation, by H. E. Farrow. Iliffe & Sons, Ltd. 4s. 6d.

This booklet makes available to a wider public the substance of some lectures given at the
B.B.C. Engineering Training Department. As such it will be useful to those concerned with the
design and operation of transmitting stations in relation to the problems of reception on the
long -wave and medium -wave bands. It contains much information expressed in a simple way
that it would be difficult for the intended reader to obtain from the literature, including some
propagation curves based on the C.C.I.R. ones, together with a ground conductivity map of the
British Isles and a description of the method of calculating field -strengths over mixed paths.

It is a pity that in his attempt to keep the treatment simple the author has allowed his
descriptions to be somewhat loose in avoiding, for instance, any reference to the radiation
resistance of the aerial in discussing the effect of earth losses on the field at 1 km. Nor is it
clear what is meant by a field -strength of 9-10 mV/m. being necessary at night using a single
transmitter with a poor aerial unless it is related to some radiated power, since the deciding
factor is the distance at which the ground -wave ceases to predominate over the sky wave. In
dealing with the ionosphere it is difficult to avoid over -simplification with regard to the frequency
dependence of the absorption, and although the text could have been made more precise in places,
the treatment is adequate within the limits the author has set and contains some useful curves.

The retention on most of the figures of an irrelevant drawing number is an unfortunate
oversight in preparing them for publication, though the format is on the whole satisfactory. The
utility of the booklet would have been increased by the addition of some further references to
some of the well-known handbooks dealing in more detail with the topics discussed, but even so
it fulfils a useful purpose in providing a basis of information for the engineer who wishes to know
how the technique of broadcasting on the longer waves is related to the propagation characteristics.
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PROPAGATION MEASUREMENTS AT
85 8 MC/S OVER PATHS UP TO 5 85 KM.

BY G. C. RIDER, B.Sc.

The tests described in the paper have been made over five paths in Great Britain
during the last two and a half years. The objective was to obtain the " know-how " in
the application of the tropospheric scatter mode of propagation. The paths investigated
have been progressively increased in length up to a total distance of 585 Km.

The transmitting site has remained fixed throughout the tests. Facilities for scanning
were provided on the transmitting aerial, so that the beam could be directed towards the
various receiving sites. The first test was over a distance of 158 Km., and this was
followed by twelve months of recording over a 322 Km. path. During this period height-
gain and space -diversity tests were carried out. Finally the range was extended to
575 and 585 Km.; for these latter paths concurrent signal and fading recordings were
made at a site in the mid path region.

The mean diurnal variations of signal are presented for three paths, and their
significance is discussed in relation to meteorological conditions. The effect of mean
refractive index gradient upon median signal levels is examined. A good correlation is
found between the presence of low signal and a polar air mass over the propagation path.

The fading ranges and rates measured over the 322 Km. path are presented in some
detail, and the correlations-positive between fading rate and wind velocity, and negative
between signal level and wind velocity-are discussed. Correlation coefficients between
the fading on spaced aerials are shown for aerial spacings varied both horizontally and
vertically, and a height gain curve has been derived from the vertical measurements. The
height gain effect is of limited practical significance, but the persistence of the vestigial lobe
pattern with increasing height appears to favour the reflecting layer mechanism of
propagation. The negative correlation between signal strength and wind velocity also
seems to point in this direction. Wind velocity has been found to be associated with the
time-lag for maximum cross -correlation between the fading on horizontally spaced aerials.

An experimental approach to the problem of assessing the bandwidth potentialities
of a tropospheric scatter system has been made by recording the phase variations of a
1 Mc/s modulation, the record being interpreted as a plot of changes in the mean path
length with time.

Finally the obtrusive signal flutter attributed to aircraft is discussed and assessed.

Introduction
THE purpose of this paper is to present the results of some propagation measure-

ments at a frequency of 858 Mc/s made in the United Kingdom over the last
two and a half years. The motive has been to obtain practical knowledge and

experience in the tropospheric scatter propagation field. The routine measurement
of signal strength and fading parameters has been accompanied by tests of polarization,
height -gain and diversity, and an investigation of multipath time -delays. Fig. 1

shows the position of the receiving sites, and the path lengths. The first test site,
which was at Grantham, was used for three months and that at Catterick for over a
year. The remaining sites were used for periods of two or more weeks.
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horn, the long focus permitting the beam to be scanned through + 12° in azimuth,
and from 0° to 12° in elevation, without appreciable degradation of gain or lobe pattern.

In each of the two receivers a crystal -controlled oscillator was used for frequency
changing, and a low -noise balanced crystal mixer was followed by a 13.5 Mc/s I.F.
amplifier, and a 1 kc/s audio amplifier of bandwidth 50 c/s. This arrangement limited
the effective receiver bandwidth, and allowed very low signals to be measured without
demanding an unreasonable degree of frequency stability either from the transmitter
drive or from the receiver frequency -change oscillators.

Two pen -recorders were employed, the fading data being taken from the records
of a fast response recorder capable of faithfully reproducing frequencies up to 10 c/s,
whilst the hourly median levels were taken from a recorder driven by a circuit

FIG. 2
8 5 8 .1Ic s Transmitter cabin and aerial-Great Bromley.

averaging the receiver output over a period of 20 sec. The receiver had an accurately
linear characteristic.

The main receiving aerial was a 3 m. (10 feet) diameter paraboloid, mounted on
a trailer at a height of 3 m.; for the twin -receiver tests, a 1.23 m. (4 feet) diameter
paraboloid was used together with a horn of similar gain.

Hourly Median Path Attenuation
The hourly median path attenuation varies with the time of day, the period of

the year and the path length, and will be considered first; consideration of the fading
parameters will then follow.
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Fig. 3 presents the mean of the hourly median path attenuation for each hour
of the day, measured over the paths to Grantham, Catterick and Arbroath at distances
of 158, 322 and 575 Km. respectively. The shape of these curves should be accepted
with some reserve however, since although they present a true summary of measure-
ments made, they are not necessarily typical of days in general. The curve for the

575 Km. path, for instance, is
based upon far fewer measure-
ments than the curves for

PATH
ATTENUATION

0

0 322 Km. path are therefore
0 taken for the midday hours

0 0 alone in order to present, as
230 o far as possible, only the seasonal

changes attributable to varia-
0 0 0 tions in the scattering mech-

0 0 anism.
335km OATH

0

Meteorology and Hourly
Median Path Attenuations

0 Two attempts will now be
described to relate these time -
variations in the hourly median
path attenuation to meteor-
ological conditions. The first

Diurnal variation of hourly median path attenuations. approach is summarized in
Fig. 5. Here the mean refrac-
tive index gradient, expressed

as effective earth's -radius, is plotted against the hourly median attenuation for the
appropriate hour. The meteorological data used were those published for the
upper -air station at Hemsby (1) (see Fig. 1). The dashed line on the graph is
calculated on the hypothesis that the signal variation is caused by a change in the
scattering angle consequent upon a change in the ray curvature due to refraction.

A (sin -4 2scattering law was used.0

)
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0 HOURLY MEDIAN
- 3 HOUR MOVING AVERAGE

FIG. 3
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0
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the shorter paths; it should
be noted, furthermore, that
calm radiation nights-which
largely contribute to night-time
high signal-levels-were rarely
encountered during the period
of observation over this path.

90 It should be pointed out, how-
ever, that observations of path

0 , attenuations carried out dur-
ing the day -time are unlikely
to give an over -optimistic esti-
mate of the performance of the
path for other times. The
monthly mean path attenua-
tions shown in Fig. 4 for the

240
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The trend of the observed points shows sufficient agreement with the predictedslope
to suggest that the postulated mechanism is operating modified, however, by the
dependence of the scattering coefficient upon height,which has not been consideredhere.

In the second approach the path attenuations are grouped, for the synoptic
hours, in accordance with the air -mass present in the common scattering volume.
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Fig. 6 shows the signal distribution obtained with two such groups and, as more data
become available, it is hoped to make a more detailed identification of the air -mass
present. This approach appears to offer a useful empirical method for comparing the
median path attenuations on similar paths in differing climates.

It would appear that there is more reason to attribute the changes in signal from
hour to hour, and indeed from season to season, to the successive advent of anti-
cyclones and depressions than to the diurnal changes in the meteorological elements,
which are relatively of less importance in the middle and upper troposphere.
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Path Attenuation v. Distance
The hourly median path attenuations are finally displayed, in Fig. 7, according

to their dependence upon path length. The average of all the hourly figures for each
site has been used for this purpose. Following Norton et al. (2), angular distance is
used as abscissa. The rate of attenuation is seen to be larger than that derived from
Norton's (2) empirical curve, and larger also than that predicted by Richards (3) for an
inverse square decay of One with height.

Fast Fading
Two parameters of the fading signal have been measured from the fast response

recordings. The fading rate " F " is defined as the number of positive crossings per
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FIG. 6

10

Distribution of hourly median path attenuation for arctic and tropical air in the common scattering region.

minute of the median level of the sample, and the fading range " R " as the difference
in the levels exceeded by the sample for 10% and 90% of the time. One -minute
samples were analysed for each parameter and a cumulative distribution of the
values obtained over the 322 Km. path, to which the bulk of the data accumulated
refers, is given in Fig. 8. The fading rates measured at 575 Km. are also shown. The
dependence on distance mentioned by Norton et al. (4) was not observed.

As will be seen later, the signal is quite frequently affected by reflection effects
from aircraft. The samples analysed for Fig. 8 were taken at regular time intervals,
and are therefore representative of the conditions actually prevailing. These
recordings were re-examined for a sample period, and those showing any sign of the
aircraft effect were discarded. The remaining data, which are representative simply
of propagation conditions, are presented in Fig. 9, and show well the association
between the lowest fading rates and the greatest fading ranges. These occur at times
of highest signal, usually at night, and contribute largely to the form of the diurnal
curve already shown.
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Fading and Wind
The fading parameters have been considered in relation to the wind velocity in

an attempt to produce some evidence distinguishing between the turbulent scatter
model and that which invokes portions of reflecting layers. The wind is thought of
as promoting propagation in the former case by increasing the turbulence, and as
inhibiting the propagation in the latter case by breaking up and dissolving any
stratification which existed. The normal presence of some measure of stratification
is shown both by published data of refractometer soundings and by observation of the
clouds.

The wind velocity data used-the best available-are taken from the regular
meteorological soundings at a height of 4,200 m. over Hemsby. Hemsby is about
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160 Km. from the scattering region, and this fact doubtless increases the element of
randomness in the correlations computed.

The correlation between wind and fading is summarized in Table 1 and is
discussed later in conjunction with further evidence arising from the diversity tests.

The magnitude of the correlation between signal level and wind speed is
insufficient to give much support to the reflection hypothesis although the sign
of the correlation suggests it.
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It may be of interest to note that synchronous fading records over 182 and 322 Km.
paths show, as expected, no sign of correlation. The same is true of the hourly
median values, where for the period of the tests-about fifty hours-a coefficient of
+0.04 has been evaluated.

TABLE 1. CORRELATION COEFFICIENTS

Component of Wind

Across Path Along Path Wind Speed

Fading Rate +0.5

Fading Range Not
Significant

Hourly Medn. P.A.

0.4

-U3

7. TTUlt 000,44rt (1C1(0,

FIG. i
Distribution of fading rale am! fading range.

Spaced Diversity and Height Gain
Spaced diversity and height gain tests \yen. carried out at Catterick, over the

322 Km. path. The aerial spacings were varied, up to 30 rn. horizontally, and up to
25 m. vertically. Here a 30 m. (100 feet) mast was used, having mounted upon it a
vertical railway carrying the aerial and head amplifier. A reference aerial, the
standard receiving aerial at this site, was located at a height of 3 m. above ground;
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it was an electromagnetic horn, very similar in gain and beamwidth to the 1-2 in.
(4 feet) diameter movable paraboloid.

In each test, simultaneous one -minute samples were taken of levels from the
respective spaced aerials, using the twin -channel fast recorder. Levels for the
computation of correlations were read at 1.25 sec. intervals. About twenty runs
were made under various conditions, and Fig. Ill shows the results. Figs. 10 (a)
and (h) are aligned to share a common scale of aerial spacings. Fig. I() (c) is a
" Height -Gain curve derived from the observational data of Fig. 10 1, -he

ordinate in this case is aerial height above ground, and the ordinate scale is aligned
with that of Fig. 10 (1) so that, for example, an aerial height of 20 feet represents
a vertical spacing of 10 feet. The abscissa here is the mean difference in level between
the signals on the two aerials. This has been referred to the value at a height of
20 feet, since its actual value is irrelevant, depending on the slight difference in aerial
gain. 20 feet was found by averaging to be the optimum height, with the ground
conditions obtaining, and (luite a well -marked lobe structure. albeit of small
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amplitude, may be seen in the curve Fig. 10 (c). The pattern repeats itself well as
between successive tests up to a height of about 30i., above which level the coherence
between different tests rapidly vanishes.

It is of interest to compare this curve with that of correlation coefficients for
varying aerial spacings. The fluctuations in the relative signal level over about the
first 30i, are seen to be closely mirrored by the variations in the mean correlation
coefficient, NV111Ch are superimposed upon the steady decay of correlation with
increased aerial spacing.

This effect, and the decay of the height -gain pattern, may most asily be
understood in terms of the polar diagram produced by the moving aerial and its
image in the ground. As the aerial height increases, the lobes become sharper and
sweep downward, a maximum signal position occurring as the lobe sweeps over the
scattering region. For small aerial heights the width of the lobe is sufficient to
embrace the whole scattering region, i.e. there is as yet no diversity effect due to the
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relative phases from individual scatterers differing for the two aerials (here aerial
and image). However, when the lobes become too narrow to embrace the scattering
volume, there will no longer be a coherent variation of signal with aerial height.

Attention will now be directed to the correlation plot. When both aerials are
at positions of maximum signal-in our case the reference aerial coincides with the
first maximum-each has a lobe embracing the scattering region, and positively
correlated signals will appear on each. If now one aerial moves to a minimum, so
that the trough between its lobes is directed to the centre of the scattering region, its
signal will be contributed predominantly by the peripheral scatterers, and will be less
correlated with that on the other aerial.
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Diversity fading correlations and height -gain curve for 322 Km. path.

(a) Horizontal aerial spacing v. fading correlation.
(h) l'ertical aerial spacing v. fading correlation.
(c) Height gaincurve.

(a)

(b)

(c)

An estimate of the vertical angle subtended by the scattering region can be
deduced from this argument.

Since the height above ground of the scattering region is great compared with
that of the receiving aerials the ground reflection will take place near to the aerial,
and simple plane -earth geometry will suffice.

We consider the lobe pattern of the receiving aerial together with its image in
the ground. Since the aperture of the reflector is small (about 4X) the lobe pattern
in the direction of the scattering region will be unaffected by the directional pattern
of the aerial itself.
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Let 0 be the vertical angle between maxima for low angle lobes: and h the aerial
height above the ground reflecting plane. We may simply obtain
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FIG. 11
The effect of cross path ulnd velocity upon diversity lading correlations-- 322 Km. path.

(a) Fading correlation r. time displacement.
(b) Time displacement for maximum correlation r. cross path component of umd speed.
(c) _faximuni correlation r. inclination of mind direction to propagation path.

From Fig. 10 (b) we may see that the fluctuations in the correlation coefficient super-
imposed upon its general decay have ceased by the time the value h - 19 m. (60 feet).If this value of h is taken as giving a lobe spacing such that two lobes are directedtoward the scattering region, we have, from the above expression, a vertical angle
of 32' subtended by the scattering region.
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Time Lag in Horizontal Diversity Fading
A point of interest, which is quite evident on inspection of the horizontal diversity

fading records, is the time lag between the pattern of fading upon widely spaced
aerials. For a number of tests on aerials at 30 m. (100 feet) spacing, correlation
coefficients have been evaluated for various time lags.

Referring now to Fig. 11, we see in graph " a " some of these lag correlograms.
Graph " b " shows the time lag for maximum correlation plotted against the best
available figure for the cross -wind component in the common scattering region-
that for Hemsby at a height of 3,000 m. There appears to be little doubt that the
time lags are in fact caused by the drift of the scattering sources through the common
scattering volume when under the influence of the prevailing wind. Graph " c "
also substantiates this, showing the maximum lag correlation to be higher when the
wind is blowing more exactly across the path.
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Cumulative distribution of time delay over 322 Km. path. (Tbe ordinate origins are placed on the median values.)

If the correlation between fading rate and wind velocity shown in Table 1 is
also considered, it seems evident that the movement of scattering sources with wind
is an important cause of fading; this influence would not vary with path length except
insofar as the wind itself is dependent on height. Fading rates measured over the
575 Km. path were seen (Fig. 8) to accord well with those measured at 322 Km.

Modulation Phase Measurements
A pulse system was first tried to assess the time delays involved in the propaga-

tion and hence the bandwidth potentialities of the medium. However, the signal/
noise ratio was found to be inadequate for too large a part of the time, and the
system now described was devised to enable useful time delay measurements to be
made whilst retaining the narrow bandwidth used for field strength measurements.

High stability crystal oscillators were used at both terminals; at the transmitter,
1 Mc/s sine -wave amplitude modulation was derived from the oscillator. At the
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receiver, crystal -controlled frequencies of 999 kc/s and 1 kc/s were derived, the former
being mixed with the incoming signal modulation to give a 1 kc/s tone having phase
variations identical with those of the received modulation. This was then passed
through the receiver audio -filter, giving an output of adequate S/N ratio to work
a phase comparator. The crystal -controlled 1 kc/s source was used as the reference.
The phase record is interpreted as a measure of the changes in path length, or time
delay, suffered by the scatter signal, and Fig. 12 shows the distribution obtained
from the data available. The instantaneous path is seen co differ from its median
value by more than 38 m. in length or 0.15 p. sec. in delay for 1% of the time. It
may be calculated that a ray -path, to give this additional path length, would require
to be scattered from a point offset by 1.5° from the direction of the centre of scattering.
A value for the angle subtended at the receiver by the effective scattering region is
thus provided, and may be compared with the figure of 0.5° (32 min.) found in asection above. This latter figure applies only to the vertical angle subtended at the
receiver by the scattering region, and, in view of the somewhat arbitrary assumptions
made, the two measurements seem not entirely incompatible.
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FIG. 13

Sample recording of aircraft effect.

Aircraft Reflections
The frequent superposition of a regular beat pattern upon the random scatter

signal is immediately noticeable upon examination of the records from most of the
sites during daylight hours. Fig. 13 shows an example of the effect; a similar effect
is described by Mellen et al. (5), Altman et al. (6), Kiely et al. (7), Angell et al. (8) and
Rider (9). The latter papers bring forward considerable evidence to ascribe the effect
to aircraft, and point out the great increase in effectiveness of aircraft in the vicinity
of a site terminal.

Significance of the Aircraft Reflections
Significant amplitude changes (i.e. > 3 db) have not been observed at beat

frequencies greater than about 4 c/s so that an. A.G.C. system would not be defeated.
Considering space diversity, an examination of the recorded effects at 100 feet

horizontal spacing suggests that the slowest beats are often in phase on the two
aerials, due to the correlation in the scatter fading sometimes observed at periods
of slow fading and high signal. However, with normal fading rates and a negligible
cross -correlation between the fading, the aircraft beats are also generally uncorrelated,
though a number of successive beats may be in phase.
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The most feared effect is, of course, the time delay in the reflected signal.
Aircraft beats have been recorded during the modulation phase tests described above,
and the range of time delays encountered is tabulated below. Unfortunately very
little data is available, but it is felt that even an idea of the magnitudes involved
will be of value.

TABLE 2. TIME DELAYS OBSERVED DUE TO AIRCRAFT REFLECTIONS

No. of cases ... ... 14

Greatest Time Delay 0.5 1.t. sec.
Median 0.07
Least 0 (no observable change superimposed on the

scatter changes)
A more disturbing picture is presented by Mellen et al. (5) quoting time delays up to
1.5 µ sec., but using 6° beamwidths at both terminals.

Polarization
Tests of received polarization have been made using a rotatable dipole in the

receiving dish aerial, and turning it to a minimum signal position. This was invariably
found to be at 90° to the launched polarization, which was varied through these tests.
The " crossed " polarization position gave a signal 30 db or more below the normal
level. The median signal was also recorded for successive periods of 10 min. on
vertical and horizontal polarization, and no significant difference in path attenuation
was observed. For this test the launched polarization was 45° to the vertical.

Conclusion
The general picture presented by the measurements described accords well

with comparable published results.
However, the attenuation rate of 0103 db/Km. may be noted, as also the

diversity distances which are larger than was expected. Finally, the failure to detect
a dependence of fading rate upon distance is worthy of note.
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DIURNAL INFLUENCES IN TROPOSPHERIC
PROPAGATION

BY M. W. GOUGH, M.A., A.M.I.E.E.

The existence of diurnal variations in the signal strength of very short waves has
considerable scientific and engineering interest. As is now well appreciated, the basic
cause of these variations is the nocturnal cooling of heated land by radiation when the
sky is clear, which gives rise during the night and early morning to pronounced atmosphericstratification near the ground.

After a brief historical survey of observations of these effects, this article appraisesthe results of 80 Mc/s signal strength recordings maintained for six months over a 137 km.non -optical path in the Persian Gulf, where the phenomenon occurred to a noteworthydegree.
Modified refractive index profiles derived from selected upper air soundings madenear the radio path have shown a clear association between (a) very weak signals and an

approximately standard atmosphere and (b) very strong signals and the presence of
pronounced elevated or ground -based inversion layers. Measured and theoretical signalstrengths are compared on the basis of a uniformly graded atmosphere, reflection at anidealized elevated inversion layer, and propagation within a duct as treated by Booker.

Finally, an analysis is made of M-profiles exhibiting the presence of ground -basedducts, which were found to be associated with high signal levels over the test path. It isshown that in twelve out of nineteen such instances, trapping of the first transmission modewas taking place on a wavelength of 3.75 m. These observations, made in exceptional
climatic conditions, provide evidence of recurrent nocturnal trapping on a wavelengthwhich is perhaps longer than has hitherto been considered possible.

Introduction
SINCE about 1930 it has been realized that wave propagation in the metric,decimetric and centimetric bands can be profoundly influenced by the tropo-

sphere, by virtue of changes in its refractive index amounting to only a fewparts in a million. In the present discussion attention will be directed to diurnal
variations in signal strength which, in favourable circumstances, can be a prominentfeature of very short-wave propagation. These variations have an importantinfluence on the engineering and operation of V.H.F., U.H.F. and S.H.F. radio links.The salient characteristics of this phenomenon were first observed and satisfac-torily explained by Englund, Crawford and Mumford (1) in 1940. In prolongedpropagation tests of an optical overland path near New York they observed, onwavelengths of 4 m. and 2 m., a marked tendency, particularly in summer, for thesignal strength to remain nearly constant during the morning and afternoon, whilebecoming extremely variable between the hours of 1800 and 0900. These nocturnalfluctuations, which intermittently gave rise to signal strengths much above thesteady day -time level, were attributed to disturbing reflections from elevated inversionlayers, in conjunction with variable ray bending near the ground which modified thediffracting effect of the earth's surface.

The diurnal nature of these variations is due to the nightly formation andsubsequent dispersal of ground -based or elevated inversion layers promoted by the
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cooling of heated ground by radiation when the night sky is clear. As will be more
fully explained later, the foi illation of these layers accounts for the nocturnal signal
strength behaviour often observed. An hour or more after sunrise, atmospheric
stratification is usually swept away by convection, after which a well -mixed atmos-
phere normally persists until late afternoon, promoting during this period a relatively
steady signal whose magnitude is broadly compatible with a standard atmosphere.
Somewhat before sunset atmospheric stratification develops once more, and the
nocturnal period of variable propagation is re-established.

The characteristic diurnal behaviour outlined above results from a meteorological
structure peculiar to heated land, and indeed diurnal variations are virtually absent
with oversea paths unless lying near the coast. This is because the sea temperature
scarcely varies throughout the twenty-four hours, so that exclusively nocturnal
temperature inversions do not develop.

The rapid development of very short wave techniques since the early war years
has resulted in many observations of diurnal variations on wavelengths ranging
between 4 m. and 3 cm. To cite a wartime example given by Durst (2), 200 Mc/s
radars in Bengal frequently exhibited during the night and early morning a five -fold
increase in range over the day -time figure. Since the war, microwave measurements
made over very diverse overland paths have shown in varying degree, but with
noteworthy similarity of characteristics, the type of diurnal variation described.
Measurements in Great Britain have been described by Smith -Rose and Stickland (8)
and by Bray and Corke (4), and in the U.S.A. by Durkee (5), Day and Trolese (6) and
by Millar and Byam (7). Vecchiacchi (8) and Carassa (9) have given diurnal statistics
for microwave paths in Italy, while Vikramsingh et al. (10) have reported comparable
influences over a path in the Himalayan foothills. Gough (11) has described diurnal
variations over V.H.F. paths in Malaya, Nigeria and Ghana.

Diurnal variations are usually more pronounced in summer than in winter
because higher temperatures increase the humidity lapse rate, thereby increasing
the refractive index gradient. For this reason diurnal effects tend to be more marked
in tropical regions than in temperate zones. To give an example of the magnitudes
likely to be experienced, conventional radio paths selected for V.H.F. radio links
in Nigeria, Ghana and Kuwait have been found to give nocturnal signal strengths
often 20-25 db above the steady daytime level on a frequency of 180 Mc/s. These
occasions are however often interrupted by deep fades.

General Description of the Bahrain -Doha Test
To present a clear picture of diurnal effects, the rest of this discussion will be

devoted to an analysis of six months' continuous recording on 80 Mc/s (3.75 m.)
of a non -optical radio path between Bahrain Island on the Persian Gulf, and the town
of Doha 137 km. to the south-east. A small fraction of the path crosses the sea
and the path remains near the Gulf throughout its length. The proximity of the
sea affects the propagation mainly, it is thought, by allowing weak inversion layers
to persist into the day -time hours which-if the land influence were complete-would
be destroyed by daytime convection. In confirmation of this conjecture it has been
observed that paths farther inland in neighbouring Kuwait show remarkably steady
day -time signals on 180 Mc/s, testifying to the improved day -time mixing of the
atmosphere promoted by the absence of maritime influences.

For the test under review, an 80 Mc/s C.W. transmitter on Bahrain Island supplied
20 watts to a four -element Yagi aerial mounted at a height of 60 m. and directed
at Doha. A similar aerial at Doha, mounted at a height of 20 m., fed a receiver
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receiver, crystal -controlled frequencies of 999 kc/s and 1 kc s were derived, the former
being mixed with the incoming signal modulation to give a 1 kc/s tone having phase
variations identical with those of the received modulation. This was then passed
through the receiver audio -filter, giving an output of adequate S/N ratio to work
a phase comparator. The crystal -controlled 1 kc/s source was used as the reference.
The phase record is interpreted as a measure of the changes in path length, or time
delay, suffered by the scatter signal, and Fig. 12 shows the distribution obtained
from the data available. The instantaneous path is seen to differ from its median
value by more than 38 m. in length or 0.15 1..t sec. in delay for 1% of the time. It
may be calculated that a ray -path, to give this additional path length, would require
to be scattered from a point offset by 1.5° from the direction of the centre of scattering.
A value for the angle subtended at the receiver by the effective scattering region is
thus provided, and may be compared with the figure of 0.5° (32 min.) found in a
section above. This latter figure applies only to the vertical angle subtended at the
receiver by the scattering region, and, in view of the somewhat arbitrary assumptions
made, the two measurements seem not entirely incompatible.
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FIG. 13

Sample recording of aircraft effect.

Aircraft Reflections
The frequent superposition of a regular beat pattern upon the random scatter

signal is immediately noticeable upon examination of the records from most of the
sites during daylight hours. Fig. 13 shows an example of the effect; a similar effect
is described by Mellen et al. (5), Altman et al. (6), Kiely et al. (7), Angell et al. (8) and
Rider (9). The latter papers bring forward considerable evidence to ascribe the effect
to aircraft, and point out the great increase in effectiveness of aircraft in the vicinity
of a site terminal.

Significance of the Aircraft Reflections
Significant amplitude changes (i.e. > 3 db) have not been observed at beat

frequencies greater than about 4 c/s so that an. A.G.C. system would not be defeated.
Considering space diversity, an examination of the recorded effects at 100 feet

horizontal spacing suggests that the slowest beats are often in phase on the two
aerials, due to the correlation in the scatter fading sometimes observed at periods
of slow fading and high signal. However, with normal fading rates and a negligible
cross -correlation between the fading, the aircraft beats are also generally uncorrelated,
though a number of successive beats may be in phase.
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The most feared effect is, of course, the time delay in the reflected signal.
Aircraft beats have been recorded during the modulation phase tests described above,
and the range of time delays encountered is tabulated below. Unfortunately very
little data is available, but it is felt that even an idea of the magnitudes involved
will be of value.

TABLE 2. TIME DELAYS OBSERVED DUE TO AIRCRAFT REFLECTIONS

No. of cases ... 14

Greatest Time Delay 0.5 sec.
Median 0.07
Least 0 (no observable change superimposed on the

scatter changes)
A more disturbing picture is presented by Mellen et al. (5) quoting time delays up to
1.5 (1 sec., but using 6° beamwidths at both terminals.

Polarization
Tests of received polarization have been made using a rotatable dipole in the

receiving dish aerial, and turning it to a minimum signal position. This was invariably
found to be at 90° to the launched polarization, which was varied through these tests.
The " crossed " polarization position gave a signal 30 db or more below the normal
level. The median signal was also recorded for successive periods of 10 min. on
vertical and horizontal polarization, and no significant difference in path attenuation
was observed. For this test the launched polarization was 45° to the vertical.

Conclusion
The general picture presented by the measurements described accords well

with comparable published results.
However, the attenuation rate of 0103 db/Km. may be noted, as also the

diversity distances which are larger than was expected. Finally, the failure to detect
a dependence of fading rate upon distance is worthy of note.
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DIURNAL INFLUENCES IN TROPOSPHERIC
PROPAGATION

By M. W. GOUGH, M.A., A.M.I.E.E.

The existence of diurnal variations in the signal strength of very short waves has
considerable scientific and engineering interest. As is now well appreciated, the basic
cause of these variations is the nocturnal cooling of heated land by radiation when the
sky is clear, which gives rise during the night and early morning to pronounced atmospheric
stratification near the ground.

After a brief historical survey of observations of these effects, this article appraises
the results of 80 Mc/s signal strength recordings maintained for six months over a 137 km.
non -optical path in the Persian Gulf, where the phenomenon occurred to a noteworthy
degree.

Modified refractive index profiles derived from selected upper air soundings made
near the radio path have shown a clear association between (a) very weak signals and an
approximately standard atmosphere and (b) very strong signals and the presence of
pronounced elevated or ground -based inversion layers. Measured and theoretical signal
strengths are compared on the basis of a uniformly graded atmosphere, reflection at an
idealized elevated inversion layer, and propagation within a duct as treated by Booker.

Finally, an analysis is made of M -profiles exhibiting the presence of ground -based
ducts, which were found to be associated with high signal levels over the test path. It isshown that in twelve out of nineteen such instances, trapping of the _first transmission modewas taking place on a wavelength of 3.75 m. These observations, made in exceptional
climatic conditions, provide evidence of recurrent nocturnal trapping on a wavelength
which is perhaps longer than has hitherto been considered possible.

Introduction
SINCE about 1930 it has been realized that wave propagation in the metric,

decimetric and centimetric bands can be profoundly influenced by the tropo-
sphere, by virtue of changes in its refractive index amounting to only a fewparts in a million. In the present discussion attention will be directed to diurnal

variations in signal strength which, in favourable circumstances, can be a prominentfeature of very short-wave propagation. These variations have an important
influence on the engineering and operation of V.H.F., U.H.F. and S.H.F. radio links.

The salient characteristics of this phenomenon were first observed and satisfac-torily explained by Englund, Crawford and Mumford (') in 1940. In prolongedpropagation tests of an optical overland path near New York they observed, onwavelengths of 4 m. and 2 m., a marked tendency, particularly in summer, for thesignal strength to remain nearly constant during the morning and afternoon, whilebecoming extremely variable between the hours of 1800 and 0900. These nocturnalfluctuations, which intermittently gave rise to signal strengths much above the
steady day -time level, were attributed to disturbing reflections from elevated inversionlayers, in conjunction with variable ray bending near the ground which modified the
diffracting effect of the earth's surface.

The diurnal nature of these variations is due to the nightly formation andsubsequent dispersal of ground -based or elevated inversion layers promoted by the
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cooling of heated ground by radiation when the night sky is clear. As will be more
fully explained later, the foi illation of these layers accounts for the nocturnal signal
strength behaviour often observed. An hour or more after sunrise, atmospheric
stratification is usually swept away by convection, after which a well -mixed atmos-
phere normally persists until late afternoon, promoting during this period a relatively
steady signal whose magnitude is broadly compatible with a standard atmosphere.
Somewhat before sunset atmospheric stratification develops once more, and the
nocturnal period of variable propagation is re-established.

The characteristic diurnal behaviour outlined above results from a meteorological
structure peculiar to heated land, and indeed diurnal variations are virtually absent
with oversea paths unless lying near the coast. This is because the sea temperature
scarcely varies throughout the twenty-four hours, so that exclusively nocturnal
temperature inversions do not develop.

The rapid development of very short wave techniques since the early war years
has resulted in many observations of diurnal variations on wavelengths ranging
between 4 m. and 3 cm. To cite a wartime example given by Durst (2), 200 Mc/s
radars in Bengal frequently exhibited during the night and early morning a five -fold
increase in range over the day -time figure. Since the war, microwave measurements
made over very diverse overland paths have shown in varying degree, but with
noteworthy similarity of characteristics, the type of diurnal variation described.
Measurements in Great Britain have been described by Smith -Rose and Stickland (3)
and by Bray and Corke (4), and in the U.S.A. by Durkee (5), Day and Trolese (6) and
by Millar and Byam (7). Vecchiacchi (8) and Carassa (9) have given diurnal statistics
for microwave paths in Italy, while Vikramsingh et al. (10) have reported comparable
influences over a path in the Himalayan foothills. Gough (11) has described diurnal
variations over V.H.F. paths in Malaya, Nigeria and Ghana.

Diurnal variations are usually more pronounced in summer than in winter
because higher temperatures increase the humidity lapse rate, thereby increasing
the refractive index gradient. For this reason diurnal effects tend to be more marked
in tropical regions than in temperate zones. To give an example of the magnitudes
likely to be experienced, conventional radio paths selected for V.H.F. radio links
in Nigeria, Ghana and Kuwait have been found to give nocturnal signal strengths
often 20-25 db above the steady daytime level on a frequency of 180 Mc/s. These
occasions are however often interrupted by deep fades.

General Description of the Bahrain -Doha Test
To present a clear picture of diurnal effects, the rest of this discussion will be

devoted to an analysis of six months' continuous recording on 80 Mc/s (3.75 m.)
of a non -optical radio path between Bahrain Island on the Persian Gulf, and the town
of Doha 137 km. to the south-east. A small fraction of the path crosses the sea
and the path remains near the Gulf throughout its length. The proximity of the
sea affects the propagation mainly, it is thought, by allowing weak inversion layers
to persist into the day -time hours which-if the land influence were complete-would
be destroyed by daytime convection. In confirmation of this conjecture it has been
observed that paths farther inland in neighbouring Kuwait show remarkably steady
day -time signals on 180 Mc/s, testifying to the improved day -time mixing of the
atmosphere promoted by the absence of maritime influences.

For the test under review, an 80 Mc/s C.W. transmitter on Bahrain Island supplied
20 watts to a four -element Yagi aerial mounted at a height of 60 m. and directed
at Doha. A similar aerial at Doha, mounted at a height of 20 m., fed a receiver
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operating a recorder whose deflection was nearly proportional to the received signal
level expressed in decibels above 1 p.V. The recorder sampled the signal strength
once a minute, some of the intervening time being occupied in automatic calibration
of the receiver. Except for a few breakdowns, signal strength was continuously
recorded from August 27th, 1955, to March 1st, 1956, so that nearly 4,000 hours
of effective recording were secured.
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Features of Signal Behaviour
Fig. 1 shows, by means of vertical bars, the maximum and minimum signal

strength observed in any hour, indicated in local time, while the inter -connecting
lines show the hourly median signal strength. The upper chart shows typical diurnal
variations observed during September while the lower chart, which is characteristic
of January, shows a random pattern with no discernible diurnal variations. September
showed the greatest diurnal variations of the six-month test period. The difference
between mean day -time and night-time levels often amounted to 40 db in that month,
and diurnal variations were repeated with remarkable regularity. Well-defined
variations persisted throughout October, interspersed with occasional erratic periods.
During November and December the irregularities increased, but even in the latter
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month distinct diurnal cycles were apparent for a few successive days. During
January diurnal patterns were only occasionally perceptible. February and early
March, while very erratic, occasionally showed some very well-defined diurnal changes.

Fig. 2 shows samples of signal strength records. The upper trace, obtained in
September, shows a typical nocturnal disturbance with fading from a high level,
resulting probably from interference between strong multiple reflections at grazing
incidence from an elevated inversion layer. The decline after 0900 hours local time
from the free space level to that consistent with a standard atmosphere reflects the
decay of the inversion due to increasing convection. The lower trace, obtained in
October, shows an early morning period with a very high level devoid of fading,
followed at about 0930 hours by a very abrupt drop in signal strength symptomatic
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of a rapidly dispersing nocturnal inversion. The fluctuations immediately following
the fall indicate interference between a partial reflection at the dissolving inversion
layer and a diffracted wave propagated near the earth's surface. Thereafter until
about 1400 hours, the signal pattern implies a substantially unstratified atmosphere
exhibiting steadily declining refraction. After 1400 hours there is significant inter-
ference from a weak reflection at a developing inversion layer which, after 1630 hours,
is providing the dominant signal.
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The upper trace on Fig. 3 shows a typical January record. Although refraction
near the surface appears to be slightly greater than standard in the daylight hours,
the resulting diffracted signal is weak enough to be very vulnerable to partial
reflections from weak inversion layers. There is a small increase in atmospheric
stratification and surface refraction during the evening. Finally, the lower trace
shows a diurnal cycle obtained in February. It comprises firstly, a steady early
morning period when the received signal is derived mainly from a near-specular
reflection at an elevated inversion. Secondly, there is a mid -day period consistent
with a well -mixed standard atmosphere and thirdly, there is a steady growth in
signal strength after 1700 hours indicative of the returning nocturnal inversion,
which culminates in a period of near-specular reflection after 2000 hours.
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Statistical Features
Fig. 4 illustrates the statistical character of the diurnal variations over the six

months' test period. It has been constructed by analysing the variations in the
hourly median level for a selected hour of the day during the one -hundred -and -sixty
days for which complete records were obtained. Each curve shows for the specified
times of day the hourly median level exceeded for the indicated percentage of the
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total numb ,r of day, ti ,- 1_ It is S4'("1 that the weaker hourly median levels, namely
tho,. ex, e.ed,d during a high i.percentage of days, show progressively reduced diurnal
,,ariation,., until by the time the 99-,, level is reached the diurnal effect is barely
p4,tt eptible. it 1, rea-onable to conclude that higher percentage levels, which have
important engineering significance. will show even less variation, and from this it is
I red ihat the t roughs of fades it lain a fairly constant low level which is independent
ol the time of day.

Attention will now be briefly directed to the behaviour during the period
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the se,isonal trends for these extreme periods of the diurnal cycle. To smooth the
Oleos of !short-term weather changes the hourly median levels for the respective

and night periods have been ;ivcraged over a week, and plotted against the
appropriate week of the test. .1 seasonal trend with a minimum in January is

e\ ident. but while the weekly mean night-time levels experience a seasonal
arrition of perhaps 35 ilb, the day -time levels experience a variation of only about

'0 ill) It will be noticed furthermore that by mid -January the difference between
da\ -tinn mid nr ht tune levels has narrowed to insignificance, but that it widens
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rapidly again thereafter. Extrapolating the trends on the chart to the unrecorded
seasons, it seems likely that both day -time and night-time weekly mean levels would
show broad maxima in early July.

Fig. 6 illustrates the wide divergence between cumulative distributions of hourly
median levels applicable respectively to the specified day -time and night-time hours.
For the nocturnal hours the free space level was exceeded for as much as 5% of the
time. Similar curves for the period December -January, when signal strengths were
weakest, show a much reduced divergence between day -time and nocturnal levels.
Moreover, the free space level was never reached during that period.
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Association Between Radio and Meteorological Behaviour
Throughout the period of the. radio tests, regular meteorological soundings were

made by the Royal Air Force near the transmitting terminal at Bahrain. These
soundings were made daily at 0600 and 1800 hours local time, and modified refractive
index profiles derived from them have served to confirm the existence of intense
atmospheric stratification inferred from many recordings of the 3.75 m. transmission.
To limit the labour involved in extracting M profiles, attention has been confined to
the synoptic hours associated with very high and very low hourly mean signal
strengths.

Inspection of the chart of diurnal variations previously illustrated (Fig. 4),
shows the synoptic hour 0600 to be associated with characteristically high signal levels
well suited to this purpose. The synoptic hour 1800 generally shows intermediate
levels rapidly increasing towards the typically high nocturnal values. Thus although
of interest as representing a transitional state, this hour has little utility in the
investigation of the extreme conditions to which this discussion is confined.
Unfortunately no meteorological soundings exist for the period noon to 1600 hours
associated with low signal strengths, and therefore to obtain examples of low levels
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it is necessary to search for the few uncharacteristic occasions when weak signals
occurred during the synoptic hours available.

Adopting the arbitrary criterion that a weak signal has an hourly mean level at
least 40 db below the free space level, fourteen examples of such signals were found
to occur in the morning synoptic hour 0600, and two examples in the evening synoptic
hour 1800. Fig. 7 (a) shows representative M profiles associated with some of these
occasions. As expected these exhibit fairly uniformly graded atmospheres with a
tendency, however, for refraction to exceed the standard value.

Attention will now be directed to meteorological soundings associated with very
high hourly mean levels, arbitrarily defined as lying within 14 db of the free space
level. In this category thirty-one examples were found for the complete test period
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of which five examples, illustrated in Fig. 7 (b), show zero or slightly positive M
gradients over the first few hundred metres. The remaining twenty-six examples
show pronounced ducts. Of these, seven show elevated M inversions as illustrated
in Fig. 7 (c), while the remaining nineteen ducts show ground -based M inversions
which will be separately considered later.

Apart from one anomaly, where a profile associated with a low signal strength ex-
hibited a weak surface duct, the character of each profile investigated has been found
compatible with the associated signal level. In view of this qualitative correspondence
it was considered worth computing, for the test path and the test wavelength, the
theoretical signal strengths based on the available M profiles, for comparison with
the hourly mean signal strengths measured during the corresponding synoptic hours.

99 99

Comparison Between Measured and Theoretical Signal Strengths
Taking first the simplest category of profile, illustrated in Fig. 7 (a) and having a

fairly unifoiin M gradient, theoretical signal levels have been based mainly on
Eckersley's Propagation Curves for a smooth curved earth, whose radius has been
suitably adjusted to allow for the required gradient of modified refractive index.
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Fig. 7 (d) shows, for horizontal polarization, the theoretical relationship between the
positive gradient of modified refractive index dM/dh, and the signal strength over the
tested path. It should be noted that the path is non -optical and comprises gently
undulating terrain with no significant hills and a short stretch of sea, and thus lends
itself fairly well to idealization. The relationship of Fig. 7 (d) has been restricted
to positive values of dM Idh for reasons which will become apparent. It is quite
accidental that it is approximately linear over the range considered.

Fig. 7 (e) shows measured signal strengths plotted against their calculated values
for various situations. The crosses refer to the weak signals associated with profiles

50 400 450 350 400 450

M UNITS

FIG. 7 (a)
Profiles associated with weak signals.

450

M UNITS

FIG. 7 (b)
Profiles with zero or small positive gradients associated with strong signals

200-

350 400 400 450 350 400 350 400 350 400 450
M UNITS

FIG. 7 (c)
Profiles showing ducts with elevated AI inversions, associated with strong signals.

in category (a). In general the measured levels substantially exceed the theoretical
figure due, it is believed, to partial reflections or scattering from atmospheric
irregularities. These, while often too small to be revealed by the relatively large-scale
meteorological soundings, can nevertheless dominate the weak diffracted signals
associated with moderate surface super -refraction.

The circles refer to the high signal levels associated with profiles in category (b) ,

which have zero or small positive values of dM/dh near the surface. Once again the
measured levels much exceed the theoretical values. While strong reflections at
very grazing incidence from small discontinuities may well account for this in some
cases, there is another modifying factor to be considered. The condition under
discussion is one of incipient duct formation, where the track -width of the first
transmission mode, as defined by Booker (12), is very large. In this narrow region it
is quite unrealistic to compute signal strength on the basis of a uniform M gradient
to infinity, which is the idealization implicit in Fig. 7 (d). In practice, uniform 21,1
gradients are maintained only over a limited height interval and this shortcoming
restricts the valid range of the theoretical relationship. As a rough guide to the
magnitudes applicable to the present test, M profiles in category (b) show fair
uniformity of positive M gradient up to heights of at least 300 m. if small-scale
irregularities are ignored. Consideration of the track -width of the first transmission
mode in relation to the above height leads to the conclusion that Fig. 7 (d) becomes

400

STANDARD
REFRACTION
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unusable only when dM/dh becomes less than about .01. Although the invalid
region is quite small, the situation is worsened in practice because the meteorological
measurements are insufficiently accurate to make the small but critical distinction
between zero and small positive values of dM/dh. Thus slightly inaccurate surface
gradients measured from the M profiles which nominally fall in the valid region of
the curve may actually lie in the unusable region in some cases.

The profiles illustrated in Fig. 7 (c) will now be considered. These indicate
pronounced elevated M inversions from which radio waves can be reflected. The
reflection coefficients of such layers have been calculated by Millington (13), after
idealization in a mathematically convenient way. For layers having a negative
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FIG. 7 (d)
Theoretical relation between diffracted signal strength
and el:11:elb for horizontal polarization. ). = 3.75 in.
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refractive index gradient and finite thickness Millington has shown that for any
thickness of layer, total internal reflection will occur if the grazing angle is less than
a critical value depending only on the total change of refractive index across the
layer. For grazing angles exceeding the critical value, the reflection coefficient
declines in a rapid but complex way, governed by the layer thickness expressed in
wavelengths. Millington's idealization implies zero refractive index gradient outside
the layer, where in practice the gradient is usually negative. The major effect of this
departure from the prescribed idealization is to reduce the grazing angle 0 on account
of downward ray -bending, as indicated diagrammatically on Fig. 7 (f). There is
also a secondary influence connected with the fact that negative gradients outside
the layer necessarily reduce the discontinuity in slope on entering and leaving the
layer which is implicit in Millington's idealization. In the limit, when the slopes
outside it and inside it become equal, the layer vanishes. A simple modification has
been devised which, while conforming to Millington's results for layers suiting his
idealization, at the same time gives no reflected signal when the layer vanishes on
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account of the effect just mentioned. This empirical adjustment, which is not
claimed to be rigorously accurate in intermediate cases, involves an M deficit AM
which is defined on the idealized M curve in Fig. 7 (f). The effective total change
in refractive index across the layer, which is a fundamental parameter in Millington's
analysis, is then taken as AM x 10-6.

Based on these principles, the chart of Fig. 7 (f) shows theoretical signal strengths
over the test path due to reflection at representative elevated layers 300 m. thick at
various heights above the surface. To conform broadly to M profiles typical of
category (c) the chart is based on a uniformly graded atmosphere below the layer

0

- 00! -,002 -.005 --01 - 02 - 05 --I
dM/d11- M UNITS/ METRE

FIG. 8 (a)
Theoretical relations between ("MIN) and respective track -widths Ir IF, and IV, for the first three transmission

modes on a wavelength of 3.75 In.

corresponding to an effective earth radius factor of 2. The values of AM shown
on the chart cover a range representative of the M profiles under consideration.
Signal strengths are expressed relative to the free space level.

The chart clearly shows the layer heights above which total internal reflection,
implying " free space " signal strength, gives way to a rapidly declining level. The
seemingly unrelated shapes of the curves in this region result from interference effects
characteristic of layers of finite thickness. Being based on various idealizations the
curves should not be interpreted too literally, but they serve to illustrate the very
high levels obtainable by reflection at even minor discontinuities if the ray incidence
is sufficiently grazing. For example when AM is only 10, which is probably too small
a figure for reliable evaluation from the meteorological soundings, this suffices at a
height of 200 m. to give a reflected signal of " free space " level. Moreover, a much
weaker discontinuity, or an equal discontinuity at a greater height, is still capable of
swamping weak diffracted signals associated with moderate super -refraction near
the surface. It is for this reason that the measured signals associated with the
crosses on Fig. 7 (e) mostly exceed the theoretical figures based on diffraction in a
uniformly graded atmosphere.

The reflection chart just considered may be used to estimate the reflected signal
strengths from elevated layers in category (c) by applying the layer height and M
deficit derived from the appropriate M profile. In this way it has been found that all
layers placed in this category should give rise to total internal reflection, and hence a
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" free space " reflected signal. The conforms satisfactorily to the measured signal
strengths which, it will be recalled, were selected for their closeness to the " free
space " figure. On Fig. 7 (e) this association is represented by the line of squares to
the right of the chart. In this situation the diffracted signal propagated below the
layer is, of course, negligible in comparison with the reflected signal. The substantial
fades sometimes associated with this condition are thought to result from inter-
ference between multiple ray paths via the reflecting layer which, as is well known, are
geometrically possible with spherical stratification and a concentric reflecting earth.

Propagation in Ducts
We shall now briefly consider some salient features of propagation in ducts

having ground -based M inversions, as an aid to assessing particular examples
associated with high signal levels over the path under discussion.
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Profiles showing ground -based Al inversions incapable of trapping on 3.75 m.
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The basic features of propagation within a duct have been simply explained
by Appleton (14) by considering interference between upgoing ground -reflected waves
and downward -refracted waves within an M inversion. In this way Appleton shows
that in a simple surface duct having an M deficit AM, a wavelength X will be
propagated freely only if the height of the M inversion is X/ 2V2AM, where AM is
here expressed in M units x 10-6. For a smaller duct thickness upgoing and down -
coming waves interfere destructively and therefore do not travel far. Although a
wave treatment of the problem as given by Booker (12) is essential for estimating the
signal strength in the duct, Appleton's simple treatment shows quite satisfactorily
the vital role played by the wavelength in duct propagation. Moreover it is in fair
numerical agreement with conclusions based on Booker's principle which states
that, when the height of an M inversion equals the track -width of the first trans-
mission mode-subsequently defined-the associated wave is propagated to great
distances, because leakage from the top of the track is then suppressed.
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When an M inversion is just thick enough to trap the first mode, energy in the
higher order modes leaks freely from the top of the duct so that the contributions
of these modes to the received signal can usually be neglected. Thus in this case
the signal strength depends on the position of the terminals in relation to the track
of the first mode, and on the fraction of the transmitted power supplied to that mode-
factors which Booker presents in the form of propagation curves for the mode in
question. If the M inversion is just thick enough to include the track -width of the
second mode, the contributions of the first and second modes, derived from the
appropriate propagation curves, must be combined to obtain the requisite signal
strength. Once again higher order modes may be neglected in such a case. If many
modes are trapped, as might occur for example on centimetric wavelengths in the
region under review, the terminals are intervisible from the radio aspect, and the
signal strength may be calculated on a ray basis to give a value in the neighbourhood
of free space.

Without entering deeply into the numerical consequences of Booker's mode
theory it may be stated that when the terminals lie within an M inversion extending
over the track -widths of the first or higher -order modes, signal strengths within the
duct may be expected to be very high at points well beyond the transmitter's
geometrical horizon. The non -optical path under discussion has amply confirmed
this expectation as will be shown.

The characteristic transmission modes, whose properties are governed by the
necessity of satisfying the boundary conditions at the earth's surface, are associated
with track -widths whose size increases with the order of the mode. When DI IA is
positive-a condition already considered-the track -width is represented mathe-
matically as a complex quantity, connected with the fact that physically it is some-
what ill-defined due to leakage from the top of the track. We are at present concerned
with negative values of dM Idh-the duct condition-where the track -width is
precisely defined.

Following Booker, the track -widths of the first three modes under ducting
conditions are respectively given in metres by :-

W, = 54 .1 Xi [-dM/c/1/]-i

W2 = 95.2Xi [-dMicih]-i
W3 = 128 .6 Xi [ -

where x is the wavelength in metres and dM Idh-a negative quantity in this case-
is the modified refractive index gradient expressed in M units/metre. Fig. 8 (a)
shows the relation between these track -widths and dM Idh for the test wavelength of
3.75 m.

Analysis of Observed Ducts
M profiles showing ground -based M inversions have been found associated with

high signal levels in nineteen cases. All but one of them came from the morning
meteorological sounding. A selection of the profiles is given in Figs. 8 (b) and 8 (c).
To determine how many transmission modes, if any, are trapped by a particular
duct, the track -widths of the first three modes have been obtained from Fig. 8 (a),
using initially the surface value of dM Idh derived from the M profile. In seven cases,
of which six are illustrated in Fig. 8 (b), the track -width of the first mode significantly
exceeds the height of the M inversion, indicating absence of trapping. In the
remaining twelve cases the M inversion covers the track -width of the first mode,
while in two of these cases the second mode is also just trapped.
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Fig. 8 (c) shows examples of this last category. Where a mode is trapped the
top of the associated track is indicated with an appropriately marked arrow, adjusted
to be consistent with the average refractive index gradient over the whole track. The
first two profiles illustrate two noteworthy occasions, both occurring in September,
when the second mode was just trapped on the wavelength of 3.75 m. The first
profile shows the remarkably large M deficit of 90 M units while the third, which
fails by a small margin to trap the second mode, shows a deficit of 100 M units.

The author is not aware of M deficits of quite this magnitude having been
observed elsewhere, nor can he discover other reliable evidence of trapping on such
a long wavelength.

It is of interest that the nineteen surface ducts found to be associated with very
high signal strengths yielded as many as seven examples incapable of trapping the
test wavelength. It can only be presumed that in this latter category the progress
towards trapping was sufficiently advanced to cause a substantial reduction in
leakage of the first transmission mode and hence high signal levels. It may well
be that a detailed numerical analysis of such cases on the lines described by Booker (12)
would yield signal strengths conforming to the high values observed.

General Conclusions
It may be of value to review some important features of the investigation just

described.
The radio measurements, reinforced by the meteorological soundings, have

enabled a clear distinction to be made between three main types of propagation
operating over the radio path at various times. Firstly, there is the association
between weak signals and an approximately standard atmosphere which, however,
exhibits signal strengths significantly greater than would be expected from the M
gradients observed. This excess is attributable to the influences of scattering and
partial reflection from small atmospheric discontinuities which, as is well known,
become dominant well in the diffraction region. Secondly, there is the powerful
influence of reflections from well-defined discontinuities which can easily give rise to
" free space " signal levels. Thirdly, many examples have been given of the associa-
tion between high signal levels and surface ducts, most of which have been found
capable of trapping the first mode.

The investigation has shown, furthermore, that high signal levels are also
associated with M profiles in the difficult category involving a zero or small positive
M gradient maintained over a limited height interval near the ground. This situation,
it will be recalled, cannot be assessed by conventional methods because these are
invalidated by the great height of the track -width of the first mode in relation to the
restricted height of the ground -based linear region of the profile.

In conclusion the remarkably intense nocturnal surface ducts encountered are
worthy of comment. Observation of those ducts was virtually confined to the
synoptic hour 0600. If meteorological soundings had been taken in the period
midnight -0400 hours, when signal strengths were generally at a maximum, it is likely
that ducts even more intense than those observed would have been discovered, for
on several occasions in this period signal strengths exceeded the free space level
by some 6 db. The presence of pronounced ducts certainly conforms broadly to the
climatological description of the Persian Gulf given by Durst (2), but his detailed
information is unfortunately relevant to the Gulf itself rather than the surrounding
terrain, where the situation is profoundly altered, as already explained, by the
heating and cooling of the land.
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A search in the literature for direct evidence of trapping from one-way communi-
cation or radar systems yields many examples of very long ranges over sea on wave-
lengths as long as 12 m., but any evidence of exceptional ranges over land is very
scanty. Durst (2) quotes the example, already mentioned, of large nocturnal increases
in range experienced by 1?; m. and 7 m. radars in Bengal when looking inland over
the Ganges delta. There was, however, an accompanying " skip -distance " effect,
indicating near-specular reflection at long ranges from an elevated inversion layer.
Although providing an interesting parallel with some of the Persian Gulf observations,
this effect is, of course, quite distinct from trapping and throws no further light on
that subject. While it seems that documentary evidence of trapping is confined to
wavelengths of 1.5 m. and below, it is submitted that the present observations, made
in exceptional climatic conditions, provide evidence of recurrent nocturnal trapping
on a wavelength of 3.75 m., which is perhaps longer than has hitherto been considered
possible.

Acknowledgments
The author wishes to thank the Engineer -in -Chief, Marconi's NN'ireless Telegraph

Co., Ltd., for permission to publish this article. He is also indebted to engineers of
Cable and Wireless, Ltd., who made all the radio measurements described. He is
further indebted to the Royal Air Force, Bahrain, and the Meteorological Office,
London, who provided the upper air data. He also acknowledges the assistance of
Mr. F. S. Immirzi in carrying out many computations.

References
Englund, C. R., Crawford, A. B., and Mumford, \V., Proc. Inst. Radio Engrs., 1940,
28, p. 360.
Durst, C. S., Phys. Soc. and Royal Met. Soc. Report of a Conference on Meteorological
Factors in Radio -Wave Propagation, 1946, p. 193.
Smith -Rose, R. L., and Stickland, A. C., ibid,. p. 18.
Bray, \V. J., and Corke, R. L., Proc. Inst. Elect. Engrs., 1952, Part 3A, 99, p. 281.
Durkee, A. L., Proc. Inst. Radio Engrs., 1948, 36, p. 197.
Day, J. P., and Trolese, L. G., Proc. Inst. Radio Engrs., 1950, 38, p. 165.
Millar, J. Z., and Byam, L. A., Proc. Inst. Radio Engrs., 1950, 38, p. 619.
Vecchiacchi, F., Alta Frequen:a, 1956, 25, p. 100.
Carassa, F., Alta Frequenca, 1956, 25, p. 378.
\'ikramsingh, R., Rao, M. N., Singh, S., and Uda, S., J. Inst. Teleconz.Engrs., New Delhi,
1958, 4, p. 147.
Gough, M. \V., Proc. Inst. Elect. Engrs., 1955, Part B, 102, p. 43.
Booker, H. G., and Walkinshaw, \V., Phys. Soc. and Royal Met. Soc. Report of a Conference
on .'Meteorological Factors in Radio -Wave Propagation, 1946, p. 80.
Millington, G., Marconi Rez'., 1949, 12, p. 140.
Appleton, E., Phys. Soc. and Royal Met. Soc. Report of a Conference on Meteorological
Factors in Radio -Wave Propagation, 1946, p. 1.

( 212 )



LRCONI'S WIRELESS TELEGRAPH COMPANY, LIMITED
ASSOCIATED COMPANIES, REGIONAL OFFICES AND AGENTS

N. Mitchell Cotts & Co. (Red Sea), Ltd., Cotts House,
r.
OLA. E. Pinto Basto & Ca., Lda., I Avenida 24
ilho, Lisbon. Sub -Agent: Sociedad Electro-Mecanica
Luanda.
ENTINA. Establecimientos Argentinos Marconi,
icla Cordoba 645, Buenos Aires.
TRALIA. Amalgamated Wireless (Australasia),
47, York Street, Sydney, N.S.W.
MIA. Mr. Wilhelm Pa ttermann, Rudolfinergasse
ienna XIX.
BADOS. The Federal Agency, Knights New Bldg.,
etown.
IIAN CONGO. Societe Anonyme Internationale de
raphie sans Fil, Boulevard Albert ler, Leopoldville.
MUM. Societe Anonyme Internationale de Tele-
ie sans Fil, 25 Boulevard du Regent, Brussels.
[VIA. Martin & Co., Ltd., Casilla de Correo No. 1467,
az.

ZII.,. Murray Simonsen S.A., Avenida Rio Branco 85,
e Janeiro, and Rua Alvares Penteado 208, Sao Paulo.
7ISH EAST AFRICA. (Kenya, Uganda, Tanganyika,
bar.) Boustead & Clarke, Ltd., " Mansion House ",
bi, Kenya.
7ISH GUIANA. Sprostons Ltd., Lot 4, Lombard
., Georgetown.
'ISH WEST AFRICA. (Gambia, Nigeria, Sierra
.) Marconi's Wireless Telegraph Co., Ltd., West African
nal Office, 52, Warehouse Road, Apapa, Nigeria.
MA. Burmese Agencies, Ltd., 245-49, Sale Pagoda
Rangoon.

BODIA. Henry Waugh & Co., Ltd., 204, Cantonment
Singapore.

FDA. Canadian Marconi Co., Marconi Building,
Trenton Avenue, Montreal 16.
.,ON. Walker Sons & Co., Ltd., Main Street, Fort,
.bo.
.E. Gibbs & Cia. S.A.C., Agustinas 1161, Santiago.
)MBIA. Riccardi & Cia. Ltda., Calle 13 No. 12-16,
.o, Bogota.
CA RICA. Distribuidora, S.A., Apartado 1548, San

Audion Electro Acustica, Aguiar 368, Havana.
tUS. S. A. Petrides & Son, Ltd., 174, Ledra Street,
a.
vIARK. Sophus Berendsen A/S, " Orstedhus "
 Farimagsgade 41, Copenhagen V.
WOR. Compania Pan Americana de Comercio S.A.
yard 9 de Octubre 620, Guayaquil.
'T. The Pharaonic Engineering & Industrial Co., 33,
Orabi, Cairo.

REA. Mitchell Cotts & Co. (Red Sea) Ltd., Via
rtini 21-23, Asmara.
:OPIA. Mitchell Cotts & Co. (Red Sea), Ltd., Addis
L.

)E ISLANDS. S. H. Jakobsen, Radiohandil,
evn.
AND. Oy Mercantile A.B., Mannerheimvagen 12,
Id.

SIEDMA, 9 Av. de 1'Opera, Paris 1.
vIANY. Kirchfeld KG., Breitestr. 2, Dusseldorf.

Ni.A.Subl-arAgc°enilit':s WM.ireSie.ssBT.

Telegraph

E. Pinto Basto & Ca., Lda.,1, Avenida 24 de Julho,
de Goa

guese India).
P. C. Lycourezos, Ltd., Kanari Street 5,

3.

CEMALA. Compania Distribuidora Kepaco, S.A.
'enida No. 20-06, Guatemala, C.A.
3URAS. (Republic.) Maquinaria y Accesorios
R.L., Tegucigalpa, D.C.
3 KONG. Marconi (China), Ltd., Queen's Building,
 Road.
kND. Orka H/F, Reykjavik.
k. Marconi's Wireless Telegraph Co., Ltd., Chawdhary
ng, " K " Block, Connaught Circus, New Delhi.

Pagan St., Accra.

IRAQ. James lalpatricle& Co., Ltd., P.O. Box 311,Baghdad
ISRAEL. Middle East Mercantile Corpn., Ltd., 25, Yavneh
Street, Tel -Aviv.
ITALY. Marconi Italians S.p.A., Via Corsica No. 21,
Genova.
JAMAICA. The Wills Battery Co., Ltd., 2, King Street,
Kingston.
JAPAN. Comes & Co., Ltd., Maruzen Building, Nihon-
bashi, Tokyo.
JORDAN. Hassan Hammad, Salt Road, Amman.
KOREA. The International Development Co. (N.Z.) Ltd.,
602, Bando Bldg., I st Street, UI Chi Ito, Cboong Ku, Seoul.
KUWAIT. Latiff Supplies, Ltd., P.O. Box 67, Kuwait
(Arabia).
LAOS. Henry Waugh & Co., Ltd., 204, Cantonment Road,
Singapore.
LIBYA. Mitchell Cotts & Co. (Libya), Ltd., 3, Maidan
Asciuhada, Tripoli.
LUXEMBOURG. Societe Anonyme Internationale de
Telegraphic sans Fil, 25 Boulevard du Regent, Brussels.
MALTA. Sphinx Trading Co., 57, Fleet Street, Gzira.
MEXICO. ACOSA, Apartado Postal 8600, Mexico I, D.F.
(for other than Broadcasting) DEKSA, Puebla 301,
Mexico, 7, D.F. (for Broadcasting).
MOZAMBIQUE. E. Pinto Basto & Ca., Lela., 1 Avenida
24 de Julho, Lisbon. Sub -Agent: Entreposto Comercial
de Mocambique, African Life 3, Avenida Aguiar, Lourenco
Marques.
NETHERLANDS. Algemeene Nederlandsche Radio
Unie N. V., Wijnhaven 58, Rotterdam.
NEW ZEALAND. Amalgamated Wireless (Australasia),
Ltd., Anvil House, 138 Wakefield Street, Wellington, C.L.
NORWAY. Norsk Marconikompani, 35 Munkedamsveien,
Oslo.
PAKISTAN. International Industries, Ltd., I, West
Wharf Road, Karachi.
PANAMA. Cia. Henriquez S.A., Avenida Bolivar No.
7.100, Colon.
PARAGUAY. Acel S.A., Oliva No. 87, Asuncion,
PHILIPPINES. Radio Electronic Headquarters Inc.,
173 Gomez Street, San Juan, Rizal, Manila.
PORTUGAL AND PORTUGUESE COLONIES
E. Pinto Basto & Ca., Lda., I, Avenida 24 de Julho, Lisbon,
RHODESIA & NYASALAND. Marconi's Wireless
Telegraph Co., Ltd., Central Africa Regional Office, Century
House, Baker Avenue, Salisbury.
SALVADOR. As for Guatemala.
SAUDI ARABIA. Ahmed Najjar, P.O. Box 31, Jedda.
SINGAPORE. Marconi's Wireless Telegraph Co., Ltd.,
Far East Regional Office, 35, Robinson Road, Singapore.
SOMALILAND PROTECTORATE. Mitchell Cotts &
Co. (Red Sea), Ltd., Street No. 8, Berbera.
SOUTH AFRICA. Marconi (South Africa), Ltd., Adminis-
trative Building, Rand Airport, Germiston.
SPAIN AND SPANISH COLONIES. Marconi Espanola
S.A., Alcala 45, Madrid.
SUDAN. Mitchell Cotts & Co. (Middle East), Ltd., Victoria
Avenue, Khartoum.
SWEDEN. Svenska Radioaktiebolaget, Alstromergatan 12,
Stockholm.
SWITZERLAND. Hasler S.A., Belpstrasse, Berne.
SYRIA. Levant Trading Co., 15-17, Barada Avenue,
Damascus.
THAILAND. Yip in Tsoi & Co., Ltd., Bangkok.
TRINIDAD. British Engineering Manufacturers' Alliance
(1952) Ltd., 82/84 Frederick Street, Port-of-Spain.
TURKEY. G. & A. Baker, Ltd., Prevuayans Han,
Tabtakale, Istanbul, and S. Soyal Han, Kat 2 Yeniwohir
Ankara.
URUGUAY. Regusci & Voulminot, Avenida General
Rondeau 2027, Montevideo.
U.S.A. Mr. J. S. V. Walton, 23-25 Beaver Street, New York
City 4, N.Y.
VENEZUELA. English Electric de Venezuela C.A.,
Edificio Pan American, Avda. Urdaneta, Caracas.
VIETNAM. Henry Waugh & Co,, Ltd., 204, Cantonment
Road, Singapore.
YUGOSLAVIA. Standard, Terazije 39, Belgrade.



PRINTED BY KELIHER. HUDSON et KEARNS. LTD., LONDON, S.E. I





Diurnal Influences in Tropospheric Propagation

A search in the literature for cfirect evidence of trapping from one-way communi-
cation or radar systems yields many examples of very long ranges over sea on wave-
lengths as long as 12 m., but any evidence of exceptional ranges over land is very
scanty. Durst (2) quotes the example, already mentioned, of large nocturnal increases
in range experienced by 11 m. and 7 m. radars in Bengal when looking inland over
the Ganges delta. There was, however, an accompanying " skip -distance " effect,
indicating near-specular reflection at long ranges from an elevated inversion layer.
Although providing an interesting parallel with some of the Persian Gulf observations,
this effect is, of course, quite distinct from trapping and throws no further light on
that subject. While it seems that documentary evidence of trapping is confined to
wavelengths of 1.5 m. and below, it is submitted that the present observations, made
in exceptional climatic conditions, provide evidence of recurrent nocturnal trapping
on a wavelength of 3.75 m., which is perhaps longer than has hitherto been considered
possible.
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Diurnal Influences in Tropospheric Propagation

A search in the literature for airect evidence of trapping from one-way communi-
cation or radar systems yields many examples of very long ranges over sea on wave-
lengths as long as 11 m., but any evidence of exceptional ranges over land is very
scanty. Durst (2) quotes the example, already mentioned, of large nocturnal increases
in range experienced by 1 m. and 7 m. radars in Bengal when looking inland over
the Ganges delta. There was, however, an accompanying " skip -distance " effect,
indicating near-specular reflection at long ranges from an elevated inversion laver.
Although providing an interesting parallel with some of the Persian Gulf observations,
this effect is, of course, quite distinct from trapping and throws no further light on
that subject. While it seems that documentary evidence of trapping is confined to
wavelengths of 1.5 m. and below, it is submitted that the present observations, made
in exceptional climatic conditions, provide evidence of recurrent nocturnal trapping
on a wavelength of 3.75 m., which is perhaps longer than has hitherto been considered
possible.
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