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Proceedings of the Institute of Radio Engineers
Volume 25, Number 3, Part 1 March, 1937

ULTRA -SHORT-WAVE PROPAGATION ALONG THE
CURVED EARTH'S SURFACE*

BY

PAUL VON HANDEL AND WOLFGANG PFISTER

Summary-The penetration of ultra -short-wave radiation beyond the range of
optical sight is dependent on the diffraction and refraction of the rays. Proceeding
from an analogy to optics the diffraction is calculated by various methods. It is found
that calculation of the ray distribution beyond the line of sight yields the best agree-
ment with measurement. The practical application of the results of calculation is
represented by curves which give the decrease of field intensity with distance for vari-
ous elevations in the whole range of wave lengths at present of interest. The curves are
substantiated by airplane measurements. Measurements of the influence of refraction
are appended.

I. INTRODUCTION

N AN earlier paper' an investigation was made of the radiation
characteristics of ultra -short-wave antennas including effects of
ground constants. Several curves of propagation of ultra -short

waves over great distances obtained by airplane measurements were
given. The penetration of the rays beyond the line of sight was shown
to be caused by two agencies: refraction of the rays in the atmosphere
and diffraction at the earth's surface. The influence of diffraction is
independent of diurnal and seasonal times. The calculation of diffrac-
tion together with measured values of field intensity gives information
as to the relative field intensities produced by diffraction and re-
fraction.

II. CALCULATION OF DIFFRACTION

1. Calculations in Optics

An analogy to the present problem of the diffraction of ultra -short
waves along the earth's surface is found in optics in the problem of the
diffraction at a sharp straight edge. Two methods of solving this prob-
lem are known. Fresnel's method is based on Huyghens' principle; in
it the diffracting screen is treated as if it completely absorbed the
electromagnetic waves. An exact calculation for an ideal reflecting
screen was carried through by Sommerfeld. For the case where the

* Decimal classification: R113. Report of the Deutschen Versuchsanstalt
fur Luftfahrt, E. V., Berlin-Adlershof, Germany. Translated from H ochfre-
quenztechnik und Elektroakustik, vol. 47, no. 6, pp. 182-190, June, (1936), by
Martin Katzin. Translation received by the Institute, September 24, 1936.

P. von Handel and W. Pfister, "Investigations of the radiation field of
ultra -short-wave antennas," Hochfrequenz. und Elektroak., vol. 46, pp. 8-15,
(1935).
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von Handel and Pfister: Ultra -Short -Wave Propagation 347

screen is approximately perpendicular to the line joining the source of
light and the point of observation both methods lead to the same re-
sult. This good agreement holds for a point of observation behind the
screen which is sufficiently far away from it, but not in the immediate
vicinity of the screen.'

2. Calculation by Huyghens' Principle for Ultra -Short Waves

A treatment of the diffraction problem for ultra -short waves by
Huyghens' principle was carried out by P. S. Epstein' under the as-
sumption of completely absorbing earth. He replaced the earth in

Fig. 1-Equivalence of the earth's surface to an
absorbing screen M -N, due to Epstein.

first approximation by an absorbing screen whose position is deter-
mined by the tangents from the transmitter and from the receiver, as
shown in Fig. 1. If we replace the radiating surface of the transmitting
antenna arrangement which Epstein introduces, by a single radiator of
length X/2, then the field intensity at the point P is determined from
the formula

60J / XL2
e =

27rd V L,L,

where J is the transmitting antenna current, and the lengths d, L1,
L2, and L in meters are to be taken from Fig. 1. Since in this no account
is taken of reflection at the earth's surface, incorrect results are ob-
tained when the transmitter and receiver are too close to the ground
(P). For greater heights of transmitter and receiver we can assume as
in the above analogous example in optics, that the properties of the

2 For detailed treatment see M. Born, "Optics," Chap. IV. Julius Springer,
Berlin, 1933.

3 P. S. Epstein, "On the bending of electromagnetic microwaves below the
horizon," Proc. Nat. Acad. Sci., vol. 21, pp. 62-68, (1935).
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ground no longer enter, so that then correct results are to be expected(F').

For low heights it must be remembered that the radiation diagram
for shallow vertical angles approaches zero. Correspondingly, Bur-
rows, Decino, and Hunt4 have inserted negative images for transmitter
and receiver in their calculations. The result for low heights below the
first maximum of radiation can be written in the following form for a
X/2 antenna:

60J 47rhilz2e = F v/m (2)
R RX

where R is the distance, h1 and h2 the heights of transmitter and re-
ceiver, respectively, in meters. In the original formula the factor

sin 2irhih2/XR

27riiih2/XR

which represents the formation of maxima and minima, is also included.
But since maxima and minima in this form are not found below the
line of sight, this factor is deleted from (2). The first two factors give
the field intensity for plane earth; the factor F takes into account the
additional attenuation due to diffraction. In the paper referredsto it is
calculated by Epstein's method. It will be shown later that by this
method much too large values are obtained at great distances.

3. Calculation of the Decrease of Field Intensity From the Distribution
of Rays Beyond the Line of Sight

Since a deviation from rectilinear propagation of electromagnetic
radiation (homogeneous atmosphere assumed) can take place only in
the immediate vicinity of the earth's surface, we get for diffraction
around the earth fundamentally the radiation distribution shown in
Fig. 2. The height H above the earth, up to which a curved ray dis-
tribution can be assumed, decreases with the wave length. The de-
crease of field intensity along the rectilinear portion of a ray shown in
Fig. 2 can be shown to follow the following law:

const.e =
-VR- VR -Lx

For in the horizontal plane the rays diverge from the transmitter, so
that the field decreases as the square root of the distance R. On the

4 C. R. Burrows, A. Decino, and L. E. Hunt, "Ultra -short-wave propagation
over land," Paoc. I.R.E., vol. 23, pp. 1507-1535; December, (1935).
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other hand, the rays diverge in the vertical plane, as is shown in Fig. 2,
from the point S'. The distance of this point from the emitter is
designated by x and is different for each ray. The decrease of field
intensity in the vertical plane is thus as 1/VR- X. To calculate
the field intensity at greater altitudes h we can neglect Hand figure as

Fig. 2-Schematic representation of the course of the diffracted rays.

though the rays beyond optical sight leave the earth tangentially. We
then obtain the relation

R - x = -V2ah = 3.55-Vh, R and x in km, h in m,
radius of the earth a = 6380 km.

The decrease of field intensity with distance x has been calculated for
perfectly conducting earth by Poin care, -Watson, and Laporte, the
screening factor in their formula being

6 = 2 0, 0376X -1/3x

X in m; x in km.
A clear description of the formula is to be found in a paper by

Burrows.5
In Section II, Part 1 it was shown in an optical example that the elec-

trical constants of a diffracting screen do not affect the result if the
point of observation lies sufficiently far from the screen. Analogous to
this we can here also treat the earth's surface as a perfect conductor for
greater elevations. If we then also introduce into the expression for
the decrease of field intensity along a single ray the screening factor,
which gives the decrease of ray density with distance x, we obtain

A. e-0.076x--113.(R-3.55,ri)
(3)

ATE  -V3.55N/li

The field intensity is thus determined within the amplitude A.

6 C. R. Burrows, "Radio propagation over spherical earth," Puoc. I.R.E.,
vol. 23, pp. 470-480; May, (1935).



350 von Handel and Pfister: Ultra -Short -Wave Propagation

4. Calculation of the Field Intensity Within the Line of Sight

The amplitude A includes those factors (antenna current, direc-
tivity, and antenna height) which also affect the field intensity within
the line of sight. The determination of A is based on the evaluation of
the radiation characteristic of the transmitter, which results from the
superposition of the direct ray and the ray reflected at the curved
earth's surface (Fig. 3). For shallow elevation angles the reflection
coefficient can be set equal to -1 and the effective value of the field
intensity for a X/2 antenna becomes

60J 27(b + c - R)
El 2 10-3 v/m. 4)=- sin

X 2

R, b, c, in kilometers are as in Fig. 3, where as ordinates are plotted the
heights to a greatly expanded scale.

Fig. 3-Reflection of the rays at the curved earth.

For low heights s we can write

S2 52
b c -R = +

2b 2(R - b)

s is composed of a portion below and a portion above the tangent from
the emitter to the earth's surface

- 3.55-VH 2s -
+R [h -VT/

)213.55 3.R55

R - b b(R - b)=H +h - 
R 3.552

The distance b of the reflection point from the emitter is determined
from the condition that the path difference between the direct and re-
flected rays must be a minimum. The equation for this is
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h H 2b -R
R - b b 3.552 -0.

Fig. 4 shows the variation of the field intensity of the radiation of a
X/2 dipole thirty meters high for an altitude of 6000 meters calculated
in this manner. Calculations were made for waves from ten centimeters
to ten meters. The abscissas are distances from the transmitter, up to
the line of sight, the ordinates give the field intensity in pv/m for one -
ampere antenna current.
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Fig. 4-Field intensity vs. distance within the line of sight. Transmitting antenna

30 meters high. Received at 6000 meters altitude.

5. Determination of the Field Intensity for tie Region Beyond the Line

of Sight
In Section III the decrease of field intensity in the region beyond

the line of sight was calculated. The amplitude factor A was at first
left undetermined. Since we can assume that within the line of sight
the influence of diffraction in the maximum of the radiation is negligi-
ble and furthermore the transition at the line of sight must be continu-
ous, we arrive at a picture of the field strength variation as shown in
Fig. 5. The points entered are measurements of the Witzleben tele-
vision transmitter made at two altitudes in an airplane. The curve cal-
culated from (4) for a height of 2000 meters is drawn in. The decrease
of field intensity in the region beyond optical sight is determined from
(3). This curve is drawn in the figure so as to form a continuous transi-
tion from the first curve. The calculated fields agree well with the

c- measured values. The error in the amplitude A which can be made in
matching the two curves together is relatively small. Also the error
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which results from the fact that actually the radiation maximum at the
limit of optical sight is somewhat displaced by diffraction is not ap-
preciable.
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Fig. 5-Field intensity vs. distance. Transmitting
antenna 135 meters high. X=7 meters.
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Fig. 6-Field intensity vs altitude. Distance 335 kilometers. X = 7 meters.

6. Extension to Arbitrary Altitudes
The derivation of (3) assumes rectilinear ray distribution and

holds, therefore, as pointed out in Section III, only for greater alti-
tudes. The variation of the field intensity with height for a constant
distance can be calculated from (3) and is plotted in Fig. 6. For moder-
ate altitudes below the range of validity this curve is drawn in dotted.

At moderate altitudes the field intensity must increase linearly
with the height [equation (2)]. This linear variation is plotted in Fig. 6
in a manner such that it joins the other smoothly.



von Handel and Pfister: Ultra -Short -Wave Propagation 353

The variation of field intensity with altitude drawn in Fig. 6 can
be coupled with the variation of field intensity for the two rather great
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Fig. 7-Field intensity vs. distance for various altitudes.
Transmitting antenna 135 meters high. X =7 meters.

altitudes (2000 and 5000 meters) drawn in Fig. 5 to yield variations for
other altitudes. Such a plot is shown in Fig. 7. For many purposes it ap-
pears clearer to show the variation of altitude with distance for a
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Fig. 8-Curves of constant field intensity. Height of trans-
mitting antenna 135 meters. X =7 meters.

constant field intensity. Such a family of curves is immediately de-
s,-

rivable from Fig. 7 by plotting the heights associated with a constant
field intensity, as in Fig. 8. The units on the calculated curves give the
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field intensity in Av/m  amp. The heavy curves are measured in flight,
their variation being in good agreement with calculation. Only for
very low altitudes does calculation give somewhat greater field inten-
sity than measurement. This can be explained by the fact that calcula-
tion is carried out for a flat spherical earth's surface, while wavy and
built-up terrain distorts the radiation distribution in the vicinity of the
ground.
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Fig. 9-Field intensity vs. distance for various a titudes.
Transmitting antenna 30 meters high. X =10 meters.

III. PRACTICAL EVALUATION OF THE RESULTS OF CALCULATION

Figs. 9 to 16 show the variation of field intensity with distance
for the whole wave range from ten centimeters to ten meters, which is
at present of interest. The curves are calculated corresponding to the
example of Fig. 7, for a transmitting antenna height of thirty meters
above the ground. The ordinates are mv/m  amp., giving the field
intensity relative to the current in a X/2 antenna. In Fig. 14, six meas-
ured points are entered for comparison with the calculated curves,
being the field intensity decrease in relative values for X = 73 centimeters
measured by Trevor and George.6

The relative values for the curves of Figs. 9 to 16, which are drawn
for a transmitting antenna height of thirty meters, are given by (3).

6 B. Trevor and R. W. George. "Notes on propagation at a wavelength of
seventy-three centimeters," PROC. I.R.E., vol. 23, pp. 461-469; May, (1935).
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Fig. 10-Field intensity vs. distance fo7 various altitudes.

Transmitting antenna 30 meters high. X =7 meters.

From this equation it is evident that the variation is independent of
the transmitting antenna height. The effect of the height of the trans-
mitting antenna appears only in the amplitude factor A. The conver-
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Fig. 11-Field intensity vs. distance for various altitudes.
Transmitting antenna 30 meters high. X =4 meters.
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Fig. 12-Field intensity vs. distance for various altitudes.
Transmitting antenna 30 meters high. X =2 meters.

sion factor by which the field intensity as a function of transmitting
antenna height must be multiplied is shown in Fig. 17, again for the
whole wave range. This family 'of curves was calculated from the
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Fig. 13-Field intensity vs. distance for various altitudes.
Transmitting antenna 30 meters high. X =1 meter.
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Fig. 14-Field intensity vs. distance for various altitudes.
Transmitting antenna 30 meters high. X =50 centimeters.
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variation of field intensity with altitude shown in Fig. 6 by applica-
tion of the reciprocity theorem.

Directive systems increase the field intensity by the square root of
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Fig. 15-Field intensity vs. distance for various altitudes.
Transmitting antenna 30 meters high. X = 25 centimeters.
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the area of the antenna system expressed in wave lengths. For a direc-
tive system with reflector the increase of field intensity can therefore
be taken into account by the factor

F 2N 0.335
VF  N, (5)117 V/ 4 Rs X

where F is the area of the directive antenna in m2, N the antenna power
in watts and R,, the radiation resistance of a X/2 dipole.

The use of the curves will be illustrated in the following by means
of some examples:

1. X = 7 m.; emitter height 1000 m.; emitter power 7 kw.; altitude
5000 m.; distance 500 km. From Fig. 10 we find for an emitter current
J= V7000/70=10 amp. a field intensity of 3.1 µv/m. The conversion
factor from 30 m. antenna height from Fig. 17 is 33.5. We thus obtain
a field intensity of E = 104 µv/m.

If we figure the same example by Epstein's method [equation (1)]
we get

60.10 / 7.3206 =
271- 7000 1/ 180.500-10'

106 = 68µv/m.

Burrows' method [equation (2)] gives for this example

60  10 47r 1000  5000 1e
500.500-7 22

= 980µv/m.

2. X = 7; emitter height 30 m.; emitter power 7 kw.; altitude 200 m.;
distance 300 km.

From Figs. 10 and 17 we find, as above,

E = 3.5µv/m.

Epstein's method [equation (1)] gives for this case

60.10 / 7.165
E = 106 = 85µv/m.

2r . 6000 1/ 135.300.10'

By Burrows' method [equation (2)] we find

60.10 4r. 30.200
E = 0.1.106 = 7 . 2/2v/m.

300.103 300  10'  7

3. X = 7; emitter height 1000 m.; emitter power 7 kw.; altitude 500
m.; distance 500 km.
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From Figs. 10 and 17 we find

e = 3.8µv/m.

Epstein's method [equation (1)] gives

1

2

I

6010 7 . 234
106 = 29µv/m.

2.7r  11500 'V266.500.103

A=.1thu

too 380 140

Fig. 16-Field intensity vs. distance fo~ various altitudes.
Transmitting antenna 30 meters high. ' =10 centimeters.

By Burrows' method [equation (2)] we End

60-10-47-1000.500 1
e = =970r/m.

500.500-7 22

359

Comparison of the results by the various methods shows a satisfactory
agreement between the calculations by our method and Epstein's for
large heights (example 1). On the other hand, as already pointed out
in Section II, Part 2, Epstein's method gives much too high values for
small heights (examples 2 and 3).

Burrows' method gives much too high field strength values for
great distances (examples 1 and 3), while for smaller distances for
which the screening has not as yet too great an effect, the results must
become more correct (example 2).
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4. X = 50 cm., N = 20 w.; emitter height 50 m.; directive antenna
with reflector 2 X2 m.; altitude 5000 m.; distance 400 km. From (5) we
find the factor 6. From Fig. 17 we get for 50 -meter emitter height
the factor 1.67. The value for 400 meters taken from Fig. 14 multiplied
by these two factors yields a, field intensity of

6 = 2.9µv/m.
roan
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Fig. 17-Increase of field intensity with height of transmitting
antenna. X =0.1 .... 10 meters.

IV. REFRACTION PHENOMENA
All the calculations and curves treated so far took into account

only diffraction. But occasionally ranges were observed which appreci-
ably exceeded those normally attainable. Fig. 18 shows the results of
measurements of two flights on two days in August, 1935. While the
measured curve at an altitude of 1000 meters agrees well with the
calculated curve, which is drawn in dotted, on another day at an alti-
tude of 4000 meters considerably higher field intensities than calcu-
lated were measured at distances from 460 kilometers on. From among
many observations this flight gave by far the greatest ranges. The
reason for this abnormal behavior lies in a refraction of the waves
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apparently within the troposphere. The appearance of this refraction
phenomenon changes for the most part through very strong variations
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Fig. 18-Example of refraction. Calculated and measured field intensity curves.
Transmitter elevation 1000 meters. Power =7 kilowatts. X =7 meters.
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Fig. 19-Example of temporal field intensity fluctuations.
Section of a recorder record. =7 meters.

of the received intensity, similar to fading in short-wave reception,
while within the diffraction zone the field intensities are very stable.
The form of these temporal variations is shown by Fig. 19, which is
taken from the record of a recorder placed on a mountain 3000 meters
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high. The fluctuations of field intensity here, aside from peaks of a
few seconds duration, amount to about 1:5. On some days practically
no reception was possible. A law connecting reception by day and by
night could not be determined. Similar observations were also made in
other countries. Fig. 20 is taken from a paper by Englund, Crawford,
and Mumford7 and shows the refraction on different days for a 4.6-

meter wave. The curve measured on November 20 corresponds to field
intensity decrease caused by diffraction. On November 1 refraction
entered from about 100 kilometers on and on September 27 from about
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Fig. 20-Example of refraction on different days. X =4.6 meters. Taken
from Englund, Crawford, and Mumford.7

65 kilometers on. This result coincides with our own observations that
in summer refraction seems to appear more frequently and strongly
than in winter. Moreover it was observed that, in agreement with the
measured curve from Fig. 20, refraction over sea is stronger than over
land.

With the aid of impulses of duration 3 10-6 second we have at-
tempted to separate the refracted ray from the diffracted ray and to
measure the difference in time of travel. The distance from the trans-
mitter was about 120 kilometers. With this arrangement a reflecting
layer at 3000 meters height would be detectable at least as a splitting
up of the impulse on a cathode-ray tube. However, only amplitude
fluctuations of the impulse were observed. From this it can be con -

7 C. R. Englund, A. B. Crawford, and W. W. Mumford. "Further results
of a study of ultra -short-wave transmission phenomena," Bell Sys. Tech. Jour.,
vol. 14, pp. 369-387; March, (1935).
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eluded that only a diffracted ray is present, which at times is more
strongly bent by refraction in the lower atmospheric layers.*

Nevertheless it must be assumed that at very great distances the
occasional appearance of short -time high field intensities is to be at-
tributed to reflection at a sharply defined layer. Sufficient observa-
tional material is not available at present to clarify these phenomena.

* Translator's Note: The last two paragraphs contain material which was
added after the publication of the or.ginal paper in German. This supplementary
material was received by the translator September 19, 1936.




