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A study and interpretation of many effects observed in t he reception of short- wave radio 
signals over long distance propagation paths. Particular attention is paid to t he day-to-d".," 
wanderiogs of the apparent direction of arriva l about its mean position . The impo rtance of 
these wanderings with respect to t he design of receivi ng a nte nn as is discussed , as it has bee n 
found that once t he regular diurnal va ria t ions have bee n estab li shed for medium d is{,anc(' 
ci rcuits, considerable advantage can result from a r eduction of th e beam wid t hs in tlw 
hori zontal plane of a ntenna s commonly in use. 

At rt receiving station siLuated a great distance 
from the transmitLcl' there are three main classes of 
variation in t he direction of the i!lcoming signrtl. 

A. The more or less regular diurn al chan ges in 
direction arisin g frO llc the re9'ular changes in iono-
pheric density and shape. l'hese vrtriations are 

quite small at shor t distances but may reach 1800 

at distances apprortching half the ertr th 's circum
ference. 

B . The irregular day-to-drty fluctuations in the 
direction of the incoming wave. These fluctuation 
are generally comparable in size to tho diurn al varia
tions over any particular path <~nd are conveni ently 
referred to as the " wanderings" of the received signal. 

C. The comparatively rapid fluctuations in in
stantaneous bearing arising from the interference of 
the various rays arriving simul taneo usly at the 
receiving aerial. This is the effect which is referred 
to as "scin tillation" of the signal in radio astronomy 
and this term is co nveniently retained here. 

1 . Introduction 

It is well known Lhat the ionosphere usuall y be
haves not as a specular reflector but as though it 
contained irregularities having the effect of intro
ducing some degr ee of incoherence . into a wave 
which is reflected by or transmitted through it. A 
considerable nwnber of studies of this rou&hness of 
the ionosphere have b een made, particularly in the 
measurement of ionospheric winds [Mitra, 1949 ; 
Briggs and Phillips, 1950], in r adio astronomy 
[Hewish, 1951], and in its effects on radio direction 
finding [Bramley, 1951 ; Whale and Delves, 1958). 

In the study of the propagation of radio waves over 
long distances, the degree of roughness of tbe iono
spbere is important in t bat it determines the spread 
of directions over which the signals from a given 
station can be received. This spreading may De re
garded from Lwo different points of view; either from 

I Presen ted at th e Spring U R SI M eeting, Washin gton, D.C., 1961. 
21' cmporarily at Goddard Space Flight Con ter, GreNlOclt, Md . 

265 

a consideraLion o( Lhe possible deviaLions from t he 
great circle on a,ny particular paLh, or from a co nsid
eration of the modificaLions 1,0 Llle polar diagram of 
the Lransmitting acrial in Ll'Od uced by Lhe iono
spheric scattering. Botu approaches a re useful Lo 
the communicaLio ns engineer. It will be shown tbn t 
at distances up to about 15,000 km the main part o( 
t he r eceived energ~T is clustered abo ut the great 
circle direction . It is only (01' stations wi thin about 
5,000 k111 of the point antipodal 1,0 the tran mi tting 
station that laro'e deviations from tbe great circl e 
direcLion regularly occur [Whale, 1959) . Exceptions 
to this general rule can arise eith er when Lhe trans
mitting aorial is so sha rply beamed tlHt t the signal 
is no t received from t he general direction of tho 
transmitter but may arrive <ts a signal which has 
been scaLtered through <t large a ngle by the rough 
ionosphere or the rough gro und, or else when iono
spheric conditions a re such that the great circle palh 
is closed to the particular frequency used, wben a 
similarly scattered signal may anive from directions 
well away from the great circle direction . These 
cases ofirregulal' propagation ,Lre especially inter
esting in that, as in the case of VHF scatter propaga
tion, communication may be possible in the absence 
of the normal l'eq uirem en ts for regular ionosp heric 
propagation along the p<Lth. 

2. Overall Changes in Direction of the 
Received Signals 

The measured bearing of a di st~w L shorL-wave 
translllitter varies in fl WIly lh<l t depends on a 
number oJ differen t facto rs. Th e ove rall effect o( 
all the contributing facto rs m ~~.\" be see ll in lable 1, 
which gives the observed sprends of t lt e bearings 
in some t~Tpical cases . Since t here is usually a 
regula r diurnal vari,Ltion included ill the changes, 
the statistical distr ibution of the varia tion s is 
often not normal. In a norm ,~Uy distributed vari,~
tion, the total wid th o( the histogram at a horizontal 



TABLE 1. Tolal varialions in lhe bearing of lhe signal Teceived al Auckland 

Station Frequency Location 

kcls 
ZQD ................... 9315 FijL .. ...... 

VLQ9 .................. 9660 Bri sbane .... 

WWVHIO .... . ...... .. 10000 H awaiL _____ 

WWVHI5 ........... .. 15000 H a waii ___ ___ 

H CJIL .. .............. 11915 Equador . .. . 

9745 

A YR78 ................ 11925 BraziL ... . . 

BRAZZAVILLE ...... 11970 Africa ....... 

G VY .................. 11955 England .... 

V OA ................... 11940 T angieL .... 

level which separates the upper and lower parts of 
the histogram into two equal areas is almost three 
times the standard deviation. We have therefore 
adopted one-third of the width at this level of the 
observed histogram a.s a simple measure of the 
spread whether the distribution is normal or not. 
, Vith signals from nearly antipodal stations, both 
long and short paths are commonly observed; in 
such cases reciprocal bearings have been used in the 
histogram so that the bearings all lie in one half
plane. This means that the maximum measure 
that could be obtained for the tabulated standard 
deviation, even if the observed bearings were dis
t ributed uniformly over 360°, would be 60°. 
However , at these large distances the bearings tend 
to cluster into separate groups so that a more de
tailed investigation of the mechanisms in vol ved is 
required. 

3. Bending of the Ray by Effective Tilts of 
the Ionosphere 

It has been shown by Bramley [1951] and others 
t hat some of the changes in the direction of the waves 
reflected from the ionosphere may arise from. more 
or less regular changes in the shape of the ionosphere. 
Some of these, such as the ripples which have been 
extensively investigated by Munro [1950] give rise 
to relatively short period changes which can b e 
eliminated by a tin1e averaging of the results. 
Others, however, which are normally referred to as 
those arising from effective tilts of the ionosphere 
may persist for many hours. Som e of these have 
been described previously. [Whale, 1956]. It has 
b een shown that many of these large effective tilts 
arise by a process of refraction (prism effect) in a 
layer beneath the reflecting layer [Titheridge, 1958]. 

Angular 
distance 

from 
Auckland 

19.10 

20.90 

63. 80 

63. 80 

103.00 

107.90 

135.00 

163.80 

178.80 

Great 
circle 

distance 

km 
2, 120 

2,320 

7, 083 

7.083 

11,435 

11,979 

14, 988 

18,185 

19,850 

Months of 
observation 

Aug. 53 ....... 
M ar. 54 .. . .... 
Apr. 54 . ....... 

Nov. 53 _______ 
Mar. 54 .. . .... 
Aug. 54 . ... . .. 

NO \7. 53 ... . ... 
Mar. 54 .. . .... 
Apr . 54 ...•.... 
Jul. 54-...•.... 
Jun . 54 ... ..... 
c.l ay 54 .... . .. 

Apr . 54 ....... _ 
:Mar. 54 __ ___ __ 

Aug. 54 . ... __ . 
Se pt. 54 ... _ .. _ 
Sept./Oct.54 . . 

Oct . 54 .. _._ •• _ 

Se pt . 54 ... __ ._ 
JUIl ./JUI. 55 ... 

Se pt . 54 ... _ ... 

Sept./Oet. 54 .. 

Standard 
deviation 
in degrees 

1.3 
1.3 
1.3 

1.3 
1.3 
1.3 

2. 7 
2.3 
2.0 
2.3 
2.0 
1.3 

1.3 
1.7 

2.0 
1.7 
1. 7 

1.7 

5 
11 

30 

15 

As these effects depend on the density and sh ape of 
the regular ionospheric layers, they may be removed 
from the results by a comparison of the measure
men ts made on many successive days. 

The general form of the daytime par t of the 
regular diurnal variations may be pictured by con
sidering the ionosphere as consisting of two h emi
spherical shells, t he daytime hemisphere situ ated 
eccentrically about the earth so tha t the lower 
portion of the ionosphere is always toward the sun. 
An equatorial section viewed from the North Pole 
would then be as shown in figure 1a. As the earth 
turns, the effective tilt of the ionosphere over any 
point on its surface changes and the bearing of a 
reflected wave thus changes. However, since the 
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FIGURE 1. a. Ionosphere piclw'ed as two hemisphe1'ical shells, 
the cenler of lhe one n ew'er the sun beingjdisplaced 
away from the sun. 

b . B ending of a ray al successive encounters with a 
scattering medium. 
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shape of this equivalent ionosphere depends on the 
frequency and angle of incidence of the wave, this 
model is of limited value in calculating the actual 
variations. It i of interest that, with t his con
fig uration of earth and ionosphere, the ionosphere 
displacemen t changes the geometrical antipodal 
point into an antipodal area in the shape of a caustic 
surface. T he orientation and size of this area will 
change with th e time of day and ~with the lati tude 
of th e transmitter. 

4 . Wandering of the Received Signal 

T here is some spreading of the wave at each reflec
tion at a rough surface (which may be the ground or 
the ionosphere) thus making possible a small change 
in the direction of a particular ray at each reflection. 
If each of these sm~all changes is of th e same size and 
in the same direction, the trace of the ray-path on the 
surface of a pla ne ear th will be such t hat the reflection 
points all lie on a circle. IVe may regard this as 
being an extrerne ray, all other rays lying within the 
limits of the zone bound d by the two extreme rays 
with t ile maximum allowable positive and negative 
curvatures; the energy initially transm itted in a 
particular direction becomes spread over some diR
tance each side of t he m~ean ray in this direction. 

" Q 

IO~ 
,1f;!>_- --- 5 ~ 

C. - ,10 (;j 

o 2--4- 6810 f 16 18 20 
NUMBER or SCATTERINGS 

/SPRfAD AT INCREASED 
/ lfLfVATlON ANGLES 

For this plane case, if the extent of the spread is 
measured perpendicular to the line joining the 
transmitter to the receiver as in figure 2a, and all 
distances are m easured as equivalent angulal' dis
tances to facilitate later comparison with the 
spherical earth case, then the limiting distance D.y is 
given by 

(1 ) 
where 

2J{= curvature of th e ray path, 

A = equi valent angular distance=~, 
d= distance from the transmit ter to Lhe receiver, 

R = radiuR of the earth. 

An important observable quantity is the angular 
deviation of the incoming ray from the great ci rcle 
direction of the transmiLter from the receiver . A 
simple geometric cOll sLl'uction as in figure 2a shom:: 
th at the limiting value of Lhis angular cleviaLion is 

(2) 

Th ese two relations )ul,Ve been plotLecl in figure 2b. 
In t hese curves lhe curvalure of Lil e lillliling l'<lys 

SPHERICAL EARTH 00 

e. 

0° 

d. __ _ ~-l!. _ 5 ° 

COMPOSITE 
CURV f 

20 

O~'-~----"3~O------~6~O------~9~O~--~I~~I50~'=---~m~o 
ANG ULAR DISTANCE IN DEGREES 

FIGURE 2. a . Constant curvat1lre mys showing the maximum displacem gnt oj 
the my path from the transmitted direction and the maxim um 
deviation of the incoming bearing from the true bearing_ 

b. Nlaximum displacement and deviation as a function of distance 
measured as an equivalent angular distance on a spherical earth . 

c. Standard deviation of displacement and deviation fmm tme bear
ing as a function of number of encounters with the scatlering 
medium. 

d. J1!f aximwn displacement and bearing deviation on the theory oj 
small circle p1'opagation_ 

e_ Composite curve using scattering theory up to an angular distance 
of 90° and small cirtle theory at greater angular distances. Curves 
matched at 90°. 
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has been ehosen (in accord with the measured value) 
so that the deviation of the extreme ray from the 
great circle is 2° at an angular distanee of 90°. 

It has been shown by Whale [1959] that the path 
on a spherical surface of a ray with constan t cm'va
ture is a small circle and that 

. K' A sm b.0= ± tan 2' (3) 

where 

A= the an~ular distance from the transmitter to the 
reCelver, 

K' = curvature measured as cha nge in direction pel' 
uni t angular distance traveled. 

Th e energy is now spread over a distance perpen
dicular to the great circle given by 

f>y = ± K' (l - cos A) , (4) 

where f>y is now a real angular distance. 
R elations 3 and 4 are plotted in figure 2d, again 

with the curvature of the ray chosen so that f>0 = 2° 
at an !tngular distance of 90 0 • 

These relations are of different form from those 
obtained in the simple analysis expressed by eqs (2) 
and (3), and it is suggested that since a statistical 
tre!ttment of the curved earth case leads to even more 
complicated expressions, a compromise be adopted 
whereby the statistical expressions !tre used for 
angular distances up to 90°, and the spherical earth 
expression eq (3 ) thereafter. This treatment leads 
to results which are in substantial agreement with 
the experimental observations. 

A typical composite curve in which eq 10 is used 
at angular distan ces up to 90° and eq (3) at greater 
distances is drawn in figure 2e, the two curves being 
matched at the changeover point so that f>0 = 2°. 
At very short distances the elevation angle of the 
incoming ray will be large so that a small change in 
the direction of the ray at the ionosphere will lead 
to a large observed change in bearing. This effect 
is indicated by the dotted curve at small angular 
distances . 

In practice, the rays will not be spread uniformly 
over a range of angles but the variation with angle 
will follow some statistical law. If it is assumed that 
th e spread of the rays at each reflection obeys a 
normal distribution law, tbe distribution of angles 
and of th e energy may be calculated for the plane 
earth case as in the next section. 

5. Scattering at Successive Reflections 

In figure Ib consider a transmitter at T with a 
power polar diagram given by P (Oo) = exp - B05, 00 

being measured from the line connecting the trans
mitter to the receiver. B is a factor specifying the 
sharpness of the aer ial pattern , a large B indicating 
a narrow beam. If the distance perpendicular to 
the line 00= 0 is measured in units of the distance 
between successive reflection points (z in the dia
gram), then Oo=Yr for small angles. Similarly, 
Or = Y2-Yr, etc. 

At each reflection, the power inciden t in the direc
tion 0 is spread over a range of angles according to 
the law exp - A(0 - 0)2, where 0 is the direction of 
the reflected wave and A is a scattering coefficient. 

Then, if the symbols with primes refer to the wave 
incident on each reflection lin e and the unprim ed 
sym boIs refer to th!tt emergen t from the reflection 
region, the distributions of power at the lines n = 1, 
2, 3 . .. are as follows: 

P(O;) ex: exp- Byi 

P (Ol) ex: exp- (A+ Byi- 2Ay 10l + AO;) 

P (O;) ex: exp- (A+By~- 2 2A+ BY20; + 4A+ BO;Z) 

* * * * * 
(5) 

P (On) = Jp(O~) ' exp - A(Bn-0;,)2. dO~ 

ex: exp aA~bB(A+nB)Y~-2 (nA+ cB)Y"On 
+ (n2A +e B )0;, (6) 

where 

a= n(n+ 1) (2n+ 1)/6 

b= n2(n2- l) / 12 

c= n (n - l )/2 

e=n (n - l )(2n- l )/6= a with n decreased to 
n - l . 

These power distributions are a function of th e 
distance, y , Ineasured from the 00= 0 line and th e 
direction of power flow, 0, me!tsured as the acute 
angle between the direction of the incident or scat
tered energy and !t line parallel to 00= 0. 

The distribution of total power from all directions 
along the line Yn may be obtained by integrating 
P (On) with respect to On to give 

P (y ,,) ex: exp nZ::eB Y;" (7) 

which is, of course, a, uniform distribution if B = O 
(omnidirectional transmitting aerial ) or A = O (scat
tering is complete). 

If tbe receiver is at the position Yn+l= O, the dis
tribution of power in the incoming fan of rays is 
given by putting Yn+l = 0 in P (O' n+l) to give 

(8) 

In these equ ations, n is the reference number to 
the line at which a particular reflection occurs. For 
the usual case where the transmitter is on the earth's 
surf!tce, the odd numbers refer to reflections at th e 
ionosphere and the even numbers to reflections at 
the surface of the earth. Although the scattering 
coefficients will usually be different at the earth and 
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the ionosphere and itt d ifferen t reflection points in 
either of the e, it ha been assumed for the purpose 
of thi analysis, that an overall average value of A 
can be employed. If tbe r eceiver is also at the sur
face of the earth , the number of full hops between 
the transmitter and the receiver is n/2. 

The equations may be in terpreted in two differen t 
ways, either as specifying the statistical distribution 
of the energy at a particular time or else, as is dis
cussed below, as specifying the distribution of energy 
which would be observed if the measurements were 
canied out over a low enou gh period. 

In practice, the power is not received over the 
whole of this calculated range of angles all the time. 
The energy appears to come from different direc
tions at different times; the probability that any 
particular direction will occur being related to the 
calculated power distribution. The experimental 
distributions are obtained by counting the number 
of occasions a bearing occurs within a small range of 
angles (for example, it range of one degree) . Since 
ea,ch bearing measurement is regarded as independ
ent, we may take the probability of obtaining a 
bearing within a particular range as equivalent to the 
power distribution given above, so that the standard 
deviation (J of the observed bearing distribution In ay 
be obtained from eq (8) as 

= { n(2n+ 1) } 1/2 

12 (n + 1)A 

and this 

for a wide beam 
transmitting aerial , 

(9) 

i. e., B = O, (10) 

= {6nLl} l iZ 
£: for litrge n. (ll) 

The wandering of the bearing is difficult to llleaSLll'e 
in the presence of the scin ti llations normally in
troduced by the in terference of the various rays since 
these scintillations are, at angular distances up to 
about 135°, generally comparable to or greater than 
the wanderings. ~While a considerable amount of 
work in the field of radio astronomy and in the study 
of ionospheric winds has been directed toward a 
measurement of the factors with which we are con
cerned here, these results generally refer to a particu
lar place at a particular time and are of limited use 
in an attempt to gain knowledge of the itverage 
behavior that is important in radio communications. 
Some methods of investigation which are of value 
depend on: 

A. The measurement of the effective polar dia
gram of a transmitting antenna at a considerable 
distance from the transmitter or, as an equivalent 
experimen t , the measuremen t of the polar diagram of 
a receiving antenna when receiving a signal hom a 
distan t transmitter. 

B . The measurement of the incoming bearing of a 
signal over a period of some hours on a large nurnber 
of successive days. 

C. The measurement of the relationship between 
the bearing and the elevation angle of an incoming 
wave. 

6. Day-to-Day Variation of the Bearing of 
a Distant Transmitter 

Over the past few years extensive measurements of 
the bearing of distan t radio transITlitters have been 
made at Seagrove, Auckland. Those made on the 
rotating interferometer (W'hale, 1954] are of particu
lar value in this investigation since it is very easy to 
obtain the hourly or half-hourly averages fronl the 
records obtained with this type of equipment. By 
this averaging, the scintillation effect and short 
period variations are removed from Lbe resulLs. 

The measurements for a parLicular Lime of clay 
have been averaged over each month and the n the 
spread of the beari ngs aboll t th e fLVernge calcula Lcd. 
This figure (the standard deviation of the spread) is 
then a measure of the amoLlnt by whi ch the r ay can 
wander from Lhe mean pa,Lh di cLated by the average 
ionospheric conditions. A numb er of the results 
obtained by this method have beell plotted in figure 
3b. The months and frequen cies chosen were deter
mined only by the requiremen t tll a t enough measure
men ts be :wailable to enable th e sp read to be 
calculated. The full line curve is a repeat of the 
composite curve drawn in figure 2e. 

Jt is to be noted that tb e observations plottcd fLt 
fLlI a.llguh),r distance of about 160 to 170° from the 
recei ving station at Auckhllld refer mostly to stations 
in Europe. :Most of the ptLths from Europe to Auck
land pass through 01' ncar Lhe auroral absorbing 
regions which may limit to some degree the amou nt 
by which the paths can vary. Such an effect would 
lea,d to tIl e relatively low observed spreads at these 
fwgular distances. 

On the other hand, since the elevation angle of t he 
incoming signal for short distance tmnsmissions is 
commonly observed to be greater than for the longer 
distances, a large numb er of h ops and thus a greater 
spread may be expected a,t the shor ter dis tlwces. 

7 . Relation Between the Bea ring and the 
Elevation Angle 

We may takc expression (3) as indicating the 
allowable wanderings of the r eceived ray at some 
fixed distance as a function of the hop length since 
[{' depends on the hop length and is thus directly 
related to the elevation angle of the received ray, the 
larger deviations b eing associated with the higher 
elevation angles (shorter hops). This effect has been 
observed in a number of experiments LLl though it mfty 
often be obscured by oth er effects. 

Some typicitl results are given in figure 3a. One 
example of this effect (fig. 3ft, BPO) has been dis
cussed previously (Whale, 1956b) and it was shown 
there that the results indicated that eq (3) could be 

written sin 8= ± .028 tan~, a result in good agree

ment with eq (14) which is derived below. 
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FIG ljHE 3. a. Change in Teceived vertical angle as a .function 
of the deviation Fom the true direction of a signal. 
The deviation is normalized to an equivalent 
deviation at an angular distance of 90° by tl8e of 
the theoretical curves in b. 

b . Ex perimental values of the da y to day bearing 
changes. 

8. Antenna Directivity 

In the design of an antenna for the r eception of 
long-distance short-wave signals the three different 
types of variation which have been mentioned 
previously have to b e considered. 

A. The diurnal changes in average direction are 
relatively small at distances less than about 5,000 
km but ma~~ b e so largc at distances over 15,000 
km that different antennas for use at different times 
of the day and at different seasons may be required. 

B. The dar-to-day wanderings of the signal seem 
to arise from a scat tering process and are thus 
largely unpredictable. In the absence of a direction 
finder associated with the receiving antenna the 
design must be such as to ensure reception in spite 
of th ese wanderings . Agaill , these variations are 
small at short distances but may b ecome very large 
at distances greater than . about 15,000 km. Some 
improvement in the prediction of the wandering of 
the wave m ay b e possible with those waves which 
have passed n ear to the auroral regions, since it has 
b een found [Whale, 1959] that th e directions ar e 
influenced by the position and size of the auroral 
absorbing zones. 

O. There are rapid fluctuations in the apparent 
direction of the wave, arising from the interferen ce 
b etween the various components arriving simultane
ously at the receiver. This spread seems to b e of the 
same order of magnitude at all distances [Whale and 
D elves, 1958] so that it may b e insignificant compared 
to th e other variations at the greater distances. 
However , it has also been shown that the fading of 
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the received signal arises mainly from these inter
ference effects, so that they are of prime importance 
in the design of diversity receiving systems. 

The overall behavior may be thought of as being 
made up of an average diurnal variation on which is 
superimposed both the irregular variation arising 
from scattering processes and th e rapid scintillations 
arising from interference effects. Pictorially, as seen 
from the receiver, this corresponds to a rather 
blurred patch in the sky (th e aggregate of interfering 
rays) rnoving haphazardly about a mean position 
determined by the characteristics of the regular 
ionospheric layers at that time. This situation is 
illustrated in figurc 4 for a particular month of 
observations . 

The mean direction determines the point at which 
the mai.n beam of the receiving antenna should b e 
pointed. The beam must then be wide enough to 
accept the signal as it wanders around this direction. 
As an example, th e average loss due to the changes 
of the mean direction of the signal as the beam is 
narrowed can b e calculated from eq (8) . 

For a given t ransmitted power, the power Po 
received on a non-directional antenna at Yn= O is 
given b y 

( 6AB 1 1/ 2 
P - P ..( ~ 

0 - T l7rn(6nA + n- 1 2n-1 B ) ) 

IVith a r eceivi ng antenna of power polar diagram 

Q. exp - OIP (where the factor q represents the gain 
7r 7r 

of the aerial and is inserted so that th e total area 
under the in tegrated power polar di.agram is equal 
~o a constant, in this case unity), the power r eceived 
18 

Pc= P 7' ~ 6ABO }! 
\.. 7r 2n (6nA +n-1 2n- 1B) (1 + 1'0) 

where 

(n - 1)(2 2n-- 1A + n-1 n -- 2B) 
~= 2~ 

2A(6nA+n- 12n- 1B) 

thus 

If there were no scattering at each reflection ~ 
would be zero, ince A --7oo, so that the loss clue to 
the scattering is given by the relation 

(Pc/Po) with scattering 
(Pc/Po) with no scattering 

(12) 

This rela tive loss of signal as the receiving antenna 
beam is made very n arrow corresponds to the" aper
ture to medium coupling loss" considered by Booker 
and deBettencourt [1955] and Gerks [1955]. 

From the measurements in figure 3b , it has been 
found that the spread of the deviations is about 
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± 2° at a dis tance of about 10,000 km. If th e beam
width of the transmitting antenna is relatively wide, 
as was the case in these measurements, the factor A 
can b e calculated from eq (10). Assuming a five
hop path so that n + 1= 10 we find that: 

A = 1,160. 

Then, from eq (12) , if the transmittin g an tenna 
beam is broad compared to tha t of the r eC81vmg 
an tenna, 

L= (1 + 0/408) -t "'" 1- 0/816. (13) 

It is to be noticed t hat the loss from this cause 
does no t become appreciable until 0 approaches a 
value of approximfLtely 100. This corresponds to an 
antenna beam-width of abou t ± 5°, a value tha t 
may be approached with large antennas in the range 
of wavelengths used for short-wave transmissions 
over a fixed path (point-to-point transmissions). 

At the longer distances the random deviation of 
the r ays from the mean direction increases rapidly 
in the way indicated by eq (3). If we again take 
the stfLndard deviation at a distance of 10,000 km 
as 2°, we may obtain from eq (3) that 

<T = sin - ' (.035 tan i) where A is the angulfLl' distance. 

Then, 
(14) 

L = (1- 20<T2)}"", 1- ( C tan2i)/816 up to A= 1700. 

(15) 
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Comparing this expression with eq (13), i t is seen 
that the coupling loss increases at the greater dis
tfLnces since the effective value of 0 increfLses ftS 

A 
tan2 - . 

2 

The beam width o( the r ecClvmg flntennfL may 
also hfLve fLn effect on the degree o( fadin g of the 
signfLl fed into the r eceiver. This arises since the 
Jading is due mainly to the interJerence of the 
various rays in the cone 01' rays arriving at the 
recei ver . The spread of these r a ys has been m eas
ured by several techniques using various time 
constants, the average value being abou t 2.5° 
[Whale and D elves, 1958) Jor those waves leading to 
i'a,ding rates of periods longer than one 01' two seconds 
and abou t 4.5 0 [Waite, 1958) including those leading 
to fading rates of periods less th fLn a second. Th e 
spread cloes not vary much with frequen cy or dis
tance. :\T arrowing the beam of the receiving antenna 
restricts the spread of the cone of rays efl'ective at 
the receiver and thus reduces the m te or fadin g. 
This may be visualized in two differ ent ways: the 
redu ction of the number of interferin g rays each 
of which is varying in phase at a fixed rate , willleacl 
to a slowing down of the interfer ence effec ts, or t he 
reduction in the spread 01' t he effective con e of rays 
will lead to an increase in the size or the instantaneous 
interference pattern on the ground. This pat tern is 
moving about on the ground at a ra.te determined 
mainly by the rate at which the phases of the com
ponent in terJering waves are ch anging, so that an 
incr ease in its size lead to a slowing of the fading 
l'ate ftt a receiver fixed in position on the ground . 



9 . The Effective Polar Diagram of an 
Antenna 

An interesting measurement of the effective polar 
diagram of a transmitting antenna at a distance of 
3,650 kms has been made by Silberstein [1957]. In 
this experiment the transmitting antenna of known 
polar diagram was rotated in steps, the average field 
strength being measured in each case, and thus the 
effective polar diagram determined. From the pub
lished curve we may deduce that the main lobe of 
the transmitting antenna had a directivity which 
could be expressed approximately as 

Power in direction 8 <X exp - 3 .482 . 

The actual spread of the incoming waves was not 
measured. The experiment involved the measure
ment of the field-strengths with a non-directional 
antenna at various distances off the axis of the main 
beam of the polar diagram of the transmitting 
antenna. In this case we can compare the results 
with the variation of power with y as given in 
eq (7), i.e., 

P (y ) <X exp- (ABy2) J(n2A + n(n-l) (2n-1)BJ6). 

If the path were predominantly two-hop as seems 
likely, we may put n = 4. If the spread at each 
scattering were as much as one-tenth of the beam 
width of the transmitting antenna (a value which 
would indicate considerably more scattering than 
average) the effective value of B would be reduced 
from about 3.4 to about 3.15. It is doubtfu l if this 
difference would be measurable. The results of 
this experiment may be interpreted, as was pointed 
out by the author, as confirming that the iono
spheric scattering is unimportant in its influence on 
the shape of the main beam of the polar diagram of 
a transmitter over this distance. However, the ex
perimental results confirm that t he relatively small 
effect present is most effective in removing any sharp 
nulls from t he transmitting directivit.v pattern. 

10. Conclusion 

An interpretation has been given of some of the 
effects observed in the reception of long-distance 
short-wave radio signals. Particular emphasis has 
been placed on the da.'" to day wanderings of the 
bearing about its mean direct.ion , as it is an aspect 
which has previously received li ttle n,ttention. The 

irnportn,uce of these wanderings in the design of 
receiving antennas is discussed, and it is found that 
for medium distance circuits- provided the regular 
diurnal variations in the direction of the incoming 
wave are lrnown- antenna beam-widths in the 
horizontal plane could advantageously be reduced 
considerably from those in common use at this time. 

This work was carried out at the Seagrove Ra.dio 
Research Station of the Physics Department, Uni
versity of Auckland. This work was mainly sup
ported by grants from the New Zealand Department 
of Scientific and Industrial Research, N .Z. Post 
Office and N.Z. Broadcasting Service. 
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