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Summary-Many publications have appeared which describe the
very extensive wartime radio-wave propagation research. Refer-
ences to some of these summaries are given which cover some as-
pects of this research as carried out in the United States, England,
the U.S.S.R., Japan and Germany. These summaries are most com-
plete for the work done in the United States, England and Japan.

A summary is then given of some of the wartime research in the
United States on direction finders and the polarization of downcoming
ionospheric radio waves. This is followed by some heretofore unpub-
lished material on Japanese ionospheric research which, by way of
example, clearly indicates that an April, 1942, paper by Maeda,
Uyeda and Shinkawa contains the first definite identification and
interpretation of the F2-layer longitude effect. Finally a brief sum-
mary is given of a few selected topics in propagation research which
arose out of the wartime development of radar.

I. INTRODUCTION

J DECAUSE of the importance of radio to the effi-
cient conduct of many military operations, an
intensive effort was made during World War II

to understand and to predict the nature of radio-wave
propagation. Thus great advances were made in the
application of such information to radio communication,
radio direction finding, and radar. For the improvement
of communications and direction finding, these advances
were primarily in the prediction of ionospheric propa-
gation and atmospheric noise levels. As regards radar,
our knowledge of propagation characteristics was ex-
tended initially from about 100 Mc in an abrupt jump
to 3000 Mc (S band) and later to 1000 Mc (L band),
10,000 Mc (X band) and 25,000 Mc (K band). This war-
time research, begun in these higher frequency bands in
England and later conducted vigorously in the United
States, Canada, New Zealand and Australia, increased
the usable portion of the radio spectrum by a factor of
250. Thus, immediately after the war it was possible to
make extensive use of this new knowledge in the estab-
lishment of such peacetime services as FM and TV
broadcasting, microwave radio relays and aircraft com-
munication and navigation services.

Prior to World War II, the study of radio-wave
propagation was confined to a few small laboratories
scattered throughout the world. During and subsequent
to the war, these activities were expanded many fold
and now represent a continuing activity of relatively
enormous extent. In a brief article of this kind, it will not
be possible to mention more than a few of the highlights
of this extensive research. Fortunately, several good
summaries are available in the literature.
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A large part of the research in the United- States on
radio propagation was conducted under the auspices of
the National Defense Research Committee [1], and
summaries of this research were issued by the Columbia
University Press for distribution by the War and Navy
Departments. The reports in this series of interest in
connection with radio-wave propagation are contained
in the "Summary Technical Reports" of Division 13,
Electrical Communication, Division 14, Radar, and the
Committee on Propagation. The Division 13 report is in
four volumes, of which vols. 1, 2A and B contain some
discussion of propagation. Volume 1 includes a discus-
sion of the direction of arrival of downcoming iono-
spheric radio waves, and the bibliography lists several
reports dealing with polarization errors in high-frequency
direction finders and studies of the polarization of down-
coming ionospheric radio waves which have not sub-
sequently been published elsewhere; a summary is given
in the following section of this paper. Volume 2A in-
cludes a discussion of the effects of hills and trees on
radio propagation and a brief discussion of ionospheric
propagation. Volume 2B deals with electronic naviga-
tion systems. The Division 14 report on radar contains
a bibliography dealing with radio propagation. The
NDRC Committee on Propagation published a three-
volume report which gives extensive coverage of the
work conducted during the war; in particular, volume 3,
entitled "Propagation of Radio Waves," should be in the
library of all serious students of this subject. In addition
to these summary reports, the NDRC also sponsored
the well-known Radiation Laboratory Series [2], and
the following volumes of this series contain information
on radio-wave propagation: vol. 2, "Radar Aids to
Navigation," edited by J. S. Hall; vol. 4, 'Loran,"
edited by J. A. Pierce, A. A. McKenzie, and R. H.
Woodward; vol. 13, 'Propagation of Short Radio
Waves," edited by D. E. Kerr; vol. 24, "Threshold Sig-
nals," edited by J. L. Lawson and G. E. Uhlenbeck. The
NDRC also sponsored the publication in two volumes
of "Very High Frequency Techniques" [3], which were
compiled by the staff of the Radio Research Laboratory
of Harvard University.

Dellinger and Smith [4] published an excellent review
of the developments in radio sky-wave propagation re-
search and applications during the war, and Gladden
[51 published a history of vertical-incidence ionosphere
sounding at the National Bureau of Standards.

In England good summaries of wartime propagation
research were published by Appleton [6], Tremellen and
Cox [7], and Smith-Rose [8]. A most valuable source of
war research results obtained in England is "Meteoro-
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logical Factors in Radio-Wave Propagation," a Report
of a Conference held on April 8, 1946, at the Royal In-
stitution in London by the Physical Society and the
Royal Meteorological Society.

Bailey [10] has prepared a thorough report on the
very extensive Japanese research on radio-wave propa-
gation before and during World War II; the ionospheric
research portion of this report is summarized in Section
III of this paper.
As regards Germany, a good review of their scientific

activities during the war is given in the 'FIAT Review
of German Science" 1939-1946 [11]. However, there is
very little discussion of radio propagation in this re-
view; pertinent books in this series are: "Electronics
Including Fundamental Emission Phenomena," vols. 1
and 2, by G. Goubau and J. Zenneck; "Geophysics and
Geodesy," vols. 1 and 2 by J. Bartels; "Meteorology and
Physics of the Atmosphere," by R. Miugge.

In an effort to obtain a balanced account of the re-
search on propagation in the U.S.S.R. during this
period, I solicited the assistance of Vladimir A. Kotel-
nikov who responded as follows:

I received your letter with the request for information about the
investigation on the propagation of radio waves carried out in the
Soviet Union during the period of the Second World War. I am
sending a list of fundamental work on the ionospheric and tropo-
spheric propagation of radio waves belonging to this period. The
questions which interest you in greater detail are discussed in the re-
view by B. A. Vvedenskii and A. V. Sokolov, 'Investigations of
Tropospheric Propagation of Meter, Decimeter and Centimeter Radio
WNTaves in USSR," published in Radio Technika and Electronica, vol.
2, no. 11, pp. 1375-1389, November, 1957; and likewise in the articles
"Investigations of Propagation of the Radio Waves Along the Surface
of the Earth in U.S.S.R.," by M. P. Doluckanov, pp.1344-1359, and
in A. N. Kazantzev, "Investigation of the Ionospheric Propagation of
Radio Waves in USSR," published in the same issue on pp. 1360-
1375. These articles are accompanied by extensive bibliographic lists.

Enclosed with his letter were references [12]-[29]
which, together with the above, appear to cover the
more significant research carried out in the U.S.S.R.
during the war.

II. STUDIES OF POLARIZATION ERRORS IN DIRECTION
FINDERS AND THE POLARIZATION OF DOWNCOMING

IONOSPHERIC RADIO WAVES

Work in long-distance radio location and direction
finding at the National Bureau of Standards began in
the Radio Section in Washington, D. C., which during
World War II became the Interservice Radio Propaga-
tioIn Laboratory (IRPL), and afterwards the Central
Radio Propagation Laboratory (CRPL), now located at
Boulder, Colorado.
A direction finder may be responsive to vertical or

horizontal polarization or to both polarizations phased
in various ways, but one polarization may produce an
undesired response which causes ani error in the reading.
This undesired response is a function of the geometrical
properties of the instrument, its mountings and various

accessories, such as RF cables. A combination of modes
in the downcoming ionospheric wave results in more or
less random polarization. From instant to instant the
relative amplitudes and phases of the wanted and un-
wanted components of the arriving wave keep changing,
causing the polarization error to change.

It is difficult to compare direction finders and evalu-
ate their polarizationi errors by observing sky waves, for
which bearings depart from their true great circle values
for a variety of causes. Thus some simple test technique
was desired which would offer ain estiimiate of the
polarization-error propensities of any particular direc-
tion-finder design. The first test of this type had been
evolved by Barfield in England [30]. A balloon with a
target transmitter and antenna producing a circularly-
polarized wave at a downcoming angle of 450 was placed
near the equipment under test. The polarization error
observed was called the standard-wave error.
At NBS a group under the late H. Diamond [31]- [39]

devised techniques whereby pickup factors for the de-
sired and undesired polarizations were determined from
fixed target transmitters. These pickup factors were
then treated analytically in accordance with a pro-
cedure designed for each type of direction finder and
polarization errors determined for any set of conditions.

In the case of the simple Adcock antenna, the desired
polarization is'parallel to the plane of incidence and the
undesired polarization is normal to the plane of inici-
dence. The plane of incidence is the plane normal to
the ground which contains the incident downcoming
ionospheric ray.
The pickup factor for a wave polarized parallel to the

plane of incidence was called h. That for a wave polar-
ized normal to the plane of incidence was called k. If h
and k were known then the polarization angular error e
could be determined (in the notation used by the Dia-
mond group) from

k En
tanE== ---hi Ep Cos 4

where Ep is the resultant total vector electric field com-
ponent normal to the plane of incidence (i.e., horizontal
polarization) after combination of the incident and
ground reflected wave, and Epz is the resultant total
vector-electric-field component parallel to the plane of
incidence and normal to the ground after the combi-
nation of the incident and ground-reflected wave com-
ponents. 4' is the angle of elevation at the ground of the
downcoming ray.
A figure of merit eo was proposed for a direction finder

which may be determined from tan Eo = (k/h); it is clear
that a direction finder may be less subject to polariza-
tion errors the smaller the value of eo.
The advantage of the method was that h and k could

be measured on the ground. One type of error called
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radiator parallax occurred in measuring k in direction
finders like the balanced H Adcock. This was due to a

net unwanted vertical pickup in the system when a hori-
zontal dipole was used as a source of perpendicular
polarization. In the case of spaced vertical loops another
type of error called controlled parallax was studied. The
forward tilt component of the target transmitter's mag-

netic vector produced an unbalanced voltage in the sys-

tem. Both of these errors in measuring h and k could be
minimized by increasing the distance to the target
transmitter.

In support of this experimental work, a comprehen-
sive theoretical study of the polarization of downcoming
ionospheric radio waves was made by the author [40].
Extracts from the conclusions to this report are given
herewith. Its principal purpose was to provide a picture
of the nature of the polarization of downcoming iono-
spheric radio waves with emphasis on those character-
istics which affect the operation of a direction finder. It
was found convenient to separate the study into two
parts: 1) a study of the polarization of the downcoming
waves before they reach the surface of the earth, and 2)
the modification in the polarization caused by the fact
that the wave collectors of the direction finder are placed
near the ground so that the resulting wave at the direc-
tion finder consists of both a direct wave and a wave

reflected from the ground.
For a study of direction finding, the polarization of a

downcoming wave is adequately described when we can

specify the ratio of the intensities of the components of
the electric and magnetic fields polarized parallel and
normal to the plane of incidence and the relative phase
between these components. It was found that, at very

high frequencies, the magnitude of the ratio (End/Epd)
in the downcoming wave varies from a value much less
than one to a value much greater than one, the median
value of this ratio being one; for one per cent of the time
it is greater than 10, and for one per cent of the time it
is less than 0.1. These results follow from the assump-

tion, which is reasonable at very high frequencies, that
the normal and parallel components of the downcoming
wave are each random variables, independently Ray-
leigh distributed in time about the same median value;
on this assumption it follows that the magnitude of the
ratio (End/Ed) will exceed q with a probability
p= 1/(1 +q2). At very low frequencies (End/Epd) is dis-
tributed over a narrower range of values; its median
value will be much less than one when the transmitted
wave is polarized parallel to the plane of incidence at the
ionosphere and will be much greater than one when the
transmitted wave is polarized normal to the plane of
incidence at the ionosphere. Near the gyro-frequency
the extraordinary wave is absorbed in the ionosphere
and the ratio (End/E,d) becomes equal to the constant
value Rd exp (-iB) which is the limiting value of the
ratio (E.d/E,d) for the ordinary downcoming wave as it

emerges from the ionosphere. Just below the maximum
usable frequency only the extraordinary wave returns
to the earth and the ratio (End/Epd) becomes equal to
the constant value (1/Rd) exp {-i(B -r) }. At very
high frequencies the relative phase between End and
Epd is random, whereas at very low frequencies values
of the relative phase near B are more probable when the
transmitted wave is polarized parallel to the plane of
incidence, while values near (B-r) are more probable
when the transmitted wave is polarized normal to the
plane of incidence. Near the gyro-frequency the relative
phase becomes equal to the constant value B, and just
below the maximum usable frequency the relative phase
becomes equal to the constant value (B-ir).

For wave collectors near the ground, the effect of the
ground is to suppress the normal component in favor of
the parallel component of the resulting wave under most
circumstances. When the elements of the direction
finder responsive to the undesired normal components
of the resulting wave are buried underground as in the
shielded U direction finder, this suppression will be very
large indeed so that a direction finder should be com-
paratively free from polarization error. On the other
hand, when a direction finder is to be operated primarily
at the shorter distances so that the elevation angles of
the downcoming ionospheric waves are large, the parallel
components of the downcoming waves will be sup-
pressed in favor of the horizontal components for wave
collectors above the ground and a direction finder de-
signed to operate on these latter components, such as
one with spaced vertical magnetic-dipole wave collec-
tors, would be expected to have some advantages. When,
as in most direction finders, the parallel component of
the electric field (or the normal component of the mag-
netic field) is the desired component while the normal
component of the electric field is the undesired compo-
nent, there will be less polarization error when the direc-
tion finder is located over soil with the largest possible
value of the index of refraction, n, i.e., over soil with the
highest possible dielectric constant and conductivity.
In Part 4 of Norton [40] a simple method for measuring
these ground constants is described.
The problems arising when testing a direction finder

by means of fields transmitted from a source at a com-
paratively short distance away were also discussed in
Part 4. Due to the great complexity of the fields at
distances less than one wavelength from a transmitting
antenna and the lack of any reasonably simple, yet
accurate, relations for the field at these short distances,
it is considered desirable to keep the source for testing
the direction finder at a distance greater than one wave-
length. It was shown that, owing to the presence of a
surface wave from the nearby transmitter which is ab-
sent in the case of the downcoming ionospheric waves,
tests for determining the magnitude of the polarization
error of a direction finder can only be made for high ele-
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vation angles, unless the source is removed to a very
great distance, or unless appropriate correction is made
for the effect of the surface wave. In general, it would
appear that the National Bureau of Standards' method
of testing a direction finder for polarization error is to
be preferred; in this method the polarization of the test
wave is measured at the direction finder, and the direc-
tioIn finder performance is then calculated using the
relations given in Part 3.
The method of calculating the electric field corre-

sponding to the magnetic field as measured by a loop
antenna is also given in Part 4.
A direction-finder site should be on very level land

with uniform ground conductivity. It was proposed that
information of value concerning a proposed site could
be obtained very easily and rapidly by transmitting
from a vertical magnetic dipole and measuring the
ground constants at various points on the site using the
method described in Part 4 [40].

Since the electric and magnetic fields at a depth A
below the surface of the earth are of interest in connec-
tioni with the operation of some types of direction
finders, expressions were given for these fields in this
paper. These results anticipated the treatment of this
subject and the problem of transmission from under-
ground antennas given in a 1951 thesis by Moore, a re-
vision of which has recently been published [41], in re-
ports by Bands and Wesley [42 ] and in papers by Wait
[43] and others.
The above rather extensive summary of this work has

been given since it has not been published subsequent
to declassification.
There is continuing interest in the problem of iono-

spheric radio-wave polarization. In 1950 Aden, de
Bettencourt and Waterman [44] pointed out an error
in the above report by the author; they showed that
the major axes of the ordinary and extraordinary
ellipses are not in general mutually perpendicular, but
instead have the property that the sum of the angles
which they make with the direction (normal to the
plane containing the direction of propagation and the
earth's magnetic field) is an odd multiple of 7r/2. A still
more recent summary of this question is given by Murty
and Khastgir [45 ].
The behavior of reflected downcoming ionospheric

radio waves described above is to be expected when
the ordinary and extraordinary wave components fade
independently after traversing different paths through
the ionosphere. This case is essentially different from
the polarization fading of satellite signals which involve
ordinary and extraordinary waves which follow essen-
tially the same path in traversing the ionosphere; this
latter phenomenon has recently been used by Little and
Lawrence [46 ] to measure the electron content along the
path through the ionosphere traversed by satellite
signals.

III. JAPANESE IONOSPHERIC OBSERVATIONS
DURING THE WAR

Shortly after the end of the war in October, 1946, a
brief summary of Japanese ionospheric research was
prepared by D. K. Bailey aind N. Smith under the title
appearing in the heading of this section. It was sub-
mitted to an English journal for publication, but no
word was ever received from that journal relative to its
acceptability and, as a consequence, this accounit was
never published. It seems appropriate to include it in
this historical summary and it is given here in full:

A substantial contribution to the scientific knowledge of the
world is to be found in the work of Japanese scientists, during the
war, on radio wave propagation.

This work is summarized in a recent report distributed by the
Chief Signal Officer, United States Army Forces, Pacific, in Tokyo [101.
Besides abstracts of the research papers on radio propagation, the
ionosphere, atmospheric noise, radiation, reflection, tropospheric
propagation, antennas, direction finding, and diversity reception,
this report gives also the results of vertical-incidence pulse ionosphere
measurements of the usual h'f type made at many locations in Asia
and the Western Pacific. These data and reports are now on file at the
Central Radio Propagation Laboratory of the National Bureau of
Standards and may be consulted for further details.

Particularly interesting are the ionospheric data. Observations of
the h'f type were made between 1934 and 1945 at nineteen locations
scattered throughout Eastern Asia and the Western Pacific, over
periods ranging in length from ten months to ten years. It is of inter-
est to note that only the developments of the Pacific War prevented
the operation by the Japanese of eight additional stations in 1944 and
1945.

The stations actually operated by the Japanese are listed in Table
I. In addition to these, the following stations were planned or under
construction, but never actually operated:

Naha, Okinawa
Tainan, Formosa
Seishin, Korea
Hanoi, French Indo-China
Saigon, French Indo-China
Palembang, Sumatra
Kwajalein Atoll
Rabaul, New Britain.

The geographical disposition of the stations included in the
Japanese program extended from Paramushiro in the north to Ban-
doeng in the south, and from Rangoon in the west to Kwajalein Atoll
in the east. At the height of the program, in the sprinig of 1944, there
were fourteen different stations in simultanieous operation-nearly
one-third of the total number of stations in operation throughout the
world at that time.

Nearly all the Japanese ionosphere data have fortunately beeni
preserved. By far the most interesting feature of the data is the ample
confirmation they provide for our previous ideas about the longitude
effect in the F2 layer. The data from the southern stations, at Hani-
kow, San-Ya (Hainan), Rangoon, Manila, Palau, Penang, Singapore,
Makassar, and Bandoeng are of particular interest, since they supply
for the first time a nearly complete definition of the remarkable
trough in daytime critical frequencies centered near the magnetic
equator, and concerning which observations elsewhere, particuilarly
in the Western Hemisphere, had provided little more than a sugges-
tion of existence.

Particularly noteworthy is the fact that the Japanese first recog-
nized the possibility that the F2 layer of the ionosphere might ex-
hibit different characteristics at the same local time and latitude in
different longitudes, a behavior now generally termed the longitude
effect, when they attempted to reconcile the data from Washington
(lat. 390N) with their data from Tokyo (lat. 360N) and their Hok-
kaido observations (lat. 42.5 and 43.50N) taken in June 1936 in con-
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TABLE I
LiST OF JAPANESE IONOSPHERE STATIONS

Place Operating Agency Latitude Longitude Period of Operation Last Available Data

1) Paramushiro, Kurile Islands Navv 50.1°N 155.3°E Nov, 1943-Sep, 1944 Sep, 1944
2) Shikuka, Karafuto Navy 49.3 143.0 Oct, 1940-Dec, 1941 Dec, 1941
3) Tsitsihar, Manchuria Army 47.3 123.9 Apr, 1940-Aug, 1945 Jul, 1945
4) Toyohara, Karafuto Ministry of Education 46.9 142.8 Sep, 1942-Jul, 1944 Jul, 1944
5) Dairen, Kwantung South Manchurian

Railway 39.0 121.6 Dec, 1944-Unknown Feb, 1945
6) Tokyo and vicinity

a) Hiraiso Ministry of
Communications 36.4 140.6 Jun, 1936-Jul, 1945 Jul, 1945

b) Kokubunji Ministry of Education 35.7 139.5 Aug, 1943-Dec, 1944 Dec, 1944
c) Meguro Navy 35.6 139.7 Jun, 1934-Nov, 1940 Nov, 1940
d) Kaminoge Ministry of Education 35.6 139.6 Jan, 1945-Aug, 1945 Aug, 1945
e) Hiratsuka Navy 35.3 139.3 Dec, 1940-Apr, 1945 Apr, 1945

7) Hankow, China Ministry of Education 30.7 114.3 Sep, 1941-Dec, 1944 Dec, 1944
(No observations, 1942)

8) San-Ya, Hainan Island Navy 18.3 109.3 Jun, 1942-Jun, 1943 Jun, 1943
9) Rangoon, Burma Army 16.8 96.5 Jun, 1943-Feb, 1945 Dec, 1944

10) Manila, P. 1. Army 14.6 121.0 Mar, 1944-Dec, 1944 Nov, 1944
11) Palau Islands Navy 7.3 134.5 Jul, 1939-May, 1944 May, 1944
12) Penang, Malay States Navy 5.5 100.4 Mar, 1944-Aug, 1945 Jul, 1945
13) Singapore, S. S. Army 1.4 103.7 Feb, 1943-Aug, 1945 Aug, 1945
14) Makassar, Celebes Navy 5.20S 119.5 Jan, 1944-Oct, 1944 Oct, 1944
15) Bandoeng, Java Army 6.9 107.6 May, 1943-Aug, 1945 Aug, 1945

nection with the solar eclipse of that month. In 1940 new stations
were established at Tsitsihar, Manchuria (lat. 47.3°N) and Shikuka,
Karafuto (lat. 49.3°N) which soon gave a sufficient body of data to
permit a more detailed study of the longitude effect.

In April, 1942, the Japanese published a paper [47] giving the re-
sults of, so far as is known, the earliest quantitative as well as quali-
tative study of the longitude effect and attributing it to a geomag-
netic influence. The freely translated title of the paper is "Differences
of Ionospheric Conditions in the F2 Region between Two Points
Lying in the Same Latitude but Having Different Longitudes." The
paper, which is fully summarized in the Tokyo report [10], gives
much attention to the preparation of contour charts of the critical
frequencies of the F2 layer as a funiction of local time and both geo-
graphical and geomagnetic latitude. The writers found that the hith-
erto unreconcilable Washington observations could be satisfactorily
used in Eastern Asia for the preparation of contour charts if the
data were used at geographical latitude 60'N, the latitude having,
in Japanese longitudes, the same geomagnetic latitude as Wash-
ington.

The Tokyo report [10] has the following to say in coninection
with failure of scientists outside of Japan definitely to recognize the
longitude effect before 1943: "In fairness to the work on this subject
done on the Allied side, it must be pointed out that the Japanese had
nearly complete results of ionosphere observations made elsewhere in
the world up to the end of 1941, whereas practically none of the
Japanese work has been available before the present time. Neverthe-
less it is clearly necessary to assign the credit for the discovery of the
longitude effect to the Japanese."

The Japanese ionospheric data now available go far toward filling
in one of the three major gaps remaining, at the end of the war, in
coverage of the land areas of the world by ionospheric observing sta-
tions. It is to be hoped that the future will see ionospheric stations in
the other two gaps, which include temperate South America and
Africa.

Somewhat later Bailey [48] published a more com-
plete discussion of the geomagnetic nature of the F2-
layer longitude effect. The existence of this longitude
effect has always constituted one of the principal com-
plications to the compact prediction of F2-layer maxi-
mium usable frequencies on a world-wide basis. Cur-
rently this is accomplished by publishing world maps
[491, [50] for each even hour of the day and month

of the year. In the near future a still more accurate
method of prediction will be available; a first paper on
this new method has been published by Jones and
Gallet [51], and further papers are expected in the near
future.

IV. ToPicS FROM THE PROPAGATION-RELATED
WARTIME RADAR RESEARCH

The development of radar introduced a very large
number of wave-propagation problems and at the same
time provided a very useful tool for exploring some of
these problems. These problems were for the most part
associated with the matter of determining the maximum
range of the radar for a target with a given effective
echoing area and discriminating between the desired
target and reflections from land masses or other objects
[1], [2], [3], [8], [9]. A summary of the influence of
some of these radar-propagation phenomena was given
shortly after the war by Norton and Omberg [52].
The maximum range expected for a standard atmos-

phere was often shown in the form of a lobe diagram
giving contours of maximum range in the vertical plane
with distance as the abscissa and height above the
curved surface of the earth as the ordinate. Such a plot
indicated the gaps in coverage caused by interference
between the direct and ground-reflected waves. When
these two waves are in phase, the range reaches its
maximum value, this maximum being determined by
the transmitter power, antenna gain, a visibility factor
and the operating noise factor. The concept of an
operating noise factor was originated by North [53],
[54], who showed that it depended not only on the
noise factor of the radio receiver but also on the effective
noise temperature of the radiation impedance of the re-
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ceiving antenna. These concepts opened up a whole new
field of research. Friis [55] introduced the concept of
available power, thus obtaining a precise definition of
the receiver noise factor which he called a noise figure.
The author [56] has generalized these results to allow
for image responses and for differing ambient tempera-
tures of the various lossy components in the receiving
system, thus obtaining a very general expression for
North's operating noise factor and a general expression
for the effective input noise temperature for a receiving
system; this latter temperature has also been called an
operating or system noise temperature. This operating
noise temperature te is expressed in degrees Kelvin and
provides a convenient measure, which is currently
coming into widespread use, of the sensitivity of a re-
ceiving system. The operating noise temperature is
related to the operating noise factorf and to an absolute
arbitrarily-fixed reference temperature to by te =fto.
Since f and thus te depend in general on losses or gains
and image responses in various components of the re-
ceiving system and mav also depend on the direction
in which the receiving antenna is pointed, te can be
identified with an actual temperature only by virtue of
the fact that it has the dimensions of a temperature.
This follows from the fact that the operating noise factor
f is a dimensionless positive factor which is usually much
larger than one but which may be very much less than
one for microwave receiving systems employing low-
noise receiving antennas and masers. The concept and
method of calculation of an effective temperature of the
receiving antenna have been described by Slater [57]
and by Lawson and Uhlenbeck [58]. At frequencies of
the order of 100 Mc and lower, cosmic and atmospheric
noise determine the effective antenna temperature,
whereas at higher frequencies the temperatures of the
antenna foreground and of the absorbing constituents
of the atmosphere usually control the antenna tempera-
ture; the effective temperature of an antenna pointed
directly at the sun may be determined from its surface
temperature of 6000° K and the antenna directivity as
discussed by Southworth [59].
The most important gap in the radar coverage occurs

near the radio horizon as a result of the weakening by
diffraction of the radio waves in propagation over the
curved surface of the earth. Under certain circum-
stances, however, radio waves at sufficiently high fre-
quencies may be trapped in an atmospheric duct. This
type of propagation was studied intensively during the
war because of its great operational importance. A paper
by Booker and Walkinshaw [9] provides a theoretical
discussion of the main features of this interesting phe-
nomenon. Duct propagation was found to be the normal
mode throughout the day at sufficiently high frequencies
over the sea, but at lower frequencies and for propaga-
tion over land trapping was a sporadic phenomenon.

Prior to and during the war, radio waves scattered
from the troposphere were observed; a good summary

of these early observations is given in a paper by Bul-
lington [60]. Shortly after the war, these beyond-the-
horizon fields were sometimes confused with the waves
propagated via ducts, but research at NBS and else-
where [60] soon established that these scattered waves
were present even under standard atmospheric condi-
tions when no ducting was expected. This led to the
development of the Pekeris and Booker-Gordon theories
of scatter propagation which will no doubt be discussed
in a companion paper [61 ].

Finally, it is of interest to point out that radar re-
flections from the moon were first observed on January
10, 1946, by DeWitt and Stodola [62] using a war-de-
veloped radar set. Here again these observations opened
up a new field of research which has recently had a
revival of interest in connection with the current in-
tensive investigation of outer space.

REFERENCES
[1] NatI. Defense Res. Committee, "Summary Technical Reports,"

Columbia University Press, New York, N. Y.; 1947. (Dis-
tributed by the War and Navy Departments.)

[21 "Radiation Laboratory Series," McGraw-Hill Book Co., Inc.,
New York, N. Y., 28 vols.; 1948.

[31 "Very High Frequency Techniques," McGraw-Hill Book Co.,
Inc., New York, N. Y., 2 vols.; 1947.

[41 J. H. Dell nger and N. Smith, "Developments in radio sky-wave
propagation research and applications during the war," PROC.
IRE, vol. 36, pp. 258-266; February, 1948.

[51 S. C. Gladden, "A history of vertical-incidence ionosphere
sounding at the National Bureau of Standards," NBS Tech.
Note No. 28; September, 1959. (Available from Office of Techni-
cal Services, U. S. Dept. of Commerce, Washington 25, D. C.)

[61 E. Appleton, "The investigation and forecasting of ionospheric
conditions," Proc. IEE, vol. 94, pt. 3 A (Radiocommun., no. 11,
pp. 186-199; 1947.

[71 K. W. Tremellen and J. W. Cox, "The influence of wave propa-
gation on the planning of short-wave communication," Proc.
IEE, vol. 94, pt. 3 A (Radiocommun.), no. 11, pp. 200-219;
1947.

[81 R. L. Smith-Rose, "Radio-wave propagation research in the
Department of Scientific and Industrial Research during the
vears 1937-46," Proc. IEE, vol. 94, pt. 3A (Radiocommun.),
no. 16, pp. 879-892; 1947.

[91 "Meteorological Factors in Radio-Wave Propagation," a report
of a conference held at the Royal Institution, London, Eng., by
The Physical Soc. and The Royal Meteorological Soc., April 8,
1946; published by The Physical Society, London, Eng., 1946.

[10] D. K. Ba ley, "Report on Japanese Research on Radio Wave
Propagation," Office of the Chief Signal Officer, GHQ U. S.
Army Forces Pacific, Tokyo, Japan, vol. 1, 201 pp., and vol. 2,
343 pp.; May, 1956.

[11] "FIAT Review of German Science," Office of Military Gov. for
Germany, Field Information Agencies Tech.; 1948.

[121 B. A. Vvedenskii, "Diffraction charts for ultra short radio waves
within line-of-sight for vertical polarization," Izvest. Akad. Nauk
SSSR, Otdel Tekh. Nauk, no. 1/2, p. 3; January-February, 1942.

[131 B. A. Vvedenskii, "Graphs for determining the diffracted field
for horizontally polarized ultrashort radio waves," Izvest. Akad.
Nauk SSSR, Otdel Tekh. Nauk, no. 9, p. 60; September, 1942.

[14] B. A. Vvedenskii and M. I. Ponomarev, "Reception method of
geometrical optics for determining the path of ultrashort radio
waves in a nonuniform atmosphere," Izvest. Akad. Nauk SSSR,
Otdel Tekh. Nauk, no. 9, pp. 1201-1210; September, 1946.

[151 M. I. Ponomarev, 'Influence of refraction on the propagation
of radio waves near the earth," Izvest. Akad. Nauk SSSR, Otdel
Tekh. Nauk, no. 9, pp. 1219-1233; September, 1946.

[161 V. A. Fok, "Diffraction of radiowaves around the earth's sur-
face," Izvest. Akzd. Nauk SSSR, Ser. Fiz., vol. 10, no. 2, pp. 187-
188; March-April, 1946.

[171 V. A. Fok, "Freznel reflection laws and diffraction laws for ultra-
short waves," Uspekki Fiz. Nauk, vol. 36, no. 3, pp. 308-327;
November, 1948.

[18] V. A. Fok, "Field from a vertical and horizontal dipole elevated
over the earth," Zhur. eksp. teor. fiz., vol. 19, no. 10, pp. 916-
929; October, 1949.

1962 703



PROCEEDINGS OF THE IRE

[19] P. E. Krasnooshkin, "The Application of the Normal Wave
Method to the Problem of Long Distance Radio Communica-
tion," Izd. MGU (Moscow University Press) U.S.S.R.; 1947.

[20] S. Ya. Braude and I. E. Ostrovskii, "On the question of propaga-
tion of ultrashort waves from a dipole in the line-of-sight zone,"
Izvest. Akad. Nauk SSSR, Ser. Fiz., vol. 10, no. 2, pp. 225-234;
October, 1946.

[21] A. G. Arenberg and R. I. Perets, "Calculation of ultrashort radio
field strength in the directly illuminated region," Izvest. Akad.
Nauk SSSR, Otdel Tekh. Nauk, no. 1/2; January-February,
1942.

(22] M. A. Leontovitch, "On the approximate boundary conditions
for electromagnetic waves over a surfa e of good conductivity."
"Research in radiowave propagation," Izdaniya Akad. Nauk
SSSR, collection 21; 1948.

[23] M. A. Leontovitch and V. A. Fok, "A solution to the problem
of the propagation of electromagnetic waves over the surface of
the earth by the method of smooth parabolas," J. Exptl. and
Theoret. Phys., vol. 16, no. 7, p. 557; 1946.

(24] L. I. Mandelshtam, N. D. Papaleksi and E. Ya Shegolev,
"Measurement of the velocity of propagation of radio waves over

the earth's surface," and "Latest measurements of radiowave
propagation," Noveishie issledovania rasprostranenuia radiovoln
sbornik 1, 1945.

[25] A. N. Kolmogorov, "Local structure of turbulence in a non-
stationary and viscous fluid for very large Reynolds numbers,"
Dokl. Akad. Nauk SSSR, vol. 30, no. 4, pp. 299-303; 1941.

[26] Ya. L. Alpert and V. L. Ginzberg, "On the absorption of radio-
waves in the ionosphere," Izvest. Akad. Nauk SSSR, Ser. Fiz.,
vol. 8, pp. 42-65, 1944.

[271 V.L. Ginzberg, 'On the Luxemborg theory-Interaction effect,"
Izvest. Akad. Nauk SSSR, Ser. Fiz., vol. 12, no. 3, pp. 293-309;
May-June, 1948.

[28] A. N. Kazantzev, "A theoretical account of the absorption of
radiowaves in the ionosphere using different laws of the variation
of ionization with height," Izvest. Akad. Nuak SSSR, Otdel.
Tech. Nauk, no. 9, p. 1261; 1946.

[29] Ya L. Alpert, "Propagation of radiowaves in the ionosphere,"
Gostekhizdat, 1947.

[301 R. H. Barfield, "Some principles underlying the design of spaced
aerial direction finders," J. IEE, vol. 76, pp. 424-443; April,
1935.

References [31]-[40] have been declassified since they were issued originally. Although the contents
of these reports are likely to be of continuing interest to those concerned with direction finding,
they have not been published subsequently. Copies of these reports are available in the library of
the Central Radio Propagation Laboratory, National Bureau of Standards, Boulder, Colo.

[311 Natl. Bur. Standards, "High-Frequency Direction Finder Ap-
paratus Research," November 15, 1941.

132] - , 'Preliminary Measurements of a Navy Model DY Di-
rection Finder," December 9, 1941.

[33] -, "Correlations for Polarization Errors of Bearings with
the DY Direction Finders," December 11, 1941.

[34] and Collins Radio Co., "Polarization Error Test of the
CXAL Direction Finder," March 10, 1942.

(351 -, "Polarization Errors of the SCR-551 Direction Finder,"
March 12, 1942.

[36] , "Polarization Errors of the W.E.-C.A.A. Direction
Finder," April 20, 1942.

[37] -, "Polarization Errors of a Direction Finder With Spaced
Loop Antennas," June 25, 1942.

(381 H. M. Diamond, H. Lifschutz, and L. M. Poast, "High Fre-
quency Direction Finder Apparatus Research," Res. Project
C-18, Natl. Bur. Standards, Washington, D. C., July 1, 1942;
Div. 13-101-M3 la, Ibid., pp. 61-62.

[39] L. M. Poast, "Coordinated Study of Correlation of High-Fre-
quency Direction Finder Errors with Ionospheric Conditions,"
Natl. Bureau of Standards, Washington, D. C.; August 31, 1944.

[401 K. A. Norton, "The Polarization of Downcoming Ionospheric
Radio Waves," FCC Rept. 60047, Natl. Bur. Standards, Boulder,
Colo.; May, 1942.

(411 R. K. Moore and W. E. Blair, 'Dipole radiation in a conducting
half space," J. Res. NBS, vol. 65D, no. 6, pp. 547-563; Novem-
ber-December, 1961.

(42] A. Banos and J. P. Wesley, "The Horizontal Dipole in a Con-
ducting Half Space,' University of Calif. Marine Physical Lab.,
Repts. No. 53-33, 1953; and No. 54-33, 1954.

[431 J. R. Wait, "The electromagnetic fields of a horizontal dipole in
the presence of a conducting half space," Canad. J. Phys., vol.
39, pp. 1017-1028; July, 1961.

[44] A. L. Aden, J. T. de Bettencourt, and A. T. Waterman, Jr.,
"A note on ionospheric radio wave polarization," J. Geophys.
Res., vol. 55, pp. 53-56; March, 1950.

[451 Y. S. N. Murty and S. R. Khastgir, "Polarization parameters of
the downcoming radio wave," J. Geophys. Res., vol. 65, pp.
1449-1457; May, 1960.

(46] C. G. Little and R. S. Lawrence, 'The use of polarization fading
of satellite signals to study the electron content and irregulari-
ties in the ionosphere," J. Res. NBS, vol. 64D (Radio Propaga-
tion), pp. 335-346; July-August, 1960.

[47] K. Maeda, H. Uyeda and H. Shinkawa, "Reports of the Physical
Institute for Radio Waves," no. 2, Tokyo, Japan; April, 1942.

[481 D. K. Bailey, "The geomagnetic nature of the F2-layer longi-

tude-effect," Terrestrial Magnetism and Atmospheric Elec., vol.
53, pp. 35-39; March, 1948.

[49] D. H. Zacharisen, "World Maps of F2 Critical Frequencies and
Maximum Usable Frequency Factors," Natl. Bur. Standards
Tech. Note No. 2, April, 1959; and "Supplementary World
Maps of F2 Critical Frequencies and Maximum Usable Fre-
quency Factors," Natl. Bur. Standards Tech. Note No. 2-2,
October 1960. (Available from the Office of Technical Services,
U. S. Dept. of Commerce, Washington 25, D. C.)

[501 "World Maps of F2 Critical Frequencies and Maximum Usable
Frequencies for 4000 KM," Radio Res. Labs., Ministry of Posts
and Telecommunications, Tokyo, Japan; August, 1958.

[51] W. B. Jones and R. M. Gallet, "The Representation of Diurnal
and Geographical Variations of Ionospheric Data by Numerical
Methods," in press.

[52] K. A. Norton and A. C. Omberg, "The maximum range of a
radar set," PROC. IRE, vol. 35, pp. 4-24; January, 1957.

[531 D. 0. North, "The absolute sensitivity of radio receivers,"
RCA Rev., vol. 6, pp. 332-343; January, 1942.

[54] D. 0. North, "Discussion on 'Noise figures of radio receivers,"
PROC. IRE, vol. 33, pp. 125-127; February, 1945.

(551 H. T. Friis, "Noise figures of radio receivers," PROC. IRE, vol.
32, pp. 419-422; July, 1944. "Correction," PROC. IRE, vol. 32,
p. 729; December, 1944.

[56] A. P. Barsis, K. A. Norton, P. L. Rice, and P. H. Elder, "Per-
formance predictions for single tropospheric communication
links and for several links in tandem," Natl. Bur. Standards
Tech. Note No. 102; August, 1961. (Available from the Office of
Technical Services, U. S. Dept. of Commerce, Washington 25,
D. C.)

(57] J. C. Slater, "Microwave Transmission," McGraw-Hill Book
Co., Inc., New York, N. Y., pp. 252-255; 1942.

[58] J. L. Lawson and G. E. Uhlenbeck, "Threshold Signals," M.I.T.
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y.,
vol. 24, pp. 103-108; 1948.

(59] G. C. Southworth, 'Microwave radiation from the sun," J.
Franklin Inst., vol. 239, pp. 285-297; April, 1945.

(60] K. Bullington, "Characteristics of beyond-the-horizon radio
transmission," PROC. IRE, vol. 43, pp. 1175-1180; October,
1955.

[611 L. A. Manning, "Radio propagation following World War II,"
this issue, p. 709-711.

[621 J. H. DeWitt and E. K. Stodola, "Detection of radio signals re-
flected from the moon," PROC. IRE, vol. 37, pp. 229-242;
March, 1949.

May704


