NRL Report 6373

Results of Airbcrne Field Measurements
| "in the Antipodal Region
of Radio Station NPM, Hawaii

©
(o)
O
A
oa B J- E. ROGERsON
3

> o _.‘A.;.‘ .

C.mmunication Branch
Radio Division

Best Available Copy

April 26, 1966 3

LEARING IC AND
CIENTIF
» FEDERAL ,ASNFQ-:{MATION -~

CHNICAL !
TECS "T'{licrof 1cho|

[P PSR NP

| 2004070205

US. NAVAL RESEARCH LABORATORY
Washington, D.C.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED




!

FA {' ﬁﬂi(})\);ﬁ(%u\ﬁ”:
w oty o

A

CONTENTS

LIS 2 DA TR PR TTUOOR PO SER PRSP SUPRPPN
| T Y T L I ] 1 T O PP PPPE
B NPT R (TR R T 211 2] | B OSSPt

INTRODUCTION. et e e e
EN P E RN E N T e

INSTRUMENTANFTON s

DATA REDUCTHON e e et e
THE INDIVIDUAL ANTIPODAL FLIGH TS o e

First Annpodal Flight o
First FRuht ROstimeé oo e e
Second Antpodal Flight o
Second FIEht RESTING Lo e e e et et e e e e e anaeteas
Thitd Antipodal FIight o
Third Fhiuht ResumiC o et
Fouith Antipodal FRght e
Fourth Flight Resumé....... e e et h e et et s h et e e et e e eaas
Fitth Antipodal FIighto o e
Filth Flight Resumme oo et
Sixth annipodal FIIGhE o .
SINth FRERt ReSUING oo e et
Seventh Antipodal Flight oo e
Seventh Flight Resum o e eee BT

ANALYSES AND RESULTS e e

General oS eI ONS i e e e e e e e e et
Field Strength Convergence oo
8 AT Y T B ST L TR NP
Distance Dependenay of Antipodal Fields o
Phase Relationships of Eand Hooo
Comparison of Flights During Similar Tonospheric Conditions. o,
Comparison of Similar Radials at Different Ienospheric Conditions
Departures from Simple Theory o

CONCLUSHONS L e et aaae eas
,{‘; Yt oe e

13 8 B 38 8 N A O OOt

ol 1 O 0 S PP

x

10
10
11
11
12
12
13

13

14
14
17
18
19
21

21

23

24

24



Results of Airborne Field Measurements
in the Antipodal Region
of Radio Station NPM, Hawaii

5 J- E. RoGERrsoN

Communication Branch
Radio Diuvision

The U.S. Naval Research Laboratory is conducting a comprehensive investigation of very-low-
frequency (vIf) radio wave propagation. The objective of this investigation is to determine the param-
eters necessary for predicting the reliability of vIf communications in the ocean areas of the world.

It is believed that an investigation of the electromagnetic ficlds at and near the antipode of avif
transmitter would provide much propagation information. Since all the antipodes ¢ -he Navy vif
transmitter stations, except for station NPM in Hawaii, are located in remote ocean areas, this makes
them operationally difficult to investigate, especially with respect to navigation. The NPM antipode,
however, is located on & nd near Ghanzi, Bechuanaland Protectorate, in the Kalahari Desert in southern
Africa. Navigation in the vicinity of the NPM antipode could conceivably be more precise than in other
antipodal areas.

An analysis of the data obtained in July 1963 by the Naval Research Laboratory via aircraft flights
in the vicinity of the antipode of radio station NPM, Hawaii (19.8-kHz transmitter) is presented.
Definite evidence of convergence of field strengths was found, as expected: a peak value of 2.0 my/m
for the field was measured during the experiment. Indications of an inverse square root dependence
on distance for the field strength were observed. The expected diurnal pattern of highest field strengths
an local sunrise, lowest fields at local sunset, and intermediate fields at local noon and midnight was
found to be true. However, the antipodal situation appeared to be complex; suggestions of movement
of the electromagnetic antipode were seen. Navigational difficulties contributed to uncertaintics in
the data and made definite conclusions difficult to obtain. The Navy Electronics Laboratory, San Diego,
California, participated in this experiment by recording amplitude data at fixed ground sites around
the geographic antipode and also phase data aboard the same aircraft. When the data taken by the
two laboratories are combined, more comprehensive results may be obtainable.

INTRODUCTION

In July 1963, the U.S. Naval Research Labora-
tory (NRL) and the U.S. Navy Electronics Lab-
oratory (NEL) conducted a joint radio wave propa-
gation experiment in the vicinity of the antipode
of the U.S. Navy very-low-frequency (vIf) trans-
mitting station NPM at Lualualei, Hawaii. This
report deals with the analysis of that portion of
the data gathered by NRL aboard a Navy WV-2
aircraft in flight in the immediate vicinity of this
antipode, which is located in the southern portion
of Africa.

If the earth and the ionosphere are treated
as a spherical waveguide, as is done in vif radio
wave propagation theory, there is an area on the
side of the earth opposite the transmitter in which
the signals arriving over the multitude of propa-
gation paths converge; this area of convergence

is called the antipodal region. In the idealized
case in which the earth and the icnosphere form
a homogeneous, isotropic, spherical waveguide
and the transmitter is a vertical dipole, this con-
vergence occurs at a single point which is geo-
metrically opposite the transmitter. The electric
field strength £ is at a maximum at this point,
and the magnetic field strength H has a minimum
value at this point because of the phase relation-
ships of the various converging signals. In this
case the geographic antipode and the electro-
magnetic antipode are spatially coincident. In
the region immediately around the antipode, the
field strength E varies as the absolute magnitude
of the rero-order Bessel function, and the en-
velope of the field strength curve varies as the
inverse square root of the distance from the
anupode. The converging signals form a standing
wave pattern in which the nulls of either E or
H are separated spatially by half a wavelength.
Antipodal effects have been treated theoretically

NRI. Problem R0O1-39; Project SR 008-01-01, Task 7044. This is the
final report on one phase of the problem; work is continuing on other

phases. Manuscript submitted Nov, 3, 1965,

by Wait (1), Crombie (2), and Norton (3). -



Experimental evidence of antipodal focusing
has been found by Round, et al. (4) and Crombie
(2). In February 1962, a joint experiment was
conducted by NRI. (5,6), NEL, and DECO Elec-
tronics, Inc., Boulder Laboratories, in the vicin-
ity of the antipode of the Navy transmitting sta-
tion NAA at Cutler, Maine. A peak NAA antipodal
field strenmb of 3.7 mv/m was recorded. This
is approximately the held strength that would
be measured at a distaince of 4000 km from NAA
over an all-sseawater path under daylight condi-
tions. Since the antipode is approximately 20,000
km from the transmitter, the recorded peak
field of 3.7 mv/m represents a definite conver-
gence effect. Asymmetric field patterns around
the antipode were detected, but this result was
expected since the earth-ionosphere waveguide
is neither homogeneous nor isotropic.

Most of the antipodes of the Navy vIf trans-
mitters are located in remote ocean areas: for
example, the antipode of NAA is located in the
Indian Ocean about 800 mi from Perth, Australia.
Consequently, serious operational and naviga-
tional difhiculies are encountered. A measure-
ment of antipodal field patterns requires many
measurements over a large arca; hence, an air-
plane is more useful than a ship. However, an
aircraft requires a base of operations, and since
such airports are usually so far removed from the
antipode, the amount of time available for air-
craft maneuvers in the antipodal vicinity is very
limited. The remoteness of the antipode from
land areas means that there are no navigation
beacons or recognizable landmarks in the antip-
odal vicinity.

The trunsmitting station NPM. in Lualualei,
Hawait, has its antipode on land. "This anupode
is located near Ghanzi. Bechuanalind Protec-
torate, in the Kalahari Desert in southern Africa.
In planning the experiment, it was believed tha
this inland site would provide the following
advantages:

1. the possibility of finding an aircraft base
of operations much closer 10 the antipode than
otherwise possible:

2. the possibility of installing ground recording
sites in the antipodal vidinity o continuously
monitor stgnals in that area; and

3. the possibiiity of finding recognizable Tand-
marks that could be used as navigational aids.

o e e e p e s i Lompm s A B PR

J. E. ROGERSON

(When this is the case, the difficulties due to the
lack of navigational beacons in the arca can be
partially overcome.)

In theory, then, the NPM antipode offered an
opportunity for a more thorough and precise
study than is possible at the antipodes of the
other Navy vif transmitting stations.

EXPERIMENT

Several overall aims were established in plan-
ning the experiment. The primary purpose of
the experiment was to measure the amplitude and
phase of the antipodal fields and to determine
the field patterns in the vicinity of the antipode.
A determinaton of the position of the electro-
magnetic antipode relativ+ to the  geographic
antipode was desired. The experiment was also
designed o measure the diurnal variations in
the position, amplitude, and patterns of the
electromagnetic antipode. A further aim of the
experiment was a studv ot the attenuation rates
for the various propagation paths converging
at the antipode.

The experiment was divided into two opera-
tions — continuous momtoring of the NPM signals
by fixed-station receiving sites on the ground in
the antipodal vicinity, and measurements con-
ducted at various times of the dav aboard an
aircraft fhving preseribed patterns through the
antipodal area. The ground-bsed sites, operated
by NEL. continuously recorde 1 the amplitude of
the NPM signals; these sites contiined  loop-
antenna instrumentation for  determining  the
directions of arnival of the receiced  signals.
Aboard the airaraft, phase ata from a vertical
omnidirectional whip antenna we e recorded by
NEL, and amplitude data from a vertical mono-
pole antenna and two vertical crossed loops were
recorded by NRL. Data from cardioid-pattern
antennas were taken by NRL also. This report
concerns only the data recorded by NRL; in-
Hight phase data and ground-station amplitude
data are to be analvzed by NEL,

INSTRUMENTATION

Suitable sl field strength and phase recording
equipment were installed aboard one of the NRL
“thving laboratories,” a0 Navy WV-2 aircraft. A
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vertical, 2-m whip antenna and two vertical crossed
loops located in the upper radome  permitted
omnidirectional veception of vertical £ and hori-
rontal H felds. 'The multicoupler used with the
antennas allowed siimultancous operation of sev-
eral vif receivers and provided a variable-bearing
cardioid pattern. The elffecuve heights (e, cali-
bration factors) of the antennas were determined
evperinentally to permit absabie field sorenath
measurements. The phase of the received vertical
clectric field was recorded relitive 1o a rubidium
frequency standard.

As a navigational aid, a doppler radar naviga-
tion system was installed in the aircraft. This
svstem was designed to provide very accurate
ground speed and drift angle information about
the aircraft. motion; the output of this svstem
was recorded on Esterline Angus charts. The
navigator’s instrument panel was photographed
automatically at 3-min intervals and by manual
command whenever the aircraft changed heading.
Thus a continuous record of the aircraft motion
was to be provided. As another navigational aid,
a transporder beecon was placed on the ground
near the geographie antipode. This beacon was
tuned to the frequency of the aireraft's regular
radwr, and it transmitted back o the aircraft
the pulse receved from the aircraft radar. The
purposes of the transponder beacon were to pin-
point the destination area more precisely and to
increase the range of the radar system. As will
be pointed out later, neither the doppler radn
system nor the transponder beacon functioned
well, and both were of little use in carrving out
the experiment.

EXPERIMENTAL PROCEDURE

As the base of operations for the WV-2 aircraft,
the Jan Smuts Airport near Johannesburg, South
Africa, was chosen. The distance from this point
to the antipode is approximately 450 naut mi;
this distance is well within the capabilities of the
WV-2 aireraft, and thus several hours were
wailable  for mancuvering  in the  antipodal
vicinity.

The original planning  of the  experiment
zalled for eight local Hights in the area around the
geographic antipode. For cach of the local iono-
spheric conditions — sunrise, noon, sunset, and
midnight —two Hights were planned. Each Hight

consisted of three vadials through the antipodal
region. Each vadial was designed to pass through
the geographic antipode and 1o extend outward
about V0 km on cither side of this focal point;
the ends of the radials were 1o be joined by ares
centered ar the geographic antipode. For cach
local jonospheric  condition,  alternate  flighy
patterns which traversed each radial in opposite
divections ware 1o be used for the two flights,
In planning the experiment, it was believed that
dav-to-day repetition of the antipodal field pat-
terns and  possible movemems of the clearo-
magnetic antipode  would be more  detectable
by using vepeated radials than by using a dif-
ferent set of vadials tonr cach fhghe

The radials were selected insuch a wav as to
take advantage of the partdcular sttuation. One
radial was chosen to lie along what was expected
to be the direction of arrival of a strong signal;
the others were chosen to make use of the few
radio beacons in the area.

Due to unforeseen  difhcutues, the  actual
experiment differed someswhat from the planned
=periment outlined in the preceding paragraphs,
Only seven local antipodal flights were possible;
the noon flight was not repeated. The failure of
the doppler radar svstem and the transponder
beacon to function properly contvibuted greatsy
1o navigational problems. The transponder beacon
did not operate for some reason as vet unknown,
and it was Later established that the doppler radar
svstem had a variable error which made its ontput
unreliable and unusable. Thus, navigation was
much less accurate than the original projea
goals. These uncertainties led 1o deviations from
the desired Hight plans and resulted in greater
difhiculty in the analvsis of the data. No attempts
were made to fly ares centered at the geographic
antipode because of navigational dithculiies.

The actual fHlight patterns did essentallyv tra-
verse cach radial v opposite directions on the
pair of flights tor a given local ionospheric con-
dition. A list of corvespondencer among the vari-
ous flights is given in Table 1.

DATA REDUCTION

The uncertainty in the knowledge of the air-
cratts position made reconstruction of the actual
Hight patterns from the navigator's logbooks
more difhcult,. By accepting certain points, such
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Corresponderice of Flights in the Vicinity
of the NPM Antipode

Local Sunset

First Flight

First radial
Second radial
Third radial

Corresponds to

Fifth Flight

Second radial
Third radial
First radial

Local Midnight

Second Flight

First radial
Second radial
Third radial

Corresponds to

Sixth Flight

Third radial
First radial
Sccond radial

Local Sunrise

Third Flight Seventh Flight

Third radial
First radial
Second radial

First radial
Second radial
Third radial

Corresponds to

Note: The fourth flight was a local noon fight and was not 1epeated
due to operational dhthculties.

as celestial fixes and visual observation of known
landmarks, as being correct, other points in the
flight pattern were determined by “dead reckon-
ing.” In other words, from the aircraft bearing
and ground speed at a given time, its position
at a future time was estinnted.

The coordinates of these known points, the
time at which the aircratt was located at each point,
the assumed ground speed between cach pair
of points, and the coordinates of the geographic
antipode were fed into a digital computer, which
then calculated the bearing and the distance of
the arcrabt from the geographic antipode as
functions of time. These 1esults wore then plonted
as polar piots of the fhights, with the geographic
antipode as origin.

By using the output of the computer program
and the listings of the ficld strengths as func-
tnons of time, it was possible 1o construct plots
of the field strengths vy distance trom the geo-
graphic antipode. In the planned flight patterns
in which all the radials went through the geo-
graphic antipode, all tield strength points along
a given vadial would be at the same bearing from
the geographic antipode. In the acual Hights,

very few of the radials passed through the geo-
graphic antipode: therefore, in the field strength
vs distance plot for a given radial, tie bearing
relative to the geographic antipode was constantly
changing. (Of course, in the planned flights, the
bearing relative 1o the ge graphic antipode would
change by 180 degrees as the aircraft passed
through this point.;

A large part of the analysis was based on these
plats of field strength v distance from the geo-
graphic antipude  Thus, the vroblems ia navi-
gation resulted in a tack of precise position infor-
mation, which in turn contributed to uncertainties
and difhculties in analysis. Often, necessities for
the aircraft to change course in the amipodal
vicinity added further complication 1o the andlysis
and interpretation of the data.

Another concept used in the analysis is that
of resolving the received field strengths into a
major and a minor component. This is based on
the assumption that the held strength at any
point in the vicinity of the antipode can be re-
solved into two comporents, and that it is the
amplitude and phase velationships of these two
components along the path of flight ot (he airplane
that produce the oscillatory viriations in the
field strength. The respective amplitudes of the
two components were dednced from the data
by assuming that the average voltage ot adjacent
maxima and minima was the amplinede ot the
major component, and the deviation of the max-
ima and minima from the average was the ampli-
tude of the minor component. The time assigned
to the major and the minor componem values
is the average of the times of the consecutive
maximum and minimum held serengths, Plots
of the major components of the ficld strength
distance from the geographic antipade were made
and used in the analysis and are given at the
end of this report,

A monitor receiver was operated in Washington,
D.C., during the experiment, and the data taken
in the antipodal vidiity was compared with data
recorded by the momtor 1o identify locked-kev
transmissions and off’ periods.

Al ot the data plots are presented at the end
of this report. On some of the field strength s
distunce plots. time advances to the right, while
on others. time advances 1o the et As pointed
out catlier, the flight patterns were so designed
that on reveated thehts the radials were tanersed
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in opposite directions. Plotting the data in this
way made comparisons of similar radials casier
because the data observed on a given side of the
geographic antipode during the Hights appeared
on the same side of the origin in these plots.

THE INDIVIDUAL ANTIPODAL FLIGHTS

In this section of the report, some comments
are. made on the individual antipodal ights.
The Hights are analvzed, radial by radial, and the
implications of the data for cach thght are soa.-
marized. Reference is often made in this section
to Figs. 1a)-(d) which present the pre-experiment
calculations of the antipodal field streagths and
azimuthal behavior: these plots are exytdaned
more fully in the Analvses and Results section
of this report. The polar plots of the individual
flights, with the geographic amtipode as origin,
are given in Figs. 26a)-(g). Figure 3 is a plot of
the function f(d)} = —10 log id|, which was used
to investigiate plots of the field strength major
components vs the distance from the geographic
antipode. Figures 4 through 10 are plots of the
measured field strengths and the calculated ticld
strength major  components tor cach  radial.

The electromagnetic antipode  was  assumed
to be the fargest value of electric field intensity
measurable in the antipodal vicinity, The posi-
tion of the electromagnetic antipode  was not
expected to be coincident with the geographic
antipode and could have varied with time.

In this section of the rveport, the geographic
antipode is called the GA and the elecromag-
netic antipode is 1eferred 1o as the EAL Al field
strengths (except in Fig. 1) 2re given in decibels
{(db) relative to 1 microvolt per meter. All bearings
from the geographic antipode, as well as all air-
craft headings, are given in degrees relative to
true north (I'N). All times are given as Universal
Time (UT).

First Antipodal Flight

The first local anupodal flight was made on
July 14, 1963, under conditions of local sunset
at the antipode. The calculated held strength
polar plot for local sunset is given in Fig. 1),
and the poln plot of the fiest Hight radials s
give..in Fig. 2(a). The aircrabt remained in the
antipodal vicinity from about 1430 U'T to about
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1840 UT. Since ioncspheric sunset occurred at
about 1642 U1 at the antipode, the atraraft was
in the antipadal region for a period extending
from about two hours before local sunset 10 about
two hours after local sunser.

First Radial = The maximum E ficld strength
of 49 db recorded on the tust radial did not
occur until the aircraft had passed the GA and
was at a distance d of approsimately 14 kilometers
(km) and a bearing of 187°1 from this point,
The signals appeared to be building up according
G d M Lwounti! e aivaraft reached a poim
about 36 knd (210°T bearing) from the GA; at
about this point, the aircaratt heading changed
from 224° 1 231°T. Afier this dhange in divection,
the field stength dropped sharply, and the d 12
behavior was lost. This drop was not explainable
by looking at the caloulated field stiength polar
plot of Fig. 1(a), and would probably not be ex-
pected 10 be as large as the measured decrease.
However, the plot in Fig. 1) did indicate tha
this pass should be along the direction of arrival
of a strong signal: thus some d- 12 behavior might
have been expected and was observed. The relative
amplitudes of the E and H fields were apparently
180° out of phase in the approach to the GA,
The total measured fiecld strength plot for this
pass is shown in Fig. 4(a); the calculated major
component plot is shown in Fig. 4(b).

Second Radial - The measured field strength s
distance plot for the second radial is shown in
Fig. 40). and the calculated major component
ws aistance plot for this radial is shown in Fig. 4(d).
This pass missed the GA by about 26 km, as com-
pared to a miss distance of only about 8 km for
the first pass. The maximum held strength of
51.5 db occurred abou 30 km from the GA at
a 225°T bearing: this peak value was 2.5 db higher
than the peak value on the first pass. On this
second pass, a held strength level of 43.5 db was
recorded about 27 km from the GA at a bearing
of roughly 255°T, followed by another peak of
50.5 db at a distance of 30 km and a bearing of
282°T. The mintmam value wauld thus seem o
be about midway between the two maxima and
at a distance of about It ki tirom cach. H, as
was expected, adjacent maxima and minima would
be separated by a quarter ot a wavelength along
the direction of a strong signal, then the angle
between the aircraft heading and the svong-
signal direction would be about 74° Since e
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aircraft heading was 344°T, the strong-signal
direction could be 270° 058° 000°, or 238°T.
The field strength polar plot of Fig. 1(a) predicted
strony signals arriving from approximate bearings
of 280°, 95° 150° and 210°T. The Hight track
was not expected to be along a strong-signal bear-
ing, and no strong-signal effects, such as d '2
behavior, were observed. After the second maxi-
mum, the signal level decreased gradually. The
sudden increase in signal level at a point approxi-
mately 36 knu awd a bearing of 211°T trom the
GA could not be accounted for, except perhaps
as a sunset, dav-night discontinuity line eflect,

Third Radial — The measured field strength vs
distance plot for the third radial is shown in
Fig. 4(e), and the caleulated major component os
distance plot for this radial is shown in Fig. ).
The radial passed by the GA art a distance of about
8 km and in a direction of 105°T. The maximum
field strength recorded on this pass was 53 db;
this maximum occurred about 42 km from GA n
a bearing of about 275°T. On the approach to
the GA, d-V? behavior was quire evident, as ex-
pected, and the E and H fields were approximately
180° out of phase in the occurrence of then
maxima and minima After the occurrence of the
peak field strength, the signal devel decreased
siowly: it did not appear that the d°'2 relation
was obeved very closely in the region east of the
GA. The polar plot of Fig. 1(a) indicated that a
stroag directional effect, such as d V2 dependence
in field strength, might be expected on this pass,
and this phenomenon was observed.

First Flight Resume

The peak values of tield strength on this flight
were always observed in areas west of the GA;
it might thus appear that the EA was west of the
GA. Because of the higher peak observed on the
third radial, it would seem that this pass came
closer to the EA ihan the other passes: it is pos-
sihle that the peak on the third pass represented
the EA field strength ar that time. Tt s also very
probable, because of the duration of the flight
and the sunset transition period at the GA, that
the EA moved during the flight. From the first
1o the third passes, the positons of the peak
ficld strengrhs occurred successively further west
of the GAL this tendency might indicate thaq the
EA moved westwand during the flight, or that the

EA was stationary and that the three passes suc-
cessively passed closer to its position, or both
of these situations.

Second Antipodal Flight

The second antipodal flight was made on July
15-16, 1963, under midnight conditions at the
GA. The polar plot of the calculated field strengths
at local midnight is given in Fig. 1(b), and the polar
plot of the Hight radials is given in Fig. 2(b).
The aircraft was in the antipodal area from about
1930 UT 10 about 2330 UT.

First Radial - "The plot of the niecasured fieldd
strength v distance ane the caleulated major
component s distance for the first pass are given,
respectively, in Figs. 5(a) and (b). As the GA was
approached, the field strength appeared to be
building up according to the d '? relation. In-
terference eflects were observed, with the relative
phase relationships of the £ and H maxima vars -
ing between 0° and 180° The d "2 hehavior
was observable on the departure from the GA
but was not as definite as on the approach. A
maximum E value of 55 db was observed at ap-
proximately 24 km and a beaving of 309°T from
the GA. A similar peak in H occurred nearby
such that the separation of the E and H peaks
was about 4 km, or A4 The polar platof Fig. 1ih)
indicated that this pass should have been along the
direction of arrival of a strong signal; a strong-
signal direction behavior, such as d 12 depeadence
of the fields, was observed. As may be seen from
the polar plot of Fig. 2(h), the aircrahi headmy
on this pass was about 2831 and the Hight missed
the GA by about 11 km.

Second Radial =1 he measured field srength
distance and the calculated major component
vs distance for the second radial are shown in
Figs. 5(c) and (d). This radial was complicated
by aircratt mancuvers. The aircratt approacheld
the GA at a heading of 52°T unal it reached a
point at about 77 km and @ boaring of 219°7
from the GAL ar this point, the aircraft assumed
a heading of 3571 and continued past the GA.
Along this segment ot the light path, the aiveratt
passed by the G ar o distance of about 6 km and
a bearing of about 30091 At a point 15 km and
a hearing of 13°T hiom the GA, the abaat
assumed a 4771 heading, which was maintained
until the aireraft moved our of the immediate

o e & A A 38T e o - 9
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antipodal vicinity, The average signal level se-
mained  fuivly  steady  throughout  this  radial,
(This hehavior could be best seen in the calculated
major component plot) Interference phenomena
were not very noticeable, and d V2 hehavior
was not very evident. The field strength polar
plot in Fig. 1(b) suggested that this pass should
have been along the divection of arrival of astrong
signal, but no strong-signal ditection effedts were
noted. If a strong signal arriving from a bearing
of 280° 1o 300°T predominated, the aivcratt would
have been flving in a direction that was roughly
normal to the direction of arrival of this strong
sigral, and a relatively constant signal Yevel would
be expected. The polar plot of Fig. 1(b) suggested
a strong stgnal trom a 280°T direction,

Third Radial = The plots for the measured field
strength and  calculated major  component
distanve from the GA are given in Figs. 5(e)
and (D). respectively, for the third radiat of this
Hight. A peak E field strength ot 57.5 db occurred
at about 50 km and a bearing of 302°1 from the
GA. The field strengihs built up faster than
d"" on approaching the peak and dedreased
faster than the d 2 relation on leaving the peak.
The polar plot in Fig. 1iby suggested that this
radial would be along a weak-signal direction.
and the absence of a d 12 dependence appeared
to indicate agreement. There was some evidence
of interterence phenomena, This radial was also
compheated by aircraft maneuvers, as can be seen
trom Fig. 2(h). The aiteraft entered the antipodal
area at a heading of 16071 but changed 1o a head-
g of 13571 at a distance of about 96 km trom
the GA. This heading was maintained until a
poimt at a distance of 11 km and a bearing of
220°T from the GA was reached: at this point
a4 heading of 140°T was assumed until the air-
craft had reached a point ar 54 km and a bearing
of 15271 from the GA. Then a heading of 170°F
was assumed until the aireraft left the antipodal
vicinity,

Second Flight Resume

The F field peaks on the st and thind radials
were nearly equals the difference in levels was
25 db. They might have represented the FA
freld at the umes of thetr measurements, or thes
might hive represented simddar peaks mothe EA
held nmes. The peaks were
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spatially separated by 27 kin and time separated
by about 3 hr: the information suggesied that
perhaps the EA moved approximately 27 km i
4 200°T direction in the 3-h time interval hetween
measurements. Another posabilitn. was that the
two puaks represented  different maxima in o
stationaryantipodal standing wave  patternn:
it this were so, both passes should have recorded
other peaks that would be similarly separated.
Such peaks were not obsersved, however,

Third Antipodal Flight

The third antipodal flight was made on July
17, 1963, under local «untise condinons. The
aireraft was in the vicinity of the GA from abom
0035 U1 1o 0435 UL Since ionosphernc suntise
occurted around 0434 U, the aitant wos leav-
ing the GA vianiny at chout the time sunise
was occurring. ‘This flight was then terminated
i Capetown instead of rennning to Johannes-
burg. ‘The polar plot of the calculated antipodal
held strength patterns gt suniise s given in
Figr. tea), and the polar plot of the Hight radials
is ginven in Fig 200y,

Firit Radial — As seen i the data plos in Figs.
6a) and (by tor the fustradial, the hield strengths
built up 1o a value that remained fanh level as
the airaratt passed near the GA ar a distance of
about 6 km and a bearing of 20000 his “platean”
was attaimed about 60 ki cast by southeast of
the GAL the hield strength level centered around
S0 db. Phe aitcraft was thang i a 289°T dinechon
unil it reached o point that was 10 ki distant
from the GA at a bearing of about 24571 then o
heading of 300°1 was assamed. Peaks of 60 dh
tor E and H were then reconded, The E peak
occurted at approximateh 52 kin from the GA
and a bearing of 29171 the H peak occunied at
about 56 km from the G\ at roughly the same
bearing. The E and H peaks occunted approxi-
mately one quarter of 0 wavelength apart. No
good evidence of 1?2 hehavior was observed
on this radial. Aer the observed peaks, the
ficld strenghis dedreased more rapidiv vhan
d ' dependence. The pola plot of Fig. 1)
suggested that this radiat should have displaved
strong-signal divecnon effeas: 1 the predonnnam
signal were coming from a beaning of 210%1
the tanh steady hield suength level near the G A
could be explamed as beg due to motion of the
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aircraft normal to this strong signal direction. The
peaks could be the result of constructive inter-
ference between this signal and a weaker signal
from a bearing of 280° or 290°T. The field strength
then might decrease quite rapidly as the aircraft
left the antipodal vicinity, as was observed.

Second Radial — The second pass missed the GA
by about 26 km at a bearing of 125°T. The air-
craft approached the antipodal region from the
southwest at a heading of 6571 until it reached a
point 84 km a1 a bearing of 291°T from the GA;
the aircraft then assumed a 39°T heading and
maintained this direction throughout the rest ot
this radial. The measured feld strength and cal-
anlated major component vs distance plots are
shown in Figs. 6(¢) and (d). No well-defined peaks
were observed; the signal level increased rather
slowly and steadily from roughly 40 db *o about
55 db throughout this pass. There was some
evidence of an interference pattern in the region
southwest of the GA. About 120 kin northeast of
the GA, the signal attained this 55-db level, which
was maintained for a large distance: there was
litthe evidence of an interference pattern on this
part of the flight. The polar plot in Fig. 1)
suggested that this pass should hive shown the
effects of motion along the direction of arrvival
of a strong signal. but no d ' dependence in the
ficld strength was observed. There was linle
evidence of mterference phenomena, A single
dominant signal at the anupode from the north-
west  (approximately  310°T bearing) or the
southeast (approximately 130°1F bearing) could
have produced the tield strength beha ior ob-
served on this radial. However, this stror g-signal
direction contradicts the strong-signal direction
postulated to explun the data behavior on the
first radial. In order to agree with this postulate,
the second radial would have to show strong di-
rectional  effects. which  were not observed,

Third Radial - The measured hicld stren: th and
calaulated major component plots for the third
radial are shown i Figs. 6(¢) and (f). This radial
passed the GA at a distance of 3 kmand a beanng
of about 25097 the heading of the nrcratr was
15177, and this divection was maintammed through-
o this pass. The held strength curve apparenthy
reached a minimum abeur 150 km northwest of
the GAL then the field strengrh built up 1o a peak
value at a distance of # km and a bearmy of
32871 trom the GAL The mimmmum E value was
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about 37.5 db, and the peak value was about 61 db.
After this peak, the feld strength stayed fairly
level, maintaining an average value around 57 db
until after the aircraft had passed the GA. After
the aircraft reached a point at about 60 km and a
bearing of 153°T from the GA, the field strength
decreased. Very littde evidence of interference
phenomena was observed on this pass; the cal-
culated major component plot did not show any
d'? behavior anywhere; the E and H fields ap-
peared to vary in the same manner as though
only a signal from a single propagation path were
present. The polar plot of Fig. 1(¢) suggested that
this pass should be along a weak-signal direction;
the behavior of the field strength data in the
immediate vicinity of the GA suggested that this
portion of the radial might be normal to the direc-
tion of arrival of a strong signal, and the decrease
in signal level before and after the aircraft passed
the GA also agreed with this idea. If this radial
were normal to a strong-signal direction, then it
would be expected from the plot of Fig. 1(c) that
the strong signal would be coming from a direc-
tion of about 240°T. It should be noted that this
pass was made just as sunrise was occurring at the
GA, and the nearness of the dav-night transition
could have produced additional effects.

Third Flight Resume’

Evidence of an interference pattern was seen on
the entire first radial but was only slightly indicated
on the other two passes. The positions of the peaks
on the frst and third passes suggested that the
EA might be somewhere northwest of the GA;
since these peaks were approximately of the same
amplitude, they might have represented two
crossings of the same equal-amplitude contour
around the EA. Since the field strengths on the
second pass were lowei than these peak values, it
would then appear that the EA was northwest of
the GA. If. on the other hand, these peaks re-
presented the EA field strength at the times of
their observaiion, then the first and third pass
results suggested that the EA bad moved ap-
proximately 30 kmy in a 55°T direction in a period
ot about 3 hi, The relatively steady field strengths
observed in the second pass might have indicated
a strong direction of arrival from a 310°T or a
13071 direction. The results of the first and third
passes sugpested the 310°7 direction. Therefore,
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if the hrst and third radials did not pass through
the EA, perhaps it could be assumed that the EA
was in the sector between the passes, with an
angular width of appi ximately 30°

Fourth Antipodal Flight

The fourth flight to the NPM antipodal vicinity
was performed on July 25, 1963, under conditions
of local noon at the GA. The polar plot of the
calculated  antipodal fie' 1 strength patterns at
noon is given in Fig. 1(d). A polar plot of the
fight rvadials is given in Fig. 2(d). The aircrafi
was in the immediate vicinity of the GA from
about 0615 UT to about 1030 U1

First Radial = The fivst radial approached the GA
at a heading of abour 285°T and passed this
reference point at & distance of 11 km and a
bearing of 19571, At a point 50 ki from the GA
and a bearing of 272°1 the airoreft assumed a
heading of 296°T. The measured  field
strength and  calculimed  major componen v
distance plots are given in Figs. 7(a) and (M),
respectivelv, From a distance of about 180 km
cast of the GA, the signal level increased ina d 2
manner to an E field peak of 61.5 db at a poim
about 30 km from the GA and a bearing of 263°T.
The E and K maxima occurred simultancously.
There was linle evidence of interference phe-
nomena on the approach to the peak values, bu
after the peak occurred and the ar-cratt assumed
its new heading of 296°T, interlerence effedts
became more evident. The held strength de-
creased quite rapidly after the peak value oc-
curred, but after the new heading was tiaken, a
smaller peak (£ = 50 db) occurred at a distance of
86 km and a bearing of about 280°T from the GA,
after which the field strength deareased more
slowlv. A d 2 dependence in the field strength
was seen in the approach to the GA but was not
seen after the occurrence of the peak  held
strength, Tt abso appeared that the K and H helds
maintained a constant phase relative to each other
throughout this radial.

Second Radial — The measured tield strength and
caleulated major component i distance plots tor
the second radial are shown in Figs. 7(c) and (d),
respectivelv. From a point approxunately 120 km
from the GA, rhe ficld strength rose gradually as
the aiveraft approached the GA at a 3771 heading.
At a point 36 kin from the GA and a bearing of

new

21177, the aircraft changed o a 41°T heading,
and the signal dropped sharply. However, at a
point about 18 km from the GA and a 20277
bearing, the aircraft heading changed 10 45T,
and the signal strength returned to the level
observea just before the aircraft changed from
its 5771 heading: this level was approximately
53 db. The aireraft then passed the GA at a dis-
tance of 7 km and a bearing of 14077, Another
dip in signal level (E = 46 db) occurred about
26 km from the GA at a bearing of 61°T, Another
peak (E = 56 db) occurred at approximately 50 km
and a bearing of 54°T from the GA. After this
veak, the signal level decreased gradually as the
aircraft left the immediate vicinity of the GA.
There was some evidence of interference effects
on the approach 10 the GA but no evidence of
such effects during the departure from this point.
According to the polar plot in Fig I(d), this
radial should have been along a strong-signal di-
rection of arrival, but no d ' dependence was
definitely observed. The dips in the signal level
occurring in the proximitv of the GA cannot be
explained by looking at Fig. 1(d): these minima are
probably the results of interference of signals
arriving  from two or more directions. These
minima were separated in distance by about
46 km: the last two peaks were separated by about
50 km. Allowing for the uncertainty in the air-
craft position and speed, these two distances could
casily be identical. Assuming a halt’ wavelength
separation between maxima (or minima) along a
strong-signal direction, shis result would suggest
that the aircraft was flving at an angle of ap-
proximately 80° to a strong-signal direction. A
strong signal direction would then be a bearing of
125°, 145° 305° or 325°T. The polar plot of
Fig. 1(d) suggested that the 305°T direction would
be the most probable choice.

Third Radial - Figures 7(¢) and '), respectively,
show the measured field strength and the cal-
culated major component vs distance from the
GA for the third radial. This radial maintained
a heading of 16077 throughout the vicinity of the
GA and passed this point at a distance of 4 km and
a bearing of 70°T. There was good evidence of
interterence phenomena on this entire pass, but
especially in the approach to the GAL The varia-
tion of the E and H helds appeared to be approxi-
mately 180° out of phase, with the separation of
the maxima and minima of both fields being of
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the order of 4 to 8 km. A peak E field value of
55 db occurred at a distance of 13 km and a
bearing of 354°T from the GA; the H field peak
occurred nearby at a distance of 20 km from the
GA at roughly the same bearing. A secondary
peak occurred approximately 48 km from the GA
at a bearing of 155°T. Both on the approach to
the first peak and on the departure from the
second peak, the data on this pass roughly obeved
the d-'* dependence, although the origins for
the d-'* plots were not coincident. The calculated
field strength plot of Fig. 1(d) indicated that this
pass should be along a weak-signal direction, but
phenomena associated with a strong-field direction
werce observed.

Fourth Flight Resume

The position of the EA was difficult to determine
from the data on this Hight. Since the highest
peak occurred west of the GA on the first radial,
it might seem that the EA was westward of the GA;
however, signal levels only a few db lower were
recorded north and nor beast of the GA on the
other radials. These results could have indicated
that the EA was somewhere close to the GA and
that the aircraft was passing near the EA but not
through it

Fifth Antipodal Flight

The hfth flight was the second local sunset
flight and was performed on Julv 26, 1963. The
radials are plotted in Fig. 2(e); the applicable field
strength polar plot calculations are shown in
Fig. 1(a). The aircraft was in the vicinity of the GA
from about 1204 UT to about 1600 UT. Since
ionospheric sunset occurred roughly at about
1642 UT, the aircraft left the arca before tono-
spheric sunset. However, ground sunset occurved
at about 1605 UT, just as the aircraft was ending
the last pass.

First Radial — The fivst radial maintained a 290°
heading throughout the vicinity of the GA, which
was missed by 2 km at a bearing of 200°T. The
measured  held strength and calculated  major
component us distance plots for this radiai are
shown in Figs. 8(2) and (b). On the approach to the
GA, the signal strength increased gradually to a
peak value of about 50 db, which occurred at a
point about 8 km from the GA and a bearing
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of 125°T. After the aircraft passed by the GA, the
signal level dropped sharply, s can be seen bestin
the calculated major component plot in Fig, 8(b).
Interference phenomena were apparent through-
out this radial, but especially after the GA was
passed. Maxima and minima differences of the
order of 10 db were observed and, in the region
to the west of the GA, it was noted that the cal-
culated major components of £ and H varied in
different manners, ie., they did not follow similar
patterns. Some evidence of a d-Y2 behavior was
observed in the area far to the east of the GA on
the approach: the data in the range from 170 km
to about 90 km showed this behavior. Such be-
havior was not observed elsewhere on this pass.
The polar plot of calculated field strengths
in Fig. 1(a) suggested that the direction of this
radial should be close to two, approximately
opposite,  strong-field  directions.  However,
at this time of day, many strong-signal direc-
tions were predicted so that a complex field
strength  pattern might be observed for this
whole flight.

Second Radial — The pertinent data plots for the
second radial are shown in Figs. 8(¢) and (d). This
radial approached the GA at a heading of 33°T
but changed to a Leading of 41°T at a point 37 km
from the GA and a bearing of 210°T. This heading
was maintained for a short time until the airceraft
reached a point approximately 18 km from the
GA at a bearing of 204°T, where a heading of
43°T was assumed. This heading was maintained
approximately throughout the remainder of this
pass. The approach o the CA was therefore
complicated by aircraft maneuvers; the data on
this portion of the pass showed some inter-
ference behavior. On the departure from the
GA, a d" dependence was followed approxi-
mately. The field strength peak occurred simul-
taneously for both E and H at a distance of 36 km
and a bearing of 54°T from the GA. However, at
some other points, the E and H fields appeared 10
be 180° out of phase; the phase reluionship
between E and H was not constant over this pass.
The held strength estimations shown in Fiel ita)
suggested that strong directional effects should
have been observed on this pass, and d 2 held
strength behavior was observed. The absence of
data fit to a d- 2 dependence on the first half of the
radial mav be the vesult of the aircratt maneuvers,
or it may be due to the fact that the first half of
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the radial was less aligned with a strong-signal
direction than the second half.

Third Radial — The measured ficld strength and
calculated major component vs distance plots for
the third radial are shown in Fig. 8(¢) and (f). As
may be scen from Fig. 2(¢), this radial was also
complicated by maneuvers in the arca of the GA.

This pass approached the GA at a heading of

158°T and apparently was one of the few radials
that passed through the GA. The nuncuvering
began after the aircraft passed threagh the GA,
and the subsequent data were difficult 1o analyze.
After the aircraft reached a point at about 72 km
and a bearing of 163°T from the GA, the field
strength settled down and gradually decreased.
It was at this point that the aircraft assumed its
final heading of 156°T. A peak field (E = 40 db)
about 108 km and a bearing of 338°I" from the
GA was followed by a minimum field (E = 31 db)
at about 56 km and the same bearing from the GA.
The largest peak occurred at about 13 km and a
hearing of 1607T from the GA when the aircraft
was executing a maneuver; the E field at this point
was about 45 db. During the maneuvering, the
signal strength changed rapidlyv. The plot of Fig.
Ia) suggested that this radial should be dose to
a strong signal direction. However, no d V2 be-
havior was observed. Very few interference effects
were noted.

Fifth Flight Resume’

The double peaks on the first and third passes
of the flight and the separation of the £ and H
major components on the first radial suggested
a complicated antipodal situation. Definite con-
clusions regarding .he motion of the antipode
could not be reached. The maxima on the first
and third passes occurred very close to each other
in space, being separated by onlv about 6 km;
however, the difference in magnitude was about
5 db. The second radial maximum occurred about
40 km from the positions of these peaks and was
of approximately the same magnitude as the first
pass peak. The first pass peak occurred ar 1232
UT, the second pass peak occurred at 1406 UT,
and the third pass maximum occurred at 1544
UT. The time separation of the peak occurrences
was of the order of 1.5 hr. It would seem that per-
haps the EA was somewhere eastward of the GA,
judging from the positions of the various maxima.

-
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Sixth Antipodal Flight

The sixth antipodal Hight was performed on
July 27, 1963, under conditions of local midnight
at the antipode. 'The plot of the expected antip-
odal field strength pattern. is shown in Fig. 1(h).
A polar plot of the radials tor this flight is shown
in Firr, 2(1'). The aircraft was in the vicinity of the
GA over a period ranging from 2035 UT to abowt
0005 UT.

First Radial - The relevant data plots for this
first radial are shown in Figs. 9) and (b). This
radial missed the GA by about 25 km at a bearing
of about 32571 The aircraft entered the GA re-
gion from the northeast at a heading of abowt
232°T and switched to a heading of 227°T a a
point 37 km distant from the GA and a bearing of
274°T. After this heading change, the field
strengths appeared to obey the d V2 relation, but
before this alteration of the flight path no such
behavior was very obvious. According to the polar
plot of Fig. I(b), the change in heading should
have resulted in motion along a stronger signal
direction, so perhaps this was the reason for the
d"V* behavior becoming more pronounced. An E
field peak of about 53 db occurred at a point 58
km distant from the GA and a bearing of 2551
an H field peak occurred at a point 62 ki from the

GA and a bearing of 253°T. The E and H peaks
were separated by about 5 km in space then. If
the E and H peaks along a strong-signal direction
were separated by a quarter of a wavelength, then
the flight was making an angle of about 40°
with a strong-signal direciion. Thus, a strong-
signal  direction would be suggested, with a
bearing of 267°, 187°, 87°, or 07°T. The polar
plot of Fig. 1(b) suggested that the 267°T bearing

was the most likely. There was some evidence of
interference phenomena before the occurrence
of the peak, but very little evidence of such effects
after this peak. The plot of Fig. 1(b) predicted
that this entire radial sheuld have shown strong
directional effects.

Second Radial - The measured feld strength
and calculated major component vs distance plots
for the second radial are shown in Figs. 9(¢) and
(), respectively. This radial approached the GA
from the southwest at a heading of 330°T and
passed this point at a distance of about 16 kmand a
bearing of 6071 at a point 20 km from the GA
and a bearving of 2071, the aircraft changed 1o a
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new heading of 338°T, which was maintained until
the aircraft was 120 km away from the GA. The
signal levels appeared to build up gradually as
the GA was approached and passed. An E field
peak of 51.5 db occurred 20 km from the GA just
as the aircraft was changing its heading: an H
field minimum occurred simultancously with this
E field naximum. A second E ficld peak of ap-
proximately the same level occurred 65 km from
the GA at a bearing of about 350°T". There were
very few signs of interference effects and only
slight indications of a d-¥2 behavior, but, because
of the large GA miss-distance, any conclusion re-
garding such behavior must be cautious. The
field strength polar plot of Fig. 1(b) suggested that
this radial would be along a weak-signal direction;
conclusions about this point were not definite.

Third Radial - The pertinent data plots for the
third radial are shown in Figs. 9(e) and (f). This
radial entered the GA region at a heading of
109°T, but at a distance of 42 km and a bearing of
288°T from the GA, the aircraft changed e a
15T heading. The GA was then passed at a
distance of 5 km and a bearing of 200°T, The
polar plot of Fig. 1(b) indicated that this pass
should show definite  strong-signal  direction
effects. Interference effects were evident, especial-
ly after the GA was passed, but no d¥2 behavior
was definitely observed anywhere. As may be seen
from Figs. 9(e) and (f), the field strengths main-
tained a fairly constant average level around 40 db
after the aircraft passed the GA. A simuhaneous
peak of E and H occurred at approximately 54 km
from the GA and a bearing of 288°T; the E value
at this point was about 57.5 db. If the first two
radials did lie along strong-signal directions, then
these signals might have produced the inter-
ference patterns seen on this radial without
producing any d-"2 hehavior.

Sixth Flight Resumé

Determination of the location of the EA from
the data on this flight was extremely difficult; four
widely scattered peaks of approximately the same
magnitude were found on the three radials, How-
ever, the largest peak occurred on the fast radial
ata poimt west by northwest of the GA| so perhaps
the A was somewhere west of the GA, There was
some indication of a d" Y2 dependence in the field
strength data on the first two passes, but conclu-

sions regarding such behavior must be cautiously
drawn because these radials missed the GA (the
origin of the data plots) by large distances. None
of the radials clearly exhibited effects which were
regarded as being characteristic of a strong-signal
direction.

Seventh Antipodal Flight

The seventh and last antipodal flight was per-
formed on Julv 28, 1963, around the time of local
sunrise at the GA. The calculated field strength
polar plot for antipodal sunrise is shown in Fig,
I(¢). The flight radials are plotted in Fig. 2(x).
The aircraft was in the antipodal re ion from
about 0230 UT to about 0606 UT. Since local
ionospheric sunrise occurred at about 0434 UT,
the flight lasted from about 2 h- before sunrise
to about 1.5 hr after sunrise.

First Radial — The measured field strength and
calculated major component s distance plots for
the first radial are shown in Figs. 10(a) and (b).
This radial approached the GA from the north-
east at a heading of 226°T, which was maintained
throughout the immediate vicinity of the antipode;
the GA was passed at a distance of about 3 km and
a bearing of about 315°T. The signal level was
fairly constant around 53 db on the approach to
the GA; then H and E maxima were recorded,
respectively, at distances of 4 and 7 ki and
bearings of 270° and 250°T from the GA. These
peaks were spatially separated by 4 km, or about a
quarter of a wavelength, The E peak value was
62 db. The field strengths then decreased rapidly
1o minimal values at about 80 km and a bearing of
220°T from the GA for both E and H: the E field
here was 44 db. The field levels then increased
gradually from this point. The field strengths
apparently did not follow a d-"2 behavior on this
radial, and the E and H fields appeared 1o be in
phase throughout most of this rad’al. The polar
plot of Fig. 1(¢) suggested that this radial should
show definite strong-signal direction effects, but
apparently no such effects were definitely seen.

Second Radial — The second radial missed the GA
by 20 km at a 77°T bearing. This pass maintained
a heading of 348°T throughout the GA region.
The measured field strength and caleulated major
component plots are shown in Figs. 10(¢) and (d).
The fields built up gradually on the approach to
the GA, but a sharp dip in the E field occurred
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about 21 km from the GA at a bearing of 6277
the ficld strength dropped from a previous level
of 54 db 10 about 44 db. The previous level
occurred just as the aireraft was passing the GA.
After the minimum, the E field exhibited a peak
of 60 db at a poim 28 km from the GA and a
bearing of 34°T1. An H peak occurred about 38 kin
from the GA at a bearing of 20°1. The E and H
piks thus appeared to be separated by 13 kin.
The signal strengths decreased gradually from
these peaks. There was some evidence of inmter-
ference effects on the entire 1adial. The plot in
Fig. 1) suggested that this radial should have
been along a weak-signal direction, There was no
evidence of anv d Y2 behavior in the ficld strengths
on this radial. The large dip in the E field in the
vicinity of the GA could possibly have been a
sunrise  fade  effect, since jonospheric sunrise
occurred over the GA during this vadial.

Third Radial — The third radial passed very dose
to the GA, apparenthy missing this point by a
kilometer or less: by comparison with other
radials in this experiment, this vadial could
be described as passing through the GAL An air-
craft heading of 1107 was maintained throughout
the antipodal vicinity, The measured field strength
and calculated major component plots are given
in Figs. 10(¢) and (f). The neld strength appeared
to be at a peak value of approximatelh 53 db at a
point about 160 km distant from the GA and a
bearing of 290°T. The signal strength decreased
to a minimal level, which occurred around 80 km
from the GA at the same bearing, then an in-
crease occrred again until a maximum  signal
level was reached at a point 11 km from the GA
and a bearing of about 115°T. The E and H helds
had coincident maxima at this point: the E field
strength was about 66 db. The field strengths
followed a d " pattern very well in the interval
from 160 km o 80 km west of the GA, but no-
where else did they appear to follow this behavior
very doselv. Interference effects could be naoticed
west of the GAL but after the aircraft passed
through the GA, such effects were not so evident.
The E and H fields appeared 10 be in phase with
ecach other on this radial. The H held suffered
deeper minima than the E hield: separations of
14 db and 17 db were noted between adjucent
maxinu and minima. The Lugest separation noted
in the £ fheld data was about 11 db. The pola
plot of Fig. () suggested that this radial should

be along a strong-signal  ditection;  expeated
strong-signal direction behavior was noted only
in the area far west of the GAL Ground sunrise
occurred just as this radial was begun, o the
antipodal hield  patterns were probably compli-
cated by sunrise effects.

Seventh Flight Resume

The two peiks observed on both the first and
third radials might have indicated that the EA
was not a localized point, i, antipodal eftects
might be observable over a wide arca immediatels
surrounding the GA. These peaks could also have
been the result of sunrise effects because the day-
night discontinuity line moved through the antip-
odal region during this Hight. The first and
third passes recorded peaks ot roughly the same
magnitude dose 1o the GAL Possibly these peaks
could have represented the EA held strength
the times of thetr measurement, and the EA could
have been close 1o the GA during this Highe 1
these two peaks nearest the GA on the first and
third radhals did represent the EA ficld strengih,
then the EA had apparently shifted about 17 ki
ina 1i0° direction in the 2 hr and 42 min interval
between the ovcurrence of these peaks, The co-
incident appearance of the £ and H held peaks
on the third radial did not agree with the idealized
antipodal models in which the maxima ot £ coin-
cide with the minima of H, and vice versa. Such
behavior could result, however, it the anupodal
fickds were due primarily o signals trom pre-
dominantly one direction.

ANALYSES AND RESULTS

General Considerations

In discussing the antipodal experiment, there
are several definitions that might be adopted.
First of all, there is the geographic antipode,
which is a geometric definition. Next, a definition
of the electromagnetic antipode based on phase
considerations could be made; for example, the
arca which is the limit of convergence ot isophase
contours might be defined as the electromagnetic
antipode. The definition adopted for this repont
is that the clecrromagnetic antipode is the location
of the maximum elearic field strength observable
in the antipodal region. Since the analysis deals
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only with amplitude information, this defini-
tion seems the most appropriate. A further
restriction might be that, at this point of maxi-
mum E field strength, the H field strength should
be at a minimum value in order to agree with
simple ideulized theory. However, this vestric-
tion is not imposed since the real antipodal
situation is not expected to fit o dosely to
the idealized case because f the nonuniform-
ity of the carth-ionosphere  waveguide, and
also  because the detection of the minimum
of all the minima in the presence of noise is
practically impossible.

In the following paragraphs, the resulis ob-
tained from the experiment and the methods of
analysis used to obtain the results will be discussed
in some detail.

Field Strength Convergence

On every flight, an increase in magnitude
of the held strength was observed as the air-
craft approached the antipodal arca. A con-
vergence effect was  therefore quite  evident
at the antipode of the NPM transmitting sta-
tion. This result is in agreement with the re-
sults of earlier antipodal work, notably the
1962 joint experiment of NRL, NEL, and DECO
Electronics, Inc. (5.6).

The maximum E ficld strength  observed
during the experiment occurred on the last
flight; the value observed was 66 db above
1 pv/m, or 2.0 mv/m. This value is approxi-
mately the field strength expected for one
mode over a daytime all-seawater path in an
isotropic - waveguide at a distance ot abow
3000 km from the same transmitier: the feld
strength of 2.0 mv/m near the antipode, which
is approximately 20,000 km from the trans-
mitter, does  demonstrate  the  convergence
effect.

Diurnal Variations

Prior 10 the actual performance of the experi-
ment, attempts were made to calculate the antip-
odal field strength amplitudes and patterns at
those times of the day at which it was planned
to make the actual measurements. The basis for
these  caleulations was  the  waveguide  maode
equation in modified form:

E=K+10log P, +A
~ 10 log £~ 10 log [a sin (d/a)]

—z Maidi'_zAagdy
where

E = clectric field intensity in decibels  (db)
relative to 1 gv/m

K = constant (db) dependent upon ionospheric
height

P, =radiated power of the transmitter in
kilowatrs (kw)

A = excitation  factor  (lumped  loss) in b

S=transmitter frequency in kilocycles/second

(ke/s)
a = carth radius in kilometers (km)
d = propagation path length in km

M = magnetic directional parameter (dimension-

less)

a; = attenuation rate in db per megameter (M)
with an infinitely conducting carth and a
constant ionospheric height

d; = propagation path length in Mm for a given
ionospheric height

A, = additional attenuation rate in db/Mm for a

given type of terrain with finite conductivity
dy = propagation path length in Mm over a
given tvpe of terrain.

The values assumed for the above various
propagation parameters are given below:

Additional Torvain Attenuation Rates

Terrain Aa, («tb/Mm)
Sea water 0.0
Average land 1.0
Poor land 5.0
Arctic land 12.0
Greenland Teecap and Antarctica 24.0
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lonospheric Attenuation Rutes*

Tonospheric Condition a; (dbh/Mm)

Day (A = 70 <m) 2.0
Night (A = 90 km) 1.0

Magnetic Directional Parameter,
075 <M=<13

The M factor accounts for the nonredprocal
nature of Vit propagation along east-west direc-
tions in the carth-jonosphere cwity, This factor
is a function of the angle between the carth's
magnetic ficld and  the propagation path and
varies the jonospheric attenuation tate according-
Iy. The M values used in the antipodal caleulations
were averaged  values taken over the eniire
propagation path. These values were taken from
Wait (7). The values of A were taken from Wait
and Spies (8).

It will be noted that the waveguide equation

contains a singularity at the antipode because of

the =10 log [a sin (d/a)] term. This difficulty can
be circumvented by caleulating the field strength
atadistance of T km from the antipode and then
extrapolating 1o the antipode. As shown below,
the =10 log [a sin (d/a)] term vanishes it this
approach is used.

At I km from the antipode, the propagation
path length is d = ra - 1, so

. (n’a - l)
a sin -
a

? i
-] 1]
al— o]
| Py
8 |-
—_—— N
8|
N —
w
[

Therefore,
=10 log [a sin(d/a)]) = —10log 1 =0.

The extrapolation to the antipode can be ac-
complished by using the expression tor the
envelope of the Bessel function, as given by
Norton (3) for a single direction. ‘This expression is

E =—15.964 —10 log (d/A)
where E is the field strength in db relative to the
field strength at the antipode, d is the distance in

*Infimte ground condudtivity,

km from the antipode. and A is the wivelength of
the signal in ki, For the case wheve d = | km,

E

it

—15.96—10log 1 + 10 log A

—15.964 + 10 log A

= constant (for a given A).

Various propagation paths from the transmitter
to the antipode were selected, and. for cach path,
an attempt was made to calcufate the field suength
from this path at a distance of 1 km from the anti-
pode. For each path, the amount of cach type of
terrain crossed was considered, the percentage
of each path in sunlight and in davkness was taken
into account, and tie loss for cach path segmem
was estimated. The  dav-night nansition hines
were taken as sharp boundaries, and no  dis-
continuity effects were considered. The calculated
field strengths in millivolts per micier were then
plotied on a polar plot centered at the antipode.
A smooth curve was drawn through the hield
strength points, and the area enclosed by the
curve was mechanicallv antegrated. (Phis area
represented an estimate of the energy arriving at
the antipode) This area was converted to an
equivalent  circular area of which the radius
represented an cflective held strength ar 1 ki
from the antipode. The effective antipodal field
strength was then obtained by extrapolation using
the Bessel tunction envelope expression as given
by Norton (3).

These calculations indicated that the sunrise
fields should be highest, the sunset ficlds lowest,
and the noon and midnight helds intermediate,
The results are contained in Table 2 along with
some measured peak fields at these various times
of day. Polar plots of the calculated amtipodal
fields are given in Fig. 1.

As mav be seen from Table 2, the measured
peaks at these various times of day apparently
followed the caleulated diurnal pattern, although
the measured field peaks were lower than those
cialeulated. These differences mav result from
inaccurate  calculations, or they may  indicate
that the aircraft never passed through the elec-
tromagnenc antipode, or they mav result from
combination of both conditions. The NEL ground
station recordings near the antipode also showed
the same diurnal behavior (9),
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TabLE 2
Antipodal Field Strengths

Computed E Field | Measured Peaks of E Ficld
Laocal
Tonospheric . .

PN Yo . (db relative i (db relative
Condition | (mv/m) 1 1 pv/m) (mv/m) 1 uv/m)
Suurise 4.23 725 2.00 66.0

1.26 62.0
1.19 61.5
Noon 2.00 66.0 1.19 615
0.60 55.5 ¢
0.53 54.5
Sunset 1.35 62.6 0.45 53.0
0.38 51.5
0.28 49.0
Midnight 1.84 65.3 0.75 57.5
0.75 57.5
i .60 55.5

The higher fields at local sunrise are apparently
due to the nightime, virtually all-seawater
propagation path to the east from NPM through
the Central American area. The path from the
opposite direction is also virtually all seawater,
but it is less favored at local sunrise because of its
sunlit cendition and because it is a propagation
path to the west from the transmitter. Snyvder
et al. (9) have suggested that the difference in the
amplitude of the sunrise and sunset ficlds may be
due basically 1o the nonreciprocity (at vif) of
propagation to the east from the transmitter
propagation to the west from the transmitier,
since he feels that the sunset fields are due pri-
marily to signals propagating to the west from
NPM to the antipode. The other paths contain
more attenuating land masses and are less favor-
able to propagation to the antipode than these
two path sectors considered.

If Snyder's suggestion is correct, the sunrise
and sunset fields should be primarilv due to
energy arriving from a single direction; therefore,
the E and H helds should be in phase. The NEL
ground site recordings indicated this behavior (9).
On the first flight (which was also the first sunset
flight), the £ and H ficlds appeared to be out of
phase near the time of local sunset, which occurred
during the second radial (345° true heading). On
the fifth Hight (the second sunset Hight), sunset
occurredd atter the third radial (160° true heading);

-

the two fields appeared to be in phase before, and
out of phase dfter, sunset. The E and H fields did
not maintain a constant phase relationship relative
10 each other. On the third fiight (the first sunrise
flight), the E and H fields seemed to be in phase
about the time of local sunrise, which occurred
near the end of the third radial (151° true heading).
The E and H fields also seemed 10 be in phase
near the time of occurrence of sunnse on the
seventh Hight. Sunrise occurred on this {light
near the end of the second radial (348° true
heading). *

The changing phase relationship of E and H
on the fifth fHight might have been the result
of mode conversion  ffects as the  dav-night
transition line moved through the antipodal
region. The E and H felds apparently were out
of phase just prior to sunrise, but they apparenthy
were in phase during and just after sunrise on
the seventh flight. This phenomenon again might
be explainable in terms of mode conversion effects
at the dayv-night discontinuity line.

The behavior of the E and H fields on the sun-
rise fights indicates that Snyder's suggestion may
be correct, but the data from the sunset flights
are not as conclusive. In this case, the NEL ground
station data mav prove 10 be more significant.

The caleatated antipodal field strength polar
plotin Fig. 1a) for local sunset indicated a strong
component arriving at the antipode trom the east

-l
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and a stronger component from the southeast,
but strong signals from the west and southwest
were also predicted. This result did not quite
agree  with Snvders  suggestion, whereas  the
sunrise polar plot [Fig. 1)) showed virtually
all of the energy coming from the west and south-
west, which better agreed with Snvder’s idea.

Distance Dependency of Antipodal Fields

As noted in the Introduction, simple antipodal
theory predicts that the envelope of the held
strength curves should vary as the inverse square
root of distance d from the antipode, ie, E =
C d ' For the idealized case, the major compo-
nents, as defined in the Data Reducion section
of this report, should also obey this relation.
Hence, the major component ws distance from the
geographic antipode plots were used to search
for this tvpe of behavior,

A plat of the function f(d) = =10 log |d| was
constructed and applied to the major component
plots to see if any sectioms of these plots fit this
function. Several plots having portions that appar-
cntly obeved this relation were tound: the f(d)
function was *hen drawn on these plots, and the
origin tor f(d) was indicated. As expected, the ori-
gin tor £(d) very seldom coincided with the origin
(the geographic antipode) of the major component
plots. The funciion f(d) is plotted in Fig. 3.

All bearings from the antipode were not ex-
pected to show a d "% dependence due 1o the
inhomogeneity  of the  earth-ionosphere  wave-
guide, The strong-signal directions, such as the
sector  from  the transmitter  through  Central
America 1o the antipode, were expected to i,
plav d ''? behavior because these sectors we, e very
nearly homogeneous and more dosely approxi-
mated the conditions of the idealized theory
than the other paths. Figures 4(F) and 5(b) are
examples of plots of data that were taken from
flights alonz expected strong-signal bearings and
showed the d-1"2 behavior.

If the electromagnetic antipode, as defined in
this report, were a single point, signals arriving
from the less favorable propagation paths would
have to increase faster than d 2 in the antipodal
arca to attain the antipodal ficld strength Jevel.
Figne 5(1) shows a plot that built up 10 a peak
more quickly than d %, this bearing was not
expected to be a strong-signal direction.

If, on the other hand, one strong signal from a
given bearing or cector predominated, an airaraft
heading normal to this bearing would sield o
fairly constant signal level, Behavior of this type
is indicated by Figs. 6(cd) and 7(d), although these
Hlights were originatly prediced 1o be parallel to
a strong-signal  direcion, as discussed  below,
It mav be noted that the results of the plots in
Figs. 4(t). 5(b), and 5(f) agreed with the polar
plot calculations in Figs. 1) and (b); the bearings
indicated as strong-signal bearings by the pola
plots showd expected strong-signal behavior on
the flights, and the weak-signal bearing as indi-
cated by the polar plot [Fig. 1] did not show
the d Y2 behavior expected  of  strong-signal
bearings. However, as indicated by the polar plots
in Figs. K¢} and (d), the data plots in Figs. 6(d)
and 7(d) should have shown strong-signal bearing
behavior, but they did not. This disagreement
indicates that the expedted strong signal trom the
200° 10 240°T sector at the antipode was perhaps
not present.

Several of the radials through the antipodal
region showed a d Y2 behavior o some degree,
and plots of the calculited major component
data for these vadials, along with the f(d) curve,
are shown in Figs. 4(b), (), and (f); 3b) and (d);
7(b) and (1) 8h) and () 9by, (d), and )
and 10h), (), and (). Very few of these plots
obeved the d 2 relation over the whole radial;
often only very small segments of the plots
indicated this  behavior, This behavior  could
result from the fact that the angular sector
from which the observed signal was arniving
became more homogencous or less homogencous
as the aircraft moved through the antipodal
area.

The corcept of the angular sector over which
the received signal arrives requires some elab-
cration. Briefly, this idea means that, because
of the of the various propaga-
tion paths as the antipode is approached. the
recenved  signal is the resultant of  contribu-
tions from more and more paths as the ob-
server moves doser and doser to the antipode;
ir, as he moves closer to the antipode, he mea-
sures the resultant signal from a wider angular
distribution  of  propagation  paths. rhis idea
has  been  given  mathematical  expression in
the angle-ot-acceptance concept as developed by
D. D. Crombie (10).

comergence
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The angle of acceprance 0 is defined by
cos (0/2) =1 - A/(2d)

where d is the distance from the antipode, and A
is the wavelength of the signal. Here it can be seen
that as d gets smaller, 8 gets larger until, at d= /4,
8 = 2m. Over a range of distances from the anti-
pode where d is large and 6 is small, the angular
sector whose width is 8 may be homogencous;
the signals arriving from this sector would then
obey the d-'* dependence. However, as d is re-
duced, 8 would become larger such thai the en-
closed sector may not be homogeneous and the
resultant field strength would depart from the
d-Y% behavior over a given range of distance
from the antipode. Thus, as a radial was flown
through the antipodal region, only a small seg-
ment might be observed to follow the d 2 pat-
tern. This idea could also explain why ditferent
segments of the radial could show d-¥2 held
strength behavior, but the superimposed f(d)
curves on the data plots could have differem
origins.

It should be pointed out that sliding this f(d)
curve along the calculated major component plots
to search for d-V2 behavior was not strictly correct.
Since very few of the iadials actually passed
through the geographic antipode, two  points
B and C on the major component plots did not lie
at the same bearing from the geographic antipode,
and the distance BC was not the difference of the
distances of B and € from the geographic anti-
pode. However, if the radial passed very close to
the geographic antipode and/or the distances
considered were lurge, this method of searching
for d-¥* behavior was permissible. The following
diagram will illustrate the situation.

2]

GA = geogiaphic antipode
DC = a given pass near GA
h = distance of closest approach to GA

= distance from GA to poimt B

e e

x=distance from GA to another point (C)
¢ = angle between x and CD
s = distance from B to C.

From the Cosine Law,

P=st+ 2~ 2sxcos
or
£+ 12—~ =2sxcos ¢
Now,
sin @ = h/x and cos ¢ = [1 —sin? ]2
cos ¢ = [1 — (h/x)?]"2.

By binomial expansion, cos ¢ = 1 — (h/x)Y2. If
hix is very small, then cos ¢ = 1 and

st+at- o= 2,
Or rearranging,
$—2sx+at=(s—x) =1,

from which

or

Thus, for the condition A/x < 1, the distance
between two points on the major component plots
was approximately the difference of the distances
of these points from the geographic antipode
(origin), and the method of searching for d ¥2
behavior via the f(d) curve vielded negligible
error. However, Figs. 4(d), 9(b), 9(d), and 10(d)
were plots which indicated d-"2 behavior but
which failed to satisfy the above condition at all
times because of relatively large values of k.

Phase Relationships f £ and H

The phase refationships as discussed in this sec-
tion refer o the relative occurrence in time and
space of the maxima and minima of E and H.
According to simple amipodal theory, the maxima

B U,
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of £ should coincide with the minima of H, and
vice versa: the phase relationship in this case
would be a phase difference of 180°,

A definite pattern of phase behavior for the
entire  experiment was not  discernible. For
example, a phase difference of 180% was observed
on the first flight, third radial, and the second
flight, first radial, which were along strong-
signal bearings. However, on the sisth Highe,
third ralial, and the seventh flight, third radial,
which were also along strong-signal bearings, the
E and H ficlds appeared 10 be in phase. Also, on
the third rad’al of the fourth flight, which was not
expected to be along a strong-ficld direction, the
E cndd H fields appeared to be 180° out of phase.
All of the radials mentioned in this paragraph
displaved d ' behavior o some degiee. On
some passes through the antipodal area, the phase
relationship appeared 1o vary.,

Perhaps, as suggested by Smvder, the cases
where E and H were in phase indicated the
reception of signals from a single propagaton
path onh, and the cases where £ and H were omt
of phase indicated a standing wave pattern re-
sulting from signals from two or imore paths,
In anv evest, the phase behivior apparently
did not tollow a simple pattern. 'The changing
phase bebavior through the antipodal area may
be attributable o inhomogencities in the carth-
ionosphere waveguide caused by differences in
terrain conductivities and motion of the sunrise-
sunset hines. Here again, ihe NEL ground station
data mav be maore useful in determining any phase
patterns that may exist,

Comparison of Flights During
Similar lIonospheric Conditions

Flights taken at the same time of local dav were
compared tor similarities in field strength be-
havior, repetition of antipadal patterns, and pos-
sible evidence of antipodal motion. The cor-
respondence  among  the  various  Hights  was
previcashy given in Tuable 1 and is used as the basis
for comparison. As mentioned carlier, there was
onlv one Hight ot locai noon; hence, no comparison
of local noon fields was possible.

Sunset Flights — The first and fifth flights were
the two sunset fhights, and polar plots of the
radials of these 1wo Hights are given in Figs.
2(0) and (o).

The hrese fhight, st vadual, tapproximately
225% 1 aircratt heading) and the ifth thgh second
raclial Gipproximately 45T aivaatt headig) were
two cotresponding passes showing Intle similarity
in behavior of measured held stuength o distance
trom the geographic antipode: the data for these
passes are shown in Figs. 4(a) and 8. B it were
assumed that the peak ficld strengths on these
radials represented similar points in the antipodal
field patterns as measured on different davs, some
indication of antipodal motion was seen. This
first Hight peak G 1310 U D) occarred at appros-
mately 47 km and a bearing of 220°1 fiom the
position of the tifth Hight peak (o Ho6 U,
thus, il repetition of the ant'podal paterns s
assumed. a southwesterhy dittr with time s sug-
gested. This first fhght radial bypassed the geo-
graphic antipode at abour 1408 UL the fifth
flight radiad by passed this point at about 1400 UL

The st flight, second radial, and the htih
flight, third radial. showed little similaniey i held
strength patterns; these passes were dithoult o
compare because one of them went thiough the
geographic antipode and the other nossed this
point by about 27 km. The held stuength plon
for these passes are given in Figs. 4o and R(e)
The second radial of the st thyht had o 34571
direction and by passed the geographic antipode
at about 1640 715 dhe thind vadial of the hifth
light had a direaion of approximatch 15671
and passed through the geographic annpode at
about 1343 U,

The hirst Hight, third vadial, and the hifth
flight, hrst radial, had some similaniey in held
strength behavior: i the data plots shown an Figs.
4(¢) and 8(a), the peaks did not appear 1o be
shifted relative to each other. The flight patterns
were fairly similar; however, the first Hight vadial
byvpuassed the g(-ugrdph'i(' antipode at about 1802
Ul (aivcraft heading of approximatcy 10571,
and the htth Hight radial byvpassed this point
about 1234 UT (aircraft heading of approsimateh
2907T). ‘This vesult mav hine indicated repetition
of the antipodal patterns, but it showed nothing
about the motion of the electromagnetic antipode.

Mudmight Fields — The second flight and the sixth
fight were the two midnight Hights: polar plo
of these flights are given an Figs. 2(b) and (f).

The second flight, first radial (in approximateh
a 283771 direction) and the sixth flight, third radial
(in approximateh a 11571 direction) displved
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doubtful similarity in measured field strength vs
distance plots, as shown in Figs. 5(a) and 9(¢).
This second flight radia! bypassed the geographic
antipode at about 1953 UT: the sixth Hight radial
bypassed this point at about 2336 UT and on the
opposite side from the second Hlight radial. Ac-
cording to the calculated ficld strength polar plot
in Fig. 1(b), both of these passes should have been
along a strong-signal direction. Although these
radials passed on opposite sides of the geographic
antipode, neither of them missed this point by a
large margin. On this basis, some similarity should
have been noted. However, the lack of similarity
can possibly be accounted for by the 3 hrand 43
min difference in antipodal passing times. In that
interval, propagation conditions could  change
enough to destroy wny similarity that might have
existed. The peak appeared to have shifted by
approximately 32 km and in a 275°T direction
from the second flight pass to the sixth flight pass.

The measured field strength s distance plots
for the second radial of the second Hight and the
first 1adial of the sixth flight are shown in Figs.
5(c) and 9(a). These passes had no similarity in
ficld strength behavior. This second flight radial
bypassed the geographic antipode at about 2124
UT (aircraft heading approximately 035°T), and
the sixth flight radial bypassed this point at about
2056 UT (aircraft heading approximately 232°T);
thus, these passes occurred i approximately the
same time of day. They passed the geographic
antipode on the same side, but the sixth flight
radial missed this point by approximately 25 km,
whereas the second flight radial missed this point
by only about 4 km. This lack of similarity mav be
due to the amount of aircrait maneuvering on the
second flight. Both plots show field strength levels
to be fairly constant; such bebavior could result
from aircraft flight normal to a strong-signal
direction and would make similarity of held
strength pattern more diflicult to detect.

The second flight, third radial, bypassed the
geographic antipode at approximately 2310 UT
at an aircraft heading of about 1407T; the sixth
flight, second radial, bypassed this point at ap-

proximately 2228 UT at an aircraft heading of

330°1. The measured field strength vs distance
plots are shown in Figs. 5(¢) and 9(c). These
passes missed the geographic antipode on opposite
sides by distances of 12 and 16 km, respectively;
the directions of the flight paths differed by more

than 20° for major portions of these radials, ie.,
the two passes missed being parallel by more than
20°. The lack of similarity in the passes themselves
and the scarcity of data points on the sixth flight
radiat did not allow a definite conclusion regarding
the similarity of behavior of the measured field
strength plots.

Sunrise Flights — The third flight and the seventh
flight were performed around the time of local
sunrise at the antipode; polar plots of these Hights
are shown in Figs. 2(¢) and (g).

The measured field strength vs distance plots
for the third flight, first radial, and the seventh
flight, third radial, are shown in Figs. 6(a) and
10(c). The third flight, first radial, bypassed the
geographic antipode at approximately 0108 UT
in a direction of 290°T; the seventh flight, third
radial, bypassed this point at approximately 0537
UT in a direction of 110°F. These two passes
showed somc similarity in field strength behavior,
The maximum field strength recorded on this
seventh flight pass occurred at approximately
64 km and a 110°1 bearing from the position of a
similar peak on the third flight radial; the third
flight pass occurred before sunrise, and the
seventh flight pass occurred after sunrise, so
perhaps an eastedly shift of the electromagnetic
antipade during the sunrise period is indicated.

The third Hight, second radial, bypassed the
geographic antipode at approximately 0232 UT
in a 039°T direction; the seventh flight, first radial,
passed this point at approximately 0257 UT in a
226°T direction. The measured field strength vs
distance plots for these radials are shown in Figs.
6(¢) and 10(a). Comparison ot these two passes
was uncertain due to the fact that they passed the
geographic antipode on opposite sides, and the
third flight radial missed this point by about
26 km; no conclusions regarding similarity were
obtained.

Similar dithculties arose in comparing the third
radial of the third flight and the second radial of
the seventh flight. These radials passed the geo-
granhic antipode on opposite sides, with the
seventh flight radial missing this point by about
20 km:; moteover, the flight paths missed being
parallel by abont 17°. The third flight radial
passed the geographic amipode at approximately
0407 UT in a 151°T direction; the seventh fight
radial passed this point at approximately 0413 UT
in a 348°T direction. The measured field strength



vs distance plots for these tworadials are shown in
Figs. 6(c) and 10(c). While keeping these dif-
ferences in the two radials in mind, it could be
noted that there was no apparent relative shifi
in the field strength o distance patterns, Since
these radials occurred at approximately the same
time of day, perhaps there was some indication of
day-to-day repetition of antipodal field paterns.
However, this conclusion must necessarily be weak.
The polar plotin Fig. 1(¢) and the similay times of
occurrence of the passes indicate that perhaps
some similarity between the two field strength
patterns should have been expected.

The comparisons in this section of the report
are not oftered as definite conclusions, but only
as suggestions of possibilities that may be found
in the actual situation. Here again the navigational
dificulties have arisen to make valid comparisons
and conclusions difficult to achieve.

Comparison of Similar Radials at
Different Ionospheric Conditions

A comparison of similar radials flown av dif-
ferent day and night conditions along the various
propagation paths was attempted, and a few
similarities in the field strength behavior were
noted.

The first flight, second radial, [sunset—see
Figs. 2(a) and 4(0)]. the third flight, third ra lial,
[sunrise —see Figs. 2(c) and 6(¢)], and the fto.uarth
flight, third radial, [noon—see Figs. 2(d) and
7(¢)] showed some similarity in the field strength
vs distance behavior. The third and fourth flight
radials came very close to the geographic anti-
pode, but the first Hight radial missed this ref-
erence point by about 26 km; therefore, a com-
parison of the first flight radial with the other
two radials was less reliable. The field strength
peak on the fourth fight radial was shifted by
approximately 30 kmi at a 130°T bearing relative
to the position of the field strength peak on the
third flight radial. The third flight radial peak
occurred at 0954 UT. From the calculated polar
plots for sunrise and noon [Figs. 1(¢) and ()], it
may be seen that a stronger signal was expected
at the antipode from the westerly sector at sun-
rise than at noon; also, at noon, larger contribu-
tions were expected from bearings of 095°T and
148°T than at sunrise, when most of the energy
was expected to arrive from westerly bearings.
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Thus, it might be amticipated that the electro-
magnetic antipode would be further west
sunrise than at noon; this fact could perhaps
explain the shift in position between the peak
field strengths on these third and tourth thight
radials.

The first flight. third radial, [sunset —see Figs.
2(a) and 4e)] showed fair similarity to the seventh
flight, third radial, [sunrise—see Figs. 20 and
10(e)] and some similarity o the third flight,
first radial, [sunrise -see Figs. 2(¢) and 6(a)]
in the field strength vs distance behavior, especially
in the region east of the geographic antipode.
West of this point, the third flight path had a
different direction from the direction of these
other two  passes:  therefore, comparison  was
more difficult for that portion of the third fligm
pass. The peak held strength on the first flight
radial occurred at 1754 UT, and the peak strength
on the seventh Hight radial occurred ar 0539 UL,
‘The position of the seventh flight radial peak was
approximately 52 km at a 100°T bearing trom the
position of the first flight radial peak. From the
predicted field strength polar plots for sunset
and sunrise [Figs. Ha) and (0], it might be
expected that the electromagnetic antipode would
be further east at sunset than at sunrise because
of lower contributions from western sectors and
higher contributions from easterly and south-
easterly sectors at sunset than at sunrise. However,
at both sunrise and sunset, the antipodal fields
are probably subject to mode conversion cffects
due to the dav-night transition line and its motion.
These effects may explain why the seventh fHlight -
radial peak occurred estward for the first flight
radial peak. As will be pointed out later in this re-
port, the seventh flight, third radial, had 1wo dis-
tinct field streagth peaks which again could
possibly be explained as the result of mode con-
version effects.

These comparisons, like those of the preceding
section, are not offered as conclusions but as sug-
gestions; thev merely represent attempts to gain
some idea of the relative antipodal situations at
various times of day.

Departures from Simple Theory

A couple of items of interest concerning the
data were noticed in the analvsis; these were items
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that represented deviations from the predictions
of simple ideas about the antipode.

The first item concerned the separation of the
major components of the E and H fields. As ex-
plained earlier, the major components were com-
puted quantities based on two interfering signals;
in the case of two such signals, or for the idealized
antipode, the major components of £ and H
should vary in the same way. However, on some
passes, the E and H major components followed
different patterns. This type of behavior was par-
ticularly noticeable on the first radial of the fifth
flight; the major component plot of this data is
given in Fig. 8(b). This phenomenon might have
been indicative of a somewhat complicated inter-
ference pattern.

The calculated field strength polar plot for sun-
set at the antipode [Fig. 1(a)] indicated about four
strong-signal  directions. A complicated inter-
ference pattern could result from such a situation.
For example, consider the following simplified
situations of four equal-amplitude signals arriving

SITUATION 4:

from four different directions. The signals are
all vertically polarized. The E vectors are normal
to the plane of the paper. The numbered arrows
are the H vectors, and the other arrows indicate
the direction of propagation. If the field is mea-
sured at points where situations 1 and 2 exist, and
at intermediate points, the phases of the resuttant
E and H ficlds may vary in some complicated way,
and the calculated major components of E and H
may possibly not vary in the same manner.

The second item of interest concerned the ap-
pearance of two peaks in the major components
on some of the radials. This phenomenon was
quite evident on the first and third radials of the
seventh flight and on the second radial of the
fourth flight. Plots of these effects are shown in
Figs. 10(b), 10(f), and 7(d), respectively. According
to the calculated polar plots of field strength,
these radials were all expected to be parallel to
the directions of arrival of strong signals. These
results could have indicated that a single antipode,
as defined in this report, did not exist at these

E VECTORS ALL IN PHASE

Hy ¢——d Hy

H2
Hy

SITUATION 2. E VECTORS

Hp ° RESULTANT H VECTOR

180° OUT OF PHASE IN PAIRS

W2

Mg = RESULTANT H VECTOR




times of day, specifically just around sunrise and
at local noon. These phenomena could also have
indicated that the antipode is not o localized poim
as in the simpler models, but may be spread out,
ie, antipodal effecs may be observed over a
large area immediately around the geographic
antipode. It was also possible that the aircrafi
missed the electromagnetic antipode but passed
through two field strength maxima in the antip-
odal vicinity. The two peaks on the seventh flight
radials at sunrise could possibly arise from transi-
tion effects as the sunrise line moved through the
antipodal region, producing mode  conversion
effects and additional interference phenomena
in the antipodal ficld patterns.

CONCLUSIONS

When actual worldwide propagation conditions
are  considered, differences between  the real
antipodal situation  and  the idealized models
(assumed in this report) should not be too sur-
prising. Because of such factors as the differences
in day and night ionospheric heights and -
tenuations, the different attenuation rates for
various terrains, and the nonreciprocity of east-
to-west vs west-to-cast  propagation, the earth-
ionosphere  cavity is  certainly an  inhomoge-
neous, anisotropic waveguide. Since the sunrise
and sunset lines are continually moving across
the face of the globe, conditions along the various
propagation paths to the antipode are continually
changing. Thus, it would seem that a nonstatic
antipodal situation is generated in which the hield
strengths, phases, and field paterns are variable
with time. This condition contributes to the com-
plexity of the data analysis,

The analysis of the data is further complicated
by any navigational difficulties encountered. For
example, for the data contained in this report,
uncertainties in aircraft position very probably
contribute to errors in the plots of field strength
vs distance, and in the results derived from these
plots.

In spite of these difficulties, some conclusions
regarding the antipodal situation are possible.
Definite  convergence  effects, such  as  signal
strength increases and interference phenomena,
are observable on everv flight: several radials
flown through the antipodal area have portions
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in which the d V2 behavior as predicted by Norton
(3) is observed. Pre-experiment calculations of the
azimuthal dependence and amplitudes of  the
signaly for the various times of day are in fair
agreement with the observed dinrmal variations
of ficld strength and the observed directions of
arrival for strong signals, although the observed
ficld strengths are lower than those prediced.
This result is another verification of th e waveguide
mode equation. The antipodal catculations used
were nrde in March 1963 iF mere vecent values
of the propagation parameters had been used,
the calculations would  probably vield differem
values closer in agreement 1o experimentally
measured results,

It is not possible to conclusively state that the
aircraft ever actually passed through the electro-
magnetic antipode: this fact would also accoum
for some of the disparity between the measured
and the calculated field strength peaks. The peak
value (66 db above 1 microvolt per meter) ob-
served on the third radial of the Last tlight may
have actually been the electromagnetic antipode
as defined in this report, but this cannot be defi-
nitely stated.

The appearance of multiple peaks in the njor
components on some radials and the separation
of the £ and H major components on various
radials represent deviations from  the simpler
idealized models of the antipode. These effects
suggest that the real antipode is more complex
than the simple models. The multiple peaks indi-
cate that the electromagnetic antipode is perhaps
not a localized point; antipodal effects might be
measurable over a large region immediately sur-
rounding the geographic antipode.

It is felt that the aircraft data are not sufficiently
good to permit calculations of attenuation rates.
In performing such calculations, the fact that the
signals may be arriving over multiple paths instead
of a single path must be considered; the inhomo-
geneities in the paths and the differences in the
paths for different angular sectors at the antipode
mayv cause diffraction effeas. These diffraction
effects and the interference of muhiple signals
make attenuation rate ' uiations difticult.

Comparisons of peak » cnal strengths obtained
on similar radials, Hown under similar propaga-
tion conditions and under different propagation
conditions, and a study of the individual flights
give some indications that the position of the
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electromagnetic antipode varies with time. For
example, at sunset a southwesterly drift of similar
peaks is indicated; at midnight, the motion seems
more westerly; at sunrise, the movement appears
to be easterly or northeasterly; at noon, a drift
direction cannot be ascertained, but in the period
from sunrise 1o noon, an easterly motion seems
to occur. Due to the changing propagation condi-
tions, a movement of the eiectromagnetic antipode
is expected. Since it is not certain that the aireraft
ever passed through the clectromagnetic anti-
pode, it is not possible to describe the path or
extent of this motion. The assumed movements of
these similur peaks are shown in the polar plot
in Fig. 11

It would appear that an antipodal experiment
of this kind, with data gathered from a mobile
receiver, contains  too  many  indetermimate
variables. Continuous monitoring of the antipoda!
signals from ground-based receiving sites, of which
the positions relative te the geographic antipode
are known, would probably vield more meaningtul
data. This was the approach taken by NEL in
their participation in this experiment. Itis possible
that when the NRL aircraft data and the NEL
data—both from the aircraft and the ground
sites —are combined, more significant conclusions
concerning the NPM antipode can be reached.
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