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. FOREWORD. :

I planning the 1958 BmBsels International Exhibition, the organizers. mmged
from the outset that one of its mest importaht. aspects. wonld be fo sqevzew
scientific progrees snd its contribution te the welfare of mankind. . .

Pursuing this idea;, Group 38, the Postal and: Telecommunications stmp of the
Exhibition, which included eminent representatives of the Universities, Govern-
ment Departments and Industry, usider the able.and energetic ohaumwhlny
of Mr. L. Ros; Inspector General of the: “Régie des Télégraphes et Téléphones,”
came to the conclusion that the orgsnization.of suitably whosen Internationsl
Scientific Conferences lying within the field of intezest of ﬁw Gmnp wasong of the
most appropriate means of furthering-this end: .

" The papers presented at one suoh conference fom ﬂm eanteats of the pxesent

yolume. . The choice of subject, ‘we feel, needs ne pamcnlar justification. The
unportance of a wider and deeper knowledgeof electro: wave propagation

for:the contirified progress. of modern- talonbmmmwwon needa\ no- emphasia.
Moreover, research on this subject has been particularly active in recent years
and has led:to advances of major interest, Ax. outstanding illustration of thigis -
the investigation of ionospheric and troposphemc seabter and its application to
beyond-the-horizon communication., _

The response of the seientists and engineers working in ﬂm ﬁeld to the invitation
to participate was most gratifying.and in iteelf an indication of the opportymity
of holding the Conference. Some fifty papers were presented by authors from

.eleven -different- countries. There was thus. every opportunity of a fruitful
compamon of the work carried out in different parts of the world. ‘

It is ‘a pleasure to mention our indebteduess to the Minister- of Eeonomic

- Affairs for a stbstantial contribution toward the cost of the Conference and to
-the Belgian Physica] Society for sepretarial.and. other assistance in its organiza-
-tion.
" We must &lso extend our special thanks to the Aoademw Prosa Ine. for unds-
taking the axduons task of publishing the Proceedings of the Conference. In ardar
toavoid unneesssary delay in publieationt, no attempt has beenmade to standardize

notations and so on, the papers havmg been prepared a(mordmg to the customs
~prevailing in the countay of origin. v

J. L. M.ICHIEIS
M. DESIRA.NT
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Ray-geometry Considerations for Highly Elevated Antennas

K. Toman
Geophysics Research Directorate, Boston, Mass.

A minimum property of the circle * and a maximuin property of two concentrie circles is stated.

Based on these properties geometrical. conditions are described as they apply to a spheri--
cal earth and ionosphere for highly elevated antennas. Under simplifying agsumptions the

ray patha are obtained and intersected radially at great angular distances from theantenna,

For given parameters and because of the requirement that éack point along the radial orbit
corresporigs to only one ray path it is found that optimum conditions exist for the largest

possible range of positive and negative elevation angles. The importance of the minimum

property regarding the MUF .concept is pointed out.

e—Re ™
Fia. 1. A mininium property of the circle.

1. Tee Minimum PROPERTY OF THE CIEOLE '[4]

Without including the geometneal proof which was reported elsewhere {5] the
general formulation of the minimum property is as follows: If one -chooses an
arbitrary point P inside of a circle pther than its center, & .pormal s ipon. the
diameter, both through P, intersects the cirele with ¢, which is the angle between
the normal and the tangent to the circle at the intersection point. Rotating:s on
P in either sense increases . For the conditions stated above ys.must be & mini-
mum. This is illustrated in Fig. 1. Ry is the symhol for the modified eésrth

* The miniinum property was reported at the Spring URSI-meeting, 23-26 April 1958 in
Washmgton, D.C.

1 o : 1



92 K. TOMAN

radius. k, represents the height above ground of an antenna. %y, is the height of
the reflecting layer. The normal upon the radius through the point at &, intersects
the circle with ¢,;,. If positive and negative deviations from the right angle are
of equal magnitude the angles of intersection i, and _, are equal.

The minimum property is of importance as it pertains to the reflection of
radio waves from an ionospheric layer. For frequencies above about 30 ke/s the
reflection coefficient of the ionosphere depends upon the angle of incidence at the
layer. Consequently, the minimum property of the angle i corresponds to a
maximum property for the reflection coefficient.

For increasingly negative elevation angles, which become feasible for highly
elevated antennas, i increases and the reflection coefficient decreases until the
bulge of the earth obstructs the radio beam. This is obtained when the beam is
tangential to the earth. Accounting for uniform refraction the actual radius of
the earth is modified by a factor of 1-25. This factor has been adopted by
the National Bureau of Standards for ionospheric radio propagation [1].

F16. 2. A maximum property of two concentrie circles.

II. TeE MaxmvuM PropeErTY OF TWo CONCENTRIC CIRCLES

" The geometrical proof was reported elsewhere [6]. The general formulation of
the maximum property is as follows: If one chooses an arbitrary point P inside
of two concentric circles a mormal s upon the diameter, both through P, forms
two secants.. The difference in length between the secants of both circles di-
minishes if s is rotated on P in either sense. For the conditions stated above this
difference is a maximum. This is illustrated in Fig. 2. by represents the height
of the bottom of a layer of thickness A#;. The normal upon the radius through
the point at &, intersects both circles and forms a segment Asmax.-If positive and
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negative deviations from the rxght angle are of' equal ma.gmtmde the sagmonta
As; and As_, are equal. ‘

The maximum property is of lmportanee agit pertaina 1;@ the absorphon: of a
radio wave passing through an.ionospheric layer- of finite thickness. The absorp-
tion depends on the absorption coefficient integrated ower the length of the ray
path in the absorbing medium [2]. In the folloming smalysis-only the geometrical '
behavior of ray paths is described. Moredovier it is assumed that ray paths are not
refracted inside the-absorbing layer. This assumption: conflicts less with autual
physwal oondmons the }ngher the freqn,emy of the radw wave.,

11, Trm EantH' GEOMETRY

The above mentioned geometrical properties are generally valid. Apphed toa
spherical earth and ionosphere and selecting specific values for various para-
meters the following geometrical conditions were obtained. As shown in Fig. 3

As N — i o0’
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‘ fI"mA3 Reﬁeetmn a.ngle ¥ ﬂ.nd a.bmrphon path length Aa a8 a funcﬁon of the elevatxon
a.ngle

a radio source is assumed to be at ahhxght h ) = 4:0 km above the surface of the
earth. The effective earth radiug is 79795 km. The elevation angle A of & linear
ray is progressively moved from 90% o dbout — 35°. The behavior of the absorp-
tion path length As as & function of ‘A for two absorbing layers, one extondirig
from 60-120 km (1) and the otlier from: 6090 km'(2), revesls & sharp meximum
at A= 0. As is a minimum for A == 90°In sithet case the ratio of Asyey/Asu,
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is approximately equal to 10. The beam, originating at A, grazes the earth for a
negative elevation angle marked A,p,q.9- In this case Aype,w = — 5-7°. For a
roflecting layer height of Ay, = 250 km, 1) is displayed as a function of A.-J is a
minimum for A-= 0. Like the distribution of As, the y-distribution is sym-
metrical with respect to A = 0. As pointed out before, this property holds for
any point inside of the cirele; thus it is true for any antenna height below the
absorbing layer. It can also be seen that for elevated antennas these optimum
properties for ¢ and As-are within the observation range until the bulge of the
earth commences its obstruction at-Ayygow- ~
Somewhat different results are obtained when the a.ntenna touches the bottom
of the absorbing layer. This is illustrated in Fig. 4. The absorbing layer extends

N 20" -
s’ ¥
1500}~
as
1000F ; 50
. - : /
. 3 \ / -
500
f )\ AN J
. Lofsuoow  |°
100 . f .
’ L TR | L 1 ot 1 1 ho Ly
0 , 50 - ] o -10 -30 A
h = 100km ‘AGSORBING LAYER: mo—zsokm
h,_- 250km L Rgy = 79728 km

Fw: Reﬂsctmn angle ¥ and a.bsorptmn path length As as a function of the elevation
mgle o

from 100-250 k. Thereﬂwhonmkwplaceatmkm Again, themnmumof

" As is obtained at A = 0. Although the genéral shape of the curve is differsnt:

from the.one in Fig. 3, As is still symmetrical relative to A = 0. The same is true

. for qlama.fnnntmnot‘A In this example the shadow angle is about 9°.

- Fg. 6 displaysthe dynsmiocs of As relative to A for values of b, which incresse

' gom below to. above the absorbing layer. The layer extends from 60-120 km.

For an antenna. height of 40 ks As is'a continuous fanction of A as was also
showy jn curve T of Fig, 3./ For an antenna kieight.of 60 km As haé the shape
siiriilar to. thadmplwyofﬁg 4 hmmmm,mobmnedfermoelev&hon—
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" angle A. For an antenna hmght of 90 km; whieh places the ray source inside the :
absorbing region, the maximum of As does o longer cccur at A = 0. The As-
distribution also ceases to be symmetrical. As:the antenns height is progress-
ively increased the maximum of As increases while- mdvancmg towards more
negative values of A. Once hy lies above the absorbing regmn, Asp,y remains
constant, although the maximum moves to the right as the antenna height
continues to rise. The dotted line represdhts the loaus of the shadow s.ngles for
the selected antenna helghts ,
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- Wae. 5. Absorption path length Aa a8 a functwn of the elevation a.ngle A for varioua.
antemip heights &,

o Ibis now of mt;erest ho conceive an expenmant in which the Optlmum proper-
ties of the circle are utilized for a radio transmigsion. expenment These optimum

_ properties are perlmps observable if an; orbiting satellite is monitored fromi a
highly elevated regeiver. In this case the satellite itself may be tranamwhng orlt‘
may act as a passive reflector. In either case the geometry is simple; A more -
complicated geometry exists when these optimum properties are o be observed
by intersecting the ray paths along a radial orbit at gret-angular distances from
the elevated source. This case will now be tréatad in more detail. Fig..6 ﬂlustmtes

. the spherieal geometry involved. The ray path length from the somrce at- hA
the reflecting layer is z. The distance from the refléction paint to' the orhil;is ¥
The shadow line of the direct; ray is obtained when the tay is tangent to theearth
(Apmadow)- Yi is-the length of the reflested ray where it intersects the shadow line;
The latter is considered an upper limit for the radisl orbits; Tt is corvenfentto. -
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also introduce a limiting condition when the reflected tay grazes the earth. This
oecurs. for an elevatien angle whish is equll in ‘magnitude to Ashadtyw K ©
marks one pomt of infinite convergence factor.

NEFLECTING LAYER

A‘Bsonafﬁ(e LAYER h,

Fra. 6. Ray geometry for a spherical earth.

Fig. 7 illustrates the total absorption path length As,.,, as a function of the
~ elevation angle A. The absorbing layer extends from 60-120 k. The reflecting
layer is at 250 km ’_l;he antenna height A, = 40 km. The distribution displays a
transition from 2As14o As as the orbits intersect the ray paths inside the absorb-
ing region. For example, for & — 24° the curve for 2As passes through the maxi-
‘nium at A = 0. For increasing- values of — A the absorption path length
dirdinisheis uniformly. At A =2 2° intersection commences inside the absorbing
: regxon "For A = 5° the radial orbit intersects the ray path above the absorbing
region and the As-dxsbnbnhon takes over.

IV Tm: Commnncn Facror K

i}‘he conveargenoe faeﬁor is & measure of the focusing effect. This effect 1q iin-
poi"ﬁaht in the vmmity' of A= 0. K is defined [3] as follows:

N 2oy —1
x=(1 'ro(m+y)sin¢)
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where z, y, and ¢ were already identified. 7, is the radius of curvature of the
smooth reflecting layer (r, = Rey + %y; Fig. 6). Advancing from the source at
k, (Fig. 6) along a ray path of elevation angle A, the convergence factor K
remains identically equal to unity. After reflection at a distance % from the source
K becomes greater than unity as y increases, Eventually it reaches infinity. This
is the point where initially diverging rays intersect each other after reflection.
A further increase of y leads to diminishing values of K of opposite sign,
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F1e. 7. Absorption path length As encountered for radial orbits at various angular
distances c. )

The behavior of -+ y as a function of A for K as a parameter is shown in
Fig. 8. In this case the antenna height 4, = 120 km and the layer height %;, = 250
km. The curve for £ (K = 1) represents the locus of the length of the ray paths
between source and reflection point. (# + ¥)spadow 18 the distence from the source
along the ray path to the interception with the shadow line (Ag; . 4.w)- An observa-
tion point which is to remain below the line of sight must lie above the locus of -
(‘” + .'/)shadow' . 3 .

For K =.00 the locus of z 4 y as & function of A reaches a minimum for
A = 0. Thus, A = 0 represents an optimum condition not only with respect to
Ymin 80d Asp,, but also with respect to K = oo. For values of K # oo this
minimum is displaced from zero. E

For simplicity it is desirable to restrict an intersecting orbit to positive values
of K. Together with the requirement of remaining below the shadow line, i.e.



